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Preface

Through modern investigations during the past decade, developmental biology
has experienced a revolutionary change. The molecular and cellular processes in
live embryos can now be visualized thanks to technologies using fluorescent
proteins. The whole-genome information of a wide range of animal species has
now become available, confirming the common principles that operate regardless
of the particular species. These and other advances in our understanding of
developmental processes during embryogenesis and tissue regeneration now
allow us to formulate new principles, and it is high time to do so. The stem cell
sciences, which branched from developmental biology, also require these new
principles to generate a particular tissue by manipulating stem cells.

This book does not aim to cover the entire developmental biology field, which
standard textbooks do. Instead, the book highlights representatives of emerging
new principles, such as cell competition, tissue asymmetry, a farewell to classical
germ layer theory, and various new insights into tissue morphogenesis and specifi-
cation based on the most modern experimental approaches. The book will thus
complement the major textbooks that tend to emphasize a chronological order of
events and a comparison of animal models. This book, by contrast, focuses on the
commonality of principles underlying diverse developmental processes that take
place in different spatiotemporal contexts of development or in phylogenetically
distant animal species.

New Principles in Developmental Processes was planned to introduce these new
principles to readers working in developmental biology and stem cell biology fields,
with an emphasis on genetic and cellular processes. The leading researchers in the
new generation of developmental biologists were invited to be the authors who
would undertake this task.
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We expect two kinds of audiences: an academic audience in the developmental
biology field, and a professional audience among those who are involved in stem
cell sciences and biomedicine. We hope that the book will be widely read by those
at the undergraduate, graduate, and postdoctoral levels as supplementary reading for
textbooks because of its unique capability to complement those books.

Osaka, Japan Hisato Kondoh
Nagoya, Japan Atsushi Kuroiwa
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Part I
Making Cells Unequal in a Tissue
to Form Embryos and Organs



Chapter 1
Taxon-Specific Maternal Factors
for Germline Specification

Gaku Kumano

Abstract Despite the great diversity of animal forms, many genetic networks
controlling developmental processes are remarkably conserved across animal
species, such as between flies and mice. In many cases, conserved genetic networks
rely on the use of homologous genes, such as Hox genes for the anterior—posterior
patterning and NK-class genes for heart development. However, in the case of
germline development, although the process itself including global repression of
zygotic gene expression is conserved, participating components are often variable
and taxon specific. Here I present our recent findings on germline development of
the Japanese ascidian Halocynthia roretzi, as an example of conserved genetic
mechanisms that do not rely on conserved genes.

Keywords Ascidian * Germline segregation * Maternal factor ¢ Taxon-specific
* Transcriptional repression

1.1 Germline Specification and the Ascidian Model

Germline development starts from the production of primordial germ cells (PGCs)
that differentiate as eggs and sperm in later developmental stages. Metazoan species
may be divided into two classes according to the timing and mechanism of the seg-
regation of the germline (Extavour and Akam 2003; Juliano et al. 2010). In one
group of metazoan species, the germline is segregated at early embryonic stages. In
such cases, a specialized cytoplasm called the germplasm contains essential
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4 G. Kumano

maternal factors for germline development and is already localized in the egg.
Accordingly, the lineage of cells that inherit the germplasm forms the germline.
This type of mechanism to generate the germline is called “preformation.” In the
other group of metazoan species, PGCs are produced at certain points of ontogen-
esis without involvement of the maternal germplasm. This latter mechanism to gen-
erate the germline is called “epigenesis.”

Once the germline is segregated from somatic cell lineages in either way, germ-
line cells exhibit unique features, exemplified by the repression of zygotic gene
expression (Nakamura and Seydoux 2008) to maintain their totipotent state. In such
animals that develop germline cells by the “preformation” mechanism, such as
Drosophila, nematodes, and ascidians, a central issue is the function of germplasm-
associated maternally derived factors in the germline derivation.

Ascidians are marine invertebrate chordates that belong to the subphylum
Urochordata, the sister group of vertebrates. The ascidian tadpole larva represents
the basic body plan of all chordates; however, its embryogenesis proceeds with a
much smaller number of cells when compared to vertebrates (e.g., approximately
100 cells at the onset of gastrulation in ascidians vs. 10,000 cells at the equivalent
stage in frogs), and follows invariant cell lineages. These unique features among
chordates make it possible to comprehensively understand cell fate specification
mechanisms with one-cell resolution and have attracted many researchers over a
century (Kumano and Nishida 2007).

The ascidian germline in its early development constitutes a lineage of cells that
are positioned in the posterior end of the embryo at each cell cleavage stage (dark
purple in Fig. 1.1a). By the 110-cell stage just before gastrulation starts, the cells in
the germline have undergone three consecutive unequal cell divisions, the 816,
16-32, and 32-64 cell stages, which produce the smaller germline (B5.2, B6.3, or
B7.6) and the larger somatic daughter cells (B5.1, B6.4, or B7.5) at each division
(Fig. 1.1a). Through these cell divisions, the germline cells successively inherit a
subcellular structure called the centrosome-attracting body (CAB; Fig. 1.1b),
which contains germplasm-like structures (Iseto and Nishida, 1999) and deposits a
number of maternal mRNAs called postplasmic/PEM mRNAs (Fig. 1.1c; Prodon
et al. 2007), some of which are known to play roles in germline development.
These cells then move inside the body during gastrulation and ultimately are located
near the tip of the tail just adjacent to the notochord ventrally at the tailbud
stage (Fig. 1.1a).

1.2 A Maternally Deposited Posterior End Mark as an
Inhibitor of Gene Expression in Germline Cells

During early ascidian embryogenesis, a germline cell divides to produce the germ-
line and somatic daughter cells, which suggests that loss of a mechanism that is
inherited by germline cells leads to the somatic cells.
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Fig. 1.1 Schematic diagram of ascidian embryos at different developmental stages. Lateral views:
fertilized eggs, 8-cell and tailbud stage embryos; vegetal views: 4-cell, 16-cell, 32-cell, 64-cell,
and 110-cell stage embryos. Anterior is to the left. The germline cells and the siblings (connected
by black lines) are colored dark and light purple, respectively (a). Blastomeres are numbered
according to Conklin (1905). The germline cells divide to produce a germline and somatic daugh-
ter cells through the 64-cell stage, but do not divide at the division to the 110-cell stage. They
inherit the germplasm-like structure-containing CAB (centrosome-attracting body) whose positions
are shown in blue in (b) and postplasmic/PEM mRNAs whose localization is shown in green in (c)

In our earlier study, we found that a maternal factor posterior end mark (PEM)
was involved in Halocynthia embryo patterning (Kumano and Nishida 2009). PEM
is unique to ascidians and belongs to postplasmic/PEM mRNAs. The transcripts
localize in the germplasm-like CAB during the cleavage stages (Fig. 1.1; Negishi
et al. 2007) and are carried by the germline daughter cell while segregating the non-
carrier somatic daughters upon cell division during the process to generate posterior
somatic cells. The CAB is thought to be the place where postplasmic/PEM mRNAs
are translated. Consistently, PEM protein is found in the CAB (Negishi et al. 2007),
and also in the nuclei of the germline cells (Kumano et al. 2011), where it presum-
ably functions. Knockdown of PEM function in the germline cells by injecting anti-
sense morpholino oligonucleotides (MOs) activated expression of genes
characteristic of the somatic cells in the germline, whereas ectopic expression of
PEM in the somatic cells by injecting in vitro synthesized PEM mRNA inhibited
somatic-type gene expression. These observations suggested that PEM confers a
germline-characteristic mechanism by globally repressing zygotic gene expression
in the germline of the Halocynthia embryo.

Itis known in Drosophila and Caenorhabditis elegans that the germline-associated
global repression of zygotic gene transcription is mediated by the inhibition of phos-
phorylation of the RNA polymerase II (RNAP II) C-terminal domain (CTD), which
is essential for the transcribed RNA elongation (Nakamura and Seydoux 2008). Even
in mouse embryos where germline cells are produced by the ‘“epigenesis”
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Fig. 1.2 Mechanisms of transcriptional repression during germline specification. (a) During
mRNA transcription, the P-TEFb complex composed of Cdk9 (yellow) and cyclin T (orange)
phosphorylates CTD-Ser2 (pink) of RNAP II (green) that has paused after the initiation of tran-
scription. The phosphorylation leads to productive elongation (light blue arrow). CTD serine 5
residues that are phosphorylated during transcription initiation are indicated by small purple Ps.
(b) In Halocynthia germline cells, PEM binds to Cdk9 and underphosphorylates CTD-Ser2 to
inhibit transcription elongation. (¢) In Drosophila pole (germline) cells, Pgc keeps P-TEFb from
being recruited to chromatin by binding to Cdk9 and inhibits RNAP II phosphorylation (Hanyu-
Nakamura et al. 2008). (d) In Caenorhabditis early germline cells (P,—P, blastomeres), PIE-1
binds to cyclin T and prevents P-TEFb from interacting with and phosphorylating CTD-Ser2
(Batchelder et al. 1999; Zhang et al. 2003)

mechanism, RNAP II is temporally underphosphorylated, although it occurs during
the PGC migration to the gonad following the first wave of germline gene expression
(Seki et al. 2007). Considering these precedences, we analyzed the phosphorylation
state of the second serine residues of heptapeptide repeats in the C-terminal domain
(CTD-Ser2) of RNAP II in the Halocynthia early germline cells by antibody stain-
ing. As a result, CTD-Ser2 phosphorylation was very low in these cells (Kumano
et al. 2011), consistent with other observations that the Halocynthia germline cells
lack zygotic gene transcription (Tomioka et al. 2002; Kumano et al. 2011).

We found that PEM is necessary and sufficient for the repression of gene expres-
sion in the germline through the regulation of CTD-Ser2 phosphorylation.
Knockdown of PEM function resulted in CTD-Ser2 phosphorylation and ectopic
gene expression in the germline cells; forced expression of PEM in somatic cells
inhibited CTD-Ser2 phosphorylation and zygotic gene expression in these cells
(Kumano et al. 2011). We further identified the region of amino acids (aa) 342-426
of PEM that is required for its transcriptional repression activity (Kumano et al.
2011). This aa region is necessary and sufficient for the binding of PEM to CDKO9,
a component of the P-TEFb complex that phosphorylates CTD-Ser2 during tran-
scriptional elongation (Fig. 1.2a).
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PEM has another function to regulate unequal cell divisions that produce smaller
germline daughter cells and larger somatic daughters in the posterior end of the
cleaving embryos (Negishi et al. 2007) (Fig. 1.1). This function requires aa 258—341
of PEM (Kumano et al. 2011). Therefore, two functions of PEM are borne by two
adjacent yet distinct domains of the PEM protein.

Taken together, our observations indicate that PEM, a maternal, locally depos-
ited factor unique to ascidians, represses germline gene expression through binding
to the P-TEFb complex and inhibiting CTD-Ser2 phosphorylation (Fig. 1.2b).

1.3 Evolutionary Perspectives

It is interesting to compare the function of PEM in Halocynthia embryos with
well-characterized cases of global gene silencing in Drosophila and C. elegans
germlines. It is known that maternally localized germplasm factors PIE-1 of
C. elegans and Pgc of Drosophila bind to the P-TEFb complex and underphos-
phorylate CTD-Ser2 in RNAP II (Fig. 1.2¢, d; Seydoux and Dunn 1997; Batchelder
etal. 1999; Zhang et al. 2003; Hanyu-Nakamura et al. 2008; Timinszky et al. 2008).
PIE-1 and Pgc are relatively new genes in phylogeny and found only in
Caenorhabditis and Drosophila, respectively, similar to PEM in ascidians. This
result indicates that different proteins, PIE-1, Pgc, and PEM, are employed in the
germline-characteristic global repression of gene expression, by causing CTD-Ser2
underphosphorylation through binding to the P-TEFb complex (Fig. 1.2), thus pos-
ing an interesting example of the conservation of the regulatory network without
employing homologous gene-coded proteins.

Besides PIE-1, Pgc, and PEM, which fulfill the task of inhibiting CTD-Ser2
phosphorylation, protein factors that regulate the assembly of the germplasm at the
top of its hierarchy are also taxon specific. These proteins for germplasm assembly,
although divergent, recruit phylogenetically conserved essential components, such
as vasa and nanos gene products.

In Drosophila, Oskar has as its function to assemble the germplasm and recruit
Vasa and nanos (Breitwieser et al. 1996; Ephrussi et al. 1991; Kim-Ha et al. 1995).
In C. elegans, the germplasm assembly factors PGL-1/3 recruit Vasa (Hanazawa
et al. 2011). In zebrafish, Bucky ball recruits vasa and nanos to organize the germ-
plasm (Bontems et al. 2009). In Xenopus, the species-unique Xpat is capable of
inducing ectopic germplasm-like structures (Machado et al. 2005). Thus, taxon-
specific nonhomologous proteins share molecular functions essential for germline
specification (summarized in Table 1.1).

Recently, it was proposed that the “epigenesis’-dependent mechanism is the
ancestral form of germline specification, and the “preformation” mechanism via
the germplasm has evolved independently in multiple bilaterian lineages from the
ancestral “epigenesis” mechanism (Fig. 1.3; Extavour 2007), although it is still
controversial (Leclere et al. 2012). This new proposal is consistent with the



Table 1.1 Two classes of germline-characteristic genes

G. Kumano

Conserved germline genes

Germline or multipotent
stem cell line expression

Gene name Molecular function described References
Vasa RNA helicase, Ct, Cn, PI, Mo, An, Ne, Juliano et al. (2010)
translational regulator Ar, Ec, Ch and Ali€ et al.
(2011)
Nanos Zinc-finger protein, Cn, P1, Mo, An, Ne, Ar, Juliano et al. (2010)
translational repressor Ec, Ch
Piwi piRNA binding Po, Ct, P1, An, Ne, Ar, Juliano et al. (2010)
Ec, Ch and Alié et al.
(2011)
Pumilio Nanos binding, translational ~ Ne, Ar, Ch Ewen-Campen et al.
repressor (2010)
Tudor Protein binding Ar, Ch Ewen-Campen et al.
(2010)
Dazl RNA-binding protein Ne, Ar, Ch Ewen-Campen et al.
(2010)
Germ-cell-less  Protein binding Ar, Ch Ewen-Campen et al.
(2010)
Maelstrom Unknown Ar, Ch Ewen-Campen et al.
(2010)
Staufen RNA binding Ar, Ch Ewen-Campen et al.
(2010)
Taxon-unique germline genes
Occurrence
Gene name  Molecular function in genome References
PEM Transcriptional repressor Ascidians Kumano et al. (2011)
Pgc Transcriptional repressor Drosophila Hanyu-Nakamura et al. (2008)
and Kumano et al. (2011)
Pie-1 Transcriptional repressor Nematodes Kumano et al. (2011)
Bucky ball Germplasm assembly Vertebrates Ewen-Campen et al. (2010)
Oskar Germplasm assembly Insects Ewen-Campen et al. (2010, 2012)
PGL Germplasm assembly Nematodes Hanazawa et al. (2011)
Xpat Germplasm assembly Xenopus Machado et al. (2005)

Po Porifera, Ct Ctenophora, Cn Cnidaria, P! Platyhelminthes, Mo Mollusca, An Annelida,
Ne Nematoda, Ar Arthropoda, Ec Echinodermata, Ch Chordata

involvement of taxon-dependent nonhomologous proteins in the same germline
specification processes. Genes encoding these proteins could have arisen as novel
genes and participated in the “preformation,” or, alternatively, they could have
derived from preexisting genes by gaining germline roles. In the case of oskar, a
recent study indicates that it existed earlier than the evolution of the germplasm
and had an ancestoral role in neural development (Ewen-Campen et al. 2012).
Moreover, the new role of this gene to assemble the germplasm could have occurred
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Fig. 1.3 Phylogenetic distribution of germline segregation mechanisms among metazoan species.
Epigenesis (black squares), preformation (open squares), or both mechanisms (black and white
squares) are indicated. See Extavour (2007) for more species. A different distribution pattern may
arise as molecular data of more species become available. Note that in Clytia hemisphaerica, a
cnidarian species, although germline mRNAs are maternally deposited and localized in the egg,
germline cells are segregated by the “epigenesis” mechanism (Leclere et al. 2012)

in an evolutionarily conserved gene network, because multiple germplasm genes,
such as nanos, pumilio, and vasa (all conserved genes; Table 1.1), are coexpressed
with oskar in the nervous system in a variety of insect species (Ewen-Campen
et al. 2012).

Another interest is why RNAP II is targeted for transcriptional repression in the
germline. It would be an efficient way to globally silence gene expression, but may
have another reason, namely, that the genes essential for somatic development need
to be activated immediately after separation from the germline, in particular, at the
fast-developing cell cleavage stages. Transcription that is stalled before the elonga-
tion step would enable immediate start of mRNA synthesis after segregation from
the germline after cell division. This quick response mechanism has been demon-
strated for many developmentally regulated genes in Drosophila (Levine 2011).
Indeed, in ascidian embryos, some of the transcription factors that are essential for
somatic tissue development, for example, FoxA and Not, are quickly synthesized
after the separation from the germline (Kumano et al. 2011).
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1.4 Conclusions

Two types of mechanisms exist for germline specification, namely, the “preformation”
type that depends on locally deposited maternal factors and is characterized by
germline segregation at early stages of development, and the “epigenesis” type,
where germline segregation occurs at later stages of ontogenesis. In the former case,
two functions are involved in keeping the germline cells, the organization of the
germplasm and the germline-specific transcriptional repression via inhibition of
RNAP II CTD phosphorylation causing RNAP 1II stalling. Although these two func-
tions are common to all “preformation”-type species, the proteins that have central
roles in these functions are variable and taxon specific. This situation makes a sharp
contrast with many other cases where homologous functions are borne by conserved
genes. However, this variation of germline-determining genes may be explained by
a recently proposed model that the “epigenesis”-type germline segregation mecha-
nism, rather than the “preformation” type, is the ancestral form.

Acknowledgments I thank Dr. H. Nishida’s laboratory members for stimulating discussions.
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Chapter 2
Establishment of Anterior—Posterior
Axis in the Mouse Embryo

Katsuyoshi Takaoka

Abstract The anterior—posterior (A-P) axis is the first established and
morphologically discernible axis of the body during mouse development. From
embryonic day (E) 4.5 to E6.5 of mouse embryos, the formation of the distal vis-
ceral endoderm (DVE) followed by that of the anterior visceral endoderm (AVE)
breaks the A—P symmetry of the embryo. The DVE progenitor cells arise in primi-
tive endoderm (PrE) cells of the late blastocyst with an asymmetrical distribution.
This asymmetry may contribute to the determination of the A-P axis in later
embryos. At E5.5, DVE cells mature, and migrate from the distal tip to the future
anterior side. The DVE migration guides the migration of newly formed AVE and
trigger the extensive movement of visceral endoderm (VE) cells in a wide area. Our
observations revise the earlier model about AVE development, namely, that the AVE
is directly derived from the DVE.

Keywords Anterior—posterior axis ®* AVE e Blastocyst e DVE ¢ Implantation

2.1 Introduction

Vertebrates have three principal body axes: the anterior—posterior (A—P), dorsal—
ventral (D-V), and left-right (L-R) axes. In many animal species, the A—P axis is the
first morphologically discernible body axis. How and at which stage of development
is the A—P axis determined? The answer depends on the animal species. Establishment
of the A—P axis is based on early molecular asymmetry. In Drosophila melanogaster,
the A—P axis is defined during oogenesis by the asymmetrical deposition of maternal
mRNAs along two poles of the oocyte (Huynh and St. Johnston 2004).
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Fig. 2.1 Axis formation of early mouse embryo development. In the early blastocyst, the Em—Ab
(embryo—abembryo) axis is defined by the position of the inner cell mass (/CM). After the implan-
tation, the Em—Ab axis and the Pro—D axis of the late blastocyst are aligned in the same direction.
The proximal side corresponds to the mesometrial side in the uterus. From E5.5 to E6.5, the ante-
rior—posterior (A—P) axis of an embryo is established by DVE migration, which is followed by
AVE formation. The cell types in the embryos are color coded. AVE anterior visceral endoderm,
DVE distal visceral endoderm, E embryonic day, Epi epiblast, Exe extra-embryonic ectoderm, PrE
primitive ectoderm, PE parietal endoderm, PS primitive streak, VE visceral endoderm, Em—Ab
embryonic—abembryonic axis, Pro—D proximal-distal axis, A—P anterior—posterior axis

In the mouse, the initial process to develop A—P asymmetry has been poorly
understood, although several recent reports showed that early A—P molecular asym-
metry can be traced back at least to the peri-implantation embryos.

The fertilized mouse egg undergoes cell divisions, increasing the number of blas-
tomeres, and reaches the early blastocyst stage at E3.5 (Fig. 2.1). The early blasto-
cyst is composed of two types of cells: inner cell mass (ICM) and trophectoderm
(TE). The ICM contributes to the future embryonic tissues whereas TE contributes
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to placental tissues (Yamanaka et al. 2006). The orientation of ICM and its cavity
defines the embryonic—abembryonic (Em—Ab) axis of the blastocyst. In the late
blastocyst, the Em—Ab axis corresponds to the proximal—distal (Pro-D) axis, in
reference to the site of implantation within the mesometrial tissue of the uterus. At
this stage, the ICM has contributed to two cell lineages: the PrE and the epiblast
(Epi). The PrE first appears as an epithelial monolayer adjacent to the blastocoelic
cavity. By E5.5, the PrE gives rise to the VE, lining the surface of the Epi, and to the
parietal endoderm (PE), which is located along the TE. A subset of VE cells that are
located at the distal tip of the embryo at ES.5 is called the DVE. DVE cells start to
migrate toward the future anterior side. At E6.5, AVE cells are indeed located on the
anterior side (Rossant and Tam 2009; Takaoka and Hamada 2012). The AVE-
derived signals induce head structures on the nearby Epi and primitive streak (PS)
on the opposite side; this is followed by the development of head—tail patterning and
segmentation in embryos (Tam and Loebel 2007) (Fig. 2.1).

In this chapter, I discuss the mechanisms of A—P axis formation in mouse embryo
development concerning cell fate specification, dynamics of cellular arrangements,
and effective molecular signaling (Fig. 2.2).

2.2 Origin of DVE in the Blastocyst

DVE cells express several genes such as Nodal antagonists Leftyl and Cerll
(Meno et al. 1996; Perea-Gomez et al. 2002; Yamamoto et al. 2004), as well as Wnt
antagonist Dkk/ (Kimura-Yoshida et al. 2005). It has been thought that the A-P
axis is firmly established when DVE cells located at the distal tip of the embryo
migrate toward the future anterior side at ES.5. By this time, the expression domains
of the Nodal antagonists Leftyl and Cerll in the VE have already been shifted
toward the future anterior side. Although the aforementioned asymmetrical cell
organization clearly indicates the A—P difference, recent investigations based on
fate mapping of Leftyl-expressing cells and live imaging of individual cells sug-
gested that DVE cells are derived from Leftyl-expressing cells of the late blastocyst
(Fig. 2.2). Leftyl-expressing cells arise as a small cluster in the PrE of late blasto-
cysts. This asymmetrical expression may determine the future direction of the A—P
axis, and the origin of the A—P axis can be traced back to the peri-implantation stage
from the egg cylinder stage.

How is asymmetrical Leftyl expression induced to a subset of PrE cells? Three
possible models can be considered. Expression of Lefty! is regulated by Nodal sig-
naling in PrE cells via the activation of an enhancer (APE) located in the upstream
region of the Leftyl gene, in response to Nodal/Foxhl signal inputs. Thus, a possible
model is that a component of Nodal signaling system is expressed in an asymmetri-
cal manner. However, Nodal ligand, Nodal-downstream transcription factor FoxH1,
and Nodal co-receptor Cripto are uniformly expressed in the Epi and VE cells from
the late-blastocyst to early-egg cylinder stage. (Takaoka et al. 2006). An unknown
factor required for Nodal signaling may be expressed asymmetrically.
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Fig. 2.3 Model for the self-enhancement lateral inhibition (SEL/) mechanism in DVE formation.
(a) Observation: Leftyl-positive cells (green), putative DVE progenitors, appear as a very small
population of PrE cells (blue). (b) Scheme of cross-regulation between Nodal and Lefty 1. Leftyl
(green) is induced by Nodal signaling (magenta), and Nodal signaling is inhibited by a negative
feedback. (¢) Model: PrE cells have a threshold for the Nodal signaling activity that allows Lefty/
activation (step 1). By a stochastic mechanism, the activity of Nodal signaling exceeds the thresh-
old in a fraction of PrE cells (yellow arrows, step 2). Then, Lefty1 expression is activated in these
cells, and the activated Leftyl inhibits Nodal signaling in other PrE cells (step 3). The DVE is
formed (step 4)

The second model assumes crosstalk of these signaling systems with other sig-
naling pathways. Wnt is a candidate signaling system that crosstalks with other
systems. The nuclear localization of B-catenin, which is indicative of active Wnt
signaling, was observed in late blastocysts detected in a single Epi cell that faces the
PrE (Chazaud and Rossant 2006). In addition, investigation on microarray profiling
of pB-catenin mutant embryos identified Cripto, a Nodal co-receptor, as a -catenin
target gene (Morkel et al. 2003). These results suggest that Nodal signaling is read-
ily activated with Wnt signal input.

The third model, the restriction of Leftyl expression to a subset of ICM cells,
involves a self-enhancement lateral inhibition (SELI) mechanism, which amplifies
a small difference of Nodal signaling activities into a robust asymmetry, as has been
demonstrated for the left-right embryo patterning (Nakamura et al. 2006; Nakamura
and Hamada 2012) (Fig. 2.3). Lefty1 is induced by Nodal signaling, and Nodal is
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regulated by the Activin/Nodal signaling-dependent enhancer of Nodal (ASE) in a
subset of ICM cells (Granier et al. 2011). These coordinated activities of Nodal and
its feedback inhibitor Lefty meet the requirements for the SELI system.

2.3 Maturation of DVE and DVE Migration

From E4.5 to ES.5, expression of Leftyl is cell autonomously maintained in the
DVE progenitor to mature DVE cells. At E5.5, a greater variety of genes such as
Cerll, Hex, and DkkI are expressed in the DVE, suggesting that signaling systems
change as the DVE cells become mature. In this signaling system, bone morphoge-
netic protein (BMP) signaling plays an important role. BMP4, which is expressed in
ExE (extra-embryonic ectoderm) cells, generates a gradient of BMP signaling in the
embryonic Epi and VE tissues. The DVE progenitors are confined to the distal tip of
embryos corresponding to the BMP signaling-negative portion from E5.2 to E5.5.
The BMP signaling thus restricts the DVE region to the distal tip of embryos.
Indeed, ExE-removed embryos show an expansion of the DVE region (Rodriguez
et al. 2005; Yamamoto et al. 2009) (Fig. 2.4).

Proximal

— Proximal
Anterior Posterior Anterior i
Anterior Posterior e
Distal i
b Distal
Lefty1 Nodal
Lefty ! s Nodal oKkt Il
Dkk1 Wit
. BMP
’ BMP nodal BMP
Lefty1
Lefty1
E5.5 Dkk1

DVE @ AVE Primitive streak

Fig. 2.4 Changes in the network of signaling systems during the developmental stages for DVE
migration and AVE formation. Major changes in the spatial organization of the signaling system
are caused by the migrations of DVE (green) and AVE (magenta) cells. After E5.5, the DVE
migration transforms the P-D differences in the signaling systems into the A—P differences. At
E6.0 and E6.5, signals from the AVE specify the nearby Epi by inhibiting Nodal signaling and Wnt
signaling. On the opposite side far from the AVE, Nodal and Wnt signaling remains active, which
results in the formation of the primitive streak (light blue). Activities of bone morphogenetic pro-
tein (BMP), Nodal, and Wnt are indicated by purple and blue triangles, respectively
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Alongside their maturation, DVE cells migrate to the future anterior side of the
early egg cylinder embryos. Immediately before their migration, three morphologi-
cal changes take place in the DVE cells. The first is “visceral endoderm thickening”
(VET), which makes the entire VE a monolayer of tall columnar cells (Rivera-Perez
et al. 2003; Srinivas 2006; Takaoka et al. 2011) (Fig. 2.2).

Second, lamellipodia- and filopodia-like structures are formed in migrating DVE
cells (Rakeman and Anderson 2006; Migeotte et al. 2010). In the VE-specific con-
ditional mutant embryo lacking the Rho family GTPase Racl, a component of
WAVE complex (a regulator of the actin cytoskeleton), the lamellipodia- and
filopodia-like structures fail to form. As a result, DVE cells fail to migrate away
from the distal tip. In Nap] mutant embryos also, lacking a component of WAVE
complex, DVE cells fail to migrate (Rakeman and Anderson 2006). These observa-
tions indicate that dynamic cytoskeletal reorganization regulated by the WAVE
complex is required for the correct DVE migration.

Third, at a more macroscopic level, DVE cells form multicellular rosettes.
Rosettes of five or more cells, sharing a central vertex, are formed in the sim-
ple epithelium of VE during the migration of DVE. Formation of the cellular
rosettes depends on PCP signaling, and is supposed to buffer the structural dis-
turbance in cell packing in an epithelium caused by DVE migration (Trichas
et al. 2012).

2.4 The Direction of the A-P Axis

At E5.5, DVE cells migrate to the future anterior side. It is a critical issue whether
the direction of A—P is determined before the DVE migration. First, several studies
suggest that embryos have A—P asymmetry before the DVE migration. One sug-
gestion is that the expression domains of the Nodal antagonists Lefty! and Cerll
are already shifted toward the future anterior side before ES.5. Forced expression
of Nodal antagonist Leftyl at ES.2 causes asymmetry in Nodal signaling and initi-
ates the migration of DVE (Yamamoto et al. 2004). Similarly, Wnt antagonist and
Dkkl expression domains change dynamically between before and after DVE
migration, and the ectopic activation of DkkI can alter the direction of DVE cell
migration (Kimura-Yoshida et al. 2005). These reports suggested that embryos
may have A-P pre-patterning before E5.5. However, DVE still migrates unilater-
ally toward the proximal side in mutant mice that lack both Leftyl and Cerll
(Perea-Gomez et al. 2002; Yamamoto et al. 2004) or those lacking Dkk1 (del Barco
Barrantes et al. 2003). The lack of migration defects in these mutant embryos may
be caused by functional redundancy between Nodal-dependent and Wnt-dependent
mechanisms. The process that determines the direction of the A—P axis may involve
parallel mechanisms.
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2.5 Role of DVE and AVE

Recent investigations have indicated that the descendant of the DVE contributed
mainly to the most proximal portion of AVE and VE in the lateral region, but not to
the entire AVE (Fig. 2.2). Time-lapse observation of DVE migration and AVE for-
mation showed that the extensive movement of VE cells is initiated by DVE migra-
tion at ES.5 (Takaoka et al. 2011). While DVE cells migrate, the majority of AVE
cells are newly formed at the distal end, migrate toward the proximal side following
DVE migration, and eventually occupy the entire region of the AVE (Takaoka et al.
2011) (Fig. 2.2).

What is the role of the DVE in AVE formation? In DVE-ablated embryos caused
by genetic manipulation, AVE cells are newly formed at the distal end but fail to
migrate. Under this condition, extensive movement of VE cells does not occur, and
the migration of the AVE cells is stalled (Takaoka et al. 2011). For instance, in
mutant embryos lacking Cripto, a coreceptor of Nodal, the AVE is formed in the
absence of DVE in the absence of DVE but does not migrate at all (Chu and Shen
2010). These observations suggest that the DVE guides the AVE to the anterior side
by initiating extensive movement of visceral endoderm cells.

AVE cells function as head organizer by expressing a few signal protein antago-
nists, that is, Nodal antagonists Leftyl and Cerll, and Wnt antagonist Dkk1. Theses
antagonists protect nearby Epi cells from posterior-inducing Wnt and Nodal signal-
ing (Fig. 2.4), specifying AVE-underlain Epi to head tissue. In fact, explant culture
assays have shown that Epi cells without VE will adopt the posterior identity, whereas
implanted AVE cause Epi to assume an anterior identity (Kimura et al. 2000).

2.6 Reinterpretation of Embryo Phenotypes Defective
in A-P Axis Formation

It had been believed that the mature DVE is the direct precursor for the entire AVE
and its migration toward the future anterior side away from the distal tip is the
mechanism of AVE formation (Beddington and Robertson 1999) (Fig. 2.5).
However, the recent observation that DVE does not contribute to the major part of
AVE renders it necessary to reinterpret the phenotypes of previously reported
mutant mouse embryos based on the following four criteria: (1) DVE formation; (2)
DVE migration; (3) AVE formation; and (4) AVE migration (Table 2.1).

In Nodal-null (Waldrip et al. 1998; Mesnard et al. 2006) and Smad2-null (Waldrip
et al. 1998) mutants, the Epi is specified to neural tissues precociously, and neither
DVE nor AVE forms (Fig. 2.6). In Cripto-null (Ding et al. 1998; Chu and Shen
2010) and Eomes VE-conditional null embryos, Cerll, a DVE marker, is expressed
at very reduced levels or not at all at E5.5. Cerll-positive AVE cells are newly
formed close to the distal tip of the mutant embryo from E6.0 to E6.5, but they fail
to migrate proximally and remain at the distal tip of the embryo, as in the
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Fig. 2.5 Comparison of previously proposed model and current model concerning the roles of
DVE in AVE formation. Previous model (upper): The DVE is specified at the distal tip of the
embryo at ES.5, then migrates toward the anterior and proximal side to form the AVE. It has been
thought that all AVE cells are derived from DVE. New model (lower): Origin of the DVE can be
traced back to the Leftyl-positve primitive endoderm cells. The migration of DVE cells triggers
global VE movements, and AVE cells are newly produced at the distal tip. In the proximally
located migrating cells, DVE markers are lost. At E6.5, newly formed AVE cells occupy the ante-
rior side of VE cells

DVE-ablated embryo (Takaoka et al. 2011; Morris et al. 2012) (Fig. 2.6). In other
mutants also, such as Otx2-null (Kimura-Yoshida et al. 2005), RacI-null (Sugihara
et al. 1998; Migeotte et al. 2010), and Pten-null (Bloomekatz et al. 2012) mutants,
the DVE is formed at the distal dip at ES.5, but fails to migrate. Thus, cells that
express DVE/AVE markers remain close to the distal tip of the embryo at E6.0 and
E6.5 (Fig. 2.6). These observations indicate that the major role of DVE is to guide
the AVE migration.

2.7 Conclusion

The A-P axis of mouse embryos is fully established by the directed movement of
DVE and AVE cells, the latter known as s head organizer. DVE progenitor cells
are distributed on one side of the primitive endoderm cells at E4.2. The direction
of the A-P axis of later embryos may depend on this asymmetry. At E5.5, DVE
cells that express Nodal antagonists Leftyl and Cerl, and Wnt antagonist Dkk1,
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Table 2.1 Reinterpretation of mutant mouse phenotypes that include defective anterior visceral
endoderm (AVE) formation

DVE AVE
Genetic formation at DVE formation AVE
Gene modification E5.5 migration at E6.5 migration References

Nodal Null No - No - Brennan et al.
(2001), Camus
et al. (2006)
and Mesnard
et al. (2006)

Smad2 Null No - No - Nomura and Li
(1998) and
Brennan et al.
(2001)

Cripto Null No - Yes No Ding et al. (1998),
Kimura et al.
(2001) and Chu
and Shen
(2010)

Eomes VE-specific  Low No Yes No Nowotschin et al.

null (2013)

o2 Null Yes No Yes No Kimura et al.
(2000, 2001)
and Kimura-
Yoshida et al.
(2005)

Racl VE-specific ~ Yes No Yes No Migeotte et al.

null (2010)

Leftyl Null Expansion  Yes Yes Yes Yamamoto et al.
(2004)

Leftyl Double null  N.D. N.D. Yes Delay Perea-Gomez et al.

Cerll (2002) and
Yamamoto
et al. (2004)

become mature and migrate to the future anterior side. Immediately before their
migration, morphological changes occur in the VE cells, namely, visceral endo-
derm thickening, formation of lamellipodia- and filopodia-like processes, and
organization of multicellular rosettes. DVE migration toward the future anterior
side has the role of guiding the AVE cells to the anterior side of the egg cylinder
embryo, and triggers extensive rearrangement of visceral endoderm cells in a
wide area.

Important questions that remain to be answered are these: how are DVE progeni-
tors selected among PrE cells in the blastocyst, and at which stage of development
is the direction of DVE migration determined?
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Chapter 3
Cell Competition: The Struggle for Existence
in Multicellular Communities

Kei Kunimasa, Shizue Ohsawa, and Tatsushi Igaki

Abstract How the size and shape of organs are determined is one of the most
mysterious questions in developmental biology. Organ size and shape are controlled
by tissue growth, which is strongly influenced by local homeostatic cell—cell inter-
actions. Studies during the past several years have shown that cells in multicellular
communities compete with each other for their existence; cells with higher fitness
(“winners”) survive and eliminate cells with lower fitness (“losers”) by inducing
cell death. Accumulating evidence, obtained mainly in Drosophila, has revealed
that this cellular natural selection, called “cell competition,” could have an impor-
tant role in organ size and shape control in normal development as well as in some
pathophysiological conditions such as stem cell regulation and cancer development.
In this chapter, we discuss recent insights in cell competition. Elucidation of the
mechanism by which cell competition is controlled could create a new dimension
for understanding the basic principle of multicellular systems.
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3.1 Introduction

During normal development, cells failing to proliferate or differentiate properly are
to be eliminated. There is growing evidence that in multicellular systems cells with
lower fitness are eliminated by neighboring cells with higher fitness. The fitter cells
(“winners”) survive and proliferate at the expense of neighboring less fit cells
(“losers”), thus keeping the total cell number unchanged. Such competitive cell—cell
interaction is called cell competition (Morata and Ripoll 1975). In recent years,
progress has been made in understanding the mechanism of cell competition, espe-
cially using Drosophila genetics; however, much still remains to be elucidated
(Levayer and Moreno 2013; de Beco et al. 2012; Tamori and Deng 2011; Baker
2011; Johnston 2009; Moreno 2008). Although there is no clear definition so far
established for cell competition, the essences of cell competition are found to be as
follows: (1) losers are eliminated from the cell population in the presence of win-
ners, (2) loser death and winner proliferation occur interdependently, which are
distinct from cell autonomous apoptosis or overproliferation. (3) Total cell number
or tissue size and shape is unchanged (Fig. 3.1). In this chapter, we provide an over-
view of recent progress in cell competition research and discuss the physiological
role of this cellular communication.

higher fitness cells lower fitness cells mixed population

&

cell competition

‘ Winner

¥ )
AR,
v

Loser

\Z
@
.‘::o.o

Fig. 3.1 Cell competition during development. Cell competition is triggered by differences in cel-
lular fitness. When the entire tissue is composed of either cells with high fitness or cells with low
fitness, cell competition does not occur and the tissue develops normally. However, when the tissue
is composed of mixed populations of cells with different cellular fitness, cell competition occurs
between these cells, and the cells with higher fitness become winners and eliminate neighboring
cells with lower fitness (losers) by inducing cell death. Winners proliferate at the expense of losers,
resulting in tissue size and shape remaining unchanged
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3.2 Factors That Trigger Cell Competition

3.2.1 Differential Level of Ribosomal Protein

Cell competition was first reported by Morata and Ripoll approximately 40 years
ago in the study of a series of Drosophila mutants called “Minutes.” Minute het-
erozygous mutant (M/+) flies develop more slowly than wild-type flies, but finally
reach normal body size without significant patterning defects (Lambertsson 1998).
It was realized later that Minutes affect a series of genes encoding ribosomal pro-
teins (Kongsuwan et al. 1985). Morata and Ripoll studied the proliferation dynam-
ics of M/+ cells by generating wild-type clones into M/+ developing imaginal
discs and found that wild-type clones outgrow M/+ mutant clones and occupy
much of the space in the tissue. M/+ clones were found only when wild-type
clones were induced relatively late in development. In addition, even in the
extreme cases containing a larger M/+ clones area, their mosaic wings were of
normal size and shape. These observations suggested that elimination of M/+
clones depends on their context (the presence of neighbors with higher growth
rate) and that wild-type clones grow in compensation for the deficit of M/+ clones.
Morata and Ripoll used the term “cell competition” to explain this phenomenon
(Morata and Ripoll 1975).

This model was subsequently confirmed and elaborated in the studies by Simpson
and Morata (Simpson 1979; Simpson and Morata 1981). They explored cell compe-
tition more deeply by studying the competition between clones of various Minutes
mutants and wild-type clones and between the different Minutes mutant clones,
reporting two important findings. First, cell competition results from differences in
relative growth rate between neighboring cells. Slowly dividing cells are eliminated
when confronted with cells dividing more rapidly. However, such slower-growing
cells are not eliminated when surrounded by other mutant cells with a similar slow
growth rate. Clonal analysis revealed that wild-type cells near to M/+ clones grow
more rapidly and that M/+ clones that are not touching wild-type cells are not elimi-
nated. Second, cell competition is position dependent. M/+ clone elimination never
crosses the borders of developmental compartments, so that losers on one side of the
borders are insulated from competitive elimination by winners on the other side
(Garcia-Bellido et al. 1973; de la Cova et al. 2004). Because developmental com-
partments are thought to be units of size control (Crick and Lawrence 1975; Simpson
1976), cell competition may play a crucial role in establishing the normal size and
shape of appendages in animals.

Approximately 30 years later, using FLP/FRT mosaic techniques (Golic and
Lindquist 1989; Xu and Rubin 1993), actual apoptosis of M/+ clones surrounded by
wild-type cells was demonstrated. It has been shown that the elimination of M/+
clones was driven by relative deficit of Dpp (decapentaplegic; Drosophila homo-
logue of bone morphogenetic protein, BMP) pathway activity, which leads to ecto-
pic upregulation of the transcriptional repressor Brinker; this further leads to
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Fig. 3.2 Emerging pathways of cell competition. Factors and signaling pathways regulating cell
competition have been reported in the past several years (see text for details)

activation of the c-Jun N-terminal kinase (JNK) pathway and induction of apoptosis
(Moreno et al. 2002) (Fig. 3.2). Importantly, it has also been shown in mice that
cells that are heterozygous mutants for a ribosomal gene are disproportionately dis-
advantaged in chimeras during development (Oliver et al. 2004), suggesting that
similar cell competition triggered by differential levels of ribosomal proteins occurs
in mammals. These observations led to the conclusion that cell competition is a
result of local interactions between neighboring cells with different growth rates
and suggested that cell competition might act as a quality control mechanism that
maximizes tissue fitness by selecting fitter cells.

3.2.2 Differential Level of Myc

The second demonstrated example of cell competition is interactions between cells
with different level of the myc family of proto-oncogenes (Henriksson and Liischer
1996). Drosophila myc (dmyc) mutant flies are small in body size and take longer
to develop, as do Minutes, but their body parts are appropriately proportioned with
no patterning or cell fate specification defects other than the variably penetrant eye
phenotype. In the mosaic imaginal tissue containing dmyc™~ clones in otherwise
wild-type tissue, the size of dmyc™~ clones is smaller than that of wild-type clones
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(Johnston et al. 1999). As with M/+ clones, dmyc™ mutant clones are outcompeted
when confronted with wild-type or dmyc™ clones (Moreno and Basler 2004). In
contrast, clones expressing high levels of dMyc behave as “supercompetitors” that
eliminate neighboring wild-type clones (Moreno and Basler 2004; de la Cova et al.
2004). Cell death occurring in neighboring wild-type cells was shown to be caused
by Dpp deprivation/JNK activation (Moreno and Basler 2004) and induction of the
apoptotic activator Hid (de la Cova et al. 2004) (Fig. 3.2). Importantly, cells with
two copies of the dmyc gene (“wild type”) can behave as both winners and losers,
as they become winners when confronted with dmyc mutant cells but become losers
when confronted with cells with four copies of dmyc genes (Moreno and Basler
2004). This distinction represents an important feature of cell competition whereby
a cell fate is destined by its neighbors. Interestingly, dMyc-overexpressing cells that
are also heterozygous for Minute do not outcompete surrounding wild-type cells
(Moreno and Basler 2004), suggesting that the competitive advantage of dMyc-
overexpressing cells could be the result of an active protein synthesis. Importantly,
differences in growth rate seem not to be sufficient for inducing cell competition, as
cells with different levels of other growth regulators such as PI3K or cyclin D/Cdk4
do not cause cell competition (de la Cova et al. 2004).

3.2.3 Cell Polarity Defects and Oncogenic Mutations

Loss of apico-basal polarity in epithelial cells is often associated with deregulated
tissue growth and tumorigenesis (Bilder 2004). discs large (dlg) (Stewart et al.
1972) and scribble (scrib) (Bilder and Perrimon 2000), a group of apico-basal
polarity genes, were initially identified as members of evolutionally conserved
Drosophila “neoplastic” tumor suppressors. Scrib localizes to the basolateral cor-
tex, and Dlg directly binds to Scrib and colocalizes with Scrib (Bilder and Perrimon
2000; Dow et al. 2003). Imaginal tissues entirely mutant for scrib or dlg continue to
grow and develop into multilayered tumors (Bilder and Perrimon 2000; Bilder
2004; Brumby and Richardson 2005). Interestingly, when scrib or dlg mutant clones
are surrounded by wild-type tissue, these mutant clones do not overproliferate but
are eliminated by JNK-dependent cell death through cell competition (Brumby and
Richardson 2003; Igaki et al. 2009; Pagliarini and Xu 2003; Woods and Bryant
1991). Interestingly, also in a mammalian cell culture system, Scrib-knockdown
MDCK (Madin-Darby canine kidney) cells that are surrounded by normal MDCK
cells cause apoptosis and are extruded from the monolayer culture (Norman et al.
2012). Similarly, mammalian cultured cells with elevated activity of oncogenes,
such as Ras and Src, have also been shown to be excluded from the monolayer cul-
ture when surrounded by normal cells (Hogan et al. 2009; Kajita et al. 2010)
(Fig. 3.2). These observations suggest that cell competition can act as a tumor sup-
pressor that eliminates oncogenic mutant cells from epithelium.
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3.2.4 Differential Level of Hippo Signaling

A conserved tumor-suppressor pathway, the Hippo pathway, has been shown to play
an important role in cell competition. The core component of the Hippo pathway is
a kinase cascade (Hippo-Salvador-Warts) that negatively regulates the transcrip-
tional coactivator Yokie (Yki), which activates the expression of its target genes
such as the cell-cycle regulator cyclin E, the anti-apoptotic factor diapl, and an
anti-apoptotic and growth-promoting microRNA bantam (Enomoto and Igaki 2011;
Yu and Guan 2013; Halder and Johnson 2011; Pan 2010). The role of the Hippo
pathway in cell competition was first discovered by a genetic screen in Drosophila
eye disc for identifying mutations that modulate “Minute” cell competition (Tyler
et al. 2007). Mutations in the components of the Hippo pathway such as hippo,
salvador, and warts, all of which lead to Yki activation, suppress the elimination of
M/+ clones in competitive mosaics. It has also been shown that cells expressing a
higher level of Yki become winners of cell competition (Neto-Silva et al. 2010;
Ziosi et al. 2010) (Fig. 3.2). The Hippo pathway is widely recognized as a signaling
pathway that regulates organ size. In recent years, a variety of upstream regulators
of the Hippo pathway have been identified, including cell polarity (Martin-Belmonte
and Perez-Moreno 2012; Yu and Guan 2013), mechanotransduction (Zhao et al.
2012; Yu and Guan. 2013), G protein-coupled receptor (GPCR) signaling (Yu et al.
2012), oncogenic mitochondrial defect (Ohsawa et al. 2012), and an oncoprotein,
Src (Enomoto and Igaki 2013). Thus, cell competition could be triggered by various
Hippo pathway regulators during normal development.

3.2.5 Loss of Mahjong

Mahjong was identified as an evolutionally conserved Lgl (Lethal giant larvae; an
apico-basal polarity protein)-binding protein. It has been shown that cells with no or
downregulated expression of Mahjong are eliminated by cell competition when
confronted with wild-type cells both in the Drosophila imaginal disc and in the
mammalian cell culture system (Tamori et al. 2010) (Fig. 3.2). Intriguingly, it has
recently been shown that elimination of mahj™~ clones by cell competition occurs
even in postmitotic Drosophila follicular epithelium. In this case, winner cells
undergo “compensatory cellular hypertrophy,” in which some wild-type cells
become larger in volume than other cells to compensate for lost space created by
losers’ elimination (Tamori and Deng 2013).

3.2.6 Differential Level of Wg Signaling

Wingless (Wg), a founding member of the Wingless/Int-1 (Wnt) family of secreted
proteins, plays important roles as a morphogen in Drosophila development (Serrano
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and O’Farrell 1997). It has been shown that differences in Wg signal intensity
induce competitive cell—cell interactions in wing imaginal discs (Vincent et al.
2011). Local downregulation of Wg signaling causes cell death when confronted
with normal cells. On the other hand, local hyperactivation of Wg signaling gener-
ates supercompetitors that eliminate neighboring normal cells. wg mutant cells
cause cell death via JNK activation (Giraldez and Cohen 2003) and Hid induction
(Johnston and Sanders 2003), suggesting that Wg-low losers might be eliminated by
JNK-dependent cell death. Interestingly, Wg-dependent cell competition has been
shown to be independent of dMyc protein level based on the following two observa-
tions. First, dMyc is downregulated in Wg-activating supercompetitors, and second,
the competitive advantage of Wg-activating cells is not abolished by downregula-
tion of dMyc throughout the tissue or by upregulation of dMyc in neighboring nor-
mal cells. Instead, Wg-dependent cell competition is regulated by Notum, a secreted
glypican-specific phospholipase. Activation of Wg signaling triggers the expression
of Notum, which in turn attenuates the response to Wg in surrounding cells, leading
these surrounding cells to cause cell death (Fig. 3.2) (Vincent et al. 2011).

3.2.7 Differential Level of JAK/STAT Signaling

The JAK/STAT pathway is an evolutionarily conserved signaling pathway that pro-
motes tissue growth. In Drosophila, unpaired (Upd) (Drosophila 1L-6-like cytokine)
binds to its receptor Domeless, thereby activating the sole Janus kinase Hopscotch
and the sole STAT transcription factor Stat92E (Arbouzova and Zeidler 2006). It has
been shown that cells lacking Stat92E activity are eliminated when confronted with
wild-type cells and that cells with hyperactivated Stat92E become supercompetitors
independently of dMyc, Yki, Wg, or ribosomal activity (Rodrigues et al. 2012)
(Fig. 3.2). Stat92E activity has also been shown to be involved in the elimination of
scrib clones. Removal of Stat92E activity from wild-type cells juxtaposed to scrib
clones results in the failure to eliminate scrib clones (Schroeder et al. 2012).

3.3 Stem Cell Competition

Stem cells reside in local microenvironments (niches) that produce signals regulat-
ing stem cell divisions and stem cell-niche interactions (Stine and Matunis 2013).
There is growing evidence that stem cells compete with each other for their exis-
tence within the niche. For example, in the Drosophila ovary, each ovariole harbors
two to three ovarian germline stem cells (GSCs), which are anchored to stromal cap
cells (niche) via E-cadherin-mediated adhesion (Lin 2002). The differentiation-
defective GSCs mutant for bam (bag of marbles) or bgecn (benign gonial cell neo-
plasm) outcompete neighboring wild-type GSCs by pushing them out of the niche
(Jin et al. 2008) (Fig. 3.3). Such competitive interaction between stem cells would
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Fig. 3.3 Stem cell competition in Drosophila ovary. In Drosophila germline stem cell (GSC)
competition in the ovary, GSCs adhere to stromal cap cells (niche). GSC mutants for differentiation-
promoting gene bam or bgcn remain in the niche via strong E-cadherin-mediated adhesion and
become winners of cell competition. bam or bgcn mutant GSCs outcompete neighboring wild-type
GSCs from the niche

serve as a quality control mechanism to keep fitter stem cells in the niche. Stem cell
competition has also been studied in mammalian systems. For example, in the
mouse hematopoietic system, hematopoietic stem and progenitor cells compete
with each other in response to DNA damage stresses to reconstitute the hematopoi-
etic compartment. In this case, the win—lose decision is made by the level of p53
expression and losers with higher expression of p53 are excluded from the stem cell
population by inducing cellular senescence (Bondar and Medzhitov 2010).

3.4 Mechanism of Cell Competition: Common or Diverse?

As already described, cell competition can be triggered by various gene mutations
or deregulated signaling cascades. Intriguingly, emerging evidence suggests that
some competitive cell—cell interactions share a common mechanism by which cells
compare their relative fitness and drive elimination of losers.

3.4.1 Ligand-Capture Mechanism

It has been reported that two adjacent cells compete for the uptake of the Dpp mor-
phogen during cell competition triggered by Minute or a differential level of dMyc
(Moreno et al. 2002; Moreno and Basler 2004). Because the winners of such cell
competition possess higher ribosomal activity than losers, winners could acquire an
advantage by capturing extracellular pro-growth ligands (such as Dpp) more effi-
ciently (Morata and Ripoll 1975; Moreno and Basler 2004) (Fig. 3.4a). Ligand-
dependent signal transduction can be activated by internalization of ligands through
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Fig. 3.4 Mechanisms of cell competition. (a) Ligand-capture hypothesis. Cells compete for extra-
cellular survival or growth factors such as Dpp (decapentaplegic), and the hypermetabolic winner
can capture more survival factors than neighboring the hypometabolic loser, resulting in loser
apoptosis. (b) Eiger-JNK signaling causes elimination of oncogenic polarity-deficient neighbors.
In Drosophila imaginal epithelium, clones mutant for neoplastic tumor-suppressor genes such as
scrib or dlg (losers, in green) are eliminated by neighboring normal epithelial cells (winners, in
purple). INK signaling serves a dual function in this process. JNK signaling in losers promotes
losers’ apoptosis; JNK signaling in winners promotes elimination of losers through activation of
the engulfment pathway. (¢) The “Flower code” (Fwe code) in cell competition is composed of
three Fwe isoforms (Ubi, Lose-A, and Lose-B) that produce a tag to distinguish winners (purple)
and losers (green). Losers tagged with Fwe'** are eliminated in the presence of winners tagged
with Fwe™. SPARC is expressed temporarily in losers to protect them from cell death
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endocytosis (Tsukazaki et al. 1998). Interestingly, the small GTPase Rab5, which is
required for the formation of endosomes, has been implicated in Dpp-regulated cell
competition. Overexpression of Rab5 in dmyc-deficient clones blocks their elimina-
tion (Moreno and Basler 2004). However, it has also been reported that Minute cell
competition does not always depend on Dpp signaling (Tyler et al. 2007).

3.4.2 TNF-JNK Signaling

Drosophila tumor necrosis factor (TNF) homologue Eiger and its downstream JNK
signaling have been implicated in some types of cell competition. In scrib or dlg
mutant clones that are surrounded by wild-type tissue, Eiger-JNK signaling is acti-
vated through elevated endocytic activity, thereby promoting JNK-dependent cell
death (Brumby and Richardson 2003; Igaki et al. 2009). JNK signaling has also
been shown to regulate cell competition triggered by Minute, dMyc, and loss of
Mahjong (Moreno et al. 2002; de la Cova et al. 2004; Moreno and Basler 2004;
Tamori et al. 2010). However, it has also been reported that cell competition trig-
gered by Minute or dMyc can still occur in the absence of JNK activity (de la Cova
et al. 2004; Tyler et al. 2007).

3.4.3 Cell Engulfment

It has been reported in Drosophila imaginal tissue that dead cells are phagocytosed
by neighboring normal epithelial cells during development (Fristrom 1969). In
analyzing the fate of losers in cell competition triggered by Minute or dMyc, it was
found that losers are engulfed by neighboring winners (Li and Baker 2007). Genetic
analyses showed that cell competition is blocked in the absence of engulfment by
winners (Li and Baker 2007). Similarly, it has been shown that wild-type imaginal
cells surrounding scrib or dlg mutant clones activate JNK signaling, which leads to
activation of the PVR-ELMO/Mbc-mediated engulfment pathway, thereby pro-
moting elimination of polarity-deficient neighbors by engulfment (Ohsawa et al.
2011) (Fig. 3.4b). However, it has also been reported that the contribution of cell
engulfment by winners is not significant, but circulating phagocytic hemocytes
play a role in the clearance of losers’ apoptotic bodies during cell competition
(Lolo et al. 2012).

3.4.4 Flower Code and Sparc

Microarray analysis of genes changing at early stages of dMyc-induced cell compe-
tition identified the flower (fwe) gene, which was originally identified as a Ca*
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channel associated with synaptic vesicles of photoreceptor nerve terminals (Yao
et al. 2009). In Drosophila, the fwe locus produces three isoforms, fiweU, fivetos4,
and fiveseB (fweloses), FweU"" is normally expressed throughout the tissue but down-
regulated in losers, whereas the other two isoform products, Fwel>*A and Fwet** B,
are expressed only in losers. This “flower code” was detected in different types of
cell competition triggered by dMyc, Minute, or scrib. Although uniform upregula-
tion of Fwe" or Fwe'* in the tissue does not trigger cell competition, relative
differences in Fwe" or Fwel* expression trigger cell competition; cells with low-
level expression of Fwe'™ or high-level expression of Fwe>* cause cell death as
losers (Rhiner et al. 2010) (Fig. 3.4c). Thus, the Fwe code could be a tag whereby
cells identify their relative fitness and determine cellular win—lose fate.

Another early marker of losers of cell competition so far reported is dSparc, the
Drosophila homologue of the Sparc/Osteonectin protein family. dSparc is a compo-
nent of the extracellular matrix and found in the basement membrane of both epi-
thelial and endothelial internal organs and tissues (Martinek et al. 2002). dSparc is
transiently expressed in losers and protects them from apoptosis during cell compe-
tition triggered by dMyc, Minute, or Igl (Portela et al. 2010) (Fig. 3.4¢). It is consid-
ered that Fwe and dSparc act in parallel and opposing pathways, as dSparc provides
transient protection, whereas the Fwe code promotes cell elimination by labeling
cells as losers.

3.5 Concluding Remarks

The concept of cell competition recalls Darwin’s theory of evolution, natural selec-
tion. In limited environments or niches, various types of cells not only cooperate
together but compete with each other for their existence, leading to maintenance of
the homeostasis of multicellular systems. In tissues, surviving cells with higher fit-
ness (winners) proliferate and increase their territory at the expense of less fit cells
(losers), resulting in the best qualifying tissue. Cell competition can also act as a
surveillance system for cellular fitness. As oncogenic cells are eliminated from the
epithelium by cell competition, it acts as an intrinsic tumor suppressor mechanism,
utilizing the relative differences in cellular fitness. Similarly, elimination of abnor-
mal cells would also be significant for accomplishing normal developmental pro-
cesses. Future studies for understanding the mechanism of cell competition and for
identifying molecules that determine cellular fitness will provide a new dimension
in developmental biology.
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Chapter 4
Position-Dependent Hippo Signaling Controls
Cell Fates in Preimplantation Mouse Embryos

Hiroshi Sasaki

Abstract During preimplantation mouse development, embryos establish two
distinct cell lineages by the time of early blastocyst formation: the trophectoderm
(TE) and the inner cell mass (ICM). Historically, the importance of cell position
within the embryo (inside—outside model) and apico-basal difference, known as cell
polarity (polarity model), were suggested for establishment of the two lineages. In
this review, I describe the mechanisms of cell fate specification in preimplantation
embryos as an example of cell fate control by position-dependent Hippo signaling.
Cell—cell adhesion and cell polarity activate and suppress Hippo signaling,
respectively, and their combination establishes position-dependent Hippo signaling.
Thus, both inside—outside and polarity models are supported. At the molecular
level, phosphorylation of the adherens junctions (AJs)-associated Hippo signal
component, angiomotin (Amot), activates Lats protein kinase and triggers Hippo
signaling. Although this mechanism operates in the AJs of the apolar inner cells, in
the outer cells, cell polarity sequesters Amot from basolateral AJs and inactivates
the Hippo pathway. Thus, in preimplantation embryos, the cells utilize positional
information for proper cell fate control through Hippo signaling. I also discuss the
roles of Hippo signaling in regulation of development.

Keywords Hippo signaling ¢ Preimplantation embryo ® Trophectoderm ¢ Inner cell
mass ® Angiomotin

H. Sasaki (D<)

Department of Cell Fate Control, Institute of Molecular Embryology and Genetics,
Kumamoto University, Kumamoto 860-0811, Japan

e-mail: sasaki @kumamoto-u.ac.jp

H. Kondoh and A. Kuroiwa (eds.), New Principles in Developmental Processes, 41
DOI 10.1007/978-4-431-54634-4_4, © Springer Japan 2014



42 H. Sasaki
4.1 Historical Models for Cell Fate Control

During preimplantation development, mouse embryos form a cyst-like structure
called the blastocyst by 3.5 days post coitus (dpc) (Fig. 4.1a). The early blastocysts
consist of two type of cells. The outer epithelial cells are named the trophectoderm
(TE), which is required for implantation to the uterus and forms extra-embryonic
tissues including the placenta. The inner cells attached to one end of the TE consti-
tute the inner cell mass (ICM). The ICM further differentiates into epiblast and
primitive endoderm by 4.5 dpc. The former forms the embryo proper whereas the
latter form a second group of extra-embryonic tissues.

Differing from other oviparous vertebrate embryos, development of mouse
embryos does not critically depend on the determinants that are localized in the
fertilized egg. How do the embryos properly form the two cell types without local-
ized information? Historically, two models have been proposed (Fig. 4.2). The first
one is the inside—outside (positional) model proposed by Tarkowski (Tarkowski and
Wroblewska 1967). In this model, cell fate is determined by the position of cells
within the embryos. In support of this model, forced repositioning of blastomeres of
up to 32-cell-stage embryos in the reconstituted embryos readjusted their fates
according to their new positions (Suwinska et al. 2008). The second model is the
polarity model, in which cell polarity is important for cell fate specification. At the
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Fig. 4.1 Outline of preimplantation mouse development. (a) Schematic presentation of preim-

plantation development between 8-cell and early blastocyst (~32-cell) stages. (b) Relationship
among cell position, cell polarity, transcription (txn) factors, and cell fates
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Fig. 4.2 Historical models for cell fate specification. Note that the inside—outside model and the
new polarity model are not mutually exclusive

8-cell stage, cell—cell adhesion mediated by E-cadherin increases (Hyafil et al. 1980;
Shirayoshi et al. 1983) and each blastomere becomes polarized by acquiring apico-
basal differences, which we call cell polarity. This process causes blastomere com-
paction. In the following cleavages, some of the blastomeres are internalized. The
outer cells remain polarized while the inner cells become apolar (Fig. 4.1b). A
majority of the inner cells are formed through asymmetrical cell divisions, which
form one polar outer cell and one apolar inner cell, from 8 to 16 cells (first wave) and
16 to 32 cells (second wave), and the numbers of inner cells generated in each wave
are variable (Fleming 1987; Johnson and Ziomek 1981; Morris et al. 2010; Dietrich
and Hiiragi 2007; McDole et al. 2011). In the original polarity model (Johnson and
Ziomek 1981), asymmetrical cleavage of the polarized 8-cell stage blastomeres
causes differential inheritance, which initiates differential cell fates: the inner cells
derived from the bases of polarized cells form the ICM, and the outer cells inheriting
the apical surface form the TE. The new version of the polarity model proposes that
the presence of cell polarity or apical domain directly controls cell fates in a cell
autonomous manner (Niwa et al. 2005; Yamanaka et al. 2006). The original polarity
model is not compatible with this model, but the new version of the polarity model
is not mutually exclusive with this model, because the inside—outside cell position
controls whether the cells have polarity (Fig. 4.2).
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4.2 Hippo Signaling Controls Position-Dependent Cell Fates

Cell fates are controlled by expression of the cell type-specific transcription factors.
The inner cells gradually increase the expression of a POU family of transcription
factor Pou5f1 (also known as Oct3/4), a Sox family of transcription factor Sox2, and
a homeodomain protein Nanog (Nichols et al. 1998; Avilion et al. 2003; Chambers
et al. 2003; Mitsui et al. 2003), and become ICM (Fig. 4.1b). Sox2 is the first tran-
scription factor that shows selective upregulation in the inner cells as early as the
16-cell stage (Guo et al. 2010). Expression of Nanog and Oct3/4 are initially wide-
spread and restricted to the inner cells from 32-cell to 64-cell stages, respectively
(Niwa et al. 2005; Dietrich and Hiiragi 2007; Guo et al. 2010). The outer cells
gradually increase the expression of a homeodomain transcription factor Cdx2 and
a zinc-finger transcription factor Gata3 (Strumpf et al. 2005; Ralston and Rossant
2008) and become TE (Fig. 4.1b). Expression of both proteins starts from the 8-cell
stage. The initial expression pattern appears to be stochastic, but becomes restricted
to the outer cells from about the 32-cell stage (Niwa et al. 2005; Dietrich and Hiiragi
2007; Ralston et al. 2010). A helix—loop-helix protein Id2 is the earliest transcrip-
tion factor that shows outer cell-specific expression at the 16-cell stage (Guo et al.
2010), but the role of Id2 in TE fate specification remains unknown. Cdx2 mRNAs
are localized to the apical domain of blastomeres and asymmetrically inherited to
the outer cells (Skamagki et al. 2013). This observation is superficially consistent
with the original polarity model, but asymmetrical inheritance of Cdx2 mRNA is
not essential, considering the results of a repositioning experiment (Suwinska et al.
2008). More important is the continued inhibition of Hippo signaling in outer cells,
as detailed next.

How is expression of these factors controlled? The key finding was our identifi-
cation of the TEA domain transcription factor, Tead4, as an upstream regulator of
Cdx2 (Nishioka et al. 2008; Yagi et al. 2007). Tead4~- embryos do not express Cdx2
or Gata3, fail to form blastocoeles, and all the cells follow the ICM fate (Nishioka
et al. 2008; Yagi et al. 2007; Ralston et al. 2010). Abnormalities of Tead4~”~ embryos
are more severe than those of Cdx2~~ embryos (Nishioka et al. 2008), and Tead4
directly regulates multiple trophoblast genes including Cdx2 in TS cells (Home
et al. 2012). Interestingly, expression of Tead4 is not restricted to the outer cells
(Nishioka et al. 2008; Hirate et al. 2012) (Fig. 4.4), but Tead4 exerts its activator
function only in the outer cells (Nishioka et al. 2009). Tead proteins are downstream
transcription factors of the Hippo signaling pathway in mammals (Ota and Sasaki
2008; Zhao et al. 2008) (Fig. 4.3). The Hippo signaling pathway was originally
identified as a tumor suppressor signaling pathway in Drosophila (see reviews and
references in Yu and Guan 2013; Harvey et al. 2013). Cell—cell adhesion is an
important activation signal of this signaling pathway, and activation of the Hippo
pathway inactivates Tead function by suppressing nuclear localization of the coacti-
vator protein Yap (Zhao et al. 2007; Ota and Sasaki 2008) (Fig. 4.3). The mouse has
two Yap-related proteins, Yapl and Taz/Wwtrl, and in this review, I describe these
proteins as Yap as a whole unless otherwise noted.
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Fig. 4.3 Mammalian Hippo signaling pathway. The core mechanism of the Hippo pathway is
regulation of subcellular localization of Yap. The Hippo pathway is regulated by various upstream
signals including cell—cell adhesion. (a) Activation of the Hippo pathway phosphorylates Yap (and
related protein Taz) and prevents its nuclear accumulation. Tead proteins are inactivated and
expression of target genes are suppressed. (b) When Hippo signaling is inactive, Yap accumulates
in the nuclei, Tead becomes activated, and target genes are expressed
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Fig. 4.4 Position-dependent Hippo signaling controls cell fates in preimplantation embryos. (a)
Schematic presentation of spatial distribution patterns of Tead4, Yap, and Cdx2. (b) Confocal
images show distribution of Tead, Yap, and phospho-Yap. Note that Hippo signaling revealed by
phospho-Yap is stronger in the inner cells
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In preimplantation embryos, Yap is present in the nuclei of the outer cells, whereas
it is excluded from the nuclei in the inner cells (Nishioka et al. 2009) (Fig. 4.4). In
the inner cells, strong activation of the Hippo signaling suppresses nuclear accumu-
lation of Yap and inactivate Tead4-dependent transcription whereas weak Hippo sig-
naling allows nuclear Yap and activates Tead4-dependent transcription in the outer
cells (Nishioka et al. 2009). When Hippo signaling is suppressed by reducing or
removing the protein kinase Lats1/2, the inner cells also exhibited nuclear Yap and
strong Cdx2 expression (Nishioka et al. 2009) and failed to develop into ICM
(Lorthongpanich et al. 2013). Thus, the difference in cell position (inside or outside)
is reflected in the difference in Hippo signaling, which in turn controls whether cells
become TE or ICM. This model is consistent with the inside—outside model.

4.3 Cell Polarity and Cell-Cell Adhesion Cooperate in
Establishment of Position-Dependent Hippo Signaling

Establishment of position-dependent Hippo signaling involves differences in cell
polarity: the outer and inner cells are polar and apolar, respectively. Disruption of
the Par—aPKC system, a key regulator of apico-basal cell polarity (Suzuki and Ohno
2006), results in the activation of the Hippo signal in all cells at about the 32-cell
stage (Hirate et al. 2013). This activation depends on cell-cell adhesion because the
Hippo signal was not activated when embryos were dissociated (Hirate et al. 2013).
These observations indicate a model that, although cell-cell adhesion activates the
Hippo signal, polarization in the outer cells blocks its activation (Hirate et al. 2013).
This model is consistent with both the inside—outside model and the new version of
polarity model (Fig. 4.5). This fact also implies that the critically important infor-
mation of cell position is whether the cells have apico-basal cell polarity.

Hippo f
polar . . Tead4 Specific txn
SIQnaIIng factors

outer Acti
ctive
OFF =» Nuclear Yap =» Cdx2 =» | TE

cell-cell adhesion

inner Q ON —» dnactive  _ oct3/s = | ICM

Yap

apolar

Fig.4.5 Combination of cell-cell adhesion and cell polarity establishes position-dependent Hippo
signaling leading to differential cell fates. Cell-cell adhesion activates whereas cell polarity sup-
presses the Hippo pathway. Position-dependent differences in cell polarity causes differential
Hippo signaling
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4.4 Phosphorylation of Angiomotin at Adherens Junctions
Activates the Hippo Pathway

Homophilic dimerization of E-cadherins activates the Hippo pathway (Kim et al.
2011). Junction-associated Hippo components angiomotin (Amot) family proteins
(Zhao et al. 2011) and Merlin encoded by Nf2 (Zhang et al. 2010) interact with the
E-cadherin—o/p-catenin complex (Hirate et al. 2013; Gladden et al. 2010). In the
absence of Amot and a related protein Amotl2 (Amot mutants that are knocked
down with Amotl2) or Merlin proteins (maternal and zygotic mutants of Nf2), mor-
ula cells failed to activate the Hippo pathway, resulting in the development of
TE-only blastocyst (Hirate et al. 2013; Cockburn et al. 2013) (Fig. 4.6¢c). At the
adherens junctions (AJs), S176 of Amot is phosphorylated by Lats. This phosphory-
lation stabilizes interaction of Amot and Lats and activates the Hippo pathway
(Fig. 4.7, inner cell). Phosphorylation of S176-Amot is necessary and sufficient for
activation of the pathway, indicating that it is a key switching mechanism that turns
on the Hippo pathway at the AJs (Hirate et al. 2013).
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Fig. 4.6 Distribution of Amot regulates position-dependent Hippo signaling. (a) Confocal images
show distribution of Amot and Yap in a 32-cell stage embryo. (b) Schematic representation of
position-dependent differential subcellular distribution of Amot and Yap. (¢) Confocal images
show absence of Hippo signaling (p-Yap) and expansion of TE (Cdx2) cells in the embryos lacking
Amot and Amotl2 (no Amot)
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Fig. 4.7 Model of position- and polarity-dependent Hippo signaling in preimplantation mouse
embryos. In apolar inner cells, phosphorylation of Amot at AJs activates Lats and Hippo signaling.
In polar outer cells, Amot is sequestered from adherens junctions (AJs), and the Hippo pathway
remains inactive. Mer Merlin, o a-catenin, f -catenin

4.5 Cell Polarity Controls Hippo Signaling by Restricting
Amot Localization to AJs

In preimplantation embryos, Amot shows a striking difference in the distribution
between outer (polar) cells and inner (apolar) cells (Hirate et al. 2013; Leung and
Zernicka-Goetz 2013) (Fig. 4.6a, b). In the inner cells, Amot is present in all AlJs,
whereas in the outer cells, Amot is restricted to the apical domain and is absent from
basolateral AJs. Such cell position-dependent distribution of Amot is regulated by cell
polarity (Hirate et al. 2013). In polarity-disrupted embryos caused by disturbing the
Par-aPKC system, Amot is present in all AJs and Hippo signaling is activated in all
the cells. Therefore, apolar condition-dependent association of Amot to AJs causes
position-dependent Hippo signaling. In the inner apolar cells, presence of Amot in AJs
activates Hippo pathway, but in the outer polar cells, Amot is sequestered in the apical
membrane, which prevents AJ-dependent activation of the Hippo pathway (Fig. 4.7).
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4.6 Cooperation of Hippo Signaling with Other Mechanisms

In spite of the critical importance of Hippo signaling in cell fate specification, Hippo
signaling appears not to be the only mechanism. Blastomeres in 4-cell stage embryos
already have differences in developmental potential, epigenetic modification, and
nuclear retention of Oct3/4 (Piotrowska-Nitsche et al. 2005; Torres-Padilla et al.
2007; Plachta et al. 2011; Tabansky et al. 2013). These differences probably bias
cell fates at an early stage. Initial expression of Cdx2 is rather stochastic and is
constantly observed in some inner cells (Nishioka et al. 2009; Niwa et al. 2005;
Dietrich and Hiiragi 2007), indicating that initial activation of Cdx2 is not strictly
controlled by cell position. Therefore, Hippo signaling probably plays major roles
atlater stages. Because cell fates are not determined up to the 32-cell stage (Suwinska
et al. 2008), continuous operation of position-dependent Hippo signaling from the
16-cell stage onward is likely required to adjust, maintain, and enhance the position-
dependent differential cell fates until they are determined.

Recently, it was shown that Tead4 has an antioxidative stress function, and that
even Tead4” embryos can specify TE fate if oxidative stress is alleviated (Kaneko
and DePamphilis 2013). It is possible that other unidentified position-dependent
signaling systems also exist, and these in cooperation with Hippo signaling specify
cell fate.

4.7 Perspective: Hippo Signaling Pathway Functions
as a Sensor of Cell Environment

Cell fate control by Hippo signaling is also observed in differentiation of mesenchy-
mal stem cells (MSCs). In this case, elasticity of the extracellular matrix (ECM)
controls cell fates: on a stiff ECM, MSCs differentiate into osteoblasts whereas
MSC:s differentiate into adipocytes on a soft ECM (Engler et al. 2006). Elasticity of
substrate controls cell morphology and F-actin, and F-actin regulates Hippo signal-
ing (Dupont et al. 2011; Wada et al. 2011). On a stiff substrate, F-actin promotes
nuclear accumulation of Yap, which promotes osteogenesis. On a soft substrate,
reduced F-actin causes cytoplasmic localization of Yap, which promotes adipogen-
esis (Dupont et al. 2011).

In most tissues, Hippo signaling controls cell proliferation. Tead1/2—Yap interac-
tion is required for cell proliferation and suppression of apoptosis in whole embryos
as early as 7.5 dpc (Sawada et al. 2008). In heart and liver, Hippo signaling controls
organ size. In the heart, Tead1-Yap promotes proliferation of cardiomyocytes and
controls heart size (Ota and Sasaki 2008; von Gise et al. 2012). Cross-regulation of
Yap, insulin-like growth factor (IGF) signaling and Wnt signaling also contributes
to increased cell proliferation in the heart (Xin et al. 2011; Heallen et al. 2011). In
the liver, suppression of Hippo signaling or increased nuclear Yap promotes
increased liver size and expansion of hepatic progenitor cells (oval cells) (Lee et al.
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2010; Dong et al. 2007; Camargo et al. 2007). Similar regulation of stem/progenitor
cells by Hippo signaling is also widely observed (reviewed in Hiemer and Varelas
2013). Inactivation of Hippo signaling or increased nuclear Yap in epidermis, intes-
tine, and brain activated proliferation of progenitor cells while compromising their
differentiation (Lee et al. 2008; Zhou et al. 2011; Cappello et al. 2013). Nuclear
localization of Yap is also required for maintenance of embryonic stem cells (Lian
etal. 2010). Hippo signaling also controls cell motility. Increased Tead—Yap activity
promotes epithelial-mesenchymal transition of cultured cells (Ota and Sasaki 2008;
Overholtzer et al. 2006), and phosphorylation of Amot by Lats inhibits endothelial
migration and angiogenesis (Dai et al. 2013).

In summary, upstream stimuli controlling the Hippo pathway are divergent:
included are cell—cell adhesion, cell polarity, elasticity of ECM, mechanical force,
cytoskeleton, and soluble factors activating various G protein-coupled receptors
(GPCR), etc. (Yu and Guan 2013). The Hippo signaling pathway cross-talks with
other signaling pathways such as Wnt and TGF-f signaling (Varelas and Wrana
2012). The downstream cellular responses, which include cell differentiation, pro-
liferation, survival and migration, also vary depending on cell types. Taken together,
in developing embryos, Hippo signaling pathway likely functions as a sensor of
various environmental information that surrounds the cells. The environmental
information that controls Hippo signaling will be integrated with other signaling
information that cells are receiving, and the cells then make cell type-specific
responses to properly form the embryos.
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Chapter 5
Building Functional Internal Organs
from a Naive Endodermal Sheet

Mitsuru Morimoto

Abstract The organs perform physiological functions with mature tissues
composed of variously specialized cell types. Full maturation and proper popula-
tion balances of these cell types are necessary to generate functional organs and a
healthy body. Most of the internal organs are derived from the definitive endoderm
(DE), which is a naive epithelial sheet formed at an early embryonic stage, E7.5, in
the mouse. Especially, the anterior pocket of the DE is the foregut known as the
origin of functional epithelial cells of many vital internal organs, including the thy-
roid, thymus, lung, liver and pancreas. I start this review with describing the foregut
formation process in the DE and spatial arrangement of the internal organs within
this area. Then, I highlight developmental and physiological mechanisms that spec-
ify, pattern, and regulate morphogenesis of the lung. Recent advances have begun
to define molecular mechanisms that control many of the important processes
required for lung organogenesis; however, many questions remain. I, furthermore,
focus on airway epithelial development, which generates the bronchial branching
structure and many different functional cells. Finally, I discuss a fundamental strat-
egy for regulating the population and localization of various cell types during
organogenesis.

Keywords Epithelial patterning * Foregut ¢ Internal organ  Lung ¢ Notch signaling

5.1 Introduction

Organogenesis of the inner organs begins after germ layer formation at the middle
stage of embryogenesis. First, endodermal epithelium is assigned an organ cell fate
by paracrine signaling from the peripheral mesoderm. The epithelial-mesenchymal
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interaction regulates proliferation, selective interaction, and morphological changing
of the cells to build unique organ structures. Finally, the organ holds fully differenti-
ated cells to be functionally mature and ready to birth by the late developmental
stage. This maturation process is still largely unknown. During the process, cell
population and distribution pattern need to be controlled precisely for efficient
physiological function. Thus, understanding the fundamental strategy of cell type
diversity and its localization throughout organogenesis is important. In the lung, for
example, multiciliated cells are numerous in the trachea, which is the most proximal
airway, whereas the distal bronchioles include fewer ciliated cells and abundant
mucus-providing Clara cells. On the other hand, the ratio between absorptive epi-
thelial and goblet cells is 80:20 in the small intestine. In the colon, however, goblet
cells are increased and the ratio becomes 50:50. Although such a region-specific
epithelial pattern is related to physiological function of the organs, the molecular
mechanism creating this regional distinction is still a black box. Here, I wish to
describe early events of internal organ development, especially the respiratory sys-
tem, in the ventral foregut and discuss the mechanism coordinating epithelial cell
type diversity and patterning in the developing organ.

5.2 Formation of the Ventral Foregut from the Definitive
Endoderm and Spatial Arrangement of the Internal
Organs Within the Foregut

Most of the internal organs arise from the definitive endoderm (DE) with initiation
cues by the adjacent mesoderm. These organ cell fates are determined for a short
term, within 24 h in the mouse, in the naive DE. In the developing mouse embryo,
by E7.5, the DE is distinguished via expression of Foxa2 (HNF-3p) in the nascent
DE (Sasaki and Hogan 1994; Monaghan et al. 1993; Ang and Rossant 1994) that is
induced under Tgfb-Smad3 signaling and GATAG®, a transcription factor (Fig. 5.1,
left). By E8.0, DE is rapidly organized into a tube along the anterior—posterior
(A-P) axis of the embryo and forms pockets of the foregut and hindgut at the ante-
rior and posterior ends. These pockets expand their ventral surfaces toward the mid-
line. These morphogenetic movements and the subsequent deepening of the gut
pockets create spatial distinctions between the ventral and dorsal domains of endo-
derm (Fig. 5.1, right). The ventral foregut cells are exposed to signal ligands—bone
morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), transforming
growth factor-beta (TGF-f), Wnt2/2b, and retinoic acid (RA)—mainly produced by
adjacent lateral plate mesoderm and cardiac mesoderm (Wandzioch and Zaret 2009;
Serls et al. 2005; Goss et al. 2009; Chen et al. 2010). Several combinations of these
signaling pathways provide various environments in the epithelial sheet. By E8.5
(seven to eight somites), Nkx2.1, Albl, and Pdxl are activated in the nascent
respiratory, hepatocyte, and pancreas progenitors, suggesting determination
events have occurred. The results of these patterning events of the gut tubes are now
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Fig. 5.1 Definitive endoderm and gut tube. Left: By E7.5, the late streak stage, the primitive streak
extends toward the distal tip of the gastrula and produces mesoderm into an inner layer and a
definitive endoderm into an outer layer. The streak-derived definitive endoderm displaces the origi-
nal visceral endoderm, which becomes extra-embryonic tissue, and forms an single-layered epithe-
lial cup at the bottom of the embryo (orange). Right: By E8.25, the heart develops rapidly and the
more anterior paraxial mesoderm is arranged into paired somite blocks. The endoderm will subse-
quently fold ventrally in the anterior and posterior regions to form the foregut pocket and hindgut
diverticulum, respectively. The embryo is folding in the direction of the arrows both anteriorly and
posteriorly (arrows) and the open tube will close ventrally. 7, I1, I11, and IV indicate the endodermal
precursor tissue of the ventral part of the foregut: (/), dorsal part of the foregut (/I), midgut (ZII),
and hindgut (/V)

loosely divided into organ domains that can be defined by regions of gut endoderm
predetermined to contribute to certain organs.

Coincident with this early gut tube formation is a cell morphological differentia-
tion from cuboidal-type endoderm into a columnar epithelium in a part of the endo-
derm, which will eventually line the respiratory and digestive tracts. Although the
endoderm needs further instruction throughout embryogenesis, the basic regional
pattern of the endoderm seems to be established during these early stages of devel-
opment. A current report has proposed that pre-patterning of chromatin states rep-
resented by histone modification potentially regulates cell fate selections in the
ventral foregut (Xu et al. 2011). In the prospective hepatic progenitors at E8.25
(four to six somites), both the hepatic and pancreas genes are silenced while the cis-
enhancer element of Pdx1, but not hepatic maker, gene is in “poised” state display-
ing both active modification H3K9, 14 acetylation, and negative modification
H3K27 tri-methylation. In the following stage, BMP signaling stimulates the liver
gene expression via H3K9 and 14 acetylation. The Pdx! cis-enhancer elements,
however, do not respond and still keep the poised state. Alteration of the poised-type
histon modifications induced abnormal Pdx/ expression in the hepatic field and
resulted in expansion of the pancreas field at the ventral foregut. These observations
indicate that initiation of internal organ development and its spatial relationships are
precisely controlled by intercellular signaling under genetic and epigenetic infor-
mation. At the later stage, those intercellular signals are further reiterated for tissue
growth and maturation but most likely do not directly contribute to cell type diver-
sity and patterning.
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5.3 Specification of Primary Respiratory Progenitors
in Ventral Foregut

The signals that determine and pattern the endoderm derive from adjacent structures
of both mesodermal and ectodermal origin, and these signals seem to be both induc-
tive and permissive in nature. We describe some of the better studied examples of
cell type diversity in lung epithelium development. Although these studies focus on
a particular organ, the conclusions could be extended to the fundamental strategy of
cell type diversity of other organs that derive from the other domains of the endo-
derm. As in the organogenesis of all tissues, formation of the lung is dependent on
a myriad of interactions among signaling and receiving molecules that mediate cell
proliferation, survival, migration, polarity, differentiation, and function (Morrisey
and Hogan 2010). All the airway epithelial cells must experience Nkx2./ expression
(Kimura et al. 1996; Longmire et al. 2012). Thus, Nkx2./ is expected as the master
regulator of airway epithelial cells. By E9.0, the homeodomain protein gene Nkx2.1
(or Ttfl or T/EBP) is expressed in the prospective thyroid and respiratory field at the
anterior from the hepatic field in the ventral foregut, which is the earliest sign of
respiratory fate specification from naive endoderm (Serls et al. 2005). In Nkx2-1
null mutant embryos, although primary lung buds form, the trachea is absent, sug-
gesting that it is essential for the initiation of a subset of the respiratory system
(Kimura et al. 1996; Minoo et al. 1999). During the specification, deletion of Wnt
ligands Wnt2/2b expressed in lateral plate mesoderm results in complete absence of
the primary lung buds with a paucity of Nkx2./ expression. Similarly, inactivation
of epithelial B-catenin, a key Wnt effector in the canonical Wnt pathway, also leads
to the no primary lung buds phenotype. Forced activation of Wnt/B-catenin signal-
ing by means of ectopic expression of a dominant-stable allele of f-catenin in the
ventral stomach promotes Nkx2-1 expression (Goss et al. 2009; Harris-Johnson
et al. 2009). Tbx5 is also involved in the primary buds formation by regulating
Wnt2/2b expression in the mesoderm (Arora et al. 2012).

Studies in mouse foregut cultures strongly indicate that FGFs emanating from
the adjacent heart influence the fates of the ventral foregut endoderm in a
concentration-dependent manner. A model of foregut specification has been pro-
posed in which different thresholds of FGFs pattern the endoderm into different
foregut derivatives, including the liver and lung (Fig. 5.2). If cultured alone, the
endoderm adopts a “default” pancreatic fate. Increasing amounts of FGF2 from
cardiac mesoderm to the endoderm results first in induction of hepatic, and then of
lung or thyroid, fates (Serls et al. 2005; Rossi et al. 2001; Jung et al. 1999). In this
system, the induction of lung cell fate appears to involve FGF-receptor 4 (FGFR4)
signaling (Serls et al. 2005). Lung development, however, is apparently normal in
Fgfrd4-null mice (Weinstein et al. 1998). Complete absence of both Wn2 and Wnt2b
in mesenchyme surrounding the anterior foregut or absence of -catenin in the fore-
gut epithelium leads to a loss of specification of lung primordia as seen by the
absence of Nkx2.I expression. Hence, lung specification is likely to depend on sig-
naling molecules, such as Wnts and FGFs, from the adjacent lateral plate and car-
diac mesoderm, and local transcription factors that have yet to be identified.
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Fig. 5.2 Schematic depictions of key secreted ligands and transcription factors involved in speci-
fying the respiratory progenitors. As the gut tube folds, cardiac FGFs and mesodermal Wnt2/2b
signals induce trachea and lung progenitors in the ventral endoderm. Nkx2.1 expression is detected
in the primordium thyroid and lung

Following primary lung bud formation, the buds extend into the surrounding
mesenchyme and begin the process of branching morphogenesis. The molecular
mechanism of branching has been well described in previous reviews (Cardoso and
Lu 2006; Morrisey and Hogan 2010), but briefly, elongation of the buds is depen-
dent on the localized expression of FGF10 in the mesoderm overlying the buds and
FGFGR2b in the endoderm to stimulate proliferation. No bud extension occurs in
mutants lacking Fgf10, although the trachea does separate (Min et al. 1998; Sekine
et al. 1999). This FGF10-FGFR2b signaling is controlled by a negative feedback
loop via BMP4 and Spry2 induction. In addition, the epithelial Shh suppresses mes-
enchymal FGF10, except for the tip, to limit epithelial proliferation within the
distal-most tissue. Between E9.5 and E16.5, the primary buds generate a complex
tree-like structure ending in thousands of terminal tubules. Remarkably, during this
stage the branching pattern is highly stereotyped and essentially identical between
inbred mouse strains (Metzger et al. 2008).

As already described, the primary lung bud formation and following branching
process occur on the axis of epithelial-mesenchymal interaction. At E14.5, epithe-
lial cell differentiation begins from the proximal tube coincident with branching
formation at the distal tip. Intercellular signaling within the epithelium, rather than
an interaction with mesenchyme, has a role in this process. The following sections
describe and discuss the epithelial cell type and its differentiation.

5.4 Cell Differentiation and Patterning of the Major
Epithelial Cell Types by Notch Signaling

5.4.1 Lung Epithelial Cell Types

The pulmonary system is composed of a tracheal tube, leading to bronchi and bron-
chioles that provide inhaled gases to saccular alveolar structures in which capillaries
come in close apposition to epithelial surfaces to facilitate the exchange of oxygen
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Fig. 5.3 Schematic depiction of relative locations of the various cell types in the mature lung. The
epithelium of the conducting airway is composed of seven major cell types. The number and dis-
tribution of these cell types are differently arranged in individual airways. These epithelial patterns
reflect the functions of the airways. In the trachea—main bronchus epithelium, there are many cili-
ated cells of which beating multiple cilia establish a flow that will remove a dust particle or phlegm.
In contrast, Clara cells are predominantly distributed at the bronchiolar epithelium that maintains
inhaled air at the entrance to the alveoli under conditions of high humidity. The alveolar includes
AECI1 cells, which are very flat and thin walled, and the much larger cuboidal AEC2 cells provid-
ing surfactants. These cell types are closely juxtaposed to each other, and AEC1 cells form inti-
mate interactions with the underlying vascular endothelium

and carbon dioxide required for cellular respiration (Fig. 5.3). These epithelial
tissues for ventilation are called the airways, and especially the trachea, bronchi,
and bronchioles are known as the conducting airways. This conducting system
brings the air from the external environment to the alveoli and functions to protect
the lung from debris that could obstruct airways, from entry of pathogens, and from
excessive loss of fluids. On the inside of the mammalian airway are seven major
epithelial cell types: Clara (secretary) cells, ciliated cells, pulmonary neuroendo-
crine (NE) cells, basal cells, and goblet cells in the conducting airway, and alveolar
epithelial type I and type II cells (AECI and 2) (Fig. 5.3). Clara cells are typically
marked by synthesis of the secretoglobin family member Scgblal (CC10 or CCSP),
whereas ciliated cells express Foxjl and show more than 200 motile cilia on the
apical side. In the postnatal lung, the proportion of ciliated to secretory cells is lower
near the distal end of the bronchioles but elsewhere is about 50:50. Ciliated cells
occupy the trachea—bronchus epithelium within which the beating multiple cilia
establish a flow that will remove a dust particle or phlegm. In contrast, Clara cells
are predominantly distributed at the bronchiolar epithelium that maintains inhaled
air at the entrance to the alveoli under conditions of high humidity. NE cells express
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calcitonin/Pgp9.5/Ascll and are found in small clusters at branch points along the
airways. The NE cell cluster is called a neuroendocrine body (NEB), which is
known as the stem cell niche in severely injured epithelium (Hong et al. 2001).
Mucus-producing goblet cells that express Muc5Sac, Foxa3, and the secreted ligand
anterior gradient 2 (Agr2) are also found in the airways. The number of goblet cells
is low in the mouse compared with the human but increases dramatically in response
to airway allergens and certain cytokines [e.g., interleukin (IL)-13] and upon down-
regulation of Foxa2 (Wan et al. 2004). Recent lineage tracing experiments show that
Clara cells can give rise to goblet cells without cell proliferation by a process that
requires the transcription factor Spdef (Chen et al. 2009). In the alveoli, these are
squamous AECI1 expressing AQP5/T1a and surfactant-producing AEC2. Gas
exchange occurs primarily across the attenuated blood—air barrier that is formed by
the juxtaposition of AEC1 and microcapillary endothelial cells. The AEC2 func-
tions in the biosynthesis of pulmonary surfactant, which lowers the surface tension
within the alveoli, allowing for respiration at normal transpulmonary pressures. In
addition, both cell types play important roles in fluid and ion transport.

5.4.2 Epithelial Cell Specification

Lung epithelial tissue acquires mature physiological functions throughout a long-
term process. During this process, epithelial tubes build the branching morphology
and various cell types in different ratios at individual regions of the conducting
airways, as described earlier. Spatiotemporal regulation for the molecular events of
these processes is crucial to create the fully functional respiratory system.

During E10.5-16.5, known as the branching stage, the cells in the distal tip of the
buds constitute a pool of highly proliferative multipotent progenitor cells: these are
maintained by the coordinated activity of signaling factors including Wnts and
FGF10 (Okubo and Hogan 2004). Progeny left behind in the stalks by the outgrowth
of the epithelium continue to divide and give rise to all the different cell types of the
future bronchi and bronchioles. This model was proposed by two groups. Perl et al.
found that by using an inducible SP-C-driven Cre system, they could genetically
label distal lung epithelium without labeling tracheal and bronchial cells before ES.5
(Perl et al. 2002). Consistent with this, a more recent study using an inducible 1d2-
CreER™ has shown that cells in the distal tip of the elongating lung branch at E11.5
ultimately contribute to all lung epithelium but not tracheal epithelium cell types.

Following the elongating distal tip, fine-scale differentiation of the respiratory
epithelium proceeds in the proximal to distal (P-D) direction. NE and ciliated cells
first appear at E14.0-14.5 with detecting expression of Ascll/DIl1 and Foxjl (Post
et al. 2000; Rawlins et al. 2007; Guha et al. 2012). At that time, these expressions
are restricted within the main bronchi while the distal buds are still immature. As
the lung buds divide and spread distally, the proximal cells mature into the special-
ized cell populations just described, and then the Clara cell marker Scgblal is first
detected at E15.5. At the beginning of alveologenesis around E17.0, the distal tip
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cells rapidly change in shape to flat or round and differentiate into AEC1 or AEC2
that express AQP5/T1a or surfactant protein as the marker. Recently, these airway
epithelial cells have been successfully generated from mouse ES cells following the
purification of an Nkx2.1* endodermal population in vitro (Longmire et al. 2012),
suggesting that the airway epithelial diversity is achieved by cell—cell interaction
within epithelial cells.

5.4.3 Multiple Notch Functions Coordinate the Four
Epithelial Populations and Patternings in the
Developing Lung

Although several transcription factors necessary for formation of particular cell
types in the lung have been identified (Wan et al. 2004; Chen et al. 2009; Chen et al.
1998; Que et al. 2009), few signaling pathways involved in the differentiation pro-
gram and spatial distribution pattern have been implicated. As mentioned in the
previous sections, intercellular signaling within epithelial cells could vary and pat-
tern the airway epithelial cells throughout lung development. Evidence demonstrat-
ing the importance of Notch signaling in the developing respiratory system is
rapidly growing. Mice that are genetically deficient in Hesl, a target of Notch sig-
naling in several biological systems, show hyperplasia-like enlargement of NEB
and a decreased number of Clara cells (Ito et al. 2000; Shan et al. 2007). Using the
NI1IP::CRE knock-in mouse strain (Vooijs et al. 2007), the cell lineage of Notchl
experienced population has been previously mapped in the developing lung via a
Cre recombinase-mediated reporter system (Morimoto et al. 2010). At postnatal day
21, when lung epithelial development is nearly complete, most of the reporter-
positive cells converged on the Clara cell fate. These experiments were followed by
direct detection of the Notchl intracellular domain (N1ICD) as an active form
Notchl receptor that revealed that Clara cells are a Notch-active population. Induced
expression of a constitutively active N1ICD in lung epithelial cells throughout
development promoted mucous metaplasia and remarkably decreased the number
of ciliated cells (Guseh et al. 2009). Conditional removal of the core Notch compo-
nent, such as Pofutl (a glycosyltransferase for Notch receptors) or Rbpj (a cofactor
of canonical Notch signaling), promoted ciliated cell expansion at the expense of
Clara cells (Tsao et al. 2009). These genetic data indicate a role for Notch signaling
as a suppressor of ciliated cell fate. Clara and ciliated cell fates are determined
throughout E14.5-E16.5. During these stages, as described in Sect. 5.4.2, the distal
tips preserve stem cells and continuously provide lineage-restricted progenitors.
Notchl-active Clara cells and Foxjl-positive ciliated cells were observed through
the conducting airway in a “salt-and-pepper” pattern except for the distal tip
(Fig. 5.4a, asterisk). Notch activity in Clara cells is stimulated by Jagl given rise
from the ciliated cells (Tsao et al. 2009; Zhang et al. 2013). Thus, cell fate determi-
nations of the Clara cells and ciliated cells occur in a transitional zone located
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Fig. 5.4 a, b E18.5 distal conducting airways were stained for acetylated tubulin in ciliated cells
(green) and CC10 in Clara cells (magenta). Ciliated cells occupy these areas, and no Clara cells
were detectable in the lung epithelium of the Rbpj conditional knockout (KO) mutant (b) whereas
a predominant distribution of Clara cells was confirmed in the control (a). ¢, d Clara and ciliated
cell fates are delineated from bi-potential progenitors through a lateral inhibition mechanism
related to Notch signaling. Immunofluorescence of E16.5 lung for N1ICD (magenta) and Foxjl
(green) revealed that early Clara and ciliated cells distribute in a “salt-and-pepper” fashion in the
proximal epithelium (¢, asterisk). No signal was detected in the distal tip (c, right most), indicating
that undifferentiated progenitors locate in the tip. In Rbpj-deficient epithelium, nearly all proximal
epithelial cells were Foxjl positive (green) (d, asterisk). Staining for the distal tip marker ProSP-C
(magenta) revealed that the stem cell population was not altered (d, far right)

between the distal tip stem cells and proximal differentiated daughters. By contrast,
nearly all the proximal cells expressed Foxj1 in Rbpj-deficient epithelium (Fig. 5.4b,
asterisk). The salt-and-pepper distribution of Clara and ciliated cells further sug-
gests a lateral inhibition mechanism, involving activation of Notch signaling in
neighbors of nascent ciliated cells at the transition zone.

NE cells appear to be clusters on the bifurcation points of branching bronchioles.
The unique location and constant size of the NE clusters prompted us to imagine an
existence of a precise regulatory mechanism for NE cell development. The NE cell
fate selection presumably involves Notch signaling because the loss of HesI pro-
duces enlarged NEB, as already described. Therefore, Notch signaling plays a role
in epithelial patterning of Clara, ciliated, and NE cells during lung development.
How does Notch signaling control the NEB size? Which of the Notch receptors
contributes to the cell fate selections? Stepwise removal of the Notch1/2/3 receptors
followed by gene expression and histological analyses identified Notch?2 as the pri-
mary receptor in Clara/ciliated cell fate selection, with Notchl and Notch3 making
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Fig.5.5 Schematic diagrams of the proposed regulatory mechanisms involved in Notch-dependent
cell fate determination during lung epithelial development. During the pseudo-glandular stage,
epithelial progenitors (purple) located at the distal tip produce descendants that differentiate into
Clara (pink), ciliated (green), SPNC (red), and NEC (blue) cells (see text for details)

only a minimal contribution to this process (Morimoto et al. 2012). In contrast, all
Notch receptors are involved in a redundant manner in NEB size regulation because
the Notch1/2/3 triple, but not Notch1/2 double, KO lung epithelium displays NEB
hyperplasia that resembles the Hes/ null phenotype. Given the NE cells express
DIl1, another Notch ligand, it is expected that Notch1/2/3 active cells exist that regu-
late the size of NEB. This Notch active population has been currently identified by
two groups (Guha et al. 2012; Morimoto et al. 2012). This novel epithelial popula-
tion expresses uroplakin3a (Upk3a) and shows immunoreactivity for SSEA-1, and
named SSEA-1-positive, Peri-NEC, N1ICD-positive, CC10-negative (SPNC) cells.
The SPNC cells appear from E14.5 and cap the NE cell clusters (Fig. 5.5) through-
out embryogenesis to regulate the proper cluster size. Lineage tracing of this popula-
tion revealed its bi-potency for the Clara and ciliated, but not NE, cell fate. The NE
cell lineage did not contribute to another airway population, at least during the
embryonic stage (Song et al. 2012), suggesting that the SPNC and NE cell lineages
never converge. Given that the SSEA-1 immunoreactivity disappears by postnatal
day 10, SPNC cells are mainly acting at the fetal stages. The molecular mechanism
by which SPNC cells regulate the NEB size should be unveiled in the near future.
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In conclusion, the numbers and distribution of the three major lung epithelial cell
types are coordinated by two different Notch signaling systems: Jagged1 (ciliated)
to the Notch2 canonical signal (Clara) and D111 (NE) to all Notch signals contribut-
ing to Hes1 expression (SPNC) (Fig. 5.5). Although Notch signaling is reiteratively
used to organize the major cell types within a tissue, each step uses different ligands
and therefore is either resistant (NEB size regulation, where three Notch genes act
with some degree of redundancy) or sensitive (Clara, where the signal relays through
one receptor only) to signaling fluctuations throughout airway development. These
differences may explain the constant spacing and size of NEB and the patterns of
Clara/ciliated cells throughout the conducting airway (Fig. 5.5).

5.5 A Fundamental Strategy for Regulating Population and
Localization of Multiple Cell Types by Notch Signaling

Notch signaling was reported previously to be involved in a similar lateral inhibitory
process, in which ciliated cells inhibit their neighbors from assuming the same fate.
In the zebrafish pronephros, transporting epithelia and multiciliated cells (MCCs)
form in a salt-and-pepper pattern (Zhang et al. 2013). It has been shown that zebraf-
ish Jagged2 expression in presumptive MCCs induced activation of zebrafish Notch3
in neighboring cells, blocking MCC fate and driving the alternative transporting
epithelial cell fate. In addition, a Hes1-related protein was involved (Ma and Jiang
2007). In Xenopus, ciliated cells express Delta ligands to activate Notch signaling
and induce Hes-related proteins, inhibiting the selection of ciliated cells by neigh-
boring epidermal cells (Deblandre et al. 1999). Hence, dose and type of Notch sig-
naling are arranged to coordinate the numeric and special balance between functional
cell types rather than just generating two alternative cell fates through organogene-
sis. In airway epithelial patterning, the alternative Clara/ciliated cell fate selection is
judged by the Jagl-Notch2 axis while redundant Notchl, 2, 3 functions in SPNC
cells shape the NE cell cluster (Zhang et al. 2013; Morimoto et al. 2012). This paral-
lel induction of distinct Notch signals within the epithelium is likely achieved by
different affinity between the receptors and ligands. Fringe, a sugar modification
enzyme for Notch receptors, promotes Notch1 affinity to D111, resulting in inhibition
of Jagl-mediated Notch1 activation. Activation of Notch2 is, however, not inhibited
by Fringe. If this interpretation is correct, we predict that in L-fringe-deficient mice,
Notchl will be able to rescue Clara cells in Notch2-deficient lung epithelia.
Current improvements of cell reprogramming technology allow us to understand
and manipulate the differentiation programs of functional cell type. However, the
paucity of our knowledge in tissue building with these various differentiated cell
types limits the future use of tissue engineering in a clinical setting. In current
research, the organoid culture from a single gut stem cell has recapitulated the
U-shape crypt structure and epithelial pattern of intestinal goblet and absorptive cell
types (Sato et al. 2011). A complex optic cup tissue structure has been further
reconstructed from ES/iPS cells (Eiraku et al. 2011). These discoveries imply that a
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latent intrinsic order of tissue-specific stem cells arrange the unique tissue structure
and patterning of differentiating cells by a multicellular self-organization fusion.
Thus, future study in such a research field would prove fruitful in advancing our
understanding of organogenesis and regenerative medicine.
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Part I1
Choosing a Fate from Multiple Potencies



Chapter 6
Determination of Stem Cell Fate
in Planarian Regeneration

Yoshihiko Umesono

Abstract Planarians have a long history of attracting many biologists for their amazing
regenerative ability, which absolutely depends on a unique population of somatic plu-
ripotent stem cells called neoblasts that are distributed throughout the body. After
amputation, neoblasts proliferate to form a head blastema at an anterior-facing wound
and a tail blastema at a posterior-facing wound, and finally regenerate a whole-body
anterior—posterior (A—P) pattern, even from tiny tissue fragments. More than a century
ago, Thomas Hunt Morgan, one of the great early investigators of planarian regenera-
tion, proposed that axial patterning is determined by two opposing morphogenetic gra-
dients of formative substances, “head stuff” and “tail stuff,” along the A-P axis.
However, to date few attempts have been made to assess Morgan’s hypothesis. Recent
molecular studies using RNA interference (RNAi) have revisited planarian regenera-
tion and revealed key signaling pathways involved in the regulation of neoblast dynam-
ics, including Wnt/B-catenin signaling acting as a posterior tissue determinant (which
accordingly fits with the instructive role of the “tail stuff”’), during planarian regenera-
tion. One of our recent great advances was identification of extracellular signal-regulated
kinase (ERK) signaling that acts as a cell differentiator in the planarian Dugesia
Jjaponica. Furthermore, we found that interplay between anterior ERK signaling and
posterior f-catenin signaling can account for the reconstruction of a complete head-
to-tail axis, in which the absence of pf-catenin signaling allows neoblasts to achieve the
ERK activation necessary for head regeneration. These findings suggest that ERK
signaling plays a crucial role in the circuitry of the “head stuff” in Morgan’s hypothesis.
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6.1 Attraction by the Mystery of Planarian Regeneration
Over a Century

Planarians belong to an evolutionarily early group of organisms with defined
bilateral symmetry, dorsoventral polarity, a central nervous system (CNS) with a
simple brain structure, and high regenerative ability (Agata and Umesono 2008;
Umesono and Agata 2009; Umesono et al. 2011). They have well-characterized
somatic pluripotent stem cells called neoblasts that are distributed throughout the
body (Baguiia et al. 1989; Shibata et al. 2010; Wagner et al. 2011). Neoblasts, the
only proliferative somatic cells in adults, differentiate to give rise to all missing tis-
sues and organs after injury and during homeostasis (Newmark and Sanchez
Alvarado 2000; Salvetti et al. 2000: Orii et al. 2005). The progeny of a single neo-
blast are capable of rescuing regeneration in animals where neoblasts are ablated by
X-ray irradiation, demonstrating the pluripotency of this cell type (Wagner et al.
2011). Because of their unique regenerative capabilities, and the simplicity of their
stem cell system, planarians provide an ideal opportunity to analyze stem cell
dynamics involved in axial patterning during regeneration.

From the 1890s to early 1900s, Thomas Hunt Morgan devoted his energy to the
study of planarian regeneration. After amputation, anterior-facing wounds form a
head blastema, and posterior-facing wounds form a tail blastema, a phenomenon
known as regeneration polarity. He found that very thin fragments of Planaria mac-
ulata made by sectioning perpendicular to the anterior—posterior (A—P) axis regen-
erated bipolar two-headed planarians, termed “Janus heads” (an allusion to the
Roman god Janus) (Morgan 1904), and attempted to explain the nature of polarity
by positing two opposing morphogenetic gradients of formative substances, “head
stuff” and “tail stuff,” along the A—P axis (this suggestion provides the first break
into the concept of “morphogens”) (Morgan 1905; Wolpert 1969; Lawrence 1988).
However, he stopped studying regeneration and development and turned to
Drosophila “genetics” with fruitful outcome (Morgan 1910, 1911a, b, c), causing
him to be awarded the Nobel Prize in Physiology or Medicine in 1933.

After many decades, Alvarado and Newmark have developed a method for per-
forming knockdown of the function of a gene by RNA interference (RNA1) in pla-
narians (Sanchez Alvarado and Newmark 1999), which brings our understanding of
planarian regeneration to a molecular level. Since then, we have explored the “head
stuff” and “tail stuff” per Morgan, by exploiting RNA..

6.2 MAPK Signaling Pathways Regulate Blastema
Formation During Planarian Regeneration

We used a clonal strain of the freshwater planarian Dugesia japonica as a model
planarian (2-10 mm in body length), one of the most common planarians in Japan.
They propagate asexually through fission under laboratory conditions. D. japonica
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Fig. 6.1 Body structure of the freshwater planarian Dugesia japonica. The planarian body is sub-
divided into at least four regions in an anterior-to-posterior sequence: head containing a brain and
eyes (H), pre-pharyngeal (Pr), pharyngeal containing a pharynx (Ph), and tail (7) regions. The
upper panel shows triple staining with anti-AADC antibody (green), anti-p-cateninA antibody
(magenta), and Hoechst 33342 (cyan). The lower panel shows Hoechst 33342 staining only in the
same animal. The digestive system is composed of a three-branched gut, with one anterior branch
in the head and pre-pharyngeal regions that is connected with the anterior end of the pharynx, and
two posterior branches in the pharyngeal and tail regions, which is well visualized by double stain-
ing with anti-AADC (Nishimura et al. 2007) and anti-B-cateninA (because p-cateninA protein is
highly accumulated in the epithelial cell membrane of the gut and pharynx). It is known that the D.
Jjaponica genome possesses at least two f-catenin homologue genes (termed Djf-cateninA and -B)
(Kobayashi et al. 2007; Yazawa et al. 2009). Hoechst 33342 nuclear staining visualizes the brain
and pharynx because they are a mass of numerous cells

displays at least four distinct body regions in an anterior-to-posterior sequence:
head (H), pre-pharyngeal (Pr), pharyngeal (Ph), and tail (T) regions. The separation
between these regions is indicated by the presence of position-specific tissues and
organs (Agata et al. 2003; Umesono et al. 2013). A brain and pair of eyes represent
landmark morphological structures of the head region (Fig. 6.1). The brain is located
on the dorsal side relative to the ventral nerve cords (VNCs) that run through the
whole body along the A-P axis (Agata et al. 1998; Umesono and Agata 2009;
Umesono et al. 2011). We succeeded in identifying the three orthodenticle/ Otx-
related homeobox genes DjotxA, DjotxB, and Djotp in the planarian, whose expres-
sion patterns clearly define the brain as a structure distinct from the VNCs (Umesono
et al. 1997, 1999). The brain indeed acts as an information-processing center to
elicit negative phototaxis (i.e., light avoidance behavior) in response to light signals
via the eyes (Inoue et al. 2004; Takano et al. 2007). In the middle portion of the
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body, there is a pharynx acting as a mouth and anus (Fig. 6.1). The digestive system
is composed of a three-branched gut, with one anterior branch in the head and pre-
pharyngeal regions and two posterior branches in the pharyngeal and tail regions
(Fig. 6.1). The anterior gut branch is connected with the anterior end of the pharynx.
When double-stranded RNA (dsRNA) for RNAi was incorporated into the gut cav-
ity by injection or feeding via pharynx, dsSRNA was effectively transmitted to all the
cells that construct a whole individual, including neoblasts (Sdnchez Alvarado and
Newmark 1999; Rouhana et al. 2013).

D. japonica has high ability to regenerate entire body parts, including a functional
brain, from even a tiny tail fragment via activation of neoblasts. In the early process
of regeneration, successive phases of wound healing, the formation of a blastema,
and differentiation of cells from the blastema (e.g., brain cells from the head blas-
tema), are the events that occur at wounds. The blastema is generally recognized as
an unpigmented mass of regenerative cells originated from neoblasts at wounds.
However, the cellular state of blastema-forming cells during planarian regeneration
has remained unclear. We, therefore, performed detailed analysis of neoblast dynam-
ics involved in the blastema formation of D. japonica (Tasaki et al. 2011a, b).

To monitor neoblast dynamics in vivo, we used an mRNA probe of DjpiwiA, a
D. japonica gene of the argonaute family that is specifically expressed in undiffer-
entiated neoblasts and also an antibody against its protein (Yoshida-Kashikawa
et al. 2007; Shibata et al. 2010). From around 12 h after amputation, a cluster of
DjpiwiA-positive neoblasts appeared surrounding the presumptive blastema-form-
ing region at the cut edge and then started to form a blastema (Tasaki et al. 2011a).
At around 24 h after amputation, a blastema was well recognized as a mass of cells
that are positive for staining with the anti-DjPiwiA antibody (Fig. 6.2a—c). Within a
few hours, however, almost all the blastema-forming neoblasts apparently decreased
the expression level of DjpiwiA mRNA (Fig. 6.2d). At this stage, these blastema-
forming cells had no proliferative activity (Tasaki et al. 2011a), as indicated by the
absence of staining with both mRNA probe of the gene D. japonica histone H2B
acting as a marker of proliferating neoblasts (Guo et al. 2006) and anti-phospho-
histone H3 antibody acting as a marker of mitotic neoblasts (Newmark and Sdnchez
Alvarado 2000). Concomitant with the loss of cell proliferation, head blastema-
forming cells start to differentiate, as assayed by the expression of some neural
genes involved in brain regeneration (Cebria et al. 2002b). This series of events in
neoblast dynamics was commonly observed in both head and tail regeneration. On
the basis of these observations, we conclude that a blastema is a mass of neoblast
progeny that exits from the proliferative and pluripotent state and simultaneously
enters the differentiating state at wounds.

Then, an immediate question is how the formation of blastema is regulated dur-
ing planarian regeneration. Mitogen-activated protein kinase (MAPK) cascades are
an evolutionarily conserved signaling pathway that regulates diverse cellular func-
tions including cell proliferation, differentiation, migration, and stress responses
(Nishida and Gotoh 1993; Chang and Karin 2001). The MAPK signaling pathway
is induced by various extracellular stimuli, which induce sequential protein phos-
phorylation reactions that result in the MAPK activation. There are three major
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Fig. 6.2 Neoblast dynamics involved in head blastema formation. a—d Triple staining with
DjpiwiA gene probe (green), anti-DjPiwiA antibody (magenta), and Hoechst 33342 nuclear stain-
ing (blue) at 24 h of head regeneration from a tail fragment. Dashed lines indicate the gross border
between the head blastema, which recognized a DjPiwiA(+) and DjpiwiA(-) region at a wound,
and the rest of the body. DjPiwiA(+) and DjpiwiA(+) neoblasts are highly accumulated at a posi-
tion posterior to the blastema (i.e., a collar of strong DjpiwiA signal in d), the so-called post-
blastema region, where many mitotic neoblasts are present under the control of JNK activation
(Tasaki et al. 2011b). e, f DjmkpA expression at 24 h of head regeneration from tail fragments. e
DjmkpA is strongly expressed in the head blastema. f Treatment with the chemical MEK inhibitor
UO0126, which inactivates ERK signaling, caused drastic decrease of the DjmkpA expression at a
wound. g A summary of the spatial profiles of pJNK, pERK, and DjmkpA expression involved in
blastema formation. Anterior is to the left
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subgroups of kinases in the MAPK family: p38, c-Jun N-terminal kinase (JNK), and
extracellular signal-regulated kinase (ERK). We found that coordinated action of
JNK and ERK signaling pathways is required for the neoblast dynamics involved in
blastema formation in D. japonica (Tasaki et al. 2011a, b).

JNK is highly activated in mitotic neoblasts via phosphorylation (phosphory-
lated JINK; pJNK) and is required for accelerating the entry of neoblasts into the M
phase in the cell cycle at a position close to wounds, resulting in the generation of
neoblast progeny to form a blastema at wounds (Tasaki et al. 2011b). Subsequently,
ERK is highly activated in blastema cells via phosphorylation (phosphorylated
ERK; pERK) and is required for the exit from their proliferative and pluripotent
state and the entry toward the differentiating state (Tasaki et al. 2011a). These blas-
tema cells start to express the D. japonica MAPK phosphatase A gene (DjmkpA) in
response to ERK activation. DjmkpA expression is an excellent indicator of ERK
phosphorylation, but DjmkpA itself acts as a negative feedback regulator of pERK
(Tasaki et al. 2011a; Fig. 6.2e, f). To clarify the role of DjmkpA in the circuitry of
ERK-dependent cell fate decisions, we examined the effect of DjmkpA RNAi on
blastema cells sensitized by treatment with a concentration of the chemical MEK
inhibitor U0126 that leads to inhibition of the ERK activity at a moderate level
(Tasaki et al. 2011a). Treatment with U0126 (5-25 uM) caused differentiation
defects of both head and tail regeneration with intensifying severity in a dose-
dependent manner. During head regeneration from tail fragments, U0126 (10 pM)
caused moderate but clear differentiation defects in the regenerated head, such as
reduction in its size with cyclopia or no eyes. Notably, simultaneous action of
DjmkpA RNAI not only restored the pERK level but also rescued these differentia-
tion defects. These findings suggest that negative feedback regulation of ERK sig-
naling by DjmkpA may establish a threshold level of ERK activation for the binary
cell fate decisions of blastema cells regarding whether to differentiate in the pres-
ence of fluctuations generated by upstream variations of ERK signaling.

More recently, we found that an pERK/DjmkpA feedback circuit is also involved
in neoblast differentiation necessary for the regeneration of not only the head and
tail but also the pre-pharyngeal and pharyngeal regions (Umesono et al. 2013).
Here, I summarize neoblast dynamics involved in blastema formation and differen-
tiation in Fig. 6.2g: the pJNK(+) mitotic neoblasts act as a definitive source of the
blastema cells, in which an ERK/DjmkpA feedback circuit makes the final decision
about whether blastema cells undergo differentiation, resulting in regeneration of
the head or tail at a wound according to regeneration polarity.

6.3 Wnt/p-Catenin Signaling Modulates ERK Signaling

The next question is how the neoblast cell fates are properly specified to regenerate
a whole-body A-P pattern in response to ERK activation. In past years, studies
using RNAi promoted understanding of the Wnt/p-catenin and Hedgehog (Hh)
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signaling pathways that regulate regeneration polarity in planarians (Gurley et al.
2008; Iglesias et al. 2008; Petersen and Reddien 2008; Adell et al. 2009; Petersen
and Reddien 2009; Rink et al. 2009; Yazawa et al. 2009). We found that Hh signal-
ing drives tail regeneration by inducing the expression of wnt genes at posterior-
facing wounds (Yazawa et al. 2009). As a consequence, f-catenin presumably forms
a decreasing activity gradient in the tail-to-head direction (Adell et al. 2010;
Almuedo-Castillo et al. 2012). Knockdown of the function of the planarian f-catenin
gene by RNAI resulted in “Janus heads” at the expense of tail regeneration (Gurley
et al. 2008; Iglesias et al. 2008; Petersen and Reddien 2008; Yazawa et al. 2009).
This was the first demonstration of Morgan’s “Janus heads” via manipulation of a
single gene. Conversely, RNAi of the planarian gene patched, which encodes a
putative receptor of the ligand gene hedgehog, caused ectopic activation of Wnt/p-
catenin signaling in the anterior blastema and resulted in bipolar two-tailed planar-
ians (so-called Janus tails) at the expense of head regeneration (Rink et al. 2009;
Yazawa et al. 2009). These observations suggest that Wnt-dependent posteriorly
increasing f-catenin activity fits with the instructive role of the “tail stuff” in
Morgan’s hypothesis. By contrast, to date no molecules have been reported to func-
tion as the “ head stuff” in planarians. Our data suggest that Wnt/p-catenin signaling
functions as a posterior tissue determinant, in close coordination with ERK activa-
tion, during planarian regeneration. Thus, we speculate that unknown links between
ERK and posterior Wnt/B-catenin signals might account for the proper types of
differentiation of neoblasts along the A—P axis, and tested this possibility during
regeneration of D. japonica.

To sensitively visualize ERK activation in vivo, we monitored DjmkpA expres-
sion in regenerating animals treated with RNAi of the D. japonica p-cateninB
(Djp-catB) gene. During tail regeneration from head fragments, Djf-catB RNAi
clearly increased the DjmkpA expression level in the presumptive regenerating
tail via ERK activation at the expense of tail identity (Umesono et al. 2013;
Fig. 6.3a—d). These observations suggest that posterior 3-catenin signaling plays
arole in decreasing ERK signaling to promote tail regeneration at posterior-facing
wounds.

We also found that interplay between the ERK and posterior 3-catenin signals
is required for the specification and differentiation of pharyngeal cells (Umesono
et al. 2013). During head regeneration from tail fragments, Djf-catB(RNAi) ani-
mals showed roughly normal regeneration of the head and pre-pharyngeal regions
but failed to regenerate a pharynx. These knockdown animals had ectopic fusion
of the two posterior branches of the gut in the presumptive pharyngeal region at
the expense of the pharynx structure, resulting in the transformation of the pharyn-
geal region into a pre-pharyngeal-like region. Importantly, this phenotype also
involves the increase of the ERK activity level along the AP axis. These observa-
tions suggest that the posterior pf-catenin signaling plays a role in the negative
regulation of ERK signaling to decide between pre-pharyngeal versus pharyngeal
regeneration.
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Fig. 6.3 Effects of Djp-cateninB RNAI on extracellular signal-regulated kinase (ERK) signaling
during tail regeneration. a DjmkpA expression in control regenerant from head fragment at 3 days
of regeneration. Strong DjmkpA expression occurred transiently in the tail blastema (Tasaki et al.
2011a), and then decreased at this time (bracket). A strong (dotted) signal close to the tail blastema
indicates DjmkpA expression in cells associated with pharynx regeneration. b DjmkpA expression
in Djf-catB(RNAi) regenerant from head fragment at 3 days of regeneration. ¢ DjAbd-Ba expres-
sion in control regenerant from head fragment at 3 days of regeneration. DjAbd-Ba was specifically
expressed in the tail blastema (Nogi and Watanabe 2001). d DjAbd-Ba expression in Djf-
catB(RNAI) regenerant from head fragment at 3 days of regeneration. In summary, Djf-catB RNAi
caused increase of DjmkpA expression and simultaneously repressed expression of DjAbd-Ba in
the tail blastema. Brackets indicate tail blastema. Anterior is to the left

6.4 The Gene Nou-darake Modulates ERK Signaling

The D. japonica gene nou-darake (ndk means “brains everywhere” in Japanese)
encodes a putative transmembrane protein with two extracellular immunoglobulin-
like domains related to those of fibroblast growth factor (FGF) receptors, but lacks
the cytoplasmic kinase domains characteristic of this receptor family (Cebria et al.
2002a). We found that ndk is specifically expressed in head tissues, including brain
cells, under the control of ERK activation (Cebria et al. 2002a; Umesono et al. 2013;
Fig. 6.4a). ndk RNAI increased ERK activity levels along the AP axis and induced
ectopic differentiation of head tissues, such as eyes and brain cells, predominantly in
the pre-pharyngeal region (Fig. 6.4b, c), at the expense of the pre-pharyngeal iden-
tity (Cebria et al. 2002a; Umesono et al. 2013). These observations suggest that ndk
RNAI caused transformation of the pre-pharyngeal region into a head-like region in
a non-cell autonomous manner. In addition, we showed that ndk RNAIi restored
pharynx regeneration in pharynx regeneration-deficient animals induced by pharma-
cological ERK inhibition at a moderate level (Umesono et al. 2013), supporting the
notion of a non-cell autonomous function of ndk along the AP axis. It is tempting to
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Fig. 6.4 ndk RNAIi caused
ectopic differentiation of
brain cells. a Double staining
with probe for ndk (green)
and anti-synaptotagmin (Syr)
antibody (magenta) that
visualizes the neural network
(Tazaki et al. 1999). ndk was
specifically expressed in the
regenerating head region, in
both brain and non-brain
cells, in regenerant from tail
fragment at 3 days of
regeneration. b Expression of
1008SHH (a brain-branch b 1008HH
marker gene) in control

regenerant from tail fragment

at 7 days of regeneration.

¢ Expression of 1008HH in &:m
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speculate that ndk might encode a protein that binds secreted molecules (as yet
unidentified) in the head region to delimit their diffusion, so that strong activation of
ERK signaling in neoblasts is confined to the head region via these molecules.

6.5 Conclusions and Future Prospects

We showed that globally dynamic activation of ERK signaling along the A—P axis
plays a crucial role in the reconstruction of the whole-body A—P patterns via activa-
tion of neoblasts during planarian regeneration (Fig. 6.5). Notably, our data suggest
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Fig. 6.5 Cell fate determination of neoblasts along the anterior—posterior (A—P) axis during
planarian regeneration. a Activated ERK (pERK) is required for differentiation of neoblasts to
establish the whole-body patterning along the A—P axis. b A-P patterning of planarian body is
primarily determined by the pERK level and p-catenin signaling. ndk expression is activated by
ERK signaling, which restricts a high level of ERK signaling to the head region. p-catenin signal-
ing is also involved in the negative regulation of ERK signaling in the pharyngeal and tail regions.
H head cell, Pr pre-pharyngeal cell, Ph pharyngeal cell, T tail cell

that anterior ERK and posterior p-catenin signals form two opposing activity
gradients along the A-P axis (Umesono et al. 2013), in which ndk and posterior
[B-catenin signaling negatively regulate ERK signaling to shape the anterior gradient
and posteriorize regenerating tissues in a distinct manner (Fig. 6.5b). Furthermore,
ndk study implies the existence of secreted molecules (i.e., NDK ligands) acting as
an upstream activator of ERK signaling in neoblasts. These observations led us to
propose a simple scenario that spatial distribution of NDK ligands along the A-P
axis may be translated into the anterior gradient of ERK signaling with the assis-
tance of posterior -catenin signaling, which plays an instructive role in the circuitry
of the “head stuff” in Morgan’s hypothesis. One of the best candidates of NDK
ligands would be FGF-like ligand molecules, because ndk RNAi-induced ectopic
brain formation was suppressed by simultaneous inactivation of two planarian FGF
receptor genes, DjFGFR1 and -2 (Cebria et al. 2002a). However, no FGF-like ligand
molecules have been identified yet in the accumulating expressed sequence tag
(EST) and genome sequence data of D. japonica, suggesting that the ligand is only
distantly related to FGFs at the sequence level. Identification of the FGF receptor
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ligands will provide important clues for understanding how ERK signaling is
activated in response to injury, and how ndk and Wnt/p-catenin signaling regulate
ERK signaling for the establishment of the A-P patterning during planarian
regeneration.
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Chapter 7

Regulation of Axial Stem Cells Deriving
Neural and Mesodermal Tissues During
Posterior Axial Elongation

Tatsuya Takemoto

Abstract The vertebrate body axis elongates by extending the posterior end and
generating a variety of somatic cells of the trunk (posterior) tissues. Recent studies
have demonstrated that the posterior neural plate and posterior paraxial mesoderm
are generated from bipotential stem cells, the axial stem cells, which reside in the
caudal lateral epiblast of gastrulating embryos. The fate of axial stem cells, neural
or mesodermal lineages, depends on the counteracting transcription factors for
respective tissues, Sox2 and Tbx6. Tbx6 represses the Sox2 expression in the axial
stem cell-derived mesodermal precursors. In the absence of the 7hx6 gene, Sox2 is
ectopically expressed in the mesodermal precursors, causing ectopic neural tube
development at the expense of paraxial mesoderm. While producing two somatic
lineages, axial stem cells are proliferatively maintained by a process that depends on
the Wnt-Brachyury regulatory loop; mutant embryos lacking Wnt3a or Brachyury
activity prematurely terminate axis elongation as the result of stem cell exhaustion.
Although the axial stem cells serve as a cellular source for the neural and paraxial
mesoderm tissues of the trunk, at the craniocervical level these tissues are presum-
ably produced via completely different mechanisms. In this chapter, experimental
evidence for axial stem cells and their regulation is summarized.

Keywords Axial elongation ¢ Axial stem cell ® Sox2 » Tbx6 « Wnt signal

7.1 Introduction

During vertebrate embryogenesis, primordia of anterior tissues (i.e., tissues formed
in the anteriormost part of the embryo exemplified by the brain) are established first,
and subsequently those of posterior tissues (i.e., tissues posterior to the head) are
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generated over time in an anterior-to-posterior sequence. In mouse embryos, the
former process occurs between embryonic day (E)6 and E8, and the latter process
begins around E8 and continues over the following 5 days until E13. In chick
embryos, anterior tissue primordia are generated within the first day of incubation
[Hamburger and Hamilton (HH) stage ~5], followed by the generation of posterior
tissue primordia over 6 days (ending at HH26). The posterior tissue development
initially depends on the primitive streak and the surrounding epiblastic tissues, then
the tail bud, which serve as cellular sources for all the posterior tissues.

The primitive streak and neighboring tissues contain several subdomains that
generate different types of the posterior tissues (Cambray and Wilson 2007; Wilson
et al. 2009; Brown and Storey 2000). The node, which is located on the anterior end
of the primitive streak, contains cells that develop into the notochord, ventral neural
tube, and the dorsal part of gut endoderm. The cells in the more posterior primitive
streak contribute more ventrally and laterally located mesodermal tissues, including
paraxial and lateral plate mesoderm. On the other hand, progenitors for posterior
neural plate colocate with those for posterior paraxial mesoderm in the epiblast
lateral to the anterior 80 % of primitive streak in mouse embryos and anterior 50 %
in chick embryos; this region is called the caudal lateral epiblast (CLE). The neural
plate cells also emerge from the border between the node and primitive streak (up to
10 % of the streak length), called the node-streak border (NSB), and contribute to
the ventral domain of the neural tube. At later stages, descendants of CLE and NSB
form the chordoneural hinge (CNH) in the tail bud, which bridges the posterior end
of nascent notochord and neural tube, and continue to serve as the progenitors for
the neural tube, paraxial mesoderm, and notochord (Fig. 7.1).

Based on cell group tracing experiments using tissue fragment transplantation
and cell cluster labeling, a model was proposed in which multipotential stem cells
for the entire length of the posterior axis reside in the CLE and NSB (Cambray and
Wilson 2007; Wilson et al. 2009). These stem cells have been hypothesized to stay
in the developing posterior end of embryos and proliferate throughout axis elonga-
tion to supply their descendant cells to multiple somatic tissues.

Recent investigations demonstrated that bipotential stem cells, the “axial stem
cells,” reside in the CLE and give rise to both posterior neural plate and paraxial meso-
derm (Tzouanacou et al. 2009; Takemoto et al. 2011; Kondoh and Takemoto 2012).

In the following sections, I characterize the axial stem cells and their regulation.

7.2 Evidence for Neuro-Mesodermal Bipotential
Axial Stem Cells

The presence of neuro-mesodermal bipotential precursor cells was first indicated by
earlier fate map studies using mouse and chick embryos (Cambray and Wilson
2007; Brown and Storey 2000). Using mouse embryos, green fluorescent protein
(GFP)-labeled tissue fragments of the E8.5 primitive streak and its lateral region
were transplanted homotopically to host embryos (Cambray and Wilson 2007).
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CLE cells, which are located in the epiblast lateral to the anterior 80 % of primitive
streak, contributed to the neural plate and paraxial mesoderm of the trunk, while the
fragments derived from other regions of epiblast exclusively gave rise to the neural
or mesodermal tissues (Fig. 7.1). The CLE-derived cells are also found in the CNH,
a later source for the neural tube, paraxial mesoderm, and notochord. Using chick
embryos, Brown and Storey (2000) labeled a few CLE cells of HH6 chick embryos
with Dil and traced their fate. The labeled cells contributed to the neural plate and
paraxial mesoderm of the trunk and tail. These results raised the possibility that the
posterior neural plate and paraxial mesoderm are derived from common precursor
cells in the CLE. However, these studies did not have a single cell resolution to test
the model (Wilson et al. 2009).

Recent analysis of cellular clones marked by intragenic recombination provided
strong evidence for the bipotential precursors giving rise to neural and paraxial
mesodermal cells (Tzouanacou et al. 2009). The embryos used for this study carried
the LaacZ transgene, having intragenic duplication that inactivates the LacZ func-
tion. Infrequently occurring intragenic recombination activated the LacZ gene,
allowing the labeling of clones starting from the recombinant cells. As the recombi-
nation frequency was very low, the chance of occurrence of two independent recom-
binations in an embryo was negligible. Many clones that are estimated to be labeled
at E8—E9 stages contributed to both neural tube and paraxial mesoderm for substan-
tial lengths along the posterior axis, demonstrating that neural and paraxial mesoder-
mal tissues at these stages are derived from bipotential axial stem cells (Tzouanacou
et al. 2009). However, this retrospective analysis did not determine the localization
of the axial stem cells in the embryo or clarify the mechanisms of deriving two
different types of cells from individual stem cells (Kondoh and Takemoto 2012).

7.3 Axial Stem Cell Regulation Involving a Sox2 Enhancer

The nature of axial stem cells and their regulation were revealed by the investigation
of Sox2 regulation (Fig. 7.2).

The Sox2 gene codes for a transcription factor that is activated when the neural
plate develops (Uchikawa et al. 2011; Wood and Episkopou 1999). During

>
>

Fig. 7.2 (continued) covering the N1 enhancer-active region represses the Sox2 activation.
A population of axial stem cells is released from BMP-dependent repression by the action of BMP
antagonists, Chordin and Noggin, secreted from the node, and activates Sox2 that causes neural
plate development (blue). Another population of axial stem cells that have ingressed through the
primitive streak activates Tbx6 (yellow). Tbx6 represses Wnt3a expression in mesodermal precur-
sors and consequently shuts off N1 activity. These cells develop into paraxial mesoderm. ¢ Cross
sections of E9 mouse embryos. Sox2 expression (blue color) was visualized by in situ hybridiza-
tion. In the absence of Thx6 gene (Thx6 —/—), mouse embryo develops ectopic neural tubes without
development of paraxial mesoderm. Removal of N1 enhancer sequence in 7hx6 mutant embryos
resulted in loss of ectopic neural tube formation (7bx6 —/—; AN1/AN1). However, paraxial meso-
derm formation is not restored. N7 neural tube, PAM paraxial mesoderm, eNT ectopic neural tube
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gastrulation stages, Sox2 is first activated in the forming anterior neural plate, which
later gives rise to the brain, then in the forming posterior neural plate, giving rise to
the spinal cord.

Sox2 expression in the neural plate is regulated by many enhancers that are dis-
tributed in the Sox2-encompassing genomic region of a few hundred kilobases
(Uchikawa et al. 2003; Kamachi et al. 2009). These enhancers have different yet
overlapping spatial and temporal specificities. However, at early developmental
stages, only two enhancers, N1 and N2, are activated, which are responsible for the
initial activation of Sox2 in the posterior and anterior neural plate, respectively
(Fig. 7.2a) (Iwafuchi-Doi et al. 2011; Takemoto et al. 2006; Uchikawa et al. 2003).

The N1 enhancer is activated by cooperative action of Fgf and Wnt signals in the
region of epiblast that flanks anterior primitive streak that corresponds to the CLE.
However, N1 activation does not immediately activate Sox2 expression. The bone
morphogenetic protein (BMP) signal emanating from the primitive streak inhibits
Sox2 expression in the CLE, even when the N1 enhancer is activated. Sox2 starts to
be expressed and promotes posterior neural plate development when BMP antago-
nists Chordin and Noggin secreted from the node quench the inhibitory action of
BMP (Fig. 7.2b) (Takemoto et al. 2006).

The fate map studies indicate that CLE cells contribute to both neural plate and
paraxial mesoderm of the trunk region. Indeed, a large fraction of N1-activated cells
ingress though the primitive streak and become the paraxial mesoderm cells. In
these cells, N1 activity is shut off after the ingression. In our chick embryo experi-
ment, a mutation in N1 enhancer (N1 mutE) caused the persistence of N1 activity in
the cells after ingression through the primitive streak. This observation suggested
that N1-active cells in the CLE are neuro-mesodermal bipotential cells. According
to this model, the N1 activity must be shut off for the paraxial mesodermal cells to
develop, and the failure of N1 inactivation would cause neural tissue development
instead of mesoderm development.

The Thx6 gene, which encodes a T-box transcription factor, is involved in the
repression of N1 enhancer in the developing paraxial mesodermal cells (Fig. 7.2b)
(Takemoto et al. 2011; Kondoh and Takemoto 2012). Thx6 is expressed in the par-
axial mesodermal precursors that have started ingression through the primitive
streak (Chapman et al. 1996). Thx6 mutant embryos form ectopic neural tube at the
expense of paraxial mesoderm, indicating that Tbx6 represses neural tube develop-
ment in the mesodermal precursor cells (Chapman and Papaioannou 1998). Tbx6 in
fact represses the N1 enhancer in the mesodermal precursors (Takemoto et al.
2011). Without Thx6 activity, the N1 enhancer is kept activated even after ingres-
sion through the primitive streak, causing ectopic Sox2 expression in the mesoder-
mal precursors (Fig. 7.2c). These cells with ectopic Sox2 expression form additional
neural tubes at both sides of the primary neural tube, where paraxial mesoderm is
normally formed. When the N1 enhancer DNA sequence was deleted from the
genome, no ectopic neural tubes developed, indicating that a primary role of Tbx6
is to inactivate the N1 enhancer in mesoderm precursors (Fig. 7.2c). Although ecto-
pic neural tube development was suppressed in the double mutant embryos for
Tbx6 and Sox2 N1 enhancer, no mesodermal markers were expressed in cells that
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were located in the mesodermal position. This observation indicates that Tbx6 has
a second important role, to promote mesodermal development in addition to
repressing the N1 enhancer. Tbx6 does not bind the N1 enhancer sequence, and its
effect on the N1 enhancer is indirect. In Tbx6 mutant embryos, the Wnt3a gene is
ectopically activated in the mesodermal precursors, and this presumably causes the
mesodermal N1 dysregulation.

In summary, the CLE cells are axial stem cells bipotential for neural plate and
paraxial mesodermal cells. The axial stem cells in the CLE are primed for neural
development by the activation of the Sox2 N1 enhancer, but this developmental
potential is temporally inhibited by the action of the BMP signal. This time window
allows the axial stem cells to determine the developmental pathways, either to neu-
ral plate or to paraxial mesoderm (Fig. 7.2). Once the BMP-dependent inhibition is
relieved by the BMP antagonists emanating from the node, a population of axial
stem cells that have stayed in the epiblastic layer activate Sox2 expression and
develop into neural plate, while another population that have ingressed through the
primitive streak activates Thx6, which then represses the N1 enhancer-dependent
Sox2 expression. Although this study did not demonstrate the bipotentiality of axial
stem cells at the single-cell level, the results from the single-cell lineage tracing
confirmed the bipotentiality of axial stem cells (Tzouanacou et al. 2009)

7.4 Wnt-Brachyury-Dependent Regulation of Axial
Stem Cells

As just described, Wnt, fibroblast growth factor (FGF), and BMP signals are
involved in the regulation of Sox2 activation in the axial stem cells. The action of
Whnt and FGF signals in the absence of BMP signaling causes the axial stem cell to
develop into neural tissue (Takemoto et al. 2006, 2011). However, the action of
these signals in regulation of axial stem cells is more complex than the regulation of
Sox2 activation (Fig. 7.3a).

The Wnt signal also participates in the maintenance of axial stem cells and, in
addition, in the development of paraxial mesoderm. Wnt3a is one of Wnt genes that
are expressed in the CLE. Inactivation of the Wnr3a gene (Wnt3a™") results in pre-
cocious Sox2 expression in the CLE, the entire loss of Thx6 expression, failure of
mesodermal development, and premature termination of axis elongation (Takada
et al. 1994; Yoshikawa et al. 1997). These observations suggest that in the absence
of Wnt3a activity, the axial stem cells readily undergo neural development, which
results in the exhaustion of the axial stem cells. In other words, a level of Wnt signal
is required for the maintenance of the axial stem cells. In normal embryos, the ter-
mination of axis elongation at E13 coincides with the loss of Wnt3a expression in
the tail bud. A causal relationship between the termination of axial elongation and
loss of Wnt3a expression is further supported by the study of the vestigial tail (vt)
mutant embryo, which expresses Wnt3a at a reduced level (Wnt3a hypomorph)
(Fig. 7.3b) (Greco et al. 1996). Homozygous vt mutant (Wnt3a*"") embryos
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Fig. 7.3 Wnt-Brachyury coregulation in the regulation of axial stem cells. a In axial stem cells,
Wht signal and transcription factor Brachyury form a mutual activation loop. Wnt signal regulates
Sox2 expression by activating the N1 enhancer. Wnt signal also regulates the maintenance of axial
stem cells and mesodermal development. b Wnt3a hypomorph mutant embryos terminate axial
development at stages that depend on Wnt3a level. Wnt3a vt/vt embryos, which express Wnt3a at
areduced level, result in tail truncation. Wnt3a vt/— embryos with more severe reduction of Wnt3a
expression terminate axial elongation at the sacral level. Wnt3a—/— embryos lack trunk region
posterior to somite 6

terminate axis elongation prematurely during tail formation (truncated tail), and the
compound heterozygotes for Wnt3a null and vt alleles (Wnt3a™") express Wnt3a at
much more reduced level and stop axial elongation at an earlier stage than Wnt3a""!
(tailless or rumples). Wnz3a-null (Wnt3a™-) embryos lack the trunk region posterior
to somite 7. These observations suggest that the axial stem cells are exhausted at an
earlier stage with the reduction of Wnt signal level (Fig. 7.3b).

The T-box transcription factor gene Brachyury is also involved in axial stem cell
maintenance. Brachyury is expressed strongly in the primitive streak and weakly in
the CLE. The phenotype of the Brachyury mutant embryo is similar to that of
Wnt3a, namely, precocious neural development from the CLE, loss of Thbx6 expres-
sion, failure in mesodermal development, and termination of axial elongation after
the seventh somite (Chesley 1935; Yamaguchi et al. 1999). In fact, Wnt3a and
Brachyury form a mutually activating regulatory loop, where LEF/TCF transcrip-
tion factors bind the Brachyury upstream enhancer and activate the Brachyury
gene by the Wnt signal input (Fig. 7.3a) (Yamaguchi et al. 1999). Thus, Wnt-
Brachyury coregulation plays a central role in axial stem cell maintenance and in
mesodermal development.

In the past, Brachyury expression tended to be taken as a definitive indication of
mesodermal development. However, this model is not supported by the following
observations. Tracing the cells that once activated the Brachyury gene by use of
Brachyury enhancer-driven Cre demonstrated that these cells contribute to the neu-
ral tube after E9 (Perantoni et al. 2005; Anderson et al. 2013). Furthermore, Sox2
and Brachyury are coexpressed at a low level in the CLE. Thus, Brachyury expres-
sion does not determine the future mesodermal fate of cells (Delfino-Machin et al.
2005; Olivera-Martinez et al. 2012; Martin and Kimelman 2012).
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An important issue is how the Brachyury-dependent Wnt signal regulates three
different processes of axial stem cells: maintenance, neural development, or meso-
dermal development. A possible mechanism is that the different levels (intensities)
of Wnt signal input cause different developmental outputs. A recent study on the
zebrafish version of axial stem cells indeed demonstrated that a low-level Wnt sig-
nal promotes neural development whereas a high-level Wnt signal directs mesoder-
mal development from the axial stem cells (Martin and Kimelman 2012).

7.5 The Difference in the Mechanisms Deriving
Craniocervical and More Posterior Axial Tissues

The axial stem cell system discussed here operates in the production of neural plate
and paraxial mesoderm more posterior to the cervical level. Thx6 mutant embryos
usually have six pairs of somites, although their segmentation is not complete, and
ectopic neural tubes at the paraxial position develop only posterior to this level
(Takemoto et al. 2011; Chapman and Papaioannou 1998). Wnt3a and Brachyury
mutant embryos also produce the anterior six somite pairs and lack more posterior
somites (Yoshikawa et al. 1997). As the first four somites contribute to the occipital
domain, the sixth somite corresponds to the second cervical somite. These observa-
tions indicate that the axial stem cell-dependent development of neural and mesoder-
mal tissues operates posteriorly to about the seventh somite level, and different
mechanisms operate in the production of more anterior mesodermal tissues (Fig. 7.4).

The differences in the derivation of paraxial mesoderm between the axial levels
anterior and posterior to the sixth somite may reflect different developmental path-
ways. Recently, it has been shown that epiblast stem cells (EpiSC), having the char-
acter of multipotent epiblast cells, can be derived from early-stage postimplantation
embryos (Brons et al. 2007; Tesar et al. 2007). EpiSC can be established from
embryos before E8 but not after E8, suggesting that the pluripotent epiblast cells are
present only before E8 (Osorno et al. 2012). Cultured EpiSCs can contribute to
somatic cells when transplanted into the embryonic epiblast by stage E8, but not in
later embryos (Huang et al. 2012). A possible model is that the paraxial mesoderm
up to the sixth somite level is derived directly from the pluripotent epiblast rather
than through the intermediate axial stem cells.

7.6 Other Stem Cells for Posterior Somatic Tissue
Development

I have confined my discussion to the axial stem cells, bipotential for the neural and
paraxial mesodermal lineages. However, in developing embryos, other tissues such
as axial mesoderm (notochord), lateral plate mesoderm (LPM), intermediate meso-
derm (IMM), and endoderm also extend posteriorly. However, the cellular source
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Fig. 7.4 Possible differences of cellular source of neural plate and paraxial mesoderm between the
craniocervical and more posterior level. Neural plate and paraxial mesoderm anterior to the sixth
somite level develop by E8, possibly from pluripotent epiblast. In contrast, neural plate and par-
axial mesoderm at more posterior somite levels are generated from the axial stem cells

and regulatory mechanisms for the axial extension of these tissues have not been
fully characterized. In a transplantation experiment, tissue fragments of NSB were
shown to give rise to notochord, ventral neural tube, and paraxial mesoderm
(Cambray and Wilson 2007), suggesting the presence of stem cells that have differ-
ent developmental repertoires from the axial stem cells.

7.7 Conclusion

According to a popular model of embryogenesis, embryonic cells are first divided
into three germ layers, that is, ectoderm, mesoderm, and endoderm, and this separa-
tion of germ layers is the first step of cell lineage specification. According to this
model, neural plate is derived from ectoderm, and mesoderm is subdivided into
several subdomains including paraxial mesoderm. Thus, the neural plate and par-
axial mesoderm have been regarded to be very distant in cell lineages. However, our
characterization of axial stem cells revealed that the posterior neural plate and
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paraxial mesoderm are directly derived from common precursors, the axial stem
cells, thus challenging the classical three germ layers model of cell lineage segrega-
tion. This observation is presumably one of many possible examples of cell lineage
determination processes deviating from the classical germ layer models. Unbiased
and thorough reinvestigation of somatic lineages is anticipated.
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Chapter 8
Tbx1/Ripply3/Retinoic Acid Signal Network

That Regulates Pharyngeal Arch Development

Tadashi Okubo

Abstract The main feature of the developing pharynx of the vertebrate embryo is
the transient appearance of a series of segmental pharyngeal arches. These arches
are divided by internal pouches (endoderm) and external clefts (ectoderm) that
together comprise the pharyngeal apparatus. The formation of the pharyngeal arches
is essential for the development of many organs at later stages, and the pouches give
rise to the rudiments of the thymus, parathyroid glands, and ultimobranchial body.
During the development of the arches occur the sequential formation of pharyngeal
arch arteries and the precise ingrowth of the axons of cranial nerves. Neural crest
cells also migrate through each arch to differentiate in appropriate locations.
Therefore, defects in pharyngeal arch development lead to deficits of pharyngeal
arch arteries and mislocation or cell death of neural crest cells, which cause later
malformations in the derivative organs. This chapter first overviews pharyngeal arch
development, and then discusses our present knowledge regarding the genetic fac-
tors (Tbx1 and Ripply3) and signaling molecules (retinoic acid) that regulate the
formation of the pharyngeal arches and their organ derivatives.

Keywords Organogenesis ® Pharyngeal arches ¢ Retinoic acid ¢ Ripply3 ¢ Tbx1

8.1 Overview of Pharyngeal Arch Development

The pharyngeal apparatus of the vertebrate embryo consists of paired pharyngeal
arches, with endodermal pouches and corresponding ectodermal clefts between
them (Graham and Smith 2001). In the mouse, the first of the pharyngeal arches
begins to emerge at embryonic day 8.5 (ES8.5), and the last develops by E10.5.
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In fact, only four pairs of pharyngeal arches are clearly visible and the sixth (and
last) is not easily distinguishable (Fig. 8.1a, b). The obvious segmental pattern is
transient and is lost by E12.0.

During pharyngeal arch development the cell layer of the ingrowing ectodermal
cleft approaches directly the pouch that grows out from the foregut endoderm. In
higher vertebrates, the region of direct contact between the pouch and cleft remains
intact, but in fishes the corresponding membrane ruptures for the development of
the gill slits. In addition to the endodermal and ectodermal epithelia, each arch has
distinct mesenchymal populations (Fig. 8.1c). One of these populations constitutes
the mesenchymal core, which contains progenitor cells of cartilage and striated
muscles. During pharyngeal arch segmentation, pharyngeal arch arteries (PAAs) are
formed progressively between the aortic sac and the dorsal aorta (Fig. 8.1c, d). The
development of the paired PAAs is important for the formation of the mature cardio-
vascular system.

8.2 Pharyngeal Arches and Arch-Derived Organogenesis

8.2.1 Contribution to the Cardiovascular System

Significantly, in higher vertebrates, PAAs undergo extensive changes during devel-
opment, as is illustrated by the dynamic remodeling that takes place during the
development of the five pairs of PAAs in the mouse embryo. PAA1-3 appear first by
E9.5, and subsequently PAA4—6 are formed by E10.5; PAA1 and PAA2 then regress
(Fig. 8.1d, e) (Kaufman 1992; Hiruma et al. 2002). The paired PAA3-6 are initially
symmetrical but begin to undergo asymmetrical transformation at around E12.5.
PAA3 forms the stem of the common and internal carotid arteries whereas the cra-
nial part of the internal carotid arteries arises from the dorsal aorta. The part of the
dorsal aorta between the third and fourth arches disappears bilaterally so that the
flow of blood passing through PAA3 is directed toward the head. The left PAA4
contributes to the aortic arch, but the right one becomes the right subclavian artery.
The sixth PAAs undergo asymmetrical remodeling; the left PAAG6 gives rise to the
ductus arteriosus (which connects the pulmonary trunk and dorsal aorta until birth),
while the right PAA6 becomes thinner and gives rise to part of the right pulmonary
artery. Thus, the left-right patterning of the PAAs is dramatically remodeled by a
combination of asymmetrical persistence and regression.

8.2.2 The Cranial Neural Crest Cells That Give Rise
to Multiple Tissues

Besides the mesodermal core and vasculature, another important cell type within
the pharyngeal arches is the population of neural crest cells that migrates from the
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Fig. 8.2 Organ development from pharyngeal pouches. Rudiments of thymus (7hym) and para-
thyroid gland (PTG) arise in the third pharyngeal pouch at E10.5-11.5. Rudiment of the ultimo-
branchial body (UBB) arises in the fourth pouch at E11.5-12.5. PTG and UBB move toward the
thyroid gland (Thyr), and the thymus migrates caudo-medially at E13.5-18.5. Tra trachea

dorsal neural tube (Fig. 8.1c) and later gives rise to a variety of differentiated tissues.
The fate of the cranial neural crest cells in each arch is diverse. In particular, the
subpopulations of cranial neural crest cells that originate from rhombomeres 6—8
emigrate into the third, fourth, and sixth pharyngeal arches, respectively, and con-
tribute to the development of the cardiac outflow tract (Kirby and Waldo 1995; Jiang
et al. 2000). A subpopulation of the neural crest cells also contributes to the embry-
onic thymic capsule and later perivascular cells in the thymus (Foster et al. 2008).
Furthermore, pharyngeal arches contain bundles of cranial nerve axons. These cra-
nial nerve axons originate from specific ganglia that are derived from neural crest
cells and epibranchial placodes located in the caudo-dorsal region of pharyngeal
pouches (Baker and Bronner-Fraser 2001).

8.2.3 Organ Development from Pharyngeal Pouches

The pharyngeal pouches are initially narrow slits, but they become stretched dor-
sally and ventrally along the pharyngeal cavity. The first pharyngeal pouch gener-
ates the tubotympanic recess, which will give rise to the middle ear system. The
second pouch-derived tissue is poorly distinguished at early embryonic stages, but
will become the palatine tonsil. The third pouch generates two important organs,
namely, the parathyroid glands and the thymus from the dorsal and ventral pouches,
respectively (Fig. 8.2). Additionally, the fourth pouch produces the ultimobranchial
body (UBB), which functions as an endocrine organ for calcium homeostasis.

The rudiments of the parathyroid gland and thymus are clearly separated in the
third pouch (Gordon and Manley 2011). These rudiments are composed of endoder-
mal cells that invaginate into the mesenchyme of the pharyngeal arch. The thymus
separates from the pharynx by E12.5, and as it grows T-lymphoid progenitor cell
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immigration occurs. Finally, the thymus migrates caudo-medially into the superior
mediastinum (upper heart) at E14.5 in the mouse (Fig. 8.2). The rudiment of the
parathyroid gland and UBB are also pinched off from the third and fourth pouch
endoderm, migrate caudally, and are finally incorporated into the thyroid gland
(Fig. 8.2) (Kusakabe et al. 2006).

8.3 DiGeorge Syndrome Representing Developmental
Defects of the Embryonic Pharyngeal System

8.3.1 Mutations in Tbx1 Are Associated with DiGeorge
Syndrome

Defects in PAA patterning account for approximately 20 % of congenital cardiovas-
cular malformations and are frequently observed in DiGeorge syndrome (also
referred to as velocardiofacial syndrome; incidence, 1 in 3,000 live births).
DiGeorge syndrome is most commonly associated with microdeletion of 22q11.2
(Kobrynski and Sullivan 2007; Scambler 2010). Frequent abnormalities include the
absence or hypoplasia of thymus, malfunctioning parathyroid glands, and congeni-
tal heart defects. Most of these features have been ascribed to haploinsufficiency of
TBX1, which is a member of the T-box transcription factor family (Baldini 2005).
In the mouse, Thx! is broadly expressed in the pharyngeal region, especially in the
pharyngeal endoderm, mesoderm, and ectoderm, but not in the neural crest cells
(Vitelli et al. 2002) (Fig. 8.3a). Mouse models, such as DfI heterozygotes, which
have a deletion of the chromosomal region homologous to the human 22q11.2
deleted region and hence lacking the ThxI gene, and ThxI heterozygotes, recapitu-
late the major features of the human syndrome (Lindsay et al. 1999, 2001; Jerome
and Papaioannou 2001; Merscher et al. 2001). Furthermore, 7bx/ homozygous
mutants show embryonic or perinatal lethality with much more severe phenotypes
than heterozygous mutants. Their gross anatomical defects are persistent truncus
arteriosus, complete absence of thymus and parathyroid glands, and craniofacial
malformations. These defects are thought to result from the lack of distinct segmen-
tation of the caudal pharyngeal arches (loss of PAA3—6 and the corresponding
pouches; Fig. 8.4).

Previous studies have analyzed the tissue- and stage-specific requirements for
Tbxl using cre-loxP-mediated conditional knockout mice (Xu et al. 2005).
Mesodermal inactivation of 7hxI results in a similar phenotype to that of ThxI
homozygous mice with abnormal pharyngeal arch segmentation, severe thymus
defects, and persistent truncus arteriosus (Zhang et al. 2006). Endodermal deletion
of Thxl also results in defects in the thymus, outflow tract, and pharyngeal arch
segmentation (Arnold et al. 2006). These results suggest that 7bx/ has tissue-
specific indispensable functions in both endoderm and mesoderm.



102 T. Okubo

Fig. 8.3 Ripply3 expression
and the knockout phenotype.
a Expression of Tbx] and
Ripply3 in mouse embryos
at E9.75, as shown by in situ
hybridization of transcripts.
Arrows indicate third and
fourth pouches. PAI—4
pharyngeal arch from first to
fourth. b Coronal section of
Ripply3 heterozygous (+/-)
and homozygous (—/—) mutant
embryos. Arrows indicate
hypoplastic PA3 and PA4 in
Ripply3—/— mutant. Asterisks
show persistent second
pharyngeal arch arteries
(PAA2)

Embryonic development in the mouse is also susceptible to variation in 7hx/
expression levels. Analysis of compound mutants for members of a 7bx/ allelic series
showed that the specific phenotype is dependent on the dosage of Thbx/ expression.
For example, a level corresponding to about 40 % of wild type seems to be a threshold
for the appearance of outflow defects and a transition from hypoplasia to aplasia of
the thymus (Zhang and Baldini 2008). Overexpression of Thx/ also leads to defects
in pharyngeal arch derivatives such as the thymus and outflow tracts (Merscher et al.
2001; Vitelli et al. 2009). These reports suggest that the dosage and timing of Thx/
expression are tightly controlled during pharyngeal arch development.

8.3.2 Identification of a Novel Transcriptional Modulator
Jor Tbx1

Recently, products of a novel gene family, Ripply, were identified as potential tran-
scriptional cofactors for T-box transcription factors in mouse, zebrafish, and
Xenopus (Kawamura et al. 2005; Morimoto et al. 2007; Kondow et al. 2006; Okubo
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Fig. 8.4 Comparison of various pharyngeal arch phenotypes. Schematic of pharyngeal arch mor-
phology at E10.5 in wild type, TbxI+/—, TbxI—/—, Ripply3—/—, RARa/p—/— (double knockout), and
Raldh?2 neo/— hypomorphic mutants or RA antagonist-treated embryo

et al. 2011). The Ripply gene family (Ripplyl,2,3) appears to be well conserved
among vertebrates, and a Ripply-related gene is also found in Amphioxus and sea
anemones (Janesick et al. 2012). Ripplyl and 2 are predominantly expressed in the
presomatic mesoderm, where they are important for somite segmentation via modu-
lation of T-box factors (Kawamura et al. 2005; Morimoto et al. 2007; Takahashi
etal. 2010). In contrast to Ripplyl and -2, Ripply3 is strongly expressed in the devel-
oping pharyngeal arches (endoderm and ectoderm) in a pattern that partially over-
laps with that of 7bx/ (Fig. 8.3a) (Okubo et al. 2011). Biochemical studies suggest
that Ripply3 directly interacts with Tbx1 protein as a transcriptional co-repressor
and suppresses its transcriptional activity. Ripply proteins contain a highly con-
served WRPW motif in the N-terminal and an FPVQ domain in the C-terminal.
These motifs are thought to be important for interaction with Groucho/TLE family
members and T-box transcription factors, respectively, allowing Ripply proteins to
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bridge them (Fisher and Caudy 1998; Kawamura et al. 2005, 2008; Kondow et al.
2006; Okubo et al. 2011).

To investigate the function of Ripply3, mice deficient in the gene were generated
and their phenotype was analyzed (Okubo et al. 2011). Ripply3 homozygous
mutants exhibit abnormal development of the caudal pharyngeal arches (third and
fourth arches are severely hypoplastic and thin) (Fig. 8.3b). As a result, PAA3 and
PAA4 are completely absent, neural crest migration is severely reduced, and cell
death is increased. These defects in Ripply3 homozygous mutants directly or indi-
rectly cause abnormal development of the cardiovascular system, thymus, and para-
thyroid glands, such as failure in the separation of the thymus and parathyroid
glands from the pharynx.

8.4 Retinoic Acid Signaling Pathways Involved
in Pharyngeal Arch Development

8.4.1 Teratogenic Effects of Abnormal Retinoic Acid Levels
on Pharyngeal Arch Development

Retinoic acid (RA), the active derivative of vitamin A, plays an important role in
anterior—posterior axis patterning, morphogenesis, and organogenesis (Duester
2008) including, as discussed here, the development of the pharyngeal apparatus.
The conditions of embryos with either excess or insufficient levels RA are strongly
teratogenic, the most sensitive targets being the pharyngeal arches (Mark et al.
2004). Exposure to excess RA leads to fusion of the first and second pharyngeal
arches, abnormal neural crest migration, and aberrant thymus development (Mulder
et al. 1998; Matt et al. 2003).

Deficiency of RA also causes abnormalities in pharyngeal arch development.
Various defects in the caudal pharyngeal arches are seen in mouse embryos with
mutations in genes encoding components of the RA signaling pathway, such as
Retinaldehyde dehydrogenase2 (Raldh2) hypomorphs (Vermot et al. 2003), and RA
Receptor (RAR)al/f} double-knockout mutants (Dupe et al. 1999), as well as in
mouse embryos treated with an RA antagonist (Wendling et al. 2000). Thus, when
RA signaling is genetically or pharmacologically disturbed, the embryos exhibit
very hypoplastic caudal pharyngeal arches and absence of the PAAs (Fig. 8.4),
resulting in cardiac outflow abnormalities (Mark et al. 2004). Moreover, pharyngeal
pouch-derived organs such as the thymus and parathyroid glands are absent or mis-
localized in the cervical region (Mulder et al. 1998; Mark et al. 2004; Niederreither
et al. 2003). Although maternal RA supplementation partially rescued the pheno-
type of Raldh2 homozygous mutant embryos, it could not override the caudal pha-
ryngeal arch defects (Niederreither et al. 1999, 2003). Exogenous RA probably does
not fulfill the RA levels required for normal pharyngeal arch development. These
results suggest that the caudal pharyngeal arches are highly sensitive to RA levels.
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8.4.2 Involvement of RA Signaling in a Thx1/Ripply3
Genetic Network

Given the similarity of the cardiac outflow and thymus defects seen in the
RA-deficient phenotype and 7hx/ mutants (Lindsay et al. 2001; Vermot et al. 2003),
we speculate a functional interaction between RA signaling and the Tbx1 pathway.
In fact, previous studies have also indicated that the RA signaling system and Tbx1
function are interdependent, mutually modulating the gene expression of the coun-
terparts (Roberts et al. 2006). Cyp26 genes, which are required for RA catabolism,
are downregulated in 7hx/ null mutants. Conversely, Cyp26 inhibitor treatment
induces pharyngeal arch abnormalities in chick embryos with downregulation of
Tbx1 (Roberts et al. 2006), and Cyp26B1 knockout mouse embryos display an
abnormal caudal pharyngeal arch phenotype with upregulation of 7bx/ and the
development of an ectopic thymus (MacLean et al. 2009).

Recently, transcriptomic analysis revealed that Ripply3 is likely to be a down-
stream of RA signaling in the Xenopus and mouse embryos (Janesick et al. 2012;
Paschaki et al. 2013). Janesick et al. demonstrated that RA induces Ripply3 in pre-
placodal ectoderm via RARa2. The gain- and loss-of-function studies of Ripply3
revealed a regulatory gene network via modulation of 7hx/, and a negative feedback
loop as a downstream factor of RA signaling, resulting in the alteration of pre-
placodal plate borders and epibranchial placode morphology in the pharyngeal arch
region. Indeed, the Ripply3 homozygous mutant also displays a phenotype reminis-
cent of RA deficiency, that is, hypoplasia of the third and fourth pharyngeal arches
(Figs. 8.3 and 8.4) and abnormal development of the epibranchial placode (Okubo
et al., unpublished data). Taken together, these findings suggest that Ripply3 play a
critical role downstream of RA as a factor that modulates Tbx1 during the develop-
ment of the caudal pharyngeal arches.

Although mentioned briefly in this chapter, fibroblast growth factor 8 (FgfS) is
also highly expressed in the pharyngeal arch and anterior heart field (AHF), and the
hypomorphic mutant mouse embryo of Fgf8 displays a DiGeorge syndrome-like
phenotype, such as defects of the caudal pharyngeal arch and abnormal cardiac
outflow and thymus (Abu-Issa et al. 2002; Frank et al. 2002). However, Fgf8 seems
to be a possible candidate of Tbx1 downstream factor in AHF, but not in the pharyn-
geal arch (Hu et al. 2004). Therefore, regulation of Fgf8 via RA/Tbx1/Ripply3 seen
in pre-placodal plate (Janesick et al. 2012) may be dependent on the tissues.

8.5 Conclusion

Pharyngeal arch development is a dynamic process, involving a variety of genetic
and signaling pathways and reciprocal interactions between cell populations from
multiple germ layers. A major advance in the past decade has been the identification
of animal models for the study of human congenital defects. Concerning DiGeorge
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syndrome, mutations in the 7hx]/ gene cause severe abnormalities in pharyngeal
arch development, which recapitulate many aspects of the human phenotype.
Imbalance of RA signaling also has a deleterious impact on pharyngeal arch devel-
opment. Both RA and Tbx1 have a narrow time window of action and tight thresh-
old levels for their proper functions in pharyngeal arch development. Genetic
analysis of the Tbx1 and RA signaling pathways indicates that Tbx1 cofactor
Ripply3 provides a molecular link between RA signaling and Tbx1 actions. The
discovery of the Tbx1/Ripply3/RA signaling network marks a large step toward the
understanding of pharyngeal arch development, which has great relevance to con-
genital birth defects in humans.
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Chapter 9

Interaction of Epithelial Cells and Basement
Membrane in the Regulation of EMT
Exemplified in Chicken Embryo Gastrulation

Yukiko Nakaya

Abstract Epithelial-mesenchymal transition (EMT) is a process in which epithelial
cells are converted into mesenchymal cells. It plays crucial roles in the formation of
complex organs and in tissue repair during animal development. After EMT, cells
acquire migratory and invasive properties, which can contribute to organ fibrosis
and cancer metastasis. However, the precise cellular mechanisms that govern EMT
in various in vivo contexts are poorly understood. Gastrulation is a process through
which the three embryonic germ layers are formed. During this process, epithelial
cells in the epiblast layer dynamically change their shape and ingress through the
primitive streak to become mesoderm or endoderm. EMT occurs during this gastru-
lation process, and in this chapter, I describe the key principles of EMT and charac-
terize EMT in the primitive streak during chicken gastrulation. Gastrulation EMT is
a multistep process that includes the dissociation of cell-cell contact, the loss of
epithelial polarity, and the degradation of the basement membrane (BM). Our recent
studies indicate that epiblast/BM interaction requires basally localized RhoA activ-
ity, and CLASP- and dystroglycan-mediated cortical microtubule anchoring, the
disruption of which causes BM degradation during gastrulation EMT.

Keywords BM degradation * Chicken * EMT e Gastrulation ® Microtubules

9.1 Introduction

Epithelial-mesenchymal transition (EMT) and mesenchymal—epithelial transition
(MET) (Fig. 9.1) play pivotal roles in the tissue rearrangement involved in organ
formation during embryogenesis. EMT also occurs when tumor cells metastasize
and invade other tissues; after metastasis, tumors colonize foreign tissue via MET.
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Fig. 9.1 Morphology of epithelial and mesenchymal cells. Structural features that distinguish
epithelial and mesenchymal cells. Epithelial cells have apico-basal polarity, show tight cell—cell
connections, and are also in contact with the basement membrane (BM). Mesenchymal cells have
irregular shapes, are loosely connected with surrounding cells, and show high motility in the extra-
cellular matrix (ECM). EMT epithelial-mesenchymal transition, MET mesenchymal—epithelial
transition

Because of the importance of EMT in both development and disease, much effort
has been made to clarify the initiation cues and transcriptional regulation of EMT
(De Craene and Berx 2013; Thiery et al. 2009; Lim and Thiery 2012; Hugo et al.
2007; Acloque et al. 2009; Lopez-Novoa and Nieto 2009; Nakaya and Sheng 2013).
However, the precise molecular mechanisms that control the cellular aspects of
EMT are not fully understood.

Gastrulation involves large-scale tissue rearrangement including active cell divi-
sion, extensive cell shape changes, and cell movements to generate the three embry-
onic germ layers (Chuai et al. 2012; Nakaya and Sheng 2008, 2009; Rohde and
Heisenberg 2007; Solnica-Krezel and Sepich 2012). The discovery of EMT in the
primitive streak of chicken embryos during gastrulation (Hay 1968) has led to
chicken embryos becoming a paradigmatic model of EMT. Gastrulation EMT in the
chicken embryo includes a sequence of cellular events such as the disruption of
cell—cell adhesion and cell-basement membrane (BM) interaction, the loss of apico-
basal polarity, and the reorganization of cytoskeletal proteins, which have all been
considered important steps of EMT (Acloque et al. 2009; Hay 1968; Shook and
Keller 2003; Nakaya and Sheng 2008, 2009). Here, I briefly characterize EMT/
MET and then describe the molecular mechanisms by which cell-BM interaction is
regulated during chicken gastrulation.

9.2 The Differences of Epithelial and Mesenchymal Tissues

Cells in an embryo or an organ can be grouped into two types: epithelial and mes-
enchymal cells. The monolayered epithelial cells have a columnar cell shape and sit
on a thin layer of extracellular matrix, the BM (Fig. 9.1). The plasma membrane of
epithelial cells consists of three different domains: the apical, the lateral, and the
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basal domains. The lateral domain is equipped with components of tight junctions,
adherens junctions, gap junctions, and desmosomes, all of which are involved in
cell—cell interactions (Fig. 9.1). In contrast, the basal domain mediates attachment
of cells to the underlying BM. As these different domains are being established, the
membrane proteins are sorted to the apical or basal-lateral membrane domains,
resulting in an apico-basal polarization of cells (Schoenenberger and Matlin 1991;
Yeaman et al. 1999; Cao et al. 2012).

Mesenchymal cells generally have greater morphological irregularity and higher
motility than epithelial cells. They can migrate individually in the extracellular
matrix (ECM) (Fig. 9.1). Mesenchymal cells are more elongated than epithelial
cells, have a fibroblastic appearance with processes, front end—back end polarity,
and invasive motility (Hay 1968, 2005). The origin of mesenchymal cells is often
the epithelium, from which cells exit from the BM into the ECM. They lose their
apical, lateral, and basal specializations that characterize their parent epithelia.
Instead, they form tight contacts between adjacent cells through newly formed pro-
cesses (England and Wakely 1977; Hay 1968). Mesenchymal cells are mostly
derived from mesodermal cells, but some of them originate from the ectoderm layer
(e.g., neural crest cells).

9.3 EMT and MET Are Reversible and Important
in Organogenesis

Morphological changes of epithelial and/or mesenchymal cells, or a transition
between these cell types, are crucial for tissue morphogenesis (Acloque et al. 2009;
Shook and Keller 2003; Thiery et al. 2009). The primary EMT is observed during
metazoan gastrulation. Mesoderm cells are derived from the epiblast by EMT dur-
ing gastrulation and are distributed along the entire mediolateral axis of the embryo.
These cells then undergo MET, giving rise to transient epithelia that form the noto-
chord, somites, nephritic ducts, splanchnic, and somatic mesoderm. In particular,
the somites, balls of epithelial cells, subsequently go through another EMT transi-
tion to form the sclerotome, a precursor to the vertebrac (Nakaya et al. 2004;
Takahashi et al. 2005), providing an example of how the recurrent EMT/MET pro-
cess are during organogenesis.

9.4 EMT During Chicken Embryo Gastrulation

At stage 4 (gastrulation stage; full-grown primitive streak), the chicken embryo is
shaped as a flat disk, with mesodermal and endodermal cells in the process of being
internalized underneath the epiblast layer (Fig. 9.2). During gastrulation, the epi-
blast cells become competent to respond to EMT-inducing signals, and migrate
from the lateral side to the primitive streak, which is supported by the BM (Lawson
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Fig. 9.2 Chicken gastrulation. a Isolated stage 4 chick embryo. b A schematic schematic diagram
of its transverse section. Lateral epiblast cells move toward the primitive streak and undergo EMT
to become mesoderm cells. These mesodermal cells then move over a large distance to reach their
destination. ¢ Transverse section at mid-streak level

and Schoenwolf 2001; Bortier et al. 2001; Hardy et al. 2011) (Fig. 9.2b). They
assume a pseudostratified columnar epithelial shape and maintain an apical-basal
polarity. Shortly after entering the streak, they become progressively elongated and
flask formed, and lose their interaction with BM, while maintaining both tight
junctions and adherens junctions (Solursh and Revel 1978; Shook and Keller 2003;
Wakely and England 1977). Next, the cells immediately lose their tight junction
and the epithelial polarity, undergoing transition from epithelial to mesenchymal
cells. This transition, EMT, promotes the ability of cells to migrate away from the
streak in the space between the epiblast and the endoderm to form mesoderm
(Fig. 9.2b). This progression of the EMT process is paralleled by the change in
expression of various proteins. For example, E-cadherin expression observed in the
epiblast and nascent mesoderm cells is gradually replaced by N-cadherin expres-
sion characterizing mesenchymal mesoderm cells (Fig. 9.3a, ¢). ZO1, a component
of the tight junction, is present in all epiblast cells but is lost in mesoderm cells
(Fig. 9.3b), reflecting the absence of tight junction in the mesenchymal cells.
Vimentin and snail2, which are commonly expressed in mesenchymal mesoderm
cells, are already expressed in the lateral epiblast cells before undergoing EMT,
being localized in the basal membrane and nucleus, respectively (Fig. 9.3d, e).
Laminin, a BM component, is continuous underneath the lateral epiblast cells, but
is fragmented underneath the medial epiblast cells (Fig. 9.3b, e). Thus, EMT dur-
ing gastrulation in chicken embryo involves multiple cellular events. It is important
to note that BM breakdown occurs earlier than the loss of E-cadherin-mediated
cell—cell adhesion.
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Fig. 9.3 Changes in the distribution of molecules involved in cell-cell contact and EMT.
Transverse section of stage 4 embryo at mid-streak level: schematic diagram (a); ZO1 (green) and
laminin (red) (b); E-cadherin (red) and N-cadherin (green) (¢); vimentin (d); and Snail2 (green)
and laminin (red) (e)

9.5 RhoA Signaling Is Involved in BM Integrity
During Gastrulation EMT

BM degradation before EMT-dependent mesoderm formation in chick embryos has
been noted (Hay 1968), but the molecular mechanism underlying this process has
not been systematically investigated. Small GTPase RhoA is known to regulate the
actin and microtubule cytoskeletons that control cell shape and motility and which
are also involved in the EMT process (Jaffe and Hall 2005; Ozdamar et al. 2005;
Van Aelst and Symons 2002). Indeed, activation of RhoA during gastrulation in
mouse embryos results in the suppression of EMT and the failure of mesoderm
formation (Fuse et al. 2004). In my study, where RhoA was overexpressed in the
medial epiblast cells of gastrulating chicken embryos, laminin expression was
maintained in the gastrulating cells, causing mesodermal cell clumps that interfered
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RhoA + GFP

Fig. 9.4 RhoA mis-expression causes EMT defects. Left: Electroporation of green fluorescent
protein (GFP) alone does not affect laminin expression. Right: RhoA overexpression in the cells on
top of the primitive streak causes laminin retention in these cells during EMT

with cell migration as mesoderm (Fig. 9.4). This observation suggests that RhoA
function is involved in laminin expression during EMT. A strict basal membrane
localization of RhoA-specific GEF (guanine nucleotide-exchanging factor), Netl,
was observed in the lateral epiblast cells before EMT, but not in the medial epiblast
cells undergoing EMT, suggesting that Netl-dependent activation of RhoA activity
at the basal side promotes laminin expression and perhaps secretion. To confirm
this, RhoA or Netl were knocked down, resulting in premature BM breakdown in
the lateral epiblast cells. These observations indicate that RhoA activation via Netl
is essential to maintain the BM, which interacts with epiblast cells. The breakdown
of BM is mediated by the loss of basally localized Netl and RhoA activity in the
medial epiblast cells, which leads to EMT, causing gastrulation (Fig. 9.6) (Nakaya
and Sheng 2008, 2009; Nakaya et al. 2008).

9.6 Changes in Microtubule Organization Are Associated
with BM Regulation During Gastrulation EMT

In the fully polarized epithelial cells, microtubules are organized longitudinally
along the apico-basal axis with their plus ends oriented basally (Akhmanova et al.
2009; Bacallao et al. 1989; Yeaman et al. 1999; Mimori-Kiyosue 2011). This micro-
tubule organization is also observed in the epiblast cells of gastrulation-stage
embryos. However, in the epiblast cells immediately lateral to the primitive streak,
there are fewer microtubules in their basal regions, and when these epiblast cells
enter the primitive streak, they lose their microtubules in their basal regions
(Fig. 9.6) (Nakaya et al. 2008; Nakaya and Sheng 2009). Interestingly, there appears
to be a correlation between the timing of the microtubule loss from the basal cortex
and the degradation of BM, suggesting that the integrity of the BM is affected by the
interaction of microtubules with the basal region. Recently we showed that CLASP
(a microtubule plus-end tracking protein) and its binding partner LL5 have a role in
anchoring microtubules at the basal cortex of epiblast cells, and that downregulation
of CLASP and LL5 causes BM breakdown, which initiates EMT (Fig. 9.6) (Nakaya
et al. 2013).
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9.7 Dystroglycan Is a Cyto-Linker Connecting the Basal Cell
Membrane and BM

From a screen for genes expressed in tissues centered by the primitive streak at
stage 4, integrins and dystroglycan were identified as molecules that connect the
basal membrane of the epiblast to the BM (Alev et al. 2010; Nakaya et al. 2011). a6
and P1 integrins and dystroglycan are expressed and localized in the basolateral
membrane of lateral epiblast cells. However, their basal membrane localization is
lost when epiblast cells enter primitive streak. The loss of those proteins from the
basal membrane parallels the loss of laminin in the BM that precedes EMT (Nakaya
et al. 2008, 2011). These membrane proteins are also known to interact with F-actin
and microtubules, and disruption of these cytoskeleton components alters their sub-
cellular localization. When microtubules were disrupted by nocodazole, basal
membrane localization of dystroglycan was lost, concomitant with the occurrence
of BM breakdown (Fig. 9.5). By contrast, when F-actin was depolymerized by
using cytochalacin D, localization of p-dystroglycan in the lateral membrane of
lateral epiblast was reduced without affecting its localization in the basal membrane
(see Fig. 9.5). These observations indicate that basal membrane localization of
B-dystroglycan depends primarily on microtubule organization (Fig. 9.6) (Nakaya

Nocodazole

DMSO Cytochalasin D

Fig. 9.5 Effect of cytochalasin D and nocodazole on f-dystroglycan localization. All data show
lateral epiblast cells. Left: In control treatment with DMSO, p-dystroglycan was expressed in the
basolateral membrane of cells. Middle: Cytochalasin D-treated embryos showed reduced
B-dystroglycan expression in lateral membrane, without affecting its localization in basal mem-
brane. Right: Nocodazole treatment caused loss of basally localized B-dystroglycan in the epiblast
cells, concomitant with the breakdown of underlying laminin (arrowheads)
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Fig. 9.6 Multiple steps of EMT during chicken embryo gastrulation

et al. 2011). In addition, this basal p-dystroglycan expression has recently been
shown to be regulated by CLASP, and there is a physical association between
CLASP and p-dystroglycan in epiblast cells before undergoing gastrulation EMT
(Nakaya et al. 2013).

9.8 The Nature of Epithelium and EMT Potential

Although EMT occurs at multiple steps of embryonic development, not all epi-
thelial cells have the potential to undergo EMT. For instance, the gastrulating
chicken embryo consists of two regions: the area pellucida and the area opaca
(Fig. 9.2a, b). In area pellucida, epiblast cells are of columnar epithelium and
undergo EMT when they move to the primitive streak. In contrast, the cells in the
area opaca are of squamous epithelium and never undergo EMT. Disruption of the
microtubules by nocodazole treatment leads to BM breakdown in the epiblast of
the area pellucida (Fig. 9.5), whereas the BM remains intact after nocodazole
treatment in the area opaca (Nakaya, unpublished data). This result suggests that
microtubule organization, distribution, or numbers could be relevant to the poten-
tiality of EMT.

9.9 Significance of Research on Gastrulation EMT

In this chapter, I have described our new findings that the microtubule-dependent
establishment of the basal cell membrane affects the integrity of the underlying BM,
which is dependent on RhoA activity and the CLASP-dystroglycan complex.
Further studies on the underlying molecular mechanisms of BM integrity or its deg-
radation, such as the contribution of some enzymes, will help reveal how EMT
processes are regulated.
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EMT plays a role in various events during development, in progression of
diseases, and in acquisition of stem cell-like characters (Mani et al. 2008; Polyak
and Weinberg 2009; Thiery et al. 2009; Lim and Thiery 2012), indicating that EMT/
MET is more than a simple morphological phenomenon. The dynamic developmen-
tal setting for gastrulation in the chicken not only will reveal the biological context
of EMT but will also provide a better understanding of the cellular response of the
disease, which is important to design advanced therapies.
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Chapter 10
Making the Neural Plate to Fold into a Tube

Tamako Nishimura

Abstract Neural tube formation is a critical morphological process for neural
development. Its defect causes serious birth defects such as anencephaly and spina
bifida. Neural tube formation is initiated by the bending of the neural plate, which
is regulated by multiple processes, including planar cell polarity (PCP) signaling,
convergent extension, and apical constriction. However, how each event proceeds at
the molecular level and how they are coordinated into a sequential movement have
not been fully understood. We have explored the mechanisms of neural plate bend-
ing, focusing on the role of the remodeling of the adherens junctions (AJ) in neuro-
epithelial cells. At limited regions of the bending neural plate, neuroepithelial cells
apically constrict because of the contraction of actomyosin filaments lining the AJ,
which is induced by the recruitment of ROCK/Rho kinase to these sites, and this
process is thought to produce a force to bend the plate. We found that this contrac-
tion is mediolaterally polarized, and this polarized bending is controlled by a coop-
eration of PCP signals and actomyosin contraction. Thus, we uncovered a mechanism
by which the neural plate bends mediolaterally to form a tube.

Keywords Apical constriction ¢ Celsrl  Myosin II * Neural plate ¢« PCP

10.1 Introduction

The neural tube is a key precursor of the central nervous system, the brain and spinal
cord. At early development following gastrulation, the neural plate invaginates at
the midline, rolls up, and becomes a tube structure, the neural tube. Failure in neural
tube formation causes serious birth defects, such as anencephaly and spina bifida,
which are collectively called neural tube defects (NTDs) (Copp et al. 2003).

T. Nishimura (<)
Organization of Advanced Science and Technology, Kobe University, Kobe, Japan
e-mail: tnishimura@port.kobe-u.ac.jp

H. Kondoh and A. Kuroiwa (eds.), New Principles in Developmental Processes, 123
DOI 10.1007/978-4-431-54634-4_10, © Springer Japan 2014



124 T. Nishimura

a

Neural plate induction Neural plate bending Neural fold fusion
and shaping | !

Neural plate

"""" Basal 74 TR
Ectoderm (@) Median
/\--"’ hingepoint G
Notochord ,—'(*-3\_} Dorsolateral
Apicobasal elongation “=*  hingepoints
L\
Convergent extension Neural tube
Apical constriction
b
Convergent extension Apical constriction

N/ F contraction

p‘ = _ \/2\

b =

Intercalation Vo Actomyosin
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NTDs are the second most human birth defects worldwide, and although the intake
of folic acid has successfully decreased its frequency, there are still considerable
number of NTDs that cannot be prevented (Wallingford et al. 2013).

Neural tube formation proceeds through four steps: neural plate induction, shap-
ing, bending, and closure (Colas and Schoenwolf 2001) (Fig. 10.1a). The neural
plate, induced from dorsal ectoderm, is first thickened apico-basally through micro-
tubules (Suzuki et al. 2010). Then, the neural plate begins to be shaped, such that it
is narrowed mediolaterally and elongated anteroposteriorly. This process is medi-
ated through convergent extension, in which cells interdigitate mediolaterally
(Fig. 10.1b). While the shaping is underway, bending of the neural plate is initiated.
Bending occurs at three specialized portions called hinge points, a single median
hinge point at the midline and paired dorsolateral hinge points on the lateral sides.
The major driving force for bending is the contraction of actomyosin lining the
adherens junctions (AJs) of the neuroepithelial cells, which is called apical constric-
tion (Fig. 10.1b), through which the cell shape is changed from columnar to wedge
like. The bending is also accelerated by adjacent nonneuronal tissues to assist the
elevation of the neural folds. Eventually, the paired neural folds meet at the midline
and are fused.
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More than 200 genes are known to influence neural tube closure (Copp and
Greene 2010). Among them, planar cell polarity (PCP) signaling regulators,
which are extensively studied in Drosophila for the orientation of wing hairs or
ommatidia, are involved in the neural tube formation (Wallingford 2012).
Mutants for PCP core members, such as Celsrl and Dishevelleds, show severe
NTD. In those animals, convergent extension is suppressed, making a widened
and shortened neural plate (Wallingford and Harland 2002), whereas neural plate
bending at the median hinge point is also impaired (Greene et al. 1998).
Regulators for the apical constriction, such as Shroom3 (Hildebrand and Soriano
1999) and Mena/Vasp (Menzies et al. 2004), mediate neural plate bending.
Molecules acting on Hedgehog signaling (Ybot-Gonzalez et al. 2002) and BMP
signaling (Ybot-Gonzalez et al. 2007) are also involved in the bending. How
these functions are spatiotemporally regulated and coordinated is a central issue
of neural tube morphogenesis.

In this chapter, I summarize our recent findings on the signaling pathway involved
in neural plate bending, focusing on the role of remodeling of AJs of neuroepithelial
cells (Nishimura and Takeichi 2009).

10.2 Apical Constriction of Neuroepithelial Cells Is
Regulated by Shroom3-Mediated Relocalization
of ROCKSs to Junctions

Apical constriction of AJs in neuroepithelial cells is a major driving force to bend
the neural plate. Shroom3, which was identified using a chemically induced mutant
mouse that develops NTDs (Hildebrand and Soriano 1999), localizes around the
Als in the bending neural plate. Overexpression of Shroom3 causes apical constric-
tion of epithelial cells through the activation of myosin II, a component of actomyo-
sin filaments associated with AJs (Haigo et al. 2003; Hildebrand 2005).

To investigate the role of Shroom3 on the apical constriction (Nishimura and
Takeichi 2008), we tested several deletion mutants of Shroom3 and found that the
C-terminal ASD2 domain, which is characteristic for Shroom family members, is
essential for inducing apical constriction and myosin II activation. Pull-down
screening using GST-fused ASD2 identified ROCKs (Rho kinases) as ASD2-
interacting proteins. ROCKs are known to activate myosin II by phosphorylating
and inhibiting myosin phosphatase (Kimura et al. 1996). Overexpression of
Shroom3 in cultured epithelial cells changed the localization of endogenous ROCK1
from cytoplasm to AJs (Fig. 10.2a, left), and concomitantly activated myosin II
there. These observations indicated that Shroom3 causes apical constriction by
anchoring ROCKs to AJs and activating myosin II (Fig. 10.2a, right).

In chicken embryos also, Shroom3 was localized to AJs of the neural plate, colo-
calizing with ROCK1 and active myosin II (shown by phosphorylated myosin light
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Fig. 10.2 Apical constriction of neuroepithelial cells is regulated by the relocalization of ROCKs
to adherens junctions (AJs) by Shroom3. a Left: Exogenous expression of Shroom3 in MDCK
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striction. ROCKs recruited to AJs through Shroom3 activate myosin II by phosphorylation, which
facilitates the contraction of F-actin belt lining AJs. b Effect of the depletion of Shroom3 on neural
plate bending. Chicken embryos were electroporated with plasmid for Shroom3-specific or scram-
bled shRNA and fixed at stage 9. Serial transverse sections were immunostained as indicated

chain, pMLC) (Fig. 10.2b). When Shroom3 was depleted by electroporating its
shRNA plasmids, neural plate bending was impaired, as was shown in Shroom3
mutant mice, and concomitantly ROCK1 localization and myosin II activation at
AlJs were inhibited (Fig. 10.2b). Thus, Shroom3 recruits ROCKs to AlJs of the neu-
ral plate, and activates myosin II there, which induces the bending of the plate.
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10.3 Polarized Actomyosin Activation Through the PCP
Pathway Regulates the Bending of the Neural Plate

10.3.1 Apical Constriction Is Mediolaterally Polarized
in the Bending Neural Plate

Although apical constriction is necessary for the bending of the neural plate, this
process is not sufficient for the plate to make a tube, as apical constriction could
induce a radially bent structure but not necessarily an elongated tube (Jacobson and
Gordon 1976). We questioned how apical constriction in the neural plate is con-
trolled to form a tube. To answer this question, we observed the bending neural
plate from the apical side using chicken embryos, focusing on the floorplate area,
where the bending first occurs. At the apical surface of the neural plate, active
myosin II (pMLC) was detected preferentially at the AJs oriented toward the
mediolateral axis, and the signals were linearly extended across several cells
(Fig. 10.3) (Nishimura et al. 2012). Thick F-actin cables colocalized with the active
myosin II, suggesting that these cables are contracting. These observations sug-
gested a mediolaterally polarized apical constriction. To confirm this, we per-
formed in vivo live imaging of neuroepithelial cells by labeling AJs with myosin
light chain—EGFP. The AJs of neuroepithelial cells indeed contracted mediolater-
ally and even elongated anteroposteriorly. Through mathematical modeling, we
verified that the mediolateral shortening of individual cell edges leads to the overall
pattern of actomyosin cables, which we observed. Thus, in the bending neural
plate, apical constriction of the neuroepithelial cells is polarized toward the medio-
lateral direction.

10.3.2 PCP Signaling and PDZ-RhoGEF Regulate Polarized
Actomyosin Contraction at AJs of the Neural Plate

Because PCP signaling is known to be crucial for neural tube formation, we exam-
ined the potential role of Celsr1 cadherin, one of the PCP core regulators, in medio-
laterally polarized actomyosin contraction. We found that Celsrl proteins were
concentrated at the apical side of the neural tube, and moreover, they colocalized
with the mediolaterally contracting actin cables (Fig. 10.4a). When Celsrl expres-
sion was knocked down using specific siRNAs, neural tube formation was severely
impaired, as was reported for Celsr1 mutant mice (Curtin et al. 2003). Observation
of these neuroepithelial cells from the apical side revealed that the mediolateral
actomyosin cables were lost and the apical surface area of individual cells was
enlarged (Fig. 10.4b). Inhibition of Dishevelleds, which function downstream of
Celsrl in the PCP regulation, caused analogous results. These findings suggested
regulation of the planar-polarized actomyosin contraction by the PCP signals.
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Remove dorsal
regions

Fig. 10.3 Mediolateral orientation of actomyosin cables at AJs in the bending neural plate. Neural
plate of chicken embryo at stage 8§ was immunostained and flat mounted. Then, the floorplate
region of the neural plate (dotted square) was photographed from the apical side. Anterior is ori-
ented toward the fop and MHP is located at the center throughout. Lower right: Merged image of
pMLC and ZO-1 was traced [this figure, and Figs. 10.4, 10.5, 10.6, and 10.7, are reprinted from
Nishimura et al. (2012), pp. 1084-1097, with permission from Elsevier]

In Drosophila gastrulation, apical constriction occurs through sequential
activation of Ga/Concertina, RhoGEF2, RhoA, ROCK, and myosin II (Hacker and
Perrimon 1998). Similarly, in chicken embryos, the transcript of PDZ-RhoGEF, a
vertebrate homologue of RhoGEF2, was strongly expressed in the bending neural
plate. PDZ-RhoGEF proteins were concentrated at the apical side of the neural
tube, and colocalized with the mediolateral actomyosin cables (Fig. 10.4c), as was
found for Celsrl. When PDZ-RhoGEF was depleted, neural tube closure was
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Fig. 10.4 Celsrl and PDZ-RhoGEF are required for the mediolateral distribution of actomyosin
cables at Als. a, b Effect of Celsrl on the distribution of F-actin cables at the apical neural plate. a
Left: Immunostaining for Celsrl in neural plate section at stage 8. Right: Codistribution of Celsrl
and F-actin at AJs in the floorplate region of neural plate. b Embryos were electroporated with
Celsrl-specific or control siRNAs and fixed at stage 8. Left: Whole embryos; right: co-staining for
Celsrl and F-actin at the apical neural plate. ¢ Effect of PDZ-RhoGEF on the mediolateral distribu-
tion of F-actin cables. PDZ-RhoGEF was depleted as described in b. Left: Whole embryos; right:
co-staining for PDZ-RhoGEF and F-actin at the apical neural plate
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disturbed, the mediolateral actomyosin cables were lost, and the apical surface area
of cells was enlarged, just as are PCP-deficient embryos. Thus, PDZ-RhoGEF may
work downstream of the PCP pathway for the mediolaterally polarized activation of
actomyosin.

10.3.3 DAAM!I Links the PCP Pathway to PDZ-RhoGEF

We examined the role of DAAMI, another PCP regulator that interacts with
Dishevelled and regulates convergent extension (Habas et al. 2001). DAAMI
belongs to the formin family, which regulates F-actin polymerization (Chesarone
et al. 2010), and is activated by the binding of active RhoA and also by that of
Dishevelled to its N- and C-terminal regions, respectively (Liu et al. 2008). We
found that DAAM1 was evenly localized at AJs of the neural plate (Fig. 10.5a).
Previous reports showed that LARG, an RhoGEF structurally related to PDZ-
RhoGEF, interacted with and is activated by mDia, another formin (Kitzing et al.
2007). Thus, we investigated the interaction of DAAMI1 with PDZ-RhoGEF and
found that they were co-immunoprecipitated (Fig. 10.5b). The interaction occurred
through the C-terminal region of DAAM1 and the DH-PH domain of PDZ-RhoGEF.
Because the DH-PH domain is known to harbor guanine nucleotide exchange factor
(GEF) activity, we examined the influence of DAAM!1 on it, and found that the GEF
activity was elevated in the presence of DAAMI (Fig. 10.5¢). Therefore, DAAMI1
interacts with PDZ-RhoGEF and upregulates its activity. Furthermore, the interac-
tion of DAAM1 and PDZ-RhoGEF was weakened after the depletion of Dishevelled.
Thus, the DAAM1-PDZ-RhoGEF interaction is regulated by the upstream PCP
regulator, Dishevelled.

10.3.4 PCP Regulators Mediate the Localization of PDZ-
RhoGEF and ROCKs to AJs to Facilitate Mediolaterally
Polarized Contraction

To confirm the entire signaling pathways from Celsr1 to actomyosin contraction, we
performed cell biological studies. When Celsrl was expressed in epithelial MDCK
cells, it was concentrated at cell-cell contacts, as was previously shown for the
Drosophila homologue Flamingo (Usui et al. 1999). Without Celsrl expression,
Dishevelled was diffusely distributed in cytoplasm. When both Celsrl and
Dishevelled were expressed, Dishevelled became recruited to the cell-cell contacts
where Celsrl was condensed (Fig. 10.6a). This recruitment may be mediated by
endogenous Frizzled, as exogenously expressed Frizzled-6 codistributed with
Celsrl and Dishevelled. When DAAM1 was expressed alone, it was distributed
evenly along AJs (Fig. 10.6a). When PDZ-RhoGEF was expressed without DAAMI1,
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Fig. 10.5 DAAMI interacts with PDZ-RhoGEF and upregulates its GEF activity. a Left:
Immunostaining for DAAMI1 in neural plate section. Right: Co-staining for DAAM1 and ZO-1 at
the apical neural plate. b Interaction of DAAM1 with PDZ-RhoGEF: 293 T cells were cotransfected
with plasmids for Myc-tagged DAAMI1 and FLAG-tagged PDZ-RhoGEF or Myc-DAAMI1 alone,
and immunoprecipitated with anti-FLAG antibody. ¢ Effects of DAAM1 on RhoGEF activity. PDZ-
RhoGEF-DHPH protein was incubated with a 2.5- or 5-fold excess of DAAMI1-C (closed triangles
and closed circles, respectively) or GST (closed squares) proteins. A mixture containing a fluoro-
genic substrate (mant-GTP) was added, and the increase in fluorescent intensity was measured

it was mostly localized in the cytoplasm even in the presence of Celsrl and
Dishevelled. In contrast, when PDZ-RhoGEF was expressed together with DAAMI1,
it was accumulated in the cell-cell contact sites where Celsrl and Dishevelled colo-
calized (Fig. 10.6b). Furthermore, at AJs where Celsrl, Dishevelled, and PDZ-
RhoGEF colocalized, endogenous ROCK1 was upregulated. Thus, PDZ-RhoGEF
is presumably recruited to the Celsrl-Dishevelled-enriched contact sites through
DAAMI, and following this step, ROCKSs are recruited to the AJs via RhoA.



132 T. Nishimura

MDCK cells
C - DvI2-EGFP Celsr1-Myc g HA-DAAM1
&
: g
B2 s o
b PDZRhoGEF DvI2-EGFP Celsr1-Myc
5
= “« e
=
o
O
'
S A
S| _ ¥ i
§ A% \ ;
2 .. "
<
L

Chicken embryo

&

Fig. 10.6 Celsrl-dependent polarized distribution of PDZ-RhoGEF and ROCKI. a, b Celsrl/
Dishevelled/DAAM-dependent recruitment of PDZ-RhoGEF to AJs in MDCK cells. a Left:
Colocalization of Dishevelled-2 (DvI2-EGFP) and Celsrl (Celsrl-Myc) at cell-cell junctions
when they are coexpressed. Right: Distribution of HA-tagged DAAMI1 stably expressed in MDCK
cells. b FLAG-tagged PDZ-RhoGEF was expressed together with Dvl2 and Celsrl in either
MDCK or DAAM I-expressing MDCK cells. Arrows point to cell—cell contacts where both Dv12
and Celsr1 are accumulated. ¢ Effects of Celsrl depletion on the mediolaterally polarized distribu-
tion of PDZ-RhoGEF (left) or ROCKI1 (right) at the apical neural plate
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Fig. 10.7 Models of roles of planar cell polarity (PCP) regulators on the mediolaterally polarized
contraction of AJs and neural plate bending: summary of present observations. ML mediolateral,
Fz Frizzled. Arrows indicate activation of a molecule or promotion of molecular interactions.
Dotted arrows are hypothetical pathways

Finally, we analyzed the spatial relations of Celsrl, PDZ-RhoGEF, and ROCK
in the neural plate. PDZ-RhoGEF and ROCKI colocalized with Celsrl at mediolat-
eral AJs. When Celsrl was depleted, localization of both PDZ-RhoGEF and
ROCKI1 became diffuse (Fig. 10.6¢). On the other hand, neither the depletion of
PDZ-RhoGEF nor the inhibition of ROCK changed the polarized distribution of
Celsrl. These results suggested that Celsrl regulates the mediolaterally polarized
localization of PDZ-RhoGEF and ROCK at AJs of the neural plate that execute
neural plate bending.

Based on the observations described here, we propose the following model of
signaling pathway (Fig. 10.7). (1) First, Celsrl distributes along a subpopulation of
AlJs oriented toward mediolateral direction, and recruits Dishevelled. (2) Dishevelled
then binds and activates DAAMI at these AJs. (3) DAAMI interacts with and acti-
vates PDZ-RhoGEF there. (4) PDZ-RhoGEF recruits ROCKs to these AJs, possibly
by activating RhoA. (5§) ROCKSs, at the mediolaterally oriented AJs, activate myosin
II, which causes the planar-polarized contraction of actomyosins, leading to the
bending of the neural plate into a tube.

10.4 Analogy to Other Developmental Processes

Planar-polarized actomyosin contraction coupled with junctional remodeling was
originally discovered in the Drosophila epithelium undergoing germband extension
(Bertet et al. 2004). To elongate a tissue, epithelial cells shrink the dorsoventral AJs
to make a four-cell-ordered configuration, and then elongate the anteroposterior
AlJs. This observation was further expanded by the finding of multicellular rosettes
as another intermediate (Blankenship et al. 2006). Multicellular rosette formation
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starts with the accumulation of myosin II and F-actin to the dorsoventral AJs over
several adjacent cells and their subsequent contraction. This polarized contraction
was caused by the asymmetrical localization of ROCK to the dorsoventral junctions
under the regulation of AP patterning genes Eve, Runt, and Kruppel (Simoes Sde
et al. 2010), not that of the PCP regulators in this case.

As another type of polarized actomyosin contraction, the Fat/Dachsous (Ds)/
Four-jointed (Fj) pathway regulates morphogenesis of the dorsal thorax in
Drosophila (Bosveld et al. 2012). In tissue-wide Ds and Fj gradients, the distribu-
tion of Ds at AJs becomes planar polarized, which then polarizes myosin Dachs and
produces anisotropic tension. Similar mechanisms also work for the polarized dis-
tribution of myosin Dachs in Drosophila wing disc, which occurs independently of
the core PCP pathway (Brittle et al. 2012).

In Drosophila tracheal tube morphogenesis, on the other hand, PCP signals regu-
late the turnover of E-cadherin through the function of RhoGEF2 and RhoA, pro-
moting cell intercalation in tracheal branches (Warrington et al. 2013). PCP
signaling controls the planar-polarized distribution of RhoGEF2, which leads to the
polarized E-cadherin turnover.

In vertebrates, analogous mechanisms work for kidney tubule elongation
(Lienkamp et al. 2012). In the collecting duct epithelium in mouse and Xenopus,
multicellular rosettes were observed, and live imaging revealed that rosettes are
formed mediolaterally and dissolved perpendicularly, which elongates the tubule.
Interestingly, myosin II is activated at the mediolateral AJs, which is required for
the elongation, and moreover, the PCP pathway is required for the orientation of the
rosette formation.

Collectively, the mechanisms of planar-polarized actomyosin contraction and AJ
remodeling may be shared in many morphological processes in various organisms.

10.5 Concluding Remarks

We have shown the signaling cascades involved in the polarized contraction of AJs
that leads to the neural plate bending. However, important questions remain
unsolved. One is how Celsrl, which determines the direction of contractility, is
selectively localized at AJs oriented along the mediolateral axis. In the Drosophila
wing, Flamingo, an orthologue of Celsrl, couples with Frizzled and is transported
along microtubules to the anteroposterior borders (Shimada et al. 2006), although
another report showed that the distribution of Frizzled is dependent on Flamingo
(Strutt and Strutt 2008). Similarly, in the back skin of mice, Celsrl localizes to the
mediolateral borders, making a complex with Vangl2, and their distributions are
interdependent (Devenport and Fuchs 2008). Some secreted ligands, such as Whnts,
may regulate this process or, as seen in Drosophila germband extension, AP pat-
terning genes might be involved.

Another question is the role of DAAMI1. DAAMI is one of the formins and is
involved in normal AJ formation in heart tissues (Li et al. 2011). The contribution
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of DAAMI to neural plate bending may be complex. On one hand, DAAMI may
regulate the basic F-actin organization, which is important for the maintenance of
AJ. On the other hand, when DAAMI receives PCP signals from the Celsrl-
Dishevelled system, it may transmit these signals to PDZ-RhoGEF and ROCKs.

Further clarification of the mechanisms underlying neural plate bending will
contribute greatly to the understanding of complex morphogenetic processes of the
central nervous system and other tubular organs.

Acknowledgments I thank Masatoshi Takeichi for carefully reading this chapter.
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Chapter 11

Contribution of Apoptosis in Cranial Neural
Tube Closure Indicated by Mouse Embryo
Live Imaging

Yoshifumi Yamaguchi, Naomi Shinotsuka, Keiko Nonomura,
and Masayuki Miura

Abstract Many cells die during development through the process called
programmed cell death (PCD). Dysregulation of apoptosis, a major form of PCD
during development, leads to cranial neural tube closure (NTC) defects such as
exencephaly, but the underlying mechanism has remained unclear. Observing cells
undergoing apoptosis in the normal developmental process will help elucidate their
nature, characteristics, and interaction with surrounding tissues. Using a newly
developed transgenic mouse that stably expressed a genetically encoded FRET-
based fluorescent reporter for caspase activation, we performed simultaneous time-
lapse imaging of apoptosis and morphogenesis in living embryos. This analysis,
based on live imaging, indicated that inhibition of caspase activation interfered with
and delayed the progression of NTC in the cranial region. The analysis also revealed
existence of two types of apoptotic cells during NTC. Based on these results, we
propose that cell removal by caspase-mediated apoptosis facilitates NTC and ensues
the completion of NTC within a limited developmental time window.

Keywords Apoptosis ¢ Live-imaging  Morphogenesis * Neural tube closure

11.1 Contribution of Programmed Cell Death
in Normal Development

Cell death is an integral part of development, because certain numbers of cells
actually die at specific regions and stages (Fuchs and Steller 2011; Miura 2011).
Such developmentally regulated cell death is called “programmed cell death”
(PCD). Well-known examples of PCD include removal of cells from an interdigital
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web of developing vertebrate limbs, elimination of developing Mullerian or Wolffian
ducts in a sex-dependent manner, and massive cell death in the neural ridge during
neural tube closure (NTC).

Recent studies on the conditions where apoptosis, a major form of PCD, is inhib-
ited by genetic and pharmacological means opened up a new avenue to investigate
the contribution of PCD in normal development.

11.2 Apoptosis During Neural Tube Closure

Apoptosis is executed by an evolutionary conserved cascade of cysteine proteases
called caspases (Fig. 11.1a) (Degterev and Yuan 2008). Apoptotic cells undergo
characteristic morphological changes including membrane blebbing, cell shrink-
age, cell fragmentation (apoptotic body formation), and chromosomal DNA frag-
mentation (Fig. 11.1b). DNA fragmentation is mediated by CAD (caspase-activated
DNAse) and is detected by TUNEL (terminal deoxynucleotidyl transferase dUTP
nick-end labeling). Apoptosis is distinguished from other cell death processes,
such as necrosis, in that it does not induce inflammatory responses (Miura 2011)
(Fig. 11.1b).

Apoptosis occurs prominently during NTC in birds and mammals. NTC is a
dynamic process that provides the basic morphological scaffold for the central

—
a Apoptotic stimuli b
Apoptotic cell
o membrane blebbing
cell shrinkage
cell fragmentation
DNA fragmentation
Rapid removal from tissue Keeping the epithelial Inducing compensatory
No inflammatory response sheet integrity proliferation

i} phagocytosis actin accumulation
in the neighboring cells

Fig. 11.1 a A scheme of apoptotic pathway causing cell death. b Features of apoptotic cells in
animal bodies (Fuchs and Steller 2011; Miura 2011)
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Fig. 11.2 a Morphological changes of the cranial neural plates to form the neural tube. The neural
plate becomes concave and its ridges are raised to form the neural fold. Along with this continua-
tion, inward flipping of the ridges occurs, resulting in apposition and fusion of the ridges. Pink
neuroectoderm (neuroepithelium), green nonneural ectoderm (surface ectoderm). Locations of
apoptotic cells are schematically shown by red stars. b Multiple start points for neural tube closure
(NTC) in the cranial region of mouse embryos. Top: Closure 1 occurs bi-directionally occurs from
the cervical region (asterisk) before embryonic turning in ~E8.5 embryo. Bottom: Schematic rep-
resentation of multiple closures in an E8.75 embryo. The midbrain—hindbrain neuropore (MHNP)
is closed by merging of caudal closure 2 and rostral closure 1 (closure 4), and ANP by merging of
caudal closure 2 and closure 3. Asterisk closure 1 start point, dagger bi-directional closure 2 start
point, # closure 3 start point. Progression of closures is shown by red arrows

nervous system. Neural tube defects (NTDs), including exencephaly, anencephaly,
open spina bifida, and craniorachischisis, are associated with defects in NTC (Copp
and Greene 2010). To generate the neural tube from the neural plate, both sides of
the neural plate are raised to form ridges that are bent inwardly until they are
apposed, and finally fused to form the roof of the neural tube (Fig. 11.2a). In mam-
mals, NTC begins at multiple axially different points of the neural tube with differ-
ent timing (Fig. 11.2b) (Copp et al. 2003; Yamaguchi and Miura 2012; Pyrgaki et al.
2010). The cervical region of the neural tube is the first to close (closure I; o in
Fig. 11.2b), and the closure extends rostrocaudally from this site. Following the
closure of the neural tube at thombomere (r) 5 and r4 levels, the neural plate at the
r3-12 levels begins to become concave and the dorsal ridges of the neural plates start
to flip inwardly. Closure II is initiated at the forebrain—midbrain boundary, and the
subsequent neural ridge fusion extend rostrocaudally. The rostrally directed closure
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II meets closure III to seal the forebrain region, and the caudally directed closure II
meets rostrally directed closure I to seal the midbrain—hindbrain neuropore (MHNP),
thus completing the NTC in the cranial region.

During the processes, apoptosis is observed mainly at the neural ridges and the
roof plate, before and after the NTC along the entire body axis (Copp et al. 2003;
Weil et al. 1997; Nonomura et al. 2013) (Fig. 11.2a). Inhibition of apoptosis with
pan-caspase inhibitors in chicken embryos resulted in NTC failure (Weil et al.
1997). Similarly, knockout mice deficient for a component of apoptosis machinery
(apaf-1, caspase-3, or caspase-9) resulted in cranial NTD including exencephaly
(Yoshida et al. 1998; Kuida et al. 1996, 1998). These observations suggested that
apoptosis is important for the completion of the cranial part of NTC. However,
another study using cultured mouse embryos that allowed temporally controlled
application of caspase inhibitors indicated that inhibition of apoptosis during NTC
did not cause any morphological abnormalities (Massa et al. 2009), raising the pos-
sibility that apoptosis itself is not be required for the final neural ridge fusion step of
NTC. Inhibition of apoptosis thus caused abnormality in other steps of the NTC.

11.3 Live-Imaging of Apoptosis and NTC in Mouse
Embryos in Culture

To clarify the contribution of apoptosis in the NTC, it is important to understand
how inhibition of apoptosis affects the cellular and tissue processes of NTC. Live
imaging of embryonic cells and tissues is essential for this purpose, because NTC is
a rapid process and dead cells resulting from apoptosis are lost from the tissue rap-
idly (Miura 2011).

We took a live-imaging approach by using SCAT3 (sensor for caspase-3 activa-
tion based on FRET) (Takemoto et al. 2003) transgenic mice that allowed real-time
detection of caspase activation and apoptotic cells during NTC in the cranial region
at both tissue and single-cell levels (Fig. 11.3a) (see Sect. 11.5 for details). We first
set up an embryo imaging system using a fast-scanning confocal microscope that
scans the whole head region of an embryo in ~2 min with z-axis image depth of
200-400 pm (Fig. 11.3b) (Yamaguchi et al. 2011). A similar live-imaging system to
observe the cranial NTC has also been reported by another group (Pyrgaki et al.
2010; Massarwa and Niswander 2013).

11.4 TImpact of Apoptosis Inhibition on the NTC

To investigate how apoptosis contributes to the process of NTC, embryos defective
in the apoptotic pathway were analyzed. In these apaf-17- or casp-37~ mutant
embryos, concaving of the neural plate and inward flipping of the neural ridge were
compromised. Interestingly, the hindbrain dorsal ridges in apaf-17- embryos
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Fig. 11.3 a Structure of SCAT3. Linker cleavage by caspase-3 disrupts FRET between ECFP and
Venus, leading to decrease of Venus (emission 530 nm)/ECFP (emission 475 nm) fluorescence
ratio. b A scheme of the culture system to observe NTC in the cranial region with a fast-scanning
confocal microscope. ¢ Inhibition of apoptosis in apaf-17- embryos delayed NPC. Imaging with
SCAT3 confirmed that there was no apoptotic cell in apaf-1- embryos. d Live-imaging revealed
delayed closure in MHNP in an apoptosis-deficient apaf-1~"- embryo. © Yamaguchi and Shinotsuka
etal., (2011)

showed repeated squeezing motions, yet they failed to complete the neural ridge
apposition and fusion (Fig. 11.3c).

Under the condition of reduced concaving of the cranial neural folds and impaired
flipping of neural ridges, the contact between the dorsal neural ridges at the site of
closure II and subsequent NTC were delayed. The speed of NTC was significantly
reduced in embryos treated with the pan-caspase inhibitor zZVAD or deficient in
apaf-1 (Fig. 11.3d). This delay in NTC was also confirmed in embryos grown in
utero by precise staging of embryos. Thus, the inhibition of caspase activation
slowed down NTC at closures I and II.

Then, what impacts does this kinetic difference in the NTC have on embryonic
development? Interestingly, some apoptosis-deficient embryos with reduced speed of
closure failed in completing the NTC during culture period for live imaging of ~12 h.
In an apaf-17"- embryo that was placed in culture at 20 somite stage, when NTC is
complete in normal embryos, the hindbrain region remained open at the axial levels
from r4 to r2 throughout the culture period. The axial length of MHNP (L) decreased
and the width of the MHNP increased (Fig. 11.4), suggesting that the force at the
contracting neural ridge to fuse the tissue failed to overcome the tissue resistance
against bending in the absence of apoptosis. This open neural tube would result in
exencephaly, a condition in which the neuroepithelium is exposed to amniotic fluid.
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Fig. 11.4 An observation of an apaf-1~- embryo, which was placed in culture at somite 20 when
NTC failure was evident. During imaging, the MHNP length (L) decreased, but its width (W)
increased, implying the resistance of tissue against the neural tube closure. L length of MHNP
(pm), W width of MHNP at 12 (um). © Yamaguchi and Shinotsuka et al., (2011)
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Fig. 11.5 Developmental time-window hypothesis for cranial NTC. NTC must be completed by
a developmental deadline (about somite stage 20), when forces derived from neuroepithelial
development will not allow the further NTC process to proceed. Any perturbation of NTC process
exemplified by the failure in apoptosis delays NTC. Even when closure is delayed, the embryo can
develop without NTDs, so long as NTC can be completed before the deadline (shown as “recovery
form delay”’). However, if closure is not completed by the deadline, cranial NTC ends in failure to
close at the MHNP, resulting in cranial NTDs such as exencephaly. © Yamaguchi and Shinotsuka
etal., (2011)

Based on these observations, we suggest that there is a strict developmental
time window in which the NTC in the cranial region must be completed (Fig. 11.5).
This “developmental time-window” hypothesis assumes that neural plate tissue
forces, which resist against the generation of tissue curvature and hence
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counteract the NTC, start to be reinforced at the end of this time window. Apical
constriction driven by actomyosin (Haigo et al. 2003) and apical neural ridge
fusion that leads to NTC must be completed before the counteracting forces
become strengthened.

The exact contribution of apoptosis to the cranial NTC remains to be elucidated.
However, a hint is provided by the case of dorsal closure in Drosophila embryos.
There, apposing epidermal sheets contact one another and seal with zipper-like
dynamics at the midline, and the inhibition or promotion of apoptosis in amniose-
rosa cells that connect to the lateral epidermis delays or accelerates the dorsal clo-
sure process, respectively, suggesting that extrusion of apoptotic cells contribute to
dorsal closure by force generation (Toyama et al. 2008). In addition to these physi-
cal effects on morphological forces, apoptotic cells can affect their neighbors by
releasing signaling molecules, such as Wnts and prostaglandin E2 (Chera et al.
2009; Li et al. 2010) (see Fig. 11.1).

11.5 Measuring Intensity and Kinetics of Signaling
Activity in Living Embryos Showing Two Types
of Apoptotic Cells

In general, cell death events are difficult to detect, because dying cells are rapidly
removed from tissues by engulfment, shedding, or the dispersion of cell debris. To
gain insight into the mechanisms of how apoptosis affects the NTC in the cranial
region, we utilized SCAT3-transgenic mice to observe occurrence and behaviors of
apoptotic cells during the progression of NTC. SCAT3 contains a caspase substrate
sequence in its linker region between ECFP and Venus (Fig. 11.3a). The dissocia-
tion of ECFP and Venus upon cleavage of the linker lowers FRET and the Venus/
ECFP (V/C) fluorescence ratio, and thereby indicates caspase activation in living
cells. This analysis showed that at least two types of apoptotic cells exist.

One type of apoptotic cells is conventional type (C-type). After caspase activa-
tion indicated by the decrease of V/C fluorescence ratio, the C-type apoptotic cells
shrank, became fragmented, and formed apoptotic bodies (Fig. 11.6). The frag-
mented apoptotic bodies then quickly disappeared, presumably being engulfed by
surrounding cells. C-type cells were observed both before and after the completion
of NTC at the dorsal midline formed by neural ridge fusion.

Another type is dancing-type (D-type). Immediately after caspase activation,
the D-type cells began to protrude from the epithelial layer, became round, and
moved actively in the layer. Unexpectedly, these cells were rarely fragmented, and
continued to be attached to the cell sheet and “danced” around their original sites.
Most of them retained their round shape and moved around during the imaging
period (up to ~6 h) (Fig. 11.6). D-type cells appeared mainly in the dorsal ridge of
the neural plates and in the boundary domain between the neural plates and surface
ectoderm.
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Fig. 11.6 Left: Features of caspase activation in C-type and D-type apoptotic cells during cranial
NTC. Right: Caspase activation kinetics measured with SCAT3 Venus/ECFP ratio in C-type and
D-type. Rapid and intense activation of caspases in C-type apoptotic cells resulted in cell frag-
mentation within about 20 min, whereas relatively mild activation of caspase occurred in D-type
and did not lead to cell fragmentation but to rounding of the cells. © Yamaguchi and Shinotsuka
etal., (2011)

Another advantages of using SCAT3 other than detecting apoptotic cells is that it
enables kinetic measurement of caspase activation by changes of the V/C fluores-
cence ratio, enabling temporal analysis of the cell dying process starting from cas-
pase activation. This analysis indeed revealed that the C- and D-type cells differed
in their kinetics of caspase activity; in C-type cells, the V/C fluorescence ratio
decreased quickly in ~10 min, after which the cells underwent cell fragmentation in
the following 10-20 min. Thus, in C-type cells, the process from caspase activation
to cell fragmentation is very rapid (Fig. 11.6). In contrast, D-type cells exhibited a
slower initial decline in the V/C fluorescence ratio, taking ~30 min (Fig. 11.6). The
D-type cells never underwent fragmentation.

A difference in activated caspases may explain the mechanism responsible for
this kinetic difference between C-type and D-type. Immunohistochemical analysis
of fixed embryos indicated that C-type cells had activated caspase-3, whereas
D-type cells contained activated caspase-7 in addition to activated caspase-3. It is
known that the cleaving (DEVDase) activity of caspase-7 against various substrate
peptides including SCAT3 is generally lower than caspase-3 (Walsh et al. 2008). It
is possible that the slow kinetics of the V/C fluorescence ratio decline in D-type
cells are the result of the activation of caspase-7 in these cells. The activated cas-
pase-7 in D-type cells may compete with caspase-3 for its substrates, reducing the
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efficiency of substrate cleavage that otherwise enables the rapid execution of apop-
totic change. Thus, the milder caspase activity in the D-type cells might give them
time to cleave sufficient amounts of caspase substrates to secrete/expose a “find-me
signal,” “eat-me signal,” or other signals such as growth-promoting signals, before
they are eliminated (Grimsley and Ravichandran 2003).

In addition to the supposed delay in the apoptotic process, the D-type apoptotic
cells arising from the neural ridge in mammals might be beneficial for the smooth
flipping of the neural ridge in a physical manner. Because extrusion of apoptotic
D-type cells from the neural ridge resembles behaviors of apoptotic dying cells in
fly dorsal closure mentioned in Sect. 11.4, they may contribute to a generating force
that promotes either the bending of the neural ridge or the closure of the MHNP, or
both.

11.6 Perspective

Recent studies have revealed that cells can choose multiple pathways for their death
(Degterev and Yuan 2008; Kroemer et al. 2009). Even when apoptosis is prevented,
other forms of cell death represented by caspase-independent cell death and necrop-
tosis can still occur, even though apoptotic cell death is important for the effective
clearance of cell debris, which helps maintain immune tolerance and tissue homeo-
stasis (Elliott and Ravichandran 2010). In addition, apoptotic cell debris can also be
a cue for muscle cell differentiation and maturation in vitro (Hochreiter-Hufford
et al. 2013). In most other developmental processes, however, the mechanism and
significance of choosing one form of cell death over another remain to be elucidated
(Clarke 1990). Our live-imaging analysis of apoptosis and morphogenesis using
SCATS3 transgenic mice distinguished C-type and D-type apoptotic cells that differ
in the major active caspases and regional distribution in the closing neural tube. The
observation that apoptosis delayed the cranial NTC progression (rostral closure I
and caudal closure II) confirmed that apoptosis is a critical cellular event for NTC
in the cranial region.

The kinetic analysis of apoptosis during NTC with a live-imaging at tissue and
single-cell levels revealed new aspects of NTC regulation. Hundreds of mouse
mutants showing NTDs have contributed in revealing the cellular and molecular
steps involved in NTC (Copp and Greene 2010; Copp et al. 2003). For example, a
disturbance in PCP signaling causes convergence and extension defects that perturb
the apposition of the neural ridges, resulting in NTDs in the mouse and other verte-
brate models (Wallingford 2006; Wallingford and Harland 2002). In many other
mutant cases, however, the mechanistic link between the genetic mutation and NTD
remains to be elucidated. Owing to recent technical advances in molecular engi-
neering and imaging devices, the number of reporter genes available for visualizing
signaling activity in vivo is increasing (Aoki et al. 2012). Our approach of using
SCAT3 transgenic mice to examine caspase activation and apoptosis during NTC is
a pioneering study for application of such reporters to NTC analysis.
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Chapter 12
Secondary Smad1/5/8-Dependent Signaling
Downstream of SHH Determines Digit Identity

Takayuki Suzuki

Abstract Digit identity determination is a longstanding question of developmental
biology. Through recent embryological and molecular studies, molecular mecha-
nisms that underlie the determination of morphological identity of the digits have
been revealed to a certain extent. The first insight into the problem was provided by
the discovery of the zone of polarizing activity (ZPA) and its responsible signaling
molecule, sonic hedgehog (SHH). However, SHH signaling does not directly deter-
mine digit identity. We identified interdigit mesenchymes as the source of signals
that activate SMAD1/5/8 in the phalanx-forming region (PFR) cells in a way reflect-
ing the earlier SHH signaling. PFR is located immediately distal to the condensed
cartilage of the digit primordium and serves as the zone of cartilage differentiation,
and the differential strength of SMAD1/5/8 activation in the PFR was correlated
with digit identity.

Keywords Chick ¢ Digit identity ¢ Interdigit tissue ¢ Phalanx-forming region
* SMAD1/5/8 activity

12.1 Morphological Digit Identity

Humans have five distinct digits along the anterior—posterior (thumb to little finger)
limb axis. In our hands and feet, the thumb/big toe is the widest and shortest among
the five digits and has only two phalanges, whereas the little finger is the narrowest
and smaller than the middle three digits, and the posterior four digits have three pha-
langes. These morphological features of individual digits represent “digit identity.”
To elucidate the mechanisms that endow these morphological features to the digits,
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Fig. 12.1 Skeletal pattern of
the digits in the chick leg.
Four leg digits each have a
unique size, shape, and
phalange number, two to five
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we have employed the chick hindlimb bud as a model system. The chick foot has
four digits, 1-4, which are easily distinguished (Fig. 12.1). Three major morphologi-
cal criteria, the number, size, and shape of the phalanges, were used to identify digits
that developed under experimental conditions (Suzuki et al. 2008). In the chick foot,
digit 1 has two phalanges, digit 2 has three, digit 3 has four, and digit 4 has five. The
shapes of the phalanges are clearly different when the cartilages are stained by
Victoria blue (Suzuki et al. 2008). Phalanges of digit 4 are shorter than phalanges of
other digits. In addition, in all digits, more distally located phalanges are smaller
than those of more proximal phalanges. In this way, the number, size, and shape of
cartilage in the forming phalanges provide the guide to judge digit identity.

12.2 Involvement of the Zone of Polarizing Activity (ZPA)
in the Anteroposterior Differences of the Digits

Hands and feet develop from a cell population of lateral plate mesoderm, called the
limb bud, which grows out from the body wall. If we excise cells of posterior edge
of the limb bud and graft them to the anterior side, mirror-imaged duplication of
posterior digits develops at the grafted side (Saunders and Gasseling 1968). This
tissue area has the activity to provide the posterior limb bud character and is called
the zone of polarizing activity (ZPA) (Saunders 1972). Later studies have shown
that a secreted protein, sonic hedgehog (SHH), expressed in ZPA, provides the limb
bud with the posterior character, and hence allows development of digits with pos-
terior identities (Riddle et al. 1993). The effect of SHH protein is concentration- and
duration time dependent, that is, use of higher concentration of SHH and longer
exposure to SHH promote development of digits with more posterior identity
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(Yang et al. 1997). For this reason, SHH was once thought to be a morphogen,
which is a secreted molecule-forming gradient in the developing tissues and speci-
fies different cell types in a dose-dependent manner that directly determines the
digit identity via its anteroposterior gradient in the limb bud. Transcription factors
GLI1, -2, and -3 function downstream of SHH signaling. Gli37~ mice show poly-
dactyly with all digits having posterior-type digit characters, yet with abnormal size
and shape of phalanges not typical of a single digit (Litingtung et al. 2002).
Shh™=;Gli37~ mice also develop a polydactylous hand identical to Gli3~~. This
result indicates that limbs have potential to form digits without relying on the SHH
signaling (Litingtung et al. 2002).

12.3 “Memory” of SHH Signal Strength Contributes
to Digit Identity

Digits can form without Shh, but SHH signaling affects digit characters in a concen-
tration- and duration time dependent manner. However, the effect of SHH signaling
is indirect, as in the chick foot development Shh expression is turned off before
stage 26 when the digit primordia begin to develop (Dunn et al. 2011). Moreover,
when Shh expression level was lowered from early limb bud stage by genetic means,
digit number was reduced, but individual digits had clear identity (Scherz et al.
2007). These observations suggest the model that limb bud cells retain a molecular
“memory” of SHH signaling at the early limb bud stage (Harfe et al. 2004) and that
this memory contributes to digit identity more directly than SHH signaling.

12.4 The Interdigit Tissues ‘“Memorize”
Earlier SHH Signaling

When interdigit (ID) tissue 2 (ID2) located between digit primordia 2 and 3
(Fig. 12.2a, b), was microsurgically removed, digit 2 developed into digit 1
(Fig. 12.2¢c, d). Similarly, removal of ID3 caused digit primordium 3 to develop as
digit 2 (Fig. 12.2c¢, e) (Dahn and Fallon 2000). This finding indicates that digit iden-
tity has not been determined when the primordia of digit 2 and 3 start to develop,
and that activities of ID tissues 2 and 3 are necessary for the digit identities 2 and 3,
respectively. In addition, when digit 3 primordium was implanted in the ID2 region,
the implanted digit 3 primordium was transformed into digit 2. Conversely, when
digit 2 primordium was implanted in the ID3 region, the implanted digit 2 primor-
dium was transformed into digit 3 (Fig. 12.2f-h). These results indicate that the
interdigit tissue transmits information to the digit primordia for gaining identity
under the influence of earlier SHH signaling.
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Fig. 12.2 Interdigit tissues contribute to the determination of morphological digit identity. a Leg
autopod region of normal chick embryos. pI, p2, p3, and p4, primordia for digits 1, 2, 3, and 4,
respectively; ID1, ID2, ID3, and ID4, interdigit tissues 1, 2, 3 and 4, respectively. b Normal digit
pattern of the chick embryonic leg at stage (St.) 36. ¢, f Schematic drawings of microsurgery in the
chick leg bud. ¢ When ID2 (D) or ID3 (E) was removed, digit 2 developed as digit 1 (d) and digit
3 developed as digit 2 (e). f When digit 3 primordium (p3) or digit 2 primordium (p2) was implanted
in the ID2 or ID3 region, they were transformed and developed as digit 2 (g) or digit 3 (h). The
transformed digits are highlighted in green. Anterior is to the left for all panels

12.5 Inquiry into the Nature of the Molecular “Memory”
of Earlier SHH Signaling

A simplest model drawn from the results of ID tissue removal experiments is that
digit identity is not given to the digit primordia at the beginning, whereas interdigit
tissues provide information to digit primordial for their individual identities. By
removing interdigit tissues individually at different developmental stages, it was
found that the characters (identity) of the digits were determined by stage (St.) 27-,
29, 30, and 30, for digits 4, 3, 2, and 1, respectively (Suzuki et al. 2008). Removal
of interdigit tissues after these stages did not alter the digit characters. As Shh
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expression is turned off after St. 26, earlier SHH signaling must be in “memory” of
certain tissues to more directly determine the digit identity.

When a bead soaked with the bone morphogenetic protein (BMP) antagonist,
Noggin, was implanted in ID3, digit 3 was transformed to digit 2, similar to the case
of ID3 removal (Dahn and Fallon 2000). Therefore, BMP family proteins were can-
didate molecules involved in the determination of digit identity. In the interdigit
tissues, Bmp2/4/7 are expressed (Suzuki et al. 2004). However, compound knockout
mice with ablation of Bmp2/4/7 genes specifically in the limb buds did not alter
digit characters (Bandyopadhyay et al. 2006). No anteroposterior gradient of expres-
sion level was observed in the interdigit tissues for Bmp2, -4, or -7 (Suzuki et al.
2004), suggesting participation of other BMP family proteins or graded responses
in downstream events. Therefore, other BMP-related molecules are now considered
to be involved in the signaling from the interdigit tissues. Strong candidates are
GDF5 and GDF6, which are also expressed in the joint region and interdigit tissues.
Interestingly, the GDFS5 signal is mediated by BMPR1B, and inhibited by Noggin
(Seemann et al. 2005; Merino et al. 1999). In addition, Gdf5” mice show a similar
phalangeal phenotype to Bmprlb™~ mice; specifically, the proximal and middle pha-
langes are fused and reduced to a cartilage nodule (Baur et al. 2000; Yi et al. 2000;
Settle et al. 2003). Thus, it is possible that Noggin-sensitive members of the BMP
family proteins include GDFs that act singly or in combination to determine the
digit identity.

12.6 The Target Tissue of Interdigit-Derived Signals

Figure 12.3 illustrates the local tissue arrangements of the distal portion of limb bud
that later develops into the autopod (hand and foot). The chick foot autopod consists
of four digital rays (DRs), alternating with mesenchymal interdigit tissues. A DR is
composed of the proximal condensed (cartilaginous) digit primordium, the noncon-
densed vascularized mesenchyme, and the distalmost avascular mesenchyme under-
lying the apical ectodermal ridge (AER).

SMADI1/5/8 are phoshorylated in response to BMP signaling. Phosphorylated
SMAD1/5/8 (p-SMAD1/5/8), as detected by immunohistochemistry, was found in
the tissue immediately distal to condensed digit primordium in the forming auto-
pod, called the phalanx-forming region (PFR). PFR corresponds to the cell popula-
tion in the vascularized mesenchyme undergoing condensation and expressing Sox9
and Bmprlb. The PFR cells dynamically turn over with continuous inflow of cells
from avascular mesenchyme underneath the AER and with continuous cell exit by
condensation, supporting cartilage elongation. Cells in the PFR receive signaling
from the interdigit tissues and develop into a particular phalanx by regulation of
cartilage condensation. p-SMADI1/5/8 is also reported for the PFR in mouse
autopods (Witte et al. 2010).
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Fig. 12.3 Tissue organization of a digital ray in the developing autopod, taking digital ray 3 as an
example. Digital ray 3 is placed between interdigit tissue 2 (/D2) and interdigit tissue 3 (ID3). A
digital ray is composed of the proximal cartilaginous digit primordium, the noncondensed vascu-
larized mesenchyme, and the distalmost avascular mesenchyme underlying the apical ectodermal
ridge (AER). A phalanx-forming region (PFR) of vascularized mesenchyme is located immedi-
ately distal to the condensed cartilage of the digit primordium, expresses Sox9 and Bmprlb, and
has the phosphorylated (activated) form of SMAD1/5/8. The PFR cells are in transition from
uncondensed mesenchymal cells to condensed cartilaginous cells. Cell loss from the PFR by car-
tilage differentiation is supplemented by the continuous inflow of cells from the avascular mesen-
chyme underneath the AER

12.7 A Mechanism Involved in the Differential Signaling
by the Interdigit Tissues

The results of ID tissue removal experiments suggested that a more posterior ID
tissue provides digital rays with a posterior digit identity, which is in accord with the
earlier SHH signal gradient that is higher toward the posterior side. The secondary
signal involving BMPs, which act in reflection of the SHH signal memory, would be
in gradient, the highest in ID4 and lowest in ID1.

We developed a system to report the SMADI1/5/8 activity that quantitatively
reflects BMP-related signaling. We fused a Xenopus Vent2 promoter that responds
to SMAD-mediated signaling to the firefly luciferase gene, and inserted this into a
RCAN retrovirus vector with type A envelope. To normalize firefly luciferase activ-
ity in infected cells, we inserted CMV promoter-derived Renilla luciferase gene into
RCAN retrovirus with type B envelope, which guarantees coinfection in the same
cells because of the possession of different envelope types. After infection of these
viruses in the limb bud tissues with these viruses, we isolated the PFR cells of digits
1, 2, 3, and 4 at different developmental stages, from St. 25 to St. 30. Taking
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advantage of this in vivo reporter system, we could quantify SMAD1/5/8 activity
level in the PFR of individual digits. We found that among digits 1-3, SMAD1/5/8
activity in the FPR was the highest in digit 3, followed by digit 2 and digit 1, in that
order. However, the SMAD1/5/8 activity was not the highest in the digit 4 PFR at all
stages; it was the highest only at St. 25 and St. 26 when digit 4 starts to develop.
These results are consistent with a BMP signal gradient model for interdigit tissues
in particular for PFRs 1-3. Indeed, when we inserted the ID3 tissue on the posterior
side of digital ray 1 (DR1), digit 1 was completely transformed to digit 3. In this
experiment, the digit 1 PFR showed a high SMAD1/5/8 activity level comparable to
digit 3 PFR. This result indicates that if the PFR cells activate SMAD1/5/8 to a
higher level, the digit acquires the identity of a more posterior digit. Further, when
ID4 (actually external to digit 4) was removed, digit 4 PFR exhibited higher
SMAD1/5/8 activity, and digit 4 was transformed to digit 3. This observation sug-
gests that the effect of ID4 is to lower the SMAD1/5/8 activity so that the condition
for digit 4 development is met.

12.8 The Current Model of Digit Identity Determination

In the morphogen gradient model, digit primordium is formed as a target tissue of
the SHH, and each digit primordium already has positional information to become
a particular digit; that is, digit identity has been already decided at the limb bud
stage. If the morphogen gradient of SHH works in a concentration- and time depen-
dent fashion, digit identity should be changed to the anterior digit if SHH signaling
was inhibited. However, conversely, mouse digits were not transformed to other
anterior digits when the timing of Shh expression and activity was reduced (Zhu
et al. 2008; Scherz et al. 2007). In addition, Shh expression in the chick foot is unde-
tectable after St. 26 (Dunn et al. 2011) when digit primordium starts to develop.
Therefore, we hypothesized that secondary signaling downstream of SHH directly
determines individual digit identity in the autopod.

Our experimental results suggested that the secondary signaling has differential
intensities that depend on the anteroposterior positioning of the interdigit tissues,
and this difference in signaling intensity determines digit identity (Dahn and Fallon
2000, Suzuki et al. 2008). Further, we identified PFR positioned distally to the digit
primordium as the tissue site of receiving signals from the interdigit tissues
(Fig. 12.4). At an early stage of autopod development, the PFR cells start as vascu-
larized, noncondensed mesenchyme located immediately distal to the already exist-
ing condensed cartilage of metatarsal. The PFR cells express Sox9 and Bmprlib,
activate SMAD1/5/8 by phosphorylation, and themselves serve as precursors for the
cartilage. As these cells condense to form cartilage, the PFR is replenished with
formerly more distally located avascular mesenchymal cells underlying the AER. In
this dynamic sequence of events, the PFR cells are exposed to signals from the
interdigit tissues (yellow arrows in Fig. 12.4) that contribute to endow their digit
identities (i.e., number, size, and shape of phalanges). Thus, digits have not gained
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Fig. 12.4 Model of determination of the morphological identity of the digits involving signaling
from interdigit tissues. Digital rays (DR1, -2, -3, and -4) each have a PFR shown as an ellipse distal
to the condensed cartilage of the digit primordium (pl, -2, -3, and -4). PFR cells receive signals
from interdigit tissues with domination by the signal from the posterior interdigit (ID1, -2, -3, -4)
(shown by yellow arrows). Each PFR activates SMAD1/5/8 to a level in response to the strength of
signals from the adjoining interdigit tissues and undergoes morphological development unique to
the digit

their digit identities when the digital rays start to develop. During development of
phalanges, the interdigit tissues send BMP-related signals to the PFR cells for the
phalange to undergo morphogenesis unique to a particular digit. An important issue
is how PFR cells respond to interdigit signaling and give rise to particular phalan-
geal morphology including number, size, and shape. In summary, our PFR model
assumes that SMAD1/5/8 activation level in the PFR, which reflects the BMP-
related signals derived from the interdigit tissues, determines the digit identity.

A related problem is how each digit position is determined. It is suggested that
the cumulative activity of HoxA13/HoxD11-13 is involved in the determination of
the digit number (Sheth et al. 2012). Usually G/i3~~ mice have 68 digits (Litingtung
et al. 2002). Interestingly, reduction of hoxA13/hoxdl1-13 gene expression levels
caused more severe polydactyly than Gli3-null mutants; for example,
hoxA13*~;hoxd11-137-;Gli37~ mice show a wider autopod along the anteroposte-
rior axis and have as many as 13 digits that are thinner and narrower than in the wild
type. The authors suggested that the reaction—diffusion-type system formulated by
Turing (1952) is involved in this process, although the molecular mechanisms
downstream of hoxAl3/hoxdlI-13 genes are still unknown. Previously, it was
thought that Hox genes are involved in digit identity determination because of
nested expression patterns along the digit primordia (Morgan et al. 1992). However,
it is likely that cumulative activity of HoxA13/HoxD11-13 regulates digit number
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rather than determination of digit identity. It is possible that SHH signaling initially
determines the size of the digit-forming field along the anteroposterior axis, and
then digit number and positions are determined reflecting the autopod width by the
reaction—diffusion-type system downstream of HoxA13/HoxD11-13 activities.
Digit-forming positions assign the identity of later developing digits, because each
digit PFR receives different levels of Smad1/5/8-activating signaling downstream of
SHH, which are derived from posterior-positioned interdigit tissues. Thus, forma-
tion of digit primordia at the correct position is critical to receive precise position-
dependent information from interdigit tissues and to gain correct digit identity.

Unifying the mechanisms of digit positioning and interdigit activity-dependent
digit identity establishment will provide an overall view concerning how the digits
are formed in the autopods.

References

Bandyopadhyay A, Tsuji K, Cox K, Harfe BD, Rosen V, Tabin CJ (2006) Genetic analysis of the
roles of BMP2, BMP4, and BMP7 in limb patterning and skeletogenesis. PLoS Genet 2:e216

Baur ST, Mai JJ, Dymecki SM (2000) Combinatorial signaling through BMP receptor IB and
GDFS5: shaping of the distal mouse limb and the genetics of distal limb diversity. Development
(Camb) 127:605-619

Dahn RD, Fallon JF (2000) Interdigit regulation of digit identity and homeotic transformation by
modulated BMP signaling. Science 289:438-441

Dunn IC, Paton IR, Clelland AK, Sebastian S, Johnson EJ, McTeir L, Windsor D, Sherman A,
Sang H, Burt DW, Tickle C, Davey MG (2011) The chicken polydactyly (Po) locus causes
allelic imbalance and ectopic expression of Shh during limb development. Dev Dyn 240:
1163-1172

Harfe BD, Scherz PJ, Nissim S, Tian H, McMahon AP, Tabin CJ (2004) Evidence for an expansion-
based temporal Shh gradient in specifying vertebrate digit identities. Cell 118:517-528

Litingtung Y, Dahn RD, Li Y, Fallon JF, Chiang C (2002) Shh and Gli3 are dispensable for limb
skeleton formation but regulate digit number and identity. Nature (Lond) 418:979-983

Merino R, Macias D, Gafian Y, Economides AN, Wang X, Wu Q, Stahl N, Sampath KT, Varona P,
Hurle JM (1999) Expression and function of GDF-5 during digit skeletogenesis in the embry-
onic chick leg bud. Dev Biol 206:2161-2170

Morgan BA, Izpisia-Belmonte JC, Duboule D, Tabin CJ (1992) Targeted misexpression of Hox-
4.6 in the avian limb bud causes apparent homeotic transformations. Nature 358:236-239

Riddle RD, Johnson RL, Laufer E, Tabin C (1993) Sonic hedgehog mediates the polarizing activity
of the ZPA. Cell 75:1401-1416

Saunders JW Jr (1972) Developmental control of three-dimensional polarity in the avian limb. Ann
NY Acad Sci 25:29-42

Saunders JW Jr, Gasseling MT (1968) Ectodermal-mesenchymal interactions in the origin of limb
symmetry. In: Fleischmajer R, Billingham RE (eds) Epithelial-mesenchymal interactions.
William & Wilkins, Baltimore, pp 78-97

Scherz PJ, McGlinn E, Nissim S, Tabin CJ (2007) Extended exposure to Sonic hedgehog is
required for patterning the posterior digits of the vertebrate limb. Dev Biol 308:343-354

Seemann P, Schwappacher R, Kjaer KW, Krakow D, Lehmann K, Dawson K, Stricker S, Pohl J,
Ploger F, Staub E, Nickel J, Sebald W, Knaus P, Mundlos S (2005) Activating and deactivating
mutations in the receptor interaction site of GDF5 cause symphalangism or brachydactyly type
A2.J Clin Invest 115:2373-2381



160 T. Suzuki

Settle SH Jr, Rountree RB, Sinha A, Thacker A, Higgins K, Kingsley DM (2003) Multiple joint
and skeletal patterning defects caused by single and double mutations in the mouse Gdf6 and
Gdf5 genes. Dev Biol 254:116-130

Sheth R, Marcon L, Bastida MF, Junco M, Quintana L, Dahn R, Kmita M, Sharpe J, Ros MA
(2012) Hox genes regulate digit patterning by controlling the wavelength of a Turing-type
mechanism. Science 338:1476—1480

Suzuki T, Takeuchi J, Koshiba-Takeuchi K, Ogura T (2004) Tbx genes specify posterior digit
identity through Shh and BMP signaling. Dev Cell 6:43-53

Suzuki T, Hasso SM, Fallon JF (2008) Unique SMAD1/5/8 activity at the phalanx-forming region
determines digit identity. Proc Natl Acad Sci USA 105:4185-4190

Turing AM (1952) The chemical basis of morphogenesis. Phil Trans R Soc Lond B 237(641):
37-72

Witte F, Chan D, Economides AN, Mundlos S, Stricker S (2010) Receptor tyrosine kinase-like
orphan receptor 2 (ROR2) and Indian hedgehog regulate digit outgrowth mediated by the
phalanx-forming region. Proc Natl Acad Sci USA 107:14211-14216

Yang Y, Drossopoulou G, Chuang PT, Duprez D, Marti E, Bumcrot D, Vargesson N, Clarke J,
Niswander L, McMahon A, Tickle C (1997) Relationship between dose, distance and time in
Sonic Hedgehog-mediated regulation of anteroposterior polarity in the chick limb. Development
(Camb) 124:4393-4404

Yi SE, Daluiski A, Pederson R, Rosen V, Lyons KM (2000) The type I BMP receptor BMPRIB is
required for chondrogenesis in the mouse limb. Development (Camb) 127:621-630

Zhu J, Nakamura E, Nguyen MT, Bao X, Akiyama H, Mackem S (2008) Uncoupling Sonic hedge-
hog control of pattern and expansion of the developing limb bud. Dev Cell 14:624-632



Chapter 13
Deciphering Cerebellar Neural Circuitry

Involved in Higher Order Functions Using
the Zebrafish Model

Masahiko Hibi and Takashi Shimizu

Abstract The central nervous system (CNS) in vertebrate species is one of the
most complex structures in the animal body, containing enormous numbers of neu-
rons that connect to each other through their axons and dendrites to carry out com-
plex tasks. Recent comparative anatomical and functional studies of neural circuits
in different vertebrate CNS reveal that, although the structure of the CNS is sim-
pler in lower vertebrates (such as teleosts) than that in mammals, the basic organi-
zation of neural circuitry in the CNS is conserved and the formation of neural
circuits is controlled by similar or identical mechanisms. In this chapter, we focus
on the cerebellum, which is derived from the dorsal part of the most anterior hind-
brain and is involved in motor control and higher cognitive/emotional functions.
We describe the structure and development processes of the cerebellar neurons and
neural circuits in zebrafish and compared them with those in mammals. A variety
of techniques and resources is available for zebrafish research on neural develop-
ment and function, including classical reverse genetics, transgenics, and optoge-
netics. We discuss how studies on neural circuitry in zebrafish provide us with a
general scheme of the formation and function of cerebellar neural circuitry in
vertebrate species.
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13.1 Introduction

The cerebellum is a structure derived from the dorsal part of the most anterior
hindbrain in the vertebrate central nervous system (CNS). The major function of the
cerebellum is considered to be motor control. The cerebellum, however, has con-
nections to the telencephalon and is also implicated in higher cognitive and emo-
tional functions (Ito 2005, 2006, 2008). Compared to neural circuitry in the dorsal
telencephalon, the cerebellar neural circuitry has simpler organization, in which two
inputs from outside the cerebellum are integrated in the cerebellar neurons to gener-
ate outputs (Bell 2002; Bell et al. 2008; Ito 2002a, b). This simple organization has
attracted many scientists, who have interest in the roles and development of the
cerebellar neural circuitry. However, how it develops and functions is not yet fully
understood. Defects in the cerebellum and cerebellar neural circuit in human dis-
eases such as spinocerebellar ataxia cause abnormal motor coordination (Koeppen
2005). Abnormalities in cerebellar neural circuitry have been shown to be involved
in pathogenesis of psychological disorders (Fatemi et al. 2002; Tsai et al. 2012).
Therefore, elucidation of the function and formation of the cerebellar neural cir-
cuitry does not only lead to our better understanding of the brain functions but may
also provide some clues for revealing the pathogenesis of related human diseases
and establishing therapeutic strategies against these.

13.2 Anatomy

13.2.1 Cerebellar Neurons and Layer Structure

Histological organization of the cerebellar neural circuitry has been well known for
over a century, since Ramén y Cajal sketched a section of the chick cerebellum with
the Golgi staining method (Sotelo 2008). Comparative anatomical studies revealed
basic similarities and species-dependent variations in the cerebellum structure
among the vertebrates (Butler and Hodos 1996). The cerebellum contains several
types of neurons, which are categorized according to their function (Altman and
Bayer 1997; Butler and Hodos 1996) (Fig. 13.1a). The excitatory neurons use glu-
tamate as their major neurotransmitter (glutamatergic neurons): they include the
granule cells (GCs), unipolar blush cells, and excitatory projection neurons, which
are large neurons in the deep cerebellar nuclei (DCN) in mammals or eurydendroid
cells in teleosts. The inhibitory neurons use y-aminobutyric acid (GABA) and/or
glycine (simply called GABAergic neurons), and include Purkinje cells (PCs),
Golgi cells, Lugaro cells, candelabrum cells, basket cells, and small neurons in the
DCN (Altman and Bayer 1997; Butler and Hodos 1996; Laine and Axelrad 1994;
Sillitoe and Joyner 2007; Voogd and Glickstein 1998). In a rough classification,
GCs and PCs play major roles in receiving and processing input information; the
projection neurons (large neurons in the DCN or eurydendeoid cells) generate
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Fig. 13.1 Structure of cerebellum and cerebellar neural circuitry. a Schematic representation of
cerebellar neural circuitry in mammals and zebrafish. b Structure of zebrafish adult cerebellum.
Sagittal section image. i, ii Cross-section images at the levels shown in the left panel (i, valuvula
cerebelli; ii, corpus cerebelli). Ba basket cell, Ca candelabrum cell, CC crista cerebellaris, CCe
corpus cerebelli, CF climbing fiber, Cg cerebellar glomeruli, DCN deep cerebellar nuclei (/c large
cell, sc¢ small cell), EC eurydendroid cell (projection neuron), ECN external cuneate nuclei, EG
eminentia granularis, GCs granule cells, GCL granule cell layer, Go Golgi cell, /0O inferior olive
nuclei, LCa lobus caudalis cerebelli, Lu Lugaro cell, LRN lateral reticular nuclei, MF mossy fiber,
ML molecular layer, PC Purkinje cell, PCL Purkinje cell layer, PG pontine gray nuclei, PrCN pre-
cerebellar nuclei (except 10), RTN reticulotegmental nuclei, St stellate cells, 7eo tectum opticum,
UBC unipolar brush cell, Va valvula verebelli, Vam medial division of valvula cerebelli, Val lateral
division of the valvula cerebelli (modified from Hashimoto and Hibi 2012; Hibi and Shimizu 2012)

outputs; and the other neurons (interneurons) function to modify the information
transmitted through GCs, PCs, and the projection neurons. In addition to neurons,
there are astrocytes, Bergmann glia (radial glia-like astrocytes), and oligodendro-
cytes in the cerebellum. These cerebellar neurons and glia are arranged in three
layers: the molecular layer (ML), Purkinje cell layer (PCL), and granule cell layer
(GCL) (Fig. 13.1a, b) from the superficial side. These layers are located over the
inner core composed of the white matter (containing myelinated axons) and the
DCN in mammals, but there is no white matter or DCN in teleosts. The ML contains
dendrites of PCs, axons of GCs, and GABAergic interneurons basket and stellate
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cells. The PCL mainly contains the somata of PCs and Bergmann glia, which extend
glial processes to the ML and GCL. The GCL contains numerous GCs, euryden-
droid cells (in teleosts), and some glutamatergic and GABAergic interneurons.
Many of these cerebellar neurons are conserved among vertebrate species; however,
afew neuronal types, such as basket cells, are not found in lower vertebrates (Altman
and Bayer 1997; Butler and Hodos 1996).

The mammalian cerebellum has ten lobules and each lobule contains the three-
layer structure (Altman and Bayer 1997; Butler and Hodos 1996). The teleost cer-
ebellum is composed of three major lobes: the valvula cerebelli (Va, anterior lobe),
the corpus cerebelli (CCe, main lobe), and the vestibulo-lateral lobe (caudolateral
lobe) that consists of the eminentia granularis (EG) and the lobus caudalis cerebelli
(LCa) (Altman and Bayer 1997; Bae et al. 2009; Butler and Hodos 1996; Wullimann
etal. 1996) (Fig. 13.1b). In the teleost cerebellum, the anterior and main lobes have
the same three-layer structure (ML, PCL, GCL) whereas the caudolateral lobe con-
tains only a GCL.

13.2.2 Cerebellar Neural Circuits

The cerebellar neurons receive excitatory inputs from neurons outside the cerebel-
lum. There are two major afferent inputs, the climbing fibers (CFs) and mossy fibers
(MFs) (Fig. 13.1a). The CFs originate exclusively from the contralateral side of
inferior olive nuclei (IOs) in the caudoventral hindbrain and innervate the PC den-
drites. The MFs originate from neurons in the precerebellar nuclei, including pon-
tine gray (PG) matter nuclei, reticulotegmental nuclei (RTN), the external cuneate
nuclei (ECN), and lateral reticular nuclei (LRN), and make synapses with GC den-
drites that also contact with Golgi cell axons to form the cerebellar glomeruli. The
MF information is conveyed to the dendrites of PCs by the axons of GCs that are
aligned parallel to one another (called parallel fibers). The information from CFs
and MFs is integrated in the PCs. When the two inputs are simultaneously received
by the PCs, a strong CF signal suppresses transmission from parallel fibers by a
mechanism called long-term depression (LTD) (Ito 2002a, b, 2006). PCs project
their axon to the DCN neurons in mammals and eurydendroid cells in teleosts (also
to adjacent PCs, at least at some developmental periods) (Alonso et al. 1992; Altman
and Bayer 1997; Butler and Hodos 1996; Meek 1992). In teleosts, eurydendroid
cells also receive inputs from GC axons through their dendrites in addition to PC
axons, suggesting multiple levels of computation processes. The projection neurons
(the DCN neurons and eurydendroid cells) send their axon outside the cerebellum
(Ikenaga et al. 2005, 2006; Murakami and Morita 1987).

The cerebellar neural circuits are basically conserved between mammals and
teleost species, although there are some differences. In mammals, all GC axons
form synapses with the PC dendrites in the cerebellum, whereas GCs in the cau-
dolateral lobe of the teleost cerebellum project their axons ipsilaterally and contra-
laterally to the dorsal hindbrain crista cerebellaris (see Fig. 13.5a, b). These axons
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first form synapses with the dendrites of PCs in the cerebellum and then with the
dendrites of crest cells (Purkinje-like cells in the hindbrain), whose soma and den-
drites localize in the medial octabolateralis nuleus (MON) and the crista cerebellaris
(CC), respectively (Bae et al. 2009; Bell et al. 2008; Mikami et al. 2004). This cir-
cuit functions as part of the cerebellum; it is likely involved in processing vestibular
information for body balance similarly to the neural circuits in the flocculonodular
lobe in the mammalian cerebellum (Altman and Bayer 1997; Bell 2002; Bell et al.
2008). As discussed next, developmental processes of GC axongenesis in the
caudolateral lobe is slightly different from that in the anterior and main lobes.

13.3 Development

13.3.1 Establishment of the Cerebellum Domain

The cerebellum domain is determined according to the anteroposterior and dorso-
ventral neural patterning. The anteroposterior patterning establishes the isthmic
organizer, which lies at the junction between the midbrain and hindrain [thus also
called the mid—hindbrain boundary (MHB)] and controls the formation of the cer-
ebellum in the most anterior hindbrain (Hidalgo-Sanchez et al. 1999; Joyner et al.
2000; Simeone 2000; Wurst and Bally-Cuif 2001). In the mouse, two homeodomain-
containing transcription factors, Otx2 and Gbx2, play an essential role in position-
ing the isthmic organizer. Otx2 and Gbx2 are expressed in a largely complementary
fashion in the anterior and posterior neuroectoderm at the end of gastrulation, and
the isthmic organizer forms at the boundary of Otx2 and Gbx2 expression domains
(Simeone et al. 1992; Bally-Cuif and Wassef 1994; Acampora et al. 1997; Suda
et al. 1997; Wassarman et al. 1997; Broccoli et al. 1999; Hidalgo-Sanchez et al.
1999; Millet et al. 1999). In zebrafish gbx!I is expressed earlier than ghx2 and is
involved in the initial positioning of the isthmic organizer (Rhinn et al. 2009). gbx/
and gbx2 function redundantly in subsequent development of the cerebellum (Su
etal. 2003). At the late gastrula period, the isthmic organizer genes pax2a, wntl,
engrailed2alb (eng2alb), and fibroblast growth factor 8 (fgfS8) are expressed.
Expression of these genes becomes restricted to the isthmus and mutually depen-
dent during the segmentation period (Wilson et al. 2002). Then other isthmic orga-
nizer genes pax5/8 and fgf17, are activated in a way that is dependent on Pax2a and
Fgf8 (Lun and Brand 1998; Pfeffer et al. 1998; Reifers et al. 1998, 2000).

Once the isthmic organizer forms, Fgf8 and Wnt family proteins (Wnt1 in mouse,
Wntl/3a/10 in zebrafish) play essential roles in morphogenesis and fate determina-
tion of the cerebellum. The Wnt proteins prevent apoptosis, control cell prolifera-
tion, and regulate morphogenesis of the midbrain and cerebellum (Dickinson et al.
1994; Buckles et al. 2004). Fgf8 (Fgf8a in zebrafish) is required for development of
the isthmic organizer and subsequent formation of the cerebellum (Crossley et al.
1996; Liu et al. 1999; Martinez et al. 1999; Picker et al. 1999; Reifers et al. 1998).
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Fgf8 controls fate decision of the cerebellum at least partly through repressing otx
gene expression (Foucher et al. 2006). The significance of Fgf§ has been empha-
sized by identification of zebrafish mutant spiel ohne grenzen (spg), which displays
defects in the formation of the isthmus and cerebellum. The spg locus encodes the
POU domain-containing transcription factor PouSF1 (Pou2), which is the ortho-
logue of mammalian Oct3/4 and confers competence to respond to Fgf8 (Belting
et al. 2001; Burgess et al. 2002; Reim and Brand 2002).

13.3.2 Development of Cerebellar Circuitry

13.3.2.1 Two Neuronal Progenitor Domains: Rhombic Lip and
Ventricular Zone

Neurons in the cerebellum are generated from two germinal zones: the upper thom-
bic lip (URL), which is located at the dorsal surface of the cerebellar primordium,
and the cerebellar ventricular zone (VZ), which is located at the roof of the fourth
ventricle (Altman and Bayer 1997; Wingate 2001; Wingate and Hatten 1999; Zervas
et al. 2004) (Fig. 13.2a, b). The neuronal progenitors in the URL express the bHLH
proneural gene atohl (vertebrate homologue of Drosophila atonal) and generate
glutamatergic excitatory neurons, whereas those in the VZ express another proneu-
ral gene ptfla and generate GABAergic inhibitory neurons, in both mammals and
teleost species (Alder et al. 1996; Ben-Arie et al. 1997; Hoshino 2006; Hoshino
et al. 2005; Kani et al. 2010).

13.3.2.2 Development of GCs and Their Axons

Lineage tracing in mouse reveals that Afohl* neuronal progenitors in the anterior
hindbrain sequentially generate neurons of the tegmental nuclei, the DCN, and then
generate the granule cells (Machold and Fishell 2005; Wang et al. 2005; Wilson
and Wingate 2006; Wingate 2005). In zebrafish, three atohl genes, atohla, atohlb,
and atohlc, are expressed in overlapped domains of the URL (Adolf et al. 2004;
Chaplin et al. 2010; Kani et al. 2010; Koster and Fraser 2001). Lineage tracing with
a zebrafish transgenic line expressing EGFP under the control of the atohla
enhancer/promoter also revealed that the URL progenitors generate the tegmental
nuclei and GCs in the cerebellum (Kani et al. 2010). The dorsomedial URL pro-
genitors that express atohla (and atohlb) expand anteriorly and locate in the sur-
face of the anterior and main lobes (Va and CCe) of the cerebellum primordium at
the beginning of cerebellar neurogenesis (Fig. 13.2c). A part of these cells starts to
express the GC marker Neurod in the superficial domain (Kani et al. 2010)
(Fig. 13.2c¢). Birthdate analysis showed that some Neurod* immature GCs stop their
proliferation and migrate ventrally to the GCL (Kani et al. 2010; Mueller and
Waullimann 2002), suggesting the following sequence of events in the development
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Fig. 13.2 Development of cerebellar neural circuits. a Development of mouse cerebellum. b Two
progenitor zones: upper thombic lip (URL) and ventricular zone (VZ). ¢ Development of zebrafish
cerebellum. d Development of 0lig2* eurydendroid cells, the projection neurons in the cerebellum.
The majority of olig2* eurydendroid cells are derived from VZ and a minor population of them are
from URL. e Development of 10s. Cross-section image at the posterior caudal hindbrain. egl exter-
nal granule (germinal) layer, ig/ internal granule layer (granule cell layer), RP roof plate, 4th V
fourth ventricle. Other abbreviations are described in the legend of Fig. 13.1 (modified from
Hashimoto and Hibi 2012; Hibi and Shimizu 2012; Kani et al. 2010)

of GCs in zebrafish: Atohl* progenitors in the superficial domain — Neurod* pro-
liferating immature GCs in the superficial domain — Neurod* mature postmitotic
GCs in the GCL (Hashimoto and Hibi 2012; Hibi and Shimizu 2012; Volkmann
et al. 2008) (Fig. 13.2c). These developmental steps leading to GC maturation in
the anterior and main lobes are similar to those of GCs in mammalian cerebellum
(Fig. 13.2a). There are, however, notable differences between the mammalian and
fish cerebella. In mammals, Atohl* proliferating cells form a transient amplifica-
tion zone, called the external germinal (or granule cell) layer, and their proliferation
depends on Sonic hedgehog (Shh), which is produced by PCs (Dahmane and Ruiz
i Altaba 1999; Wallace 1999; Wechsler-Reya and Scott 1999) (Fig. 13.2a). In
zebrafish, atohl-expressing cells are located along the midline and the caudal edge,
but do not form a typical external GCL (Chaplin et al. 2010; Kani et al. 2010).
Furthermore, in zebrafish PCs do not produce Shh and GC progenitors do not
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respond to Shh signaling (Chaplin et al. 2010). These data suggest that regulation
of GC proliferation in zebrafish is different from that in mammals.

In contrast to the URL progenitors in the anterior and main lobes, the URL pro-
genitors in the caudolateral lobe (EG and LCa) initially express atohla, but later
express atohlb and/or atohlc (Kani et al. 2010). The cells located laterally in this
domain migrate anterolaterally in a short distance to form EG, but the cells in the
caudal edge stay to form LCa (Volkmann et al. 2008). The GC progenitors in the
caudolateral lobe do not migrate ventrally but the GCs in this lobe extend their
axons ipsilaterally and contralaterally to crest cells, whereas GCs in the main lobe
send parallel fibers to PCs (Bae et al. 2009; Volkmann et al. 2008) (see Fig. 13.5a,
b). Several molecular markers are differentially expressed in the anterior/main lobe
and LCa (Bae et al. 2009). These data indicate that the GC development is differen-
tially regulated between the anterior/main and caudolateral lobes.

13.3.2.3 Development of Purkinje Cells and Their Dendrites

In the mouse cerebellum, the GABAergic neurons, including PCs, are derived from
Pifla-expressing progenitors in the VZ (Hoshino 2006; Hoshino et al. 2005)
(Fig. 13.2a). This process is also conserved for zebrafish PCs. Lineage tracing with
transgenic fish and birthdate analysis revealed that the ptfla* progenitors proliferate
in the VZ; they stop proliferation and migrate dorsally; they end their migration and
differentiate into PCs at the dorsal position (PCL) (Kani et al. 2010) (Fig. 13.2c¢).
Monitoring of atohla* and ptfla* lineages indicated that ventral migration of GCs
and dorsal migration of PCs simultaneously take place and the three-layer structure
is formed in 5 days post fertilization (dpf) (Bae et al. 2009; Kani et al. 2010).

Studies with transgenic fish expressing fluorescence protein Venus or mCherry
specifically in PCs revealed that zebrafish PCs initially have multiple neurites from
the soma and subsequently retract all but one, which becomes the primary dendrite
(Tanabe et al. 2010). The Golgi apparatus locates to the root of the primary dendrite,
and its localization is established in immature PCs having multiple neuritis. Prkei,
an atypical protein kinase C (aPKC), cell autonomously controls Golgi localization
and thereby regulates the specification of the primary dendrite of PCs (Tanabe et al.
2010) (Fig. 13.3).

13.3.2.4 Development of Projection Neurons

The large (excitatory) neurons in the DCN of the mammalian cerebellum are derived
from the Arohl* URL progenitors and they project their axons outside the cerebel-
lum (Machold and Fishell 2005; Wang et al. 2005; Wilson and Wingate 2006;
Wingate 2005). The DCN also contains GABAergic neurons that modulate outputs
of the excitatory neurons. In teleost species, eurydendroid cells are the projection
neurons in the teleost cerebellum (Bae et al. 2009; Butler and Hodos 1996). In con-
trast to the DCN in mammals, there is no GABAergic euryndendroid cell population
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Fig. 13.3 Formation of dendrites of Purkinje cells (PCs). a Schematic drawing for development
of PC dendrites. b Soma and dendrites of PCs and localization of Golgi apparatus in the PCs are
visualized in zebrafish 4.5 dpf (days post fertilization) wild-type or prkci mutant larvae expressing
gap43-mCherry (magenta) and Golgi-Venus (green). Asterisks indicate position of Golgi appara-
tus; arrows indicate position of primary dendrites. PCs have multiple neuritis and retract all but
one, which becomes the primary dendrite. Prkci-dependent Golgi localization plays a role in speci-
fication of the primary dendrite. In a particular case, a PC has multiple Golgi apparatus and pri-
mary dendrites in the prkci mutant larvae (modified from Tanabe et al. 2010)

in the teleost cerebellum (Ikenaga et al. 2005). Marker analysis and retrograde
labeling revealed two types of eurydendroid cells in zebrafish: olig2-expressing
eurydendroid cells and calretinin-immunoreactive (Cr-ir*) eurydendroid cells (Bae
et al. 2009). Olig2 is a proneural gene expressed in both eurydendroid cells and
oligodendrocytes in zebrafish cerebellum (Bae et al. 2009; McFarland et al. 2008).
The majority of olig2* eurydendroid cells (glutamatergic excitatory neurons) are
derived from the ptfia* VZ progenitors; some are derived from the arohla* URL
progenitors (Bae et al. 2009; Kani et al. 2010) (Fig. 13.2d). These observations sug-
gest that the development of the olig2* eurydendroid cells is distinct from the pro-
jection neurons in the DCN. The origin of other eurydendroid cells (Cr-ir*
eurydendroid cells) remains to be clarified.

13.3.2.5 Development of Afferent Fiber Neurons: Mossy
and Climbing Fibers

The precerebellar nuclei for MFs are LCN, ECN, RTN, and PG in mice, and they
are generated from Atohl* neural progenitors in the dorsal edge of the posterior
hindbrain (rhombomere 6-8), which is called the lower rhombic lip (LRL)
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(Landsberg et al. 2005; Rodriguez and Dymecki 2000; Wang et al. 2005; Wilson
and Wingate 2006; Wingate 2005). Some of these cells migrate through the extra-
mural migratory stream, cross the ventral midline, and settle in the contralateral side
of their origin to form LRN and ECN. Some migrate ventrally but stop at the same
side to form RTN and PG. The nature of MF neurons has not been well studied in
teleost species. In contrast, development of the precerebellar nuclei IOs for CFs is
conserved between mammals and teleost species including zebrafish. The IO neu-
rons originate from Ptfla-expressing neuronal progenitors, which are located more
ventrally than the Arohl-expressing cells in the posterior hindbrain (Kani et al.
2010; Yamada et al. 2007). These cells migrate through the intramural migratory
stream and stop before the ventral midline (floorplate) to form IO in the ventral
hindbrain (Fig. 13.2e). The 10 neurons project the CFs contralateraly to PCs. In
mammals, there is a clear topographic map of the CFs, in which neurons in a par-
ticular region of IOs project their axon to PCs in specific area of the cerebellum
(Sugihara 2006; Sugihara et al. 2007; Sugihara and Quy 2007; Sugihara and Shinoda
2004). The topographic map of the CFs is correlated with compartmentalization of
the PCs that can be distinguished by several markers including zebrin II (Sugihara
et al. 2007; Sugihara and Quy 2007; Sugihara and Shinoda 2004; Apps and Hawkes
2009). The CFs innervate somata and/or proximal dendrites of PCs in zebrafish as
observed in developmental stage of mammalian cerebellum (Bae et al. 2009). It is
not clarified yet whether a topographic map exists for the CFs in zebrafish.

13.4 Sustained Neurogenesis from Juvenile
to Adult Stages in Zebrafish Cerebellum

Cerebellar neurons and glial cells are generated after larval stages in zebrafish (Kani
et al. 2010; Kaslin et al. 2009, 2013; Zupanc et al. 2005). GCs, GABAergic neurons
including PCs, Bergmann glial cells are generated during the juvenile stage [1-3
months post fertilization (mpf)]. Neurogenesis of these cells declines in transition
from juvenile to adult stage (after 3 mpf), but the GCs continue to be generated in
the adult cerebellum (Kaslin et al. 2013). There are many proliferating GC progeni-
tors in the ML, and they migrate ventrally to the GCL in both juvenile and adult
cerebellum (Kani et al. 2010; Kaslin et al. 2009, 2013; Zupanc et al. 2005)
(Fig. 13.4C). atohlalb/c and ptfia are expressed in the ML and the VZ, respectively,
of juvenile and adult cerebellum. BrdU labeling of adult cerebellum revealed that
the majority of cells that express atohla, atohlb, atohlc, or Neurod and a fraction
of ptfla-expressing cells maintain proliferation in the adult cerebellum (Kani et al.
2010; Kaslin et al. 2013) (Fig. 13.4A, B). In addition, some of the Bergmann glial
cells and Nestin* cells are found to proliferate in the adult cerebellum (Kani et al.
2010; Kaslin et al. 2009). It is not clear which neuronal progenitors or neural stem
cells generate cerebellar neurons, particularly GCs, in the adult cerebellum. Studies
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Fig. 13.4 Adult neurogenesis. A, B Birthdate analysis of granule cells. Adult zebrafish labeled
with BrdU for 1 h were fixed immediately (A) or 5 days (B) after labeling. BrdU-incorporated cells
were analyzed with anti-BrdU (magenta) and anti-Neurod (green) antibodies. Sagittal sections.
Aa, Ba Higher-magnification views of the boxes in A and B. Arrows indicate immature GCs in the
ML (A, Aa) and mature GCs in the GCL (B, Ba). C Schematic representation of adult neurogen-
esis. In juvenile and adult cerebellum, proliferating GC progenitors are located in the ML and
potentially express atohl genes and Neurod. They migrate to the GCL for remodeling neural cir-
cuitry (modified from Kani et al. 2010)

with a nestin:egfp transgenic line showed that Nestin:egfp* cells contain atohlc*
cells and that they are located near the midline (Kaslin et al. 2013), where atohlalb
are also expressed. Future studies will clarify whether atohla/b/c-expressing cells
and Nestin:egfp* cells represent identical cell populations.

13.5 Function of Cerebellum in Teleosts

13.5.1 Role of Cerebellum in Eyeblink Conditioning
and Adaptation of Oculomotor Responses

LTD has been proposed to play a major role in the functions of the cerebellum (Ito
2002a, b, 2006, 2008; Linden and Connor 1993; Jorntell and Hansel 2006). As
cerebellum-dependent learning paradigms, eyeblink conditioning and adaptation of
the vestibulo-ocular reflex (VOR) have been well investigated. Eyeblink condition-
ing is a typical classical conditioning paradigm. The repeated pairing of a condi-
tioned stimulus (CS; e.g., a tone or light) and an unconditioned stimulus (US; air
puff to the eye) leads to a conditioned response (tone- or light-dependent eyeblinks).
The MFs and CFs are proposed to convey information of the CS and US, respec-
tively (Kim and Thompson 1997; Medina et al. 2000). The VOR is a reflexive eye
movement that stabilizes images on the retina during head movement. The MFs
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Fig. 13.5 Cerebellar neural circuitry in wild-type and cerebellar mutant larvae. a A 5 dpf (days
post fertilization) larva was stained with anti-Parvalbumin7 (green, a maker for PCs and crest cells)
and anti-Vglutl (magenta, a marker of GC axons) antibodies. Dorsal views. b Schematic represen-
tation of cerebellar neural circuitry at early larval stages. GCs in Va and CCe project axons to the
dendrites of PCs, whereas GCs in EG and LCa projects axons to the dendrites of crest cells. ¢
shiomaneki mutant larvae (5 dpf) show defects in axogenesis of GCs in EG and LCa. The GC
axons are short or misrouted (arrows) (modified from Bae et al. 2009; Hashimoto and Hibi 2012)

convey information of head and eye movements whereas the CFs transmit informa-
tion of image motion, known as retinal slips. When information of the retinal slips
is continuously provided, the eye movement becomes faster and more efficient to
minimize the retinal slips (adaptation of the VOR) (Ito 1982; du Lac et al. 1995;
Boyden et al. 2004; Ito 2013). In both eyeblink conditioning and the VOR adapta-
tion, learning depends on the cerebellar neural circuitry. The goldfish is reported to
learn an eyeblink-like conditioned response, and cerebellar lesions prevent this
learning (Rodriguez et al. 2005; Gomez et al. 2010). Cerebellar lesions in goldfish
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also affect VOR adaptation (Pastor et al. 1994, 1997). In zebrafish, the VOR is
reported to start at 3 dpf (Mo et al. 2010). The VOR at this stage may not depend on
the cerebellar neural circuitry, because that develops at later stages, but rather the
cerebellum may be involved in the adaptation process of the VOR. In addition to the
VOR, zebrafish larvae express optokinetic response (OKR) (Brockerhoff et al.
1995; Easter and Nicola 1996; Portugues and Engert 2009; Beck et al. 2004; Marsh
and Baker 1997), which is a combination of a saccade and smooth-pursuit eye
movements that are elicited by moving images. In the OKR, the eyes adapt their
positions to moving objects. Similar to VOR, adaptation of the OKR also involves
the cerebellum in mammals [reviewed in (Ito 2006)], but the cerebellum depen-
dency of the OKR adaptation has not been well studied in teleost species.

13.5.2 Role of Cerebellum in Other Classical Conditioning

Cerebellum lesions or drug-mediated silencing of the cerebellum function in gold-
fish also result in impairments in classical fear conditioning, in which repeating the
CS (light) and the unconditioned fear stimulus (US, electric shock) leads to brady-
cardia in response to the conditioned stimulus (Rodriguez et al. 2005; Yoshida and
Hirano 2010; Yoshida and Kondo 2012; Yoshida et al. 2004). Early-stage zebrafish
larvae move their tail upon a swift touch to a side of the body. When they are trained
to associate a light stimulation (CS) with the touch (US), repeated pairing of the CS
and US results in an enhanced tail movement upon exposure to the light (condi-
tioned response) (Aizenberg and Schuman 2011). During the conditioning, the CS
and US activate different subsets of cerebellar neurons; laser ablation of the main
lobe of the cerebellum disrupts acquisition of the conditioned response (Aizenberg
and Schuman 2011), suggesting the role of the cerebellar neural circuitry in classi-
cal conditioning at the early larval stage. It is, however, also reported that zebrafish
start learning in classical conditioning at the late larval stage (4 weeks post fertiliza-
tion) (Valente et al. 2012). This discrepancy may result from differences in experi-
mental paradigms. Future studies will reveal how early cerebellum-dependent
learning initiates and which components in the cerebellar neural circuitry are
involved in conditioning in zebrafish.

13.5.3 Role of Cerebellum in Motor Adaptation

Zebrafish modify their motor output during swimming according to visual informa-
tion (visual feedback) that is obtained from their surrounding. When an early-stage
zebrafish larva is paralyzed with a muscle relaxant agent and shown an artificially
moving environment, the fish cannot swim but tries to adapt motor output (modify
the motoneuron activities for locomotion) to changes in the virtual environment in
the brain (fictive swimming). The cerebellar neural circuitry is activated during the
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adaptation of fictive swimming, and lesions of the CFs prevent the adaptation
(Ahrens et al. 2012), indicating that the cerebellar neural circuits are involved in the
visual feedback-dependent motor adaptation in early-stage larvae. All these obser-
vations indicate that, as is the mammalian cerebellum, the teleost cerebellum is
involved in motor control and learning behaviors.

13.6 Perspectives: What Do Studies with Zebrafish Tell Us?

13.6.1 Unsolved Questions for Development of the Cerebellar
Neural Circuitry

There are many questions about the development of the cerebellum and cerebellar
neural circuitry that remain to be elucidated. How do the URL and VZ progenitors
generate diverse sets of cerebellar neurons? How do the GCs and PCs migrate and
develop their axons and dendrites? Interaction of numerous parallel fibers of the
GCs and complex dendrites of the PCs is a prerequisite for computation in the cer-
ebellum. Parallel fibers of the GCs are conserved among vertebrate species, but the
mechanism controlling the formation of the parallel fibers is not yet well under-
stood. We are beginning to understand how PCs develop the complex dendritic
structure in mammals (Fujishima et al. 2012; Kaneko et al. 2011), but the molecular
and cellular mechanisms for dendrite formation are not fully understood. A topo-
graphic map exists for CFs in mammals, but only a few molecules are shown to be
involved in the precise connection of CFs and PCs (Nishida et al. 2002).

13.6.2 Unresolved Questions for Functions of Cerebellar
Neural Circuitry

It is more challenging to understand the function of the cerebellar neural circuitry.
As described here, the cerebellar neural circuitry is involved in adaptation of motor
control and learning (e.g., classical conditioning) in both mammals and zebrafish. In
humans, the cerebellum is proposed to be involved in mental activities (Ito 2008).
During complex mental activities (e.g., playing chess or Go games), at least part of
the cerebellum is activated. Mental disorders, including autism and developmental
dyslexia, are known to link to dysfunction of the cerebellum (Ito 2008). These find-
ings suggest that the cerebellum cooperates with the cerebrum to elicit mental activi-
ties. We do not know whether the cerebellar neural circuitry also controls complex
mental activities in teleost species. It is also not known what kind of information
individual components of the cerebellar neural circuitry receive, integrate, and out-
put; and where memory is stored for a long time period in motor control and
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learning. Electrophysiological analysis has been used to monitor activities of subsets
of neurons and has revealed the roles of individual neurons and their axons/dendrites
in motor control by the mammalian cerebellum (reviewed by Ito 2002a). However,
imaging of the entire neural circuitry and manipulation of individual components
are necessary to completely understand the roles of cerebellar neural circuitry in
motor control and learning (and in mental activities).

13.6.3 Techniques to Resolve the Questions in Teleost Species

The morphology-based screening of mutants affecting cerebellum development
revealed genes that control activity of the isthmic organizer and formation of the
cerebellum, including pax2a, fgf8a, and pou5fl (Brand et al. 1996; Schier et al.
1996). We previously reported isolation of zebrafish mutants that have defects in the
formation of cerebellar neurons and neural circuitry (Bae et al. 2009). These mutants
can be used for understanding the development and function of the cerebellar neural
circuitry.

Many transgenic zebrafish lines are available for studies of development and
function of cerebellar neural circuits. Enhancer and/or gene trap screens using
transposon systems (Tol2 or Sleeping Beauty) and Gal4-UAS establish transgenic
lines that can express the gene of interest in specific neurons (Asakawa et al. 2008;
Scott and Baier 2009; Scott et al. 2007; Heap et al. 2013; Ogura et al. 2009). The
Gal4-UAS lines and cerebellar neural circuitry-specific promoters can be com-
bined with various systems to monitor and modify the neurons: (1) monitoring of
neuronal activities with fluorescent Ca?* indicators (Nakai et al. 2001; Muto et al.
2011, 2013), (2) monitoring of cell polarity and cytoskeletons with fluorescent
fusion proteins (Distel et al. 2010; Distel et al. 2011), (3) imaging of neuritis with
multicolor fluorescent proteins (brainbow/zebrabow techniques) (Livet et al. 2007;
Pan et al. 2013), (4) cell ablation with nitroreductase (Curado et al. 2007; Pisharath
et al. 2007), (5) neuronal silencing with tetanus toxin (Asakawa et al. 2008), and
(6) neuronal activation and silencing with optogenetic tools, such as channelrho-
dopsin, halorhodopsin, and archaerhodopsin (Boyden et al. 2005; Douglass et al.
2008; Arrenberg et al. 2009; Kimura et al. 2013; Umeda et al. 2013). Various types
of microscopes are now available for Ca?* imaging and manipulating neuronal
activities. It is recently reported that a light-sheet microscope can be used for
recording neuronal activities from the entire volume of the zebrafish larval brain in
vivo at 0.8 Hz (Ahrens et al. 2013). A microscope equipped with a digital micro-
mirror device can be used to activate optogenetic proteins in specific neurons
(Kimura et al. 2013). Furthermore, recent genome editing techniques with the
TALEN or CRISPR/Cas system enable us to readily knock out genes (Dahlem
etal. 2012; Xiao et al. 2013; Hwang et al. 2013; Gaj et al. 2013; Huang et al. 2011;
Sander et al. 2011).



176 M. Hibi and T. Shimizu

13.6.4 Approaches for Understanding the Cerebellar
Neural Circuitry

We have undertaken different strategies to resolve the questions for the cerebellar
neural circuitry. First, we have been investigating phenotypes of the cerebellar
mutants (Bae et al. 2009) and trying to identify genes responsible for these mutants.
We have a particular interest in mutants displaying abnormalities in specific cere-
bellar neurons. gazami mutant larvae have normal PCs but strongly reduced GCs
and their axons, implying a role of the gazami locus in GC development. shio-
maneki mutant larvae show specific defects in the GC axons to crest cells (but not in
the parallel fibers of the GCs; unpublished data) (Fig. 13.5c), suggesting that the
shiomaneki locus encodes a molecule that is involved in axon guidance of the GCs.
We have identified the gene locus for gazami and shiomaneki mutants (unpublished
results). The gene products have not previously be reported to function in develop-
ment of the cerebellar neural circuitry in mammals. Medaka is another model tele-
ost species that has been used for genetic and behavioral analyses for a long time.
A medaka spontaneous mutant rolling (ro) shows ataxic swimming behaviors and
defects in adaption of the OKR (unpublished data); the phenotypes of the ro mutant
may be comparable to the symptoms seen in human cerebellar defective patients.
We have identified the gene responsible for the ro mutant, the gene product of which
is known to function at various aspects of development and function of neural cir-
cuits in mammals (unpublished results). Studies with the zebrafish and medaka
mutants may shed light on previously unrecognized mechanisms controlling the
development and function of the cerebellar neural circuitry.

We can visualize developmental processes and function of individual compo-
nents of the cerebellar neural circuits using gene/enhancer trap screening (Asakawa
et al. 2008), coupled with fluorescent protein-expressing reporter lines (Kani et al.
2010; Tanabe et al. 2010). Such studies will provide anatomical information (con-
nectome) and reveal molecular mechanisms by which precise neuronal connections
are established (e.g., topographic map of the CFs). We can even isolate specific
cerebellar circuit neurons by FACS (fluorescence-activated cell sorting) and charac-
terize them in molecular terms. Knockdown (by antisense morpholinos) or knock-
out (by TALEN or CRISPR/Cas systems) of genes will reveal functions of the newly
identified genes. These data will provide us with clues for understanding molecular
mechanisms controlling the formation of cerebellar neural circuitry. Comparing the
gene expression data from mammalian cerebellum (Furuichi et al. 2011), we will be
able to discuss evolution of the cerebellar neural circuits in vertebrate species.

The cerebellar circuit neuron-specific Gal4 lines can also be used for functional
analysis. We are setting up analyses of learning behaviors in zebrafish in which the
cerebellar neural circuitry is likely involved. We will be able to monitor neuronal
activities of cerebellar neural circuits with the fluorescent Ca?* indicators (GCaMPs)
and manipulate them with optogenetic tools or cell/neuronal toxins during the learn-
ing processes. Combining imaging and electrophysiology techniques, we will be
able to determine which cerebellar circuit neurons convey what kind of information
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during learning, and which neurons are involved in the learning and memory
formation. Using mutants and gene knockout techniques, we will be able to under-
stand molecular mechanisms controlling the function of the cerebellar neural cir-
cuitry during learning. We hope to extend these studies to understand the role of
more complex functions of the cerebellar neural circuitry, such as mental activities,
in the future.
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Chapter 14

Primitive Erythroblast Cell Autonomously
Regulates the Timing of Blood Circulation
Onset via a Control of Adherence

to Endothelium

Atsuo lida

Abstract Blood circulation is essential for the maintenance of life. It starts from the
early embryonic stage and continues throughout the entire lifetime. However, it
remains unclear how the circulation of blood starts in early development. This chapter
introduces an active mechanism involving the primitive erythroblasts for the onset of
blood circulation by monitoring fluorescently labeled blood precursors and blood
vessels in transgenic zebrafish. The earliest erythroblasts are generated in the extra-
vascular region and enter into the vascular tube by interacting with the endothelial
cells. They continue to adhere to the vascular lumen and are not released into the
bloodstream soon after the invasion. ADAMS, a membrane-bound metalloprotease
expressed in the erythroblasts, mediates the onset of blood circulation by an abroga-
tion of blood—vessel contact. In adamS8-depleted embryos, the erythroid cells fail to
detach from the vascular lumen and stagnate. Biochemical assay indicates that
ADAMBS is an active protease that cleaves the membrane-anchored cell adhesion mol-
ecules such as PSGL-1. These findings suggest that the primitive erythroblasts have a
cell autonomous function in regulating the timing of the onset of blood circulation.

Keywords ADAMS ¢ Blood circulation * Proteolysis ¢ Zebrafish

14.1 Primitive Hematopoiesis and Onset of Blood
Circulation in Vertebrates

In almost all animals, the cardiovascular system is critical to the maintenance of
life. Blood circulation, particularly, functions as the central component of the
system that carries oxygen throughout the body. The supply of oxygen by the
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Fig. 14.1 The early hematopoietic system is conserved among vertebrates. Generation of primi-
tive erythroblasts (magenta) and endothelial cells (green) from mesodermal cells is followed by
differentiation of the endothelial cells into the vasculature and release of the erythroblasts into
circulation. The hematopoietic stem cells (HSC) are generated in the aortic lumen (blue) after the
onset of blood circulation. £ embryonic day

circulating erythrocytes is already initiated at birth and continues for the entire
lifetime. Despite its importance, how blood circulation starts during early develop-
ment is mostly unknown. The circulatory system is composed of vasculatures, blood
cells, and cardiac components. In the mouse, the first endothelial cells and hemato-
poietic cells arise in the blood island of the extra-embryonic yolk sac at embryonic
(E) day 7.5, and the heartbeat-dependent circulating blood is observed around the
E8.5 stage (Palis et al. 1999). The hematopoietic system that arose on the yolk sac
is called the primitive hematopoiesis. In addition, vertebrates have another hemato-
poietic system. The definitive hematopoiesis initiates at a later stage of the primitive
process during development and involves the generation of all types of hematopoi-
etic cells from the hematopoietic stem cells (HSC) present in the adult bone marrow.
Recently, time-lapse imaging has revealed that the first “definitive” hematopoietic
cell is generated from the lumen of the dorsal aorta of the aorta-gonad-mesonephros
(AGM) region at E9.5 (Boisset et al. 2010) when the blood circulation is already
initiated. Thus, the initially circulated erythroblasts are derived from primitive
hematopoiesis (Fig. 14.1). The primitive hematopoiesis-derived cells that undergo
differentiation into predominantly erythrocytes and some myeloid lineage cells are
directly generated from the mesodermal precursor cells and not via HSC.
Additionally, mesodermal cells also give rise to the endothelial cells, which form
the vascular plexus on the yolk sac. Thus, the primitive erythroblast is the first
circulated blood cell that enters into the blood vessel and initiates circulation on
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the yolk sac at E8-9. Previous studies have reported the behavior of primitive
erythroblast in live embryos using whole embryo culture methods (Jones et al.
2002; Lucitti et al. 2007). However, there still are many questions to be solved about
the behavior of these cells, such as the “pathways for entrance into the vasculature”
or the “required factors for the circulation onset” in mammalian development.
Native cell behaviors in the embryo in the mother’s body are not easy to observe in
current mammalian models. Thus, we used zebrafish as a model for these studies,
because their eggs are fertilized and developed outside the mother’s body.

14.2 Zebrafish, a Model for Live Imaging of Primitive
Hematopoiesis

The zebrafish is a powerful tool that may be applied to such investigations because
of the experimental advantages that it offers, such as (1) a transparent body in early
development, (2) transgenic technologies for labeling specific cell lineages, and (3)
a hematopoietic system similar to mammals. In zebrafish, the first erythroid cells
generate the lateral plate mesoderm, which is bordered by endothelial cells
(Davidson and Zon 2004). The mesodermal cells migrate together to the midline of
the body and are called the intermediate cell mass (ICM); the endothelial cells form
the first vascular tubes (Jin et al. 2005). The erythroblasts enter into the vascular
tubes and start circulating through the plasma flow (Fig. 14.1). Although these
events correspond to the primitive hematopoiesis and vascular formation in the
blood island of the yolk sac in the mouse, the actual behavior of the living cells has
not been previously reported. Recent advances in genetic engineering and innova-
tions of the high-power microscope have allowed the development of high-resolution
live imaging using zebrafish. Using a transgenic zebrafish in which blood vessel and
erythroid precursor cell are labeled with green fluorescent protein (GFP) and red
fluorescent protein (RFP), endothelial and hematopoietic cell behavior can be
tracked in the living embryo (Lawson and Weinstein 2002; Kitaguchi et al. 2009).

14.3 Live Imaging of Onset of Blood Circulation in Zebrafish

Time-lapse imaging revealed the behavior of erythroblasts and endothelial cells before
the onset of blood circulation. The early erythroblasts generated in the ICM were
clustered in the ventral region of the dorsal aorta (DA) at 20-22 h post fertilization
(hpf). A portion of the endothelial cells segregated into the ventral region of the DA,
where they were organized into the posterior cardinal vein (PCV) at 23-24 hpf
(Herbert et al. 2009; see also Fig. 14.2). Advanced vessel formation led to the localiza-
tion of the ventral erythroblasts into the subaortic region, which is present between the
DA and the PCV. Then, the erythroblasts gradually migrated into the lumen of both
vascular tubes. Even though intravascular erythroid precursors were accumulated in
the vasculature, circulation did not commence immediately after the invasion. Only
upon nearly complete invasion by the erythroblasts were they synchronously released
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Fig. 14.2 Formation of blood vessels and onset of blood circulation in zebrafish. Formation of
blood vessels (upper) and behavior of the primitive erythroblasts (lower) in the intermediate cell
mass (/CM) region of zebrafish embryo (purple square in Fig. 14.1) are illustrated. First, the dorsal
aorta (DA) appears in the dorsal region of the erythroblast [22 hours past fertilization (hpf)]. Some
endothelial cells segregate ventrally and form the posterior cardinal vein (PCV) (23 and 24 hpf).
After formation of the vessels, the erythroblasts enter both (26 hpf). The intravascular erythro-
blasts accumulate in the vasculature briefly (27 hpf) and then start circulating (~28 hpf)

into the flow and was circulation initiated (Figs. 14.2 and 14.3a). These results suggest
that the timing of the onset of primitive blood circulation is strictly controlled.
Interaction between the endothelial cells and the erythroblasts was observed during
the invasion and the accumulation stages. High-resolution imaging of the erythro-
blasts revealed that most of them are attached to the lumen of the blood vessels via tiny
membrane protrusions after the invasion (Fig. 14.3b). Further, electron microscopy
confirmed contact of the erythroblast with the vessel lumen during and after invasion
into the vasculature. Membrane protrusions belonging to the erythroblasts were
observed in the live imaging as well as the electron micrographs, which suggested the
involvement of integrin-mediated focal adhesion between erythroblasts and the vascu-
lature (Fig. 14.2¢). Indeed, the focal adhesion protein vinculin was strongly localized
at the blood—vessel interface in the subaortic region and only weakly in the lumen of
vessels before the onset of blood circulation. The vinculin signal decreased after the
initiation of blood circulation, implying that the onset of blood circulation is associ-
ated with an abrogation of the blood—vessel adhesion (lida et al. 2010).

14.4 Requirement of Intravascular Proteolysis
for Blood Circulation

Intravascular proteolysis is one of the mechanisms involved in the abrogation of the
heterologous cell—cell interactions. A metal chelator 1,10-orthophenanthroline and
an active site-binding hydroxamate GM6001 are commonly used inhibitors for
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Fig. 14.3 Interaction of the primitive blood cells with the endothelial cells before the onset of
circulation. (a) Time-lapse images capture the initiation of blood circulation with representative
live-imaging stills from a key moment when primitive blood starts to flow in an embryo. On sig-
nificant vessel formation at around 26 hpf (0 min), RFP* cells in the subaortic region become
prominently motile and begin invasion into the DA and posterior cardinal vein (PCV) one after
another. Sequential blood invasion into the DA (72 min) is followed by the sudden onset of circula-
tion in the DA (74 min). Finally, most of the RFP* cells in the vasculature start to flow all at once
(76 min). Bar 25 pm. (b) Time-lapse images of invasion into the PCV in the wild-type embryo. An
erythroid cell adheres to the PCV with protrusions post invasion. Bar 5 pm. (¢) Representative
electron micrographs of transverse section of embryos at 27 hpf show erythroid cells in the subaor-
tic region, in the PCV, and during invasion through the endothelial cell layer. Bar 10 pm. ¢ Electron
micrograph of transverse section of embryo shows aorta, cardinal vein, and subaortic region
between them. Black boxes indicate areas shown enlarged in ¢’ and ¢”. ¢’ Enlargement of ¢ shows
an invading erythroid cell (BC, blood cell) surrounded firmly by endothelial cells (EC). BC blood
cell. ¢” Enlargement of ¢ shows erythroid cell tethered to the lumen of the PCV. White arrowheads
point to blood—vessel contact; black arrowhead points to vessel-vessel contact

metalloproteases, including matrix metalloproteases (MMP) and ““a disintegrin and
metalloproteinases” (ADAMs) (Arribas et al. 1996; Moss and Rasmussen 2007).
Injecting these solutions into the vasculature at the pre-circulation stage, when the
plasma flow has already occurred, resulted in a partial accumulation of erythroblasts
in the vasculature post circulation (lida et al. 2010). These results indicated that
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Fig. 14.4 Membrane metalloproteases release the extracellular domain of membrane-bound pro-
teins. a Typical ADAM protease possesses an amino-terminal metalloprotease domain, followed
by a disintegrin domain, a cysteine-rich region, an EGF-like repeat, a transmembrane domain, and
a cytoplasmic domain. b ADAM is implicated in the ectodomain shedding of membrane-bound
proteins, such as adhesion molecules or growth factors. A cleaved extracellular domain is released
from the cell surface in response to ectodomain shedding

intravascular metalloproteases play some role in the abrogation of the blood—vessel
interaction in the lumen of the vasculature.

ADAM family proteases are candidates for the detachment of blood from the
vessel wall because of their demonstrated role in the ectodomain shedding of vari-
ous cell adhesion molecules such as E-, N-, and VE-cadherin, L-selectin, and
P-selectin glycoprotein ligand-1 (PSGL-1) (Edwards et al. 2008; see also Fig. 14.4).
In circulatory systems, ADAMI0 regulates the functions of a VE-cadherin-
dependent endothelial cell and in vitro leukocyte transendothelial migration (Schulz
et al. 2008). ADAMS is another candidate protease for the blood—vessel interaction,
which is distributed in the hematopoietic tissues of mammals such as peripheral
blood, bone marrow, and thymus. ADAMS expressed in neutrophils catalyzes
L-selectin shedding (Gémez-Gaviro et al. 2007). However, the in vivo physiological
functions of ADAMS proteases are mostly unknown. In the development of zebraf-
ish, the adams transcript was highly expressed in the primitive erythroblasts located
in the subaortic region, which were low in the intravascular erythroid cells (Iida
et al. 2010). In the adam8 knockdown embryo using morpholino antisense oligo-
nucleotides, primitive erythroblasts stagnated in the vasculature without apparent
abnormalities in vascular formation and blood invasion (Fig. 14.5a—d). Moreover,
normal heartbeat and plasma flow were also initiated in adam8-deficient fish and the
resulting phenotype was similar to that from the foregoing inhibitor assay. Thus,
zebrafish adamS regulates the timing of onset of blood circulation without involve-
ment in the development of the cardiovascular system. The erythroblasts lacking
adam8 express gatal and a-el-globin transcripts (lida et al. 2010), and undergo
differentiation into o-dianisidine-positive mature erythroid cells that possess the
ability to carry oxygen. These results suggest that adam8 is required for blood
circulation rather than the cell fate determination of erythroid precursors.
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Fig. 14.5 ADAMS is essential for the onset of primitive blood circulation. (a, b) Representative
images of live embryos injected with control (a, b) and adam8 morpholino oligo (a’, b") observed
by stereomicroscopy at 30 hpf. An accumulation of RFP* erythroblasts in the trunk is evident in
adam8 knockdown fish (white arrowheads). Bars 250 pm. ¢ Representative Z-stack images of the
control (¢) and adam8 knockdown embryos (¢’) at 30 hpf. Intravascular blood accumulation is
apparent in the adam8 knockdown fish. Bars 25 pm. (d) Time-lapse image captures the failure of
onset of blood circulation in adam8 knockdown fish at 26-30 hpf. (e) Representative electron
micrographs of transverse section of adam8 morphants at 27 hpf. Erythroid cells adhere to the
endothelial cells in the lumen of the PCV. Bars 10 um (left panel); 1 pm (right panel)

Overexpression of protease-defective ADAMS (EQ mutant) in primitive erythro-
blasts resulted in the inhibition of the onset of blood circulation, albeit without
failure in vascular formation or heartbeat, similar to the knockdown assay (lida
et al. 2010). These dominant negative effects not only indicated the autonomous
role of ADAMS in the erythroblasts but also suggested a requirement for ADAMS
metalloprotease activity in the abrogation of blood—vessel adhesion. Moreover, the
adam8 knockdown embryo exhibited remarkable adhesion between erythroid cells
and the lumen of the vasculature in electron micrographs (Fig. 14.5¢) and displayed
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Fig. 14.6 Onset of blood circulation depends on metalloprotease. a Mouse ADAMS (mADAMS),
protease-defective mADAMS (mADAMS EQ), zebrafish ADAMS (zZADAMS), zADAMS EQ, or
empty vector cDNA was coexpressed with zebrafish PSGL-1-HA in HEK-293T cells. Ectodomain
shedding was assessed by Western blotting for HA. Signals for long forms (L) were decreased and
those for short forms (S) were increased significantly by expression of mADAMS and zZADAMS,
but not by expression of EQ mutants. b This cartoon indicates the function of ADAMS present on
the erythroid cell. ADAMS cleaves the adhesion molecules responsible for the blood—vessel con-
tact (upper). Loss of this function results in strong adherence of the erythroid cells to the vascular
lumen (lower)

an increase in vinculin signal on the surface of erythroid cells (Iida et al. 2010).
These results suggest a critical role of ADAMS as a protease in disrupting the
blood—vessel adhesion at the onset of blood circulation.

L-selectin has been previously reported as a substrate for ADAMS (G6émez-
Gaviro et al. 2007); however, the [-selectin ortholog gene has not yet been identi-
fied in the zebrafish genome. Another candidate for adhesion substrate molecule is
the P-selectin glycoprotein ligand-1 (PSGL-1), which is a major mucin-type adhe-
sion protein present in mammalian blood. PSGL-1 existing on a leukocyte is
required to act as a ligand for E-, L-, and P-selectin present on an endothelial cell
for “leukocyte rolling,” resulting from the loose interaction between blood cells
and vascular lumen (McEver and Cummings 1997; Ley et al. 2007). Furthermore,
recombinant soluble PSGL-1 accelerates thrombolysis and prevents occlusion
(Kumar et al. 1999), and some metalloproteases such as mocarhagin, BASE, or
ADAMI0 are known to degrade PSGL-1 (De Luca et al. 1995; Lichtenthaler et al.
2003). In the zebrafish embryo, the psgl-1 ortholog gene is ubiquitously expressed,
including the ICM region. Biochemical assay indicates that murine and zebrafish
PSGL-1 are shed by both murine and zebrafish ADAMS depending on their prote-
ase activity in cultured mammalian cells (Fig. 14.6a). Thus, ADAMS is an active
metalloprotease that can shed the ectodomain of a cell adhesion molecule such
PSGL-1 (Fig. 14.6b).
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14.5 Conclusion

This chapter describes the significance of heterologous cell-cell interactions
occurring between primitive hematopoietic cells and endothelial cells during devel-
opment of the cardiovascular system. The primitive erythroblasts interacting with
the endothelial cells pass through three states to initiate blood circulation in zebraf-
ish: (1) invasion through the endothelial cell layer, (2) “idling” or pausing on the
lumen of the vasculature, and (3) an almost simultaneous release into circulation.
This dissection revealed the role of ADAMS in the progression from idling to the
release of blood cells. ADAMS contributed to the onset of blood circulation via
cleavage of cell adhesion molecules such as PSGL-1. In the case of loss of this func-
tion, the erythroblasts stagnated in the vasculature and were unable to enter into the
bloodstream at an appropriate time. Based on these findings, we propose that the
onset of primitive blood circulation is regulated not only passively by blood flow or
cardiovascular development but also by the autonomous proteolysis catalyzed by
ADAMS in the blood cell (Fig. 14.7).

Why does the onset of primitive blood circulation require an autonomous regula-
tion in addition to heartbeat-dependent passive control? First, proteolysis allows the
segregation of the population of blood cells to be released into the circulation from

‘ Invasion ‘—)‘ Idling ‘—-» | Release ‘_’l Circulation ‘

mu\sm FLOW
blood vessel

@ @ =0

sub-aortic region

\ Cell adhesion molecule related to the “invasion”
w Cell adhesion molecule related to the “idling” (PSGL)
S Metalloprotease (ADAMS)

Fig. 14.7 A working hypothesis on the onset of primitive blood circulation. Initially, primitive
erythroblasts in the subaortic region enter the vasculature with the aid of an endothelial cell adher-
ent (“Invasion”). The intravascular erythroid cells are not released into the bloodstream upon inva-
sion as they keep adhering to endothelial cells (“Idling”). On near completion of the invasion or the
maturation of the vascular system, the blood—vessel adhesion is abrogated by ectodomain shedding
of the adhesion molecules such a PSGL-1 by ADAMS (“Proteolysis”). Subsequently, the erythroid
cells are released into plasma flow (“Circulation”)
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those retained on the vasculature, as a portion of the erythroid precursors remain
attached to the vessels after the start of blood circulation in wild-type embryos
(Fig. 14.3a: 90 min). Moreover, another population of erythroid precursors located
in the posterior blood island is likely to remain adhered to endothelial cells. Second,
the onset of blood circulation is required to be strictly associated with development
of the circulatory organ to prevent any leakage or congestion before the completion
of vasculogenesis. The vascular diameter actually narrows during the erythroblast
invasion and expands afterward (Fig. 14.3a).

Similar cell autonomous, proteolysis-dependent mechanisms responsible for the
release into circulation may be used by various blood cell types in other vertebrates.
The primitive erythroid cells in mice move from the blood island to the embryo
proper in a stepwise pattern and not gradually (McGrath et al. 2003). AdamS is also
expressed in adult hematopoietic tissues such as bone marrow and thymus in mice
(The FANTOM Consortium 2005). All the outlined evidence supports the hypoth-
esis that has been put forth. Although Adam8-deficient mice survive without major
developmental defects (Kelly et al. 2005), whether primitive or definitive blood
circulation is affected in these mice remains elusive.

As described, oviparous animals including the zebrafish have some advantages
for developmental biology and cell biology compared to viviparous animals such as
mice. In this study, we identified the synchronous circulation onset of the primitive
erythrocytes in zebrafish development. On the other hand, the definitive blood cells
generated from the HSCs might be serially released into the blood flow throughout
a lifetime. Recently, the HSC could be visualized and traced in zebrafish (Bertrand
et al. 2010; Kissa and Herbomel 2010). In the future, we would like to reveal the
blood cell behavior and significance of interactions to the extracellular niches,
including endothelial cells, using such vertebrate models.
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Chapter 15

Limb Regeneration: Reconstitution

of Complex Organs Using Specific Tissue
Interactions

AKkira Satoh

Abstract Limb regeneration in amphibians has been investigated for a long time
because we still have not found a way to regenerate our body parts. Urodele amphib-
ians generally have the ability to regenerate most of their organs. Limb regeneration
has been investigated as a representative phenomenon of their high regeneration
ability. Limb amputation in urodele amphibians causes regeneration blastema for-
mation. A regeneration blastema is composed of undifferentiated cells called blas-
tema cells. This blastema induction mechanism is the issue that has been the focus
of study for a long time. Nerve tissue is known to be key for successful blastema
formation and limb regeneration. Despite the importance of the nerve tissue in limb
regeneration, its molecular description is not well established. Recently, a brand-
new experimental system called an accessory limb model (ALM) was reported that
is designed to reveal minimum and necessary tissue interaction including nerves. In
this chapter, necessary tissue interactions for blastema induction in the ALM and
related molecular descriptions are given.

Keywords Accessory limb model (ALM) ¢ Apical epithelial/epithelium cap (AEC)
* Blastema ¢ Dedifferentiation ¢ Limb regeneration * Nerve factor

15.1 Background of a Brand-New Experimental System
in Urodele Amphibian Limb Regeneration

The history of amphibian limb regeneration is relatively long, spanning more than
240 years. The first study of amphibian limb regeneration was published in 1769 by
Spallanzani (1769). The reason why amphibian limb regeneration has been studied
for such a long time is very simple: we humans cannot regenerate our limbs and
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Fig. 15.1 Histology of the regeneration blastema in the amputated limbs. Black lines indicate the
approximate border of the blastemas (regenerations). Cartilage is visualized by Alcian blue

amphibians can. The mystery is still outstanding so far and many scientists are still
eagerly challenging it.

Blastema induction mechanism is the one of the biggest unsolved issues in this
field. A regeneration blastema is the structure that forms after limb amputation in
regenerative animals. In the early phases, a blastema consists of undifferentiated mes-
enchymal cells called blastema cells and an epithelial structure called the apical epi-
thelium/epidermal cap (AEC) (Fig. 15.1). Later, undifferentiated blastemal
mesenchyme differentiates into limb tissues, such as cartilaginous cells. Blastema
cells are derived from varied limb tissues. It is noteworthy that dermis-derived blas-
tema cells show a certain grade of multipotency in limb regeneration (Hirata et al.
2010; Kragl et al. 2009). Induction of such undifferentiated (and multipotent) blas-
tema cells from fully differentiated limb tissues is the unique phenomenon of limb
regeneration, and great effort has been expended to understand the underlying mech-
anisms. However, research effort on the issues always faces difficulties. The limb is a
heavily complex structure with many kinds of tissues. When a limb is damaged, mul-
tiple tissues run their own healing programs, and, of course, wounding itself causes
complex reactions such as inflammation. It is quite hard to approach such a complex
structure with current biological techniques. Simplifying the experimental system is
essential before investigating the molecular mechanisms of blastema induction.

The accessory limb model (ALM) is designed to solve the complexity in limb
regeneration. Only skin wounding and nerve rerouting from many kinds of tissues
results in blastema induction in the ALM (Endo et al. 2004; Satoh et al. 2007).
Minimizing necessary tissues for limb induction is indeed simplifying limb regen-
eration study. The blastema induced by skin wounding plus nerve rerouting funda-
mentally possesses limb-forming ability (Fig. 15.2). To be precise, an induced limb
in the ALM would not be properly be called “a regenerate,” because an original
limb is largely intact. In the case of an amputated limb, a transverse cut damages all
limb tissues, and all the stump tissues contribute to blastema formation and regener-
ate a complete replica of an original limb (Fig. 15.2a). On the other hand, accessory
limb surgery basically damages only skin and nerves, suggesting a much more lim-
ited tissue contribution. Furthermore, an induced limb is usually not a complete
replica of its stump limb (Fig. 15.2b—d); the induced limb lacks a proximal region.
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Axolotl (Ambystoma mexicunam) Limb Rc encration

- :
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Fig. 15.2 Comparison of accessory limb formation and limb regeneration. (a) Regular limb
regeneration process in an amputated limb. The limb is amputated at the lower arm level. b: blas-
tema. s: stump. White lines in A indicate the border of the blastema. (b) Process of the accessory
limb formation. (¢) Accessory limb. Left panel shows dorsal view of the induced accessory limb.
Right panel shows skeletal pattern visualized by Alizarin Red and Alcian blue. The accessory limb
can be induced by only skin wounding and nerve deviation. (d) bone and cartilage are visualized
by Alizarin red and Alcian blue

An accessory limb induced at the middle of the upper limb does not have half an
upper limb (Fig. 15.2¢, d). Although some differences are observable in the ALM
and regular limb regeneration, it is still possible to use the ALM as a substitute and
better experimental model for an amputated limb because a blastema in the ALM
result in a patterned limb from greatly limited tissues.

15.2 Early Events of ALM Limb Regeneration

Nerve and skin wounds are sufficient to initiate limb regeneration responses in the
ALM as mentioned (Endo et al. 2004; Satoh et al. 2007). A summary of accessory
limb induction is shown in Fig. 15.3. Initially, a piece of skin is removed. Such
simple skin wounding results in skin healing but does not result in limb regeneration
(Fig. 15.3, right column). In this process, surrounding epidermis migrates to the
wound, and dermal collagen deposition follows immediately (Carlson et al. 1998;
Satoh et al. 2008a, b, 2012a; Seifert et al. 2012b). However, if nerves are rerouted to
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v Epidermis
Axolotl Skin
» Collagen
ACCESSORY LIMB INDUCTION | SKIN WOUND HEALING
(1) Wounding + Nerve deviation (A) Wounding

Nerves
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(2) Epidermal migration (B) Epidermal migration
and MMP release and MMP release

(3) ECM digestion (C) ECM digestion
and Fibroblast activation and Fibroblast activation

(5) Establishing Regenerative
environment by nerves and AEC

(6) Blastema cell induction by the
Regenerative environment

Fig. 15.3 Diagrams for comparison of accessory limb induction and skin wound healing. Axolotl
skin consists of dermis and epidermis. /, A Dermal fibroblasts exist in dermal collagen. Skin
wounding damages in both dermis and epidermis. / Immediately after skin wounding, nerve is
deviated to the wound. 2, B Surrounding epidermis migrates to cover the wound surface and the
migrating epidermis (epithelium) expresses matrix metalloproteinases (MMPs). The epithelium/
epidermis over the wound is called wound epithelium/epidermis (WE). 3, C Extracellular matrix
(ECM) is digested by MMPs and fibroblasts are activated. 4 Nerves are expected to secrete some
factors to specify WE to regeneration a specific epithelium called the apical epithelial/epithelium
cap (AEC). D Without the nerve deviation, dermal fibroblasts start reconstituting dermis. 5, 6
Interaction between AEC and nerves creates regenerative environment and induces blastema cells.
7 Blastema is induced by nerve deviation and skin wounding

the wound, completely different responses are activated (Fig. 15.3, left column).
The rerouted nerve ends interact with the overlying epidermis to create an appropri-
ate environment for limb regeneration. In the nerve presence, overlying epidermis/
epithelium is transformed into regeneration-specific epidermis known as the AEC
(Satoh et al. 2008b, 2012a). In particular, the basal layer of AEC appears to play an
important role in AEC regulation of the blastema, and the basal layer of AEC shows
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specific gene expression patterns. For example, Fgf8, Sp9, Fgf receptor 2 (Fgfr2),
fibronectin, and thrombospondin-1! are upregulated in this basal layer of AEC
(Christensen et al. 2002; Han et al. 2001; Poulin et al. 1993; Satoh et al. 2008b;
Whited et al. 2011). Furthermore, keratin 5 and cell proliferation are negatively
regulated in the basal layer (Moriyasu et al. 2012; Satoh et al. 2012a). Functions of
such basal layer-specific regulation are still under investigation. Interaction between
nerves and AEC leads to accumulation of mesenchymal cells. Fibroblasts and other
cells migrate and accumulate around the regenerative field created by nerves and
AEC (Endo et al. 2004; Gardiner et al. 1986). Subsequently, a regeneration blas-
tema consisting of undifferentiated cells is formed (Figs. 15.2b and 15.3(7)). Such
regeneration blastemas in the ALM have been considered equivalent to developing
limb buds (Muneoka and Bryant 1982; Satoh et al., 2007). These regeneration ALM
blastemas mimic limb developmental processes to restore the limb in an adequate
environment (Fig. 15.2). These sequential regeneration processes are initiated by
only skin wounding and nerve rerouting in the axolotl limb.

15.3 Seeking Nerve Factors as a Trigger of Limb
Regeneration

The presence of nerves is crucial for successful limb regeneration as just indicated.
Nerves control regeneration-specific regulation in early regeneration phases.
However, the molecular mechanisms of nerve regulation in the early phases are
unclear. The importance of nerves in limb regeneration was first recognized in 1823
(Todd 1823), and some candidate nerve factors have since been reported (Makanae
and Satoh 2012; Nye et al. 2003). Presumably, not a single but multiple nerve fac-
tors are involved in the regulation of limb regeneration.

A couple of potential nerve factors have been reported so far. Fibroblast growth
factors (FGFs) have been reported as the nerve factor by some independent research
groups (Dungan et al. 2002; Mullen et al. 1996; Satoh et al. 2008b, 2011). If limb
regeneration recapitulates limb development, Fgfs are likely to be central regulators
because they play critical roles in limb induction during development (Capdevila
and Izpisua Belmonte 2001). Fgf2 and Fgf10, which can induce limb bud formation
in chick embryos (Cohn et al. 1995; Ohuchi et al. 1997; Yonei-Tamura et al. 1999),
are expressed in axolotl dorsal root ganglia that project axons to limbs (Mullen et al.
1996; Satoh et al. 2011). Furthermore, repeated application of Fgf2 and Fgf§,
instead of nerves, to wounded skin can induce regeneration blastemas (Satoh et al.
2011). Given those facts, it is very likely that Fgfs from nerves trigger limb regen-
eration. On the other hand, anterior gradient (AG)* was reported as an exclusive

'Thrombospondin-1 (TSP-1), the founding member of the thrombospondin family, is released by
human platelets in response to thrombin.

2 Anterior gradient (AG): synonym is XAG2. AG is expressed in the cement gland of a Xenopus
tadpole.
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nerve molecule that could replace nerves in limb regeneration (Kumar et al. 2007).
The AG is reportedly a regulator of gland development in other species (Sive and
Bradley 1996), AG functions in limb development have not been described yet in
any species. Therefore, the detailed molecular mechanisms of AG regulation in
limb regeneration are uncertain and unpredictable. Fgfs and AG are indeed good
candidates as the nerve factor for successful limb regeneration. However, this still
remains controversial; further molecular analysis is needed.

What are the nerve functions? It is strongly suggested that the roles of nerves in
early phases of regeneration involve interactions with overlying epidermis/epithe-
lium and induction of AEC (Makanae and Satoh 2012). AEC is considered an
equivalent structure to the apical ectodermal ridge (AER) in higher vertebrates. So,
nerve function in AEC induction may be assumed from AER studies. Reportedly,
AER is induced and maintained by Fgf signaling (Sun et al. 2002). From this point
of view, it is easy to imagine the interaction between nerves and AEC because
nerves can be a source of Fgfs. Actually, nerve rerouting to wounded skin induces
Sp9, one of the AEC marker genes, in the overlying wound epithelium (Satoh et al.
2008). It is also known that continuous inputs from nerves are important for main-
tenance of AEC (Satoh et al. 2012a), which is consistent with the necessity of Fgfs
for AER maintenance in higher vertebrates (Martin 1998; Ohuchi et al. 1997).
Although nerve functions in AEC induction and maintenance can be assumed from
AER functions of chick/mouse limb development, the molecular details of nerve
functions in AEC induction and maintenance have not been described at all.

Maintenance of blastema cell proliferation is also one of the predictive nerve
functions. In collaboration with AEC, nerve factors reportedly promote mitosis
(Boilly and Albert 1988). Candidate nerve factors, such as Fgfs, AG, Ggf, substance
P, and transferrin, are reported to act as mitogens for blastema cells (Albert et al.
1987; Kiffmeyer et al. 1991; Globus 1988; Wang et al. 2000; Nye et al. 2003).
However, direct evidence that the nerve secretes those factors to blastema cell to
promote cell proliferation has not been reported so far.

Identification of nerve factors has been a long-standing issue in this field, the
efforts consuming several decades. Poor genetic information and limited useful
molecular biological techniques make the identification of nerve factors difficult.
But, nerve factors must be identified at any cost, because “anything’s possible if
you’ve got enough nerve!”

15.4 Dedifferentiation of Dermal Fibroblasts
in Limb Regeneration

The regenerative environment induces blastemas comprising undifferentiated blas-
tema cells. A blastema was considered to consist of homogeneous and multipotent
stem-like cells. However, a recent study clearly indicates that the blastema consists
of heterogeneous cell populations (Kragl et al. 2009). For example, muscle-derived
blastema cells participate only in muscle formation in limb regeneration (Kragl
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Dermal Fibroblasts Blastema Cells

Fig. 15.4 Cell morphology of axolotl fibroblasts and blastema cells. a Dermal fibroblasts in axo-
lotl akin were visualized by electroporation with the green fluorescent protein (GFP) expression
vector. GFP plasmids were electroporated into axolotl limb skin, and GFP fluorescence was cap-
tured by fluorescent microscope. b Blastema cells with GFP expression vector. The same proce-
dure as above visualizes blastema cells. Blastema cells are typically rounded and compact cells as
compared to dermal fibroblasts

et al. 2009). On the other hand, dermis-derived blastema cells can redifferentiate
into varied tissues within the limits of connective tissue lineages, such as cartilage
(Hirata et al. 2010; Kragl et al. 2009). Generating such undifferentiated and multi-
potent blastema cells from fully differentiated tissues has been studied for a long
time and is yet unresolved.

As mentioned earlier, dermal fibroblast-derived blastema cells are the only popu-
lation that can participate in varied tissues in limb regeneration. In mature skin,
dermal fibroblasts maintain skin homeostasis and collagen fibers. Upon skin dam-
age, dermal fibroblasts immediately start regenerating dermal collagen matrices. In
the case of higher vertebrates, the regenerated collagen fibers are disorganized,
resulting in scar formation. Axolotl skin wound healing is basically the same but is
scarless (Levesque et al. 2010). In axolotl scarless wound healing, the emergence of
blastema cells has been disputed. However, as already mentioned, nerves in
wounded skin suppress collagen deposition and convert wound healing to blastema
formation (Satoh et al. 2012b). It is known that dermal fibroblasts migrate to the
regenerative field (Gardiner et al. 1986). In the ALM, dermal fibroblasts start
migrating from day 3 to 5 after the establishment of nerve—AEC interactions (Endo
et al. 2004; Satoh et al. 2008b). In an intact limb, axolotl dermal fibroblasts are rela-
tively larger and take typical fibroblastic shape in vivo (Fig. 15.4a). During and after
migration, however, dermal fibroblasts are thought to be reprogrammed/dedifferen-
tiated to form undifferentiated blastema cells, which are small and rounded
(Fig. 15.4b). Such dermis-derived blastema cells can participate in varied cell types
within the connective tissue lineage.
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Dedifferentiation of dermal fibroblasts in limb regeneration is still debated
because the existence of multipotent stem cells in dermis cannot be denied. However,
the cell contribution from the dermis is quite large in a blastema. It is unlikely that
such a large population of multipotent stem cells is maintained in the axolotl dermis.
Rather, dermal fibroblasts are dedifferentiated during limb regeneration and gener-
ate a large number of blastema cells. The dedifferentiation mechanisms are a mys-
tery. But if such dedifferentiation mechanisms are programmed in their genome, it
can be called an “endogenous reprogramming” system. Such an endogenous repro-
gramming system should be worthwhile studying.

15.5 Wound Healing Versus Epimorphic Regeneration

Tissue regeneration and epimorphic regeneration offer mutually interesting com-
parisons. It is still unknown whether these are independent reactions. Higher verte-
brates undoubtedly possess tissue regeneration capability. For example, we can
restore muscle damage and bone fracture. Actually, relatively smaller (local) dam-
age can be restored via the tissue regeneration system. How do regenerative ani-
mals restore such smaller damages? Needless to say, they can regenerate a whole
limb with the epimorphic regeneration ability. Do they use the epimorphic regen-
eration system in smaller damage repair, such as a bone fracture? Or, do they have
a tissue regeneration system and use it depending on the situation? This is an
important issue in comparing the regeneration ability of amphibians with that of
higher vertebrates.

ALM can provide a good comparative environment between the epimorphic and
tissue regeneration. As mentioned, simple skin peeling results in skin healing with-
out extra limb formation (Endo et al. 2004; Seifert et al. 2012b). In such skin peeling,
exposed inner tissues are immediately covered by migrating epidermis. Subsequently,
fibroblasts gather, restore collagens, and reconstitute the dermis (Figs. 15.3 and 15.5)
(Satoh et al. 2008a, 2012b). In such a skin-healing process, emergence of blastema
cells has been disputed. However, nerve-deviated skin wounds and simple skin
wounds show a different gene expression pattern in ALM (Satoh et al. 2007). Thus,
it is considered that wounded skin (dermis) is restored by activated dermal fibro-
blasts, which are not dedifferentiated as the same level as blastema cells.

Bone fracture/excision is also used as a comparative experimental system.
Interestingly, axolotls cannot regenerate relatively tiny bone excisions although they
can regenerate an entire limb (Goss 1956; Hutchison et al. 2007). When axolotl
bones of 2—4 mm of the radius or tibia are excised, the damaged bone is not restored.
Although such excision damage is not restorable, some restoration reactions can be
observed (Satoh et al. 2010a), as in higher vertebrates. The damaged bone forms
cartilaginous calluses similar to those in humans, which can join if the excision is
small. However, if the distance between the ends of the damaged bone exceeds a
certain length, calluses from the ends cannot join and an excision gap remains. In
these bone-healing processes accompanying callus formation, whether the gap is
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Fig. 15.5 Dermis reconstitution and blastema formation. a, b Simple skin wounding. Type I col-
lagen reconstitution is visualized by immunofluorescence. Arrowheads indicate type I collagen
expression. ¢, d Type I collagen deposition is inhibited in the regenerative environment. Arrows
indicate border of blastema epithelium (from Satoh et al. 2008a)

joined or not, blastema cells are not formed because of the lack of the regenerative
environment (no AEC and insufficient nerves) (Satoh et al. 2010a). Therefore, the
bone damage is thought to be restored in a blastema-independent way. Basically,
such a bone-healing process can progress without the nerve presence although the
speed of healing is somewhat slowed down (Satoh et al. 2010a). Considering nerve
importance in limb regeneration, the bone-healing process is not related to epimor-
phic regeneration. Experimentally, it is possible to force an epimorphic regeneration
system to participate in the bone-healing process (tissue regeneration). In this case,
blastema cells are induced or grafted in the bone excision site. The blastema cells
not only heal the damaged bone but also can fill the gap, which the usual bone-
healing system cannot do (Satoh et al. 2010a). Thus, a bone excision experiment in
urodele amphibians is also a useful experimental system to compare epimorphic
with tissue regeneration systems.

Epimorphic and tissue regeneration are very likely to be used differently depend-
ing on situations in urodele amphibians. Tissue regeneration has been studied in
higher vertebrates and much knowledge has been accumulated. Generally, tissue
regeneration is a “stem cell-based” system. For example, muscle damage is restored
by myogenic stem cells called muscle satellite cells (Yusuf and Brand-Saberi 2012).
On the other hand, it is believed that epimorphic regeneration is achieved by dedif-
ferentiated cells (blastema cells) in cooperation with stem cells. Specifically, a
fibroblast-derived mesenchymal blastema that eventually reforms the cartilaginous
skeleton and associated connective tissues forms a blueprint that guides the growth
of nerves and the migration of stem cells, such as myogenic cells (Gardiner et al.
2002). These two regeneration systems should be studied separately and simultane-
ously to bridge the gap between amphibian regeneration capability and that of
higher vertebrates.
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15.6 Regeneration in Nonregenerative Animals

Can mammalians become regenerative animals? As we focus on the evolution of
regeneration abilities, it is evident that lower organisms retained higher regenerative
capacity than the higher organisms. Invertebrates, such as a planarian, show very
strong regenerative abilities (Agata et al. 2003). Among vertebrates, an ancestral
fish, Polypterus, shows remarkable regenerative abilities (Cuervo et al. 2012) and,
similar to axolotls, they can regenerate their lobed fins. Anuran amphibians, which
are so-called higher vertebrates compared to urodele amphibians, are a curious pop-
ulation in terms of limb regeneration ability: they have half-regenerative abilities
(Suzuki et al. 2006). The frog Xenopus laevis can initiate regeneration responses
and form regeneration blastemas. However, the blastema cannot mimic redevelop-
mental processes, resulting in hypomorphic regeneration (Fig. 15.6, upper row)
(Yokoyama 2008). Because of this characteristic regeneration capability, frogs have
been considered a regenerative intermediate between higher and lower organisms.
Mice and humans, of course, cannot regenerate limbs. However, it is known that the
tips of the digits of mice and humans can regenerate (Fig. 15.6, lower row) (Han
et al. 2005; Muller et al. 1999). If approximately one third of a terminal phalange is
cut, the lost digit tip is restored with all necessary tissues. Moreover, some regenera-
tive responses can be induced when mouse limbs are amputated, even at the lower
arm level (Ide 2012; Yu et al. 2012). Thus, regeneration reactions have been
described in many animals. As more such clarification of differences in regeneration

Frog (Xenopus Ilaevis) Limb Regeneration

2 Months

12 DPA 17 DPA

Fig. 15.6 Limb/digit regeneration in “higher” vertebrates. Upper row: Limb regeneration in a
Xenopus frog. Xenopus, an anuran amphibian, cannot restore a complete limb after amputation: a
cartilaginous spike is restored instead of a limb. DPA days post amputation. Lower row: Mouse
digit tip regeneration. Even mice digit tips can be regenerated after amputation. P3 terminal
phalange, s stump, b blastema (Bottom Column; modified from Fernando et al. 2010)
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responses in regenerative and nonregenerative animals is achieved, it will be
possible to find key regulations that determine regeneration ability.

A roadmap to successful mammalian limb regeneration has been proposed (Han
et al. 2005). Organ regeneration ability has decreased during evolution. Considering
the cause of the loss of regeneration ability, some possibilities can be raised. (1) Key
molecules in the genome are deleted or its functions are transformed. (2) Suppression
mechanisms are developed. (3) Epigenetic status is changed. Regarding the loss of
key molecules or functions, it would be understandable if we find the responsible
molecules by comparative analysis. For the suppression mechanisms, gene suppres-
sion technology has been developed. Therefore, it would be possible to determine
such suppression mechanisms after their identification. Differences in epigenetic
status were first reported by Yakushiji et al. (2007). They compared the DNA meth-
ylation level of a certain domain of the genome in both regenerative and nonregen-
erative animals. The DNA methylation level is much higher in nonregenerative
animals, suggesting that the epigenetic status is different. It is still unknown whether
such differences in epigenetic regulation are correlated to their regeneration ability.
Also, editing epigenetic status is quite difficult at this moment; further technologi-
cal breakthrough is needed. Anyway, clarification of the differences in regenerative
and nonregenerative animals and “step-by-step” research achievements are the only
way to make our organs become regenerative.

The ALM is surely a superior experimental system for the study of amphibian
limb regeneration. However, it is also true that there are many difficulties to study-
ing at the same level as in other model organisms. Lack of biological technology
and genetic information are the main issues obstructing direct comparative analysis
between urodele amphibians and higher vertebrates. Therefore, technological
breakthrough and finer genomic information should be demanded to develop limb
regeneration study of urodele amphibians further. With daily technological advances,
we can optimistically expect to overcome current hurdles in the near future and find
the crucial cascade that determines regeneration capability.
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Part V
New Players in Signaling Systems



Chapter 16
Context-Dependent Bidirectional Modulation
of Wnt/B-Catenin Signaling

Tohru Ishitani

Abstract Wnt/B-catenin signaling is an evolutionarily conserved signaling system
that controls cell proliferation, fate specification, differentiation, survival, and death.
This signaling system is used repeatedly during embryogenesis and organogenesis
and has diverse context-dependent functions in different aspects. Extensive investi-
gations during the past three decades have clarified the core components that mediate
Whnt/B-catenin signaling in all cells. However, to understand the mechanisms by
which Wnt/p-catenin signaling exerts context-specific roles, it is also important to
identify the context-dependent modulators of Wnt/p-catenin signaling. Recently,
we and others discovered that Nemo-like kinase (NLK) and dimerization partner 1
(DP1) can regulate Wnt/p-catenin signaling positively and negatively in a cellular
context-dependent manner and demonstrated that they play essential roles in embry-
onic development by fine-tuning cellular response to Wnt/p-catenin signaling.
In this chapter, I summarize the function of the context-dependent bidirectional
Whnt/B-catenin signaling modulators, with particular focus on NLK and DP1, and
discuss the significance of the bidirectional modulation in embryonic development.

Keywords Bidirectional modulation * Context-dependent ® Dimerization partner 1
* Nemo-like kinase ® Wnt/p-catenin signaling

16.1 Introduction

The evolutionarily conserved Wnt/B-catenin signaling system is repetitively used
during embryogenesis and organogenesis (Clevers 2006; Logan and Nusse 2004).
For example, Wnt/f-catenin signaling determines the axis and pattern in the early
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Fig. 16.1 Core components of Wnt/pB-catenin signaling pathway. In unstimulated conditions,
cytoplasmic f-catenin is phosphorylated by GSK-3p within a degradation complex. The phos-
phorylation of f-catenin promotes its ubiquitination and subsequent proteasomal degradation. In the
nucleus, Tcf/Lef interacts with corepressors (co-Rs). Binding of Wnt to Fz and LRP5/6 stimulates
the recruitment of Dvl, Axin, and GSK-3p to the membrane and induces the phosphorylation of
LRP5/6. As a result, accumulated p-catenin enters into the nucleus where it forms complexes with
Tcf/Lef, which then activate gene expression

embryo and regulates the fate of progenitor and stem cells during the development and
maintenance of multiple organs (Logan and Nusse 2004; Wang and Wynshaw-Boris
2004). Thus, Wnt/p-catenin signaling plays distinct roles in different contexts.
Whnt/p-catenin signaling transduces its signal via regulating the stability of
B-catenin protein (Fig. 16.1). In unstimulated cells, the levels of cytoplasmic
[-catenin are kept low by a degradation complex that includes Axin and glycogen
synthase kinase 3 (GSK-3p). GSK-3p catalyzes the phosphorylation of f-catenin,
which promotes its ubiquitination and subsequent proteasomal degradation (Clevers
2006; Logan and Nusse 2004). In the absence of stimulation, the Tcf/Lef-family of
transcription factors represses the expression of Wnt/B-catenin signaling target
genes by interacting with transcriptional corepressors, such as histone deacetylase 1
(HDACT1) and Groucho (Arce et al. 2006, 2009). The Wnt/p-catenin signaling path-
way is activated when the secreted glycoprotein Wnt binds to the cell-surface
Frizzled (Fz) receptor and its coreceptor LRP5/6. This Wnt-bound receptor com-
plex recruits the cytoplasmic protein Dishevelled (Dvl), which in turn brings the
Axin-GSK-3f complex to the membrane and induces the phosphorylation of
LRP5/6. Phosphorylated LRP5/6 promotes the dissociation of the -catenin degra-
dation complex (Davidson et al. 2005; Zeng et al. 2005, 2008). This series of events
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results in the accumulation of cytoplasmic p-catenin (Niehrs and Shen 2010). The
increased f-catenin concentration drives its migration into the nucleus where it forms
complexes with Tcf/Lef, which then activate gene expression. Thus, the core
machinery of the Wnt/p-catenin signaling pathway is becoming clear. However, to
understand how Wnt/p-catenin signaling exhibits diverse context-dependent func-
tions, it is also important to make clear the context-dependent machinery that regu-
lates Wnt/p-catenin signaling only in specific biological events. We recently
discovered that Nemo-like kinase (NLK) and dimerization partner 1 (DP1) have
context-dependent positive and negative roles in the regulation of Wnt/p-catenin
signaling. Here, I summarize the function of NLK and DP1 in the Wnt/B-catenin
signaling pathway. I also introduce some other context-dependent bidirectional
modulators and discuss the importance of the contextual regulation of Wnt/p-
catenin signaling.

16.2 Roles of NLK in Wnt/B-Catenin Signaling

16.2.1 Roles of LIT-1/NLK in Caenorhabditis elegans

NLK is an evolutionarily conserved serine/threonine kinase. In 1999, we identified
NLK as a negative regulator of Tcf/Lef in Caenorhabditis elegans mesoderm—endo-
derm specification (Meneghini et al. 1999). At the eight-cell stage of C. elegans
embryogenesis, the Tcf/Lef homologue POP-1 represses the expression of genes
required for endoderm induction in the MS cell, which generates mesoderm. On the
other hand, in the E cell that generates endoderm, signaling induced by a Wnt-related
protein, MOM-2, which is secreted from the P2 cell, negatively regulates POP-1 via
a f-catenin-related protein WRM-1 to promote mesoderm formation (Lin et al. 1995;
Thorpe et al. 1997) (Fig. 16.2). We discovered that the NLK homologue LIT-1 is also
required for nuclear export of POP-1 in E cells (Meneghini et al. 1999). Analysis
using genetics, cell biology, and biochemistry by us and other laboratories revealed
that LIT-1/NLK forms a ternary complex with WRM-1/B-catenin and POP-1/Tcf and
induces the nuclear export of POP-1 by phosphorylating it in the E cell (Meneghini
et al. 1999; Rocheleau et al. 1999) (Fig. 16.2). In short, LIT-1/NLK negatively regu-
lates POP-1/Tcf to positively regulate Wnt/B-catenin signaling in E cells.

However, in the fate specification of gonadal precursor cells, Z1 and Z4, LIT-1
seems to cooperate with POP-1 (Herman 2001; Siegfried and Kimble 2002;
Siegfried et al. 2004). Z1/Z4 cells generate the precursors of distal tip cells (DTCs),
which control germline proliferation, by asymmetrical division. The loss of func-
tion of any one of the wrm-1, pop-1, and [it-1 genes results in a symmetrical Z1/Z4
division, causing a lack of DTCs (Siegfried and Kimble 2002), which suggests that
WRM-1/B-catenin, LIT-1/NLK, and POP-1/Tcf collaborate in the Z1/Z4 division.
The detailed mechanisms of this collaboration have been unclear. Thus, the mode of
POP-1/Tcf activity regulation by LIT-1/NLK is context dependent.
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Fig. 16.2 Roles of LIT-1/NLK in the regulation of Wnt/B-catenin signaling in early embryogenesis
of Caenorhabditis elegans. In the MS cell, POP-1 represses the expression of endoderm-specific
genes to promote mesoderm formation. In the E cell, MOM-2 signaling stimulates the formation
of a ternary complex consisting of LIT-1/NLK, WRM-1, and POP-1 and promotes LIT-1-mediated
POP-1 phosphorylation in the E cell. Phosphorylation of POP-1 induces the nuclear export of
POP-1 and the consequent transcriptional activation of POP-1-repressed genes, resulting in the
E cell generating endoderm

16.2.2 Contextual Dual-Mode Tcf/Lef Regulation
by NLK in Vertebrates

16.2.2.1 The Negative Regulation of Tcf/Lef in HEK293 and HeLa Cells

Does vertebrate NLK also have a context-dependent role in Tcf/Lef regulation? We
first discovered that NLK negatively regulates Tctf/Lef activity in the human embry-
onic kidney cell line HEK293 and the human cervical cancer cell line HeLa
(Fig. 16.3a). Vertebrates have four Tcf/Lef family members: Tcf7/Tcfl, Tcf7L1/
Tcf3, Tef7L2/Tcf4, and Lefl. NLK could phosphorylate Tcf7L1, Tcf7L2, and Lef1,
but not Tcf7 (Ishitani et al. 1999; T. Ishitani, unpublished observations).
Overexpression of NLK inhibited Tcf/Lef-mediated transcription in both HEK293
and HeLa cells (Ishitani et al. 1999, 2003). In addition, the Tcf7L2 and Lef1 pro-
teins phosphorylated by NLK in HEK293 cells lacked DNA-binding activity in gel-
shift assays (Ishitani et al. 1999; T. Ishitani, unpublished observations). Moreover,
NLK overexpression reduced binding of Lef1 to its target gene, the Axin2 promoter,
in HeLa cells (Ota et al. 2012). Thus, NLK-mediated phosphorylation of Tcf/Lef
inhibits Tcf/Lef activity by blocking their binding to the target genes (Fig. 16.3a).

16.2.2.2 The Positive Regulation of Lef1 in Neural Progenitor Cells

On the other hand, we recently discovered that NLK positively regulates Lefl activity
in vertebrate neural tissues (Ota et al. 2012). In many types of cells, the binding of
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Fig. 16.3 Cell context-dependent bidirectional modulation of Wnt/p-catenin signaling by NLK.
In the absence of Wnt, B-catenin is destabilized and Tcf/Lef represses target gene expression in all
cell types (left panels in a and b). In NPCs, but not in HEK293 or HeLa cells, HDAC1 strongly
inhibits Lef1 transcriptional activity (left panels in a and b). Binding of Wnt to the receptor induces
the stabilization of f-catenin via Dvl in all cell types (middle panel in a and right panel in b).
In HEK293 and HelLa cells, stabilized p-catenin forms a complex with Tcf/Lef, resulting in the
activation of target gene expression (middle panel in a). NLK overexpression (o/e) inhibits
Tcf/Lef-mediated gene expression by blocking its DNA-binding activity (right panel in a). In NPCs,
Wht-activated Dvl promotes Wnt/B-catenin signaling target gene expression via formation of the
p-catenin-Lefl complex and phosphorylation of Lefl by NLK and the consequent dissociation of
Lefl from HDACI (right panel in b)

[-catenin with Tcf/Lef is sufficient for the activation of Tcf/Lef-mediated transcription.
Actually, in HeLa and HEK?293 cells, overexpression of the constitutive stable
B-catenin mutant, p-cateninAN, with Lefl induced both the association of
B-cateninAN with Lefl and the activation of Lefl-mediated transcription (Ishitani
et al. 1999, 2003; Ota et al. 2012). Interestingly, we found that, in the neural pro-
genitor cell (NPC)-like mammalian cell lines, mouse neuro-2a, and rat PC12 cells,
overexpression of -cateninAN with Lefl was insufficient for the activation of
Lefl-mediated transcription (Ota et al. 2012). Moreover, coexpression of NLK with
both B-cateninAN and Lefl efficiently activated Lefl-mediated transcription in
these cells, whereas coexpression of NLK with Lefl without f-cateninAN could not
activate it (Ota et al. 2012). These results suggest that both -catenin stabilization and
NLK activation are required for promoting Lef1-mediated transcription in these cells.
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We also found that HDACI strongly bound to Lefl and inhibited its transcription
activity in NPC-like mammalian cells, and that overexpression of NLK disrupted
this interaction through phosphorylation of Lefl, thereby promoting Lef1 activity
(Ota et al. 2012). Furthermore, we showed that, in these cell lines, either Wnt-3a
treatment or DvIl overexpression activated NLK kinase activity, which in turn
induced Lef1 phosphorylation and transcriptional activation. RNAi-mediated NLK
knockdown inhibited Wnt-3a- and Dvll-induced phosphorylation and transcrip-
tional activation of Lef1. These data suggest that Dvl has two functions that serve to
activate Lefl-mediated transcription in the Wnt signaling pathway in these cells
(Fig. 16.3b). One is p-catenin stabilization, and the other is NLK activation, result-
ing in Lefl phosphorylation. Phosphorylated Lefl dissociates from HDAC1 and
activates transcription by forming a complex with B-catenin.

We also discovered that this Wnt-DvI-NLK-Lefl pathway functions in the
developing midbrain tectum of zebrafish (Ota et al. 2012). Zebrafish NIk2 is
expressed in head tissues from the pharyngula stage. MO (morpholino)-mediated
knockdown of a zebrafish NLK homologue N1k2 decreased Lefl phosphorylation,
Lefl-mediated gene expression, and cell proliferation in the presumptive midbrain
tectum at pharyngula stage, resulting in a reduction in midbrain tectum size.
The phenotype caused by N1k2 knockdown was suppressed by expression of a Lefl
mutant that mimics the constitutively phosphorylated state or by co-knockdown of
HDACI. Knockdown of either Lefl or Wntl resulted in phenotypes similar to those
caused by NIk2 knockdown (Ota et al. 2012). These findings suggest that NIk2 is
required for Wnt/B-catenin signaling through Lefl phosphorylation and for the
abrogation of HDAC1-mediated Lef1 inhibition in the zebrafish midbrain tectum.

Thus, NLK has two effects in Wnt/p-catenin signaling: the first is the inhibition
of Tcf/Lef DNA-binding activity in HeLa and HEK293 cells, and the second is the
release of HDACI from the Lefl transcriptional complex in NPCs (Fig. 16.3a, b).
The molecular mechanisms underlying this context-dependent function of NLK
have yet to be characterized. Interestingly, we found that the inhibitory effect of
HDACI on Lefl-mediated transcription in HEK293 and HeLa cells was weaker
than that in NPCs (Ota et al. 2012). This difference may explain why NLK-mediated
inhibition of HDACI is not required for the activation of Tcf/Lef-mediated tran-
scription in HeLLa and HEK293 cells. We also found that Lefl phosphorylation by
NLK affected the binding of Lef1 to its target gene promoter in HeLa cells, but not
in NPCs, and that the Lefl phosphorylation level in HeLa cells was much higher
than that of Lefl in NPCs (Ota et al. 2012). These observations suggest that addi-
tional phosphorylation probably results in the dissociation of Lefl from DNA.
Based on these observations, comparison of the Lefl-binding proteins and Lefl
phosphorylation sites in these cells may help to elucidate this mechanism.

16.2.2.3 Speculation About the Significance of Bidirectional
Regulation by NLK

In many type of cells, NLK is not required for the activation of Wnt/p-catenin
signaling. And yet, why does the developing midbrain tectum use the
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Nlk2-dependent “special” Wnt signaling system? In small teleost fishes, the early
phase of the midbrain tectum grows very rapidly (Nguyen et al. 1999). It is notewor-
thy that, in the transgenic zebrafish carrying a Tcf/Lef-dependent Wnt/p-catenin
signaling reporter TOPdGFP (Dorsky et al. 2002), the reporter activity in develop-
ing midbrain tectum at the pharyngula stage was much stronger than that in the
other Wnt/p-catenin-active areas (Ota et al. 2012; Shimizu et al. 2012), and this
midbrain reporter activity was dramatically reduced by N1k2 knockdown (Ota et al.
2012). These observations suggest that the Nlk2-dependent pathway can induce
relatively strong activation of Tcf/Lef-mediated transcription. This strong activation
is likely to enable the rapid growth of midbrain tectum. Interestingly, N1k2 knock-
down downsized not only midbrain tectum but also other organs/tissues, including
eye and limb, in zebrafish embryos (T. Ishitani, unpublished observations), suggest-
ing the possibility that these tissues/organs may also utilize the Nlk2-dependent
Whnt signaling system for its growth.

On the other hand, the developmental roles of the negative regulation in verte-
brates remain unclear. Until now, we found that knockdown of a Xenopus NLK
homologue NLK1 augmented Tcf/Lef-mediated transcription in neurula-stage pos-
terior dorsal tissues (Kim et al. 2012) and that N1k2 knockdown enhanced the activ-
ity of Tcf/Lef-driven reporter in several differentiating cells in zebrafish embryos
(T. Ishitani, unpublished observations), indicating that the negative regulation
occurs in vivo. These observations also suggest that NLK modulates Wnt/p-catenin
signaling bidirectionally, depending on the situation, in vertebrate development.
Such fine tuning may underlie the context-dependent functions of Wnt/p-catenin
signaling.

16.3 Roles of DP1 in Wnt/p-Catenin Signaling

16.3.1 Molecular Mechanisms of DP1-Mediated Bidirectional
Modulation of Wnt/p-Catenin Signaling

DP1 is known to function as a binding protein of the E2F transcription factor
(van den Heuvel and Dyson 2008). Recently, an international collaboration team
(including the author) discovered that DP1 is a context-dependent Wnt/p-catenin
signaling modulator, essential for anterior—posterior (AP) neural patterning. First,
we found that overexpression of DP1 augmented Wnt-3a-induced p-catenin stabili-
zation and Tcf/Lef-mediated transcription in HEK293T cells, whereas DP1 RNAi
reduced both of these (Kim et al. 2012). These results suggest that DP1 positively
regulates the Wnt/B-catenin signaling induced by a Wnt ligand. However, surpris-
ingly, DP1 overexpression inhibited Dvl or pB-catenin overexpression-induced Tcf/
Lef-mediated transcription (Kim et al. 2012). Furthermore, Dvl-induced Tcf/Lef-
mediated transcription was enhanced by DP1 siRNA treatment (Kim et al. 2012).
These findings raise the possibility that DP1 may positively regulate Wnt/p-catenin
signaling in the presence of a Wnt ligand and negatively regulate in its absence.
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Further analyses revealed the molecular mechanisms of DP1-mediated positive
and negative regulation of Wnt/B-catenin signaling. We found that DP1 associated
with both Dvl and Axin in the cytoplasm and competed with Dvl for Axin binding
to promote f-catenin degradation in the absence of a Wnt ligand (Kim et al. 2012)
(Fig. 16.4a). On the other hand, in the presence of a Wnt ligand, DP1 binds to and
inhibits the kinase activity of NLK and consequently cancels NLK-mediated
Tcf/Lef inhibition (Kim et al. 2012) (Fig. 16.4b). These regulatory mechanisms
were independent from E2F (Kim et al. 2012). Taken together, these results suggest
that DP1 has a positive role in the nucleus in the presence of a Wnt ligand, whereas
in its absence DP1 has a negative role in the cytoplasm.
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16.3.2 A Dual Role of DP1 in AP Neural Patterning

What are the physiological significances of the dual regulation by DP1? In vertebrate
early embryogenesis, a gradient of Wnt activity, which is generated by Wnt ligands
produced form the posterior tissues, determines the AP pattern of future regions of
the central nervous system (CNS) (Fig. 16.4c). Posterior neural marker genes are
induced by strong activation of Wnt/B-catenin signaling (Kiecker and Niehrs 2001).
In contrast, repression of Wnt/p-catenin signaling is essential for anterior neural
marker expression (Lagutin et al. 2003). Interestingly, endogenous DP1 protein was
concentrated in the nucleus of posterior neural plate of Xenopus embryos at the
early neurula stage, whereas it was localized in the cytoplasm in the anterior neural
plate (Kim et al. 2012). It is possible that DP1 may boost the Wnt/p-catenin signal-
ing activity in the nucleus of the “Wnt-high” posterior neural plate, whereas it may
attenuate the signaling activity in the cytoplasm of the “Wnt-low (or Wnt-free)”
anterior neural plate. Consistent with this idea, injection of DP1 MO reduced
expression of both anterior and posterior neural markers. In addition, DP1 MO
enhanced active p-catenin level and Tcf/Lef-mediated transcription in the anterior
neural plate, whereas it reduced Tcf/Lef-mediated transcription in the posterior
neural plate. Furthermore, DP1 MO-induced reduction of Tcf/Lef-mediated tran-
scription in the posterior neural plate was reversed by coinjection with NLK1 MO
(Kim et al. 2012). Taken together, these results suggest that DP1 plays a dual role
during Xenopus AP neural patterning. One function is the negative regulation of
Whnt/B-catenin signaling via blocking p-catenin activation in the cytoplasm of ante-
rior neural plate cells, and the other is the positive regulation of signaling through
suppression of NLK activity in the nucleus of posterior neural plate cells. By this
dual activity, DP1 translates a slight gradient of Wnt ligand into a steep gradient of
Tcf/Lef activity and consequently sharpens the resulting pattern (Fig. 16.4c).

16.4 Other Context-Dependent Bidirectional Modulators

Several bidirectional modulators of Wnt/B-catenin signaling have been discovered
by functional experiments in Xenopus and zebrafish embryos. Among them, the
transmembrane receptor Kremen, which can interact with LRP6 and a secreted Wnt
antagonist Dkk1, controls Wnt/B-catenin signaling activity in a manner similar to
that of DP1. In the most anterior region of neural plate where Wnt level is low and
Dkk1 is present, Kremen negatively regulates Wnt/B-catenin signaling through
ternary complex formation with LRP6 and Dkk1 and consequently promotes ante-
rior CNS development (Davidson et al. 2002). On the other hand, in the lateral
neural plate where Dkk1 is absent and Wnt level is high, Kremen directly binds to
LRP6 and enhances Wnt/p-catenin signaling to promote neural crest induction, for
which high Wnt/B-catenin activity is required (Hassler et al. 2007). Thus, similar to
DP1, Kremen strengthens Wnt/p-catenin signaling in Wnt high-activity tissues and
weakens it in Wnt low-activity tissues (Fig. 16.5a).
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Fig. 16.5 Effects of context-dependent bidirectional modulators on Wnt/B-catenin signaling. a DP1
and Kremen weaken Tcf/Lef-mediated transcription in the Wnt activity-high condition and weaken
it in the Wnt activity-low (or no) condition. Consequently, the difference of the signaling activity
between these two conditions is amplified. b Dapper/Frodo and Wise act as an activator in the
absence of Wnt activity and functions as an inhibitor in the presence of Wnt activity. These actions
may reduce the difference in signaling activity

Wise and Dapper/Frodo regulate Wnt/p-catenin signaling in a manner different
from that of DP1 and Kremen. Wise is a secreted LRP6-binding protein. Wise over-
expression induced the nuclear accumulation of P-catenin and Wnt target gene
expression in Xenopus animal cap assays, whereas it inhibited the axis-inducing
activity of Wnt8 in Xenopus axis-duplication assays (Itasaki et al. 2003). From these
observations, it is thought that Wise acts as an inhibitor in the presence of Wnt and
functions as an activator in the absence of Wnt. However, the molecular mechanism
underlying this dual function is poorly understood. Dapper/Frodo was first identi-
fied as a Dvl antagonist that inhibits the Tcf/Lef-mediated transcription induced by
overexpression of Wnt or Dvl in Xenopus embryos (Cheyette et al. 2002; Gloy et al.
2002). However, knockdown of Dapper/Frodo reduced the constitutively active Tcf/
Lef mutant-induced transcription in Xenopus embryos (Hikasa and Sokol 2004) and
enhanced the brain anteriorization phenotype of Wnt8 knockdown zebrafish
embryos (Waxman et al. 2004). Based on these results, Hikasa and Sokol (2004)
proposed that Dapper/Frodo functions as a positive regulator in the absence of
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Wnt-Dvl signaling. However, the mechanisms of this positive regulation remain
unclear. Thus, DP1 and Kremen amplify the difference of Wnt signaling activity
while Dapper/Frodo and Wise appear to lessen this (Fig. 16.5b). This amplification
and decrease must contribute to the variation of the cellular response to Wnt ligands
in developing tissues and organs.

16.5 Conclusion

Recent studies have revealed many new modulators that can control Wnt/p-catenin
signaling positively and negatively in a context-dependent manner. However,
because of the complexity of their functions, the molecular mechanisms by which they
activate or inhibit Wnt/p-catenin signaling and in what context they act as activators
or inhibitors of Wnt/B-catenin signaling remain poorly understood. Against that
background, we and others have succeeded to clarify some of the mechanisms using
a combination of functional and biochemical experiments in mammalian culture
cells and in simple model animals, such as zebrafish and Xenopus. Accordingly, it
is also becoming clear that contextual bidirectional Wnt/B-catenin signaling modu-
lation supports Wnt/B-catenin signaling to exert context-dependent actions. For
instance, DP1 and Kremen boost Wnt/p-catenin signaling in Wnt-high tissues to
promote the gene expression for which strong activation of Wnt/p-catenin signaling
is required, whereas they suppress basal signaling in low-Wnt tissues to induce gene
expression for which a low level of Wnt/p-catenin signaling is essential. NLK is
likely to intensify Wnt/B-catenin signaling to accelerate cell proliferation only in a
specific rapidly growing tissue. Therefore, I believe firmly that analysis of context-
dependent bidirectional modulation must contribute to the clarification of the
molecular mechanisms by which Wnt/p-catenin signaling directs distinct actions to
cells in different contexts. Similar to Wnt/pB-catenin signaling, other cell signaling
pathways including BMP and Shh are also used repetitively during embryonic
development and have diverse context-dependent functions in different aspects.
Hence, such analysis will also contribute to the discovery of a new general principle
underlying the cell signaling systems controlling embryonic development.

As already mentioned, the study of context-dependent bidirectional modulation
has been very challenging work. However, the recent progress of technology has
enabled every researcher to handle this effort. By OMICS technology, we can com-
pare gene expression, protein levels, posttranslational modifications, intermolecular
interactions, and epigenetic modification in different contexts. In addition, model
animals are good systems for investigating the in vivo roles of context-dependent
bidirectional regulators in each context. Recently, our group generated a highly
sensitive Wnt/B-catenin signaling reporter-transgenic zebrafish (Shimizu et al. 2012).
Such in vivo signal visualization enables analyzing the function and regulation
of cell signaling in each aspect of embryonic development. Thus, the mechanisms
underlying context-dependent function and regulation of cell signaling are within
our reach. Now is the time to tackle this subject!



224 T. Ishitani

References

Arce L, Pate KT, Waterman ML (2009) Groucho binds two conserved regions of LEF-1 for HDAC-
dependent repression. BMC Cancer 9:159-172

Arce L, Yokoyama NN, Waterman ML (2006) Diversity of LEF/TCF action in development and
disease. Oncogene 25(57):7492-7504

Cheyette BN, Waxman JS, Miller JR et al (2002) Dapper, a Dishevelled-associated antagonist of
beta-catenin and JNK signaling, is required for notochord formation. Dev Cell 2(4):449-461

Clevers H (2006) Wnt/p-catenin signaling in development and disease. Cell 127(3):469-480

Davidson G, Mao B, del Barco Barrantes I et al (2002) Kremen proteins interact with Dickkopfl
to regulate anteroposterior CNS patterning. Development (Camb) 129(24):5587-5596

Davidson G, Wu W, Shen J et al (2005) Casein kinase 1 gamma couples Wnt receptor activation to
cytoplasmic signal transduction. Nature (Lond) 438(7069):867-872

Dorsky RI, Sheldahl LC, Moon RT (2002) A transgenic Lef1/p-catenin-dependent reporter is
expressed in spatially restricted domains throughout zebrafish development. Dev Biol
241(2):229-237

Gloy J, Hikasa H, Sokol SY (2002) Frodo interacts with Dishevelled to transduce Wnt signals. Nat
Cell Biol 4(5):351-357

Hassler C, Cruciat CM, Huang YL et al (2007) Kremen is required for neural crest induction in
Xenopus and promotes LRP6-mediated Wnt signaling. Development (Camb) 134(23):4255-4263

Herman M (2001) C. elegans POP-1/TCF functions in a canonical Wnt pathway that controls cell
migration and in a noncanonical Wnt pathway that controls cell polarity. Development (Camb)
128(4):581-590

Hikasa H, Sokol SY (2004) The involvement of Frodo in TCF-dependent signaling and neural
tissue development. Development (Camb) 131(19):4725-4734

Ishitani T, Ninomiya-Tsuji J, Nagai S et al (1999) The TAK1-NLK-MAPK-related pathway antag-
onizes signalling between f-catenin and transcription factor TCE. Nature (Lond)
399(6738):798-802

Ishitani T, Ninomiya-Tsuji J, Matsumoto K (2003) Regulation of lymphoid enhancer factor
1/T-cell factor by mitogen-activated protein kinase-related Nemo-like kinase-dependent phos-
phorylation in Wnt/p-catenin signaling. Mol Cell Biol 23(4):1379-1389

Itasaki N, Jones CM, Mercurio S et al (2003) Wise, a context-dependent activator and inhibitor of
Wht signalling. Development (Camb) 130(18):4295-4305

Kiecker C, Niehrs C (2001) A morphogen gradient of Wnt/beta-catenin signalling regulates
anteroposterior neural patterning in Xenopus. Development (Camb) 128(21):4189-4201

Kim WT, Kim H, Katanaev VL et al (2012) Dual functions of DP1 promote biphasic Wnt-on and
Wnht-off states during anteroposterior neural patterning. EMBO J 31(16):3384-3397

Lagutin OV, Zhu CC, Kobayashi D, Topczewski J, Shimamura K, Puelles L, Russell HR, McKinnon
PJ, Solnica-Krezel L, Oliver G (2003) Six3 repression of Wnt signaling in the anterior neuroec-
toderm is essential for vertebrate forebrain development. Genes Dev 17(3):368-379

Lin R, Thompson S, Priess JR (1995) pop-1 encodes an HMG box protein required for the
specification of a mesoderm precursor in early C. elegans embryos. Cell 83(4):599-609

Logan CY, Nusse R (2004) The Wnt signaling pathway in development and disease. Annu Rev
Cell Dev Biol 20:781-810

Meneghini MD, Ishitani T, Carter JC et al (1999) MAP kinase and Wnt pathways converge to
downregulate an HMG-domain repressor in Caenorhabditis elegans. Nature (Lond)
399(6738):793-797

Nguyen V, Deschet K, Henrich T et al (1999) Morphogenesis of the optic tectum in the medaka
(Oryzias latipes): a morphological and molecular study, with special emphasis on cell prolif-
eration. J] Comp Neurol 413(3):385-404

Niehrs C, Shen J (2010) Regulation of Lrp6 phosphorylation. Cell Mol Life Sci 67(15):2551-2562

Ota S, Ishitani S, Shimizu N et al (2012) NLK positively regulates Wnt/B-catenin signalling by
phosphorylating LEF1 in neural progenitor cells. EMBO J 31(8):1904-1915



16  Context-Dependent Bidirectional Modulation of Wnt/B-Catenin Signaling 225

Rocheleau CE, Yasuda J, Shin TH et al (1999) WRM-1 activates the LIT-1 protein kinase to
transduce anterior/posterior polarity signals in C. elegans. Cell 97(6):717-726

Shimizu N, Kawakami K, Ishitani T (2012) Visualization and exploration of Tcf/Lef function
using a highly responsive Wnt/p-catenin signaling-reporter transgenic zebrafish. Dev Biol
370(1):71-85

Siegfried KR, Kimble J (2002) POP-1 controls axis formation during early gonadogenesis in
C. elegans. Development (Camb) 129(2):443-453

Siegfried KR, Kidd AR 3rd, Chesney MA et al (2004) The sys-1 and sys-3 genes cooperate with
Whnt signaling to establish the proximal-distal axis of the Caenorhabditis elegans gonad.
Genetics 166(1):171-186

Thorpe CJ, Schlesinger A, Carter JC et al (1997) Wnt signaling polarizes an early C. elegans
blastomere to distinguish endoderm from mesoderm. Cell 90(4):695-705

van den Heuvel S, Dyson NJ (2008) Conserved functions of the pRB and E2F families. Nat Rev
Mol Cell Biol 9(9):713-724

Wang J, Wynshaw-Boris A (2004) The canonical Wnt pathway in early mammalian embryogenesis
and stem cell maintenance/differentiation. Curr Opin Genet Dev 14(5):533-539

Waxman JS, Hocking AM, Stoick CL et al (2004) Zebrafish Dapper!l and Dapper2 play distinct
roles in Wnt-mediated developmental processes. Development (Camb) 131(23):5909-5921

Zeng X, Tamai K, Doble B et al (2005) A dual-kinase mechanism for Wnt co-receptor phosphory-
lation and activation. Nature (Lond) 438(7069):873-877

Zeng X, Huang H, Tamai K et al (2008) Initiation of Wnt signaling: control of Wnt coreceptor
Lrp6 phosphorylation/activation via frizzled, dishevelled and axin functions. Development
(Camb) 135(2):367-375



Chapter 17
The Role of Tsukushi as an Extracellular
Signaling Coordinator

Kunimasa Ohta

Abstract Temporal and spatial coordination of multiple signaling pathways is
essential for finely tuned cellular regulation in development. Extracellular signaling
molecules that function in a concentration-dependent manner, collectively called
“morphogens,” and their inhibitors both play pivotal roles in the regulation of embryo-
genesis. Understanding concerning the coordination of these signal molecule-
dependent pathways has been mainly about the mechanisms of intracellular crosstalk.
Small leucine-rich proteoglycan (SLRP) family proteins modulate various cellular
processes, that is, cellular proliferation, growth, differentiation, survival, and adhe-
sion. In this chapter, I discuss signal coordination at the extracellular level by this
family of proteins that interact with a variety of signaling molecules, as exemplified
by Tsukushi (TSK). We discovered a novel SLRP family member, TSK, which is
expressed and secreted in several specific tissue areas where embryonic organogene-
sis is ongoing. TSK binds nodal/Vg1/TGF-p1, BMP4/chordin, FGF8, Frizzled4, and
Delta and modulates their downstream intracellular signaling pathways, indicating
multiple regulatory functions of TSK during development.

Keywords Multiple signaling pathways  SLRP ¢ Soluble molecule ¢ Tsukushi

17.1 Introduction

The exchange of information between cells is essential for embryonic development
and homeostasis in multicellular organisms. Signaling molecules that are released
from a group of cells travel to target cells and bind to their surface receptors to
exert their effects. Improper deployment of signaling molecules can lead to
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developmental defects and cause diseases (Muller and Schier 2011). Many important
extracellular signaling molecules such as Wnts, Hedgehog (Hh), fibroblast growth
factors (FGFs), and their downstream signaling cascades have now been itemized
and characterized, demonstrating evolutionary conservation of their actions.
Importantly, they are employed repeatedly at different stages of development.
Growing evidence indicates that virtually all developmental events are regulated by
cooperation of multiple signaling pathways. Some extracellular regulators interact
with multiple signaling molecules, for example, Cerberus interacting with Wnt,
Nodal, and bone morphogenetic (BMP) (Piccolo et al. 1999) and follistatin interact-
ing with activin and BMP (Fainsod et al. 1997), suggesting that these extracellular
signaling molecules function to integrate multiple signaling processes, but this has
remained only as a model.

We carried out a signal sequence trap screening using a chick lens library and
isolated five cDNAs encoding novel secreted proteins (Mu et al. 2003). One of these
cDNA clones (clone 179) encoded a new member of the small leucine-rich proteo-
glycan family (SLRP) of 369 amino acid residues. To date, 17 proteins have been
assigned to the SLRP family (Schaefer and Iozzo 2008; Dellett et al. 2012). An SLRP
protein binds various cell-surface receptors, growth factors, cytokines, and other
extracellular matrix components, suggesting a potential role to coordinate diverse
cellular functions (Dellett et al. 2012). We named this new SLRP protein of our
discovery “Tsukushi” (TSK), from the observation that the expression pattern in
blastoderm-stage chick embryos (Fig. 17.1a) looks like a shoot of the horsetail plant
(Equisetum), “Tsukushi” in Japanese (Fig. 17.1b) (Ohta et al. 2004). At the amino-
acid sequence level, chick Tsukushi (C-TSK) shares 59 % identity with Xenopus
Tsukushi (X-TSK) and 5354 % identity with zebrafish, mouse, and human TSKs.
Our studies indicate that TSKs function as signaling coordinators by interacting
with multiple extracellular signaling molecules. The multiple roles of TSK during
the development are reviewed in this chapter.

17.1.1 TSK Promotes Organizer Formation by Inhibiting
BMP Signaling

During early chick development (stage 3), the middle portion of the primitive streak
functions as “the node-inducing center” that corresponds to the Nieuwkoop center
in Xenopus (Joubin and Stern 1999). Induced Hensen’s node corresponds to amphibian
Spemann organizer. BMP4 is present at low levels in the entire embryonic epiblast
(area pellucida) and extraembryonic epiblast (area opaca) (Faure et al. 2002).
At later stages, BMPs are more strongly expressed over the posterior primitive
streak and encircle the area pellucida, excluding the areas in and surrounding the
node (Joubin and Stern 1999). In contrast to BMPs, BMP antagonist chordin
(Sasai et al. 1994) is expressed in the anterior tip of the forming primitive streak and
subsequently localizes to Hensen’s node (Streit et al. 1998). This inhibition of BMP
signaling by chordin and other BMP antagonists is a critical step in the formation of
the primitive streak and induction of Hensen’s node (Joubin and Stern 1999).
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Fig. 17.1 Molecular interaction of Tsukushi (7SK) during chick gastrulation. (a, b) We identified
a unique secreted bone morphogenetic protein (BMP) inhibitor, which is expressed in the primitive
streak and Hensen’s node (Hn) during chick gastrulation (a). We named this factor “Tsukushi”
(TSK) because its expression pattern in chick embryos is similar to the shape of the shoot of the
horsetail plant, “Tsukushi” in Japanese (b). ¢ C-TSK mRNA was injected into a ventral vegetal
blastomere, embryos were cultured, and in situ hybridization was performed with Pax6. (d, e)
Successive stages in the development of the chick embryo are shown on the /eft; the sequential
molecular signaling steps are shown on the right. (d) Just before gastrulation, Wnt8C and C-TSK
are expressed all around the marginal zone, and Vgl in PMZ. C-TSKA collaborates with chordin
to decrease BMP activity in PMZ. (e) At stages 2-3, the primitive streak starts to form under the
influence of Vg1 +Wnt8C and Vgl +C-TSKB. The Vgl +Wnt8C and Vgl +C-TSKB signaling
cascade synergize to induce the organizer in the central area where the C-TSKA +chordin serves
to keep BMP expression clear of the center. C-TSKA also inhibits the activity of BMP7 expressed
in the posterior primitive streak

Alternative splicing of C-TSK transcripts generates two isoforms, C-TSKA,
(originally reported form of C-TSK) and C-TSKB, that differ in their C-terminal region
(Ohta et al. 2006). All TSK orthologues in zebrafish, Xenopus, mouse, and human have
only the TSKB isoform. The C-TSKA isoform is a strong BMP antagonist (Fig. 17.1c).
Its expression becomes progressively restricted to Hensen’s node and the anterior prim-
itive streak during gastrulation (Ohta et al. 2004), similar to other BMP antagonists.
In contrast, the C-TSKB isoform is a much weaker antagonist, and is expressed mainly
in the middle portion of the primitive streak (Ohta et al. 2006).

C-TSK isoforms presumably play two different roles in the primitive streak
formation. At pre-streak stage (Fig. 17.1d), C-TSK expression is detectable in the
area opaca, the posterior marginal zone (PMZ), and Koller’s sickle. Of the two iso-
forms, C-TSKA cooperates with chordin to decrease BMP activity in the posterior
epiblast (Ohta et al. 2004), whereas both C-TSKA and C-TSKB augment Vg1 activ-
ity in the PMZ, thus facilitating induction of the primitive streak. At primitive streak
stages (Fig. 17.1e), both C-TSKA and C-TSKB are initially expressed throughout
the primitive streak. However, as the primitive streak reaches its full extension, the
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expression of C-TSKA becomes restricted to the anterior part of the streak and
Hensen’s node, whereas C-TSKB expression becomes enriched in the middle portion
of the primitive streak. Thus, C-TSKA is involved in counteracting BMP2/4 signals
spreading from the periphery in cooperation with chordin (Ohta et al. 2004),
whereas C-TSKB promotes node-inducing activity by positively regulating Vgl
activity (Ohta et al. 2006).

17.1.2 TSK Controls Neural Crest Specification by Inhibiting
BMP Signaling, Being Modulated by Notch Signaling
Strength

Vertebrate neural crest cells arise at the border between the neural plate and the
epidermis in the embryonic ectoderm. A gradient of BMP activity in the ectoderm,
weaker around the neural plate periphery, is produced by interactions between
BMPs expressed in the ectoderm and the BMP inhibitors secreted from the axial
mesoderm, resulting in a specific BMP signaling level that directs specification of
the neural crest cells (Nguyen et al. 1998; Marchant et al. 1998; LaBonne and
Bronner-Fraser 1998). However, the neural crest is not produced from the anterior-
most portion of the neural plate (Hopwood et al. 1989; Mayor et al. 1995), which is
not readily explained by the BMP signal gradient alone and suggests involvement of
additional factor(s) in these anteroposterior differences (Villanueva et al. 2002).
Recently, the Notch signaling pathway has also been shown to be important in
neural crest specification by regulating the expression of BMP signaling molecules
at the lateral edge of the neural plate (Glavic et al. 2004). X-TSK is expressed in the
prospective cranial neural crest at the early neurula stage (Fig. 17.2a) (Kuriyama
et al. 2006). In the migrating cranial neural crest, X-TSK is expressed in the man-
dibular and the anterior and posterior branchial crest segments (Fig. 17.2b). During
gastrulation, X-TSK is expressed in the whole-animal ectoderm and in the dorsal
mesoderm (Ohta et al. 2004). Dorsal midline signals, such as chordin, Noggin, and
X-TSK, bind to BMPs and directly inhibit their activity in the dorsal ectoderm
(phase I'in Fig. 17.2i), leading to the specification of the neural plate at these stages
(Sasai and De Robertis 1997). Subsequently, X-TSK expression is downregulated
in the presumptive neural plate, although it is even augmented in the ectoderm
flanking the neural plate (phase II in Fig. 17.21). At these stages, in the presumptive
neural crest region, X-TSK controls BMP activity through direct binding to BMPs,
and it also downregulates BMP transcription, possibly via modulation of the Notch
signaling pathway (Fig. 17.2j). Our gain- and loss-of-function experiments with
X-TSK in isolated animal caps suggest that X-TSK modulates X-delta-1 activity in
a dose-dependent manner, by activating it at lower X-TSK levels and repressing it
at higher X-TSK levels (Kuriyama et al. 2006). Acting via simultaneous modulation
of BMP and Notch signaling, TSK regulates the establishment of a pre-neural crest
region expressing Hairy2A and Msx1. Monsoro-Burq et al. (2005) reported that
Msx1 and XWnt-8-dependent posteriorizing effect converge on Pax3. In turn, Pax3
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Fig. 17.2 Molecular interaction of TSK during neural crest specification. (a) Bilateral expression
of X-TSK outside the neural plate (arrows). Dorsal view: anterior is upward. (b) X-TSK expres-
sion was observed in mandibular () neural crest, anterior branchial (ab) crest, and posterior bran-
chial (pb) crest. (¢) The neural crest marker Xslug disappeared with X-TSK overexpression
(arrow). (d) The neural crest marker Sox9 disappeared with X-TSK siRNA (arrow). (e) Sox2
expression expanded laterally in the X-TSK-injected side (right side). (f) Epidermal keratin
expression disappeared at the anterior border on the X-TSK-injected side (arrow). (g) Sox2 expres-
sion was not disturbed in the X-TSK-siRNA-injected embryo. (h) Epidermal keratin was activated
in the X-TSK-siRNA-injected side (arrows). (i) A model of sequential steps for neural crest speci-
fication. Phase I: During gastrulation, midline BMP antagonists inhibit BMP4 expression and
specify the neural plate (np: orange). After this, X-TSK expression is repressed in the presumptive
neural plate, while it is maintained in the lateral ectoderm by BMP4 signaling (green). Phase II: At
a later stage, X-TSK expression is upregulated in the lateral neural crest region (Inp: yellow),
which has intermediate levels of BMP signaling. (j) Molecular network of neural crest (nc) speci-
fication. X-TSK inhibits BMP4 (red asterisk) and modulates Notch signaling via direct binding to
X-delta-1 (purple asterisk). Notch signaling can regulate the expression of BMP4, and BMP and
Notch signaling interact to control the expression of Hairy2A and Msx1. Finally, caudalizing

signals such as XWnt-8 converge to this network downstream of Msx1, to control the activation of
Pax3 expression and neural crest cell specification
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Fig. 17.3 Molecular interaction of TSK during germ layer formation. (a) Schematic drawing of
X-TSK expression in ectoderm, dorsal mesoderm (DM), and endoderm of Xenopus embryo. (b)
Model of X-TSK function in germ layer formation and patterning: dorsal-ventral mesoderm pat-
terning. X-TSK in dorsal mesoderm inhibits BMP signaling and activates Xnr2 signals to promote
dorsal mesoderm formation. Further, X-TSK inhibits expression of ventrolateral mesoderm (VLM)
marker Xbra, through inhibition of FGF signaling. (¢) Model of X-TSK function in endoderm
formation. X-TSK coordinates inhibition of FGF and BMP signals with activation of Xnr2 signal-
ing to induce endoderm formation, as marked by Sox17a. Again, X-TSK inhibits expression of
ventrolateral mesoderm marker Xbra, through inhibition of BMP and FGF signaling, and contrib-
utes to the distinction between endoderm- and mesoderm-specific gene expression

cooperates with ZicR1 (Zicl) to activate neural crest markers (Sox9, Xslug, and
Zic5), resulting in the specification of the neural crest (Monsoro-Burq et al. 2005)
(Fig. 17.2j). Furthermore, some FGFs such as FGF8 are expressed in the anterior
neural border from early neurula stages (Lupo et al. 2005), suggesting that the pres-
ence of higher levels of X-TSK in the anterior neural border, compared with the
neural crest itself, might be an additional mechanism to restrict the boundaries of
the neural crest domain.

17.1.3 TSK Is Involved in Germ Layer Formation by the
Inhibition of BMP and FGF Signaling and the
Enhancement of Xnr2 Signaling

During blastula stages of amphibian development, the germ layers are formed along
the primary animal—vegetal axis of the embryo: the pigmented animal pole develops
into ectoderm, the yolk-rich vegetal pole develops into endoderm, and the equato-
rial region develops into mesoderm (Schohl and Fagotto 2003). Germ layer forma-
tion appears to rely on inductive interactions, which are generated by prelocalized
maternal determinants (Schohl and Fagotto 2003). Multiple signaling pathways ini-
tiated by extracellular molecules must be finely coordinated to produce the required
output and to achieve appropriate germ layer specification (Darras et al. 1997).
X-TSK is expressed in ectoderm, endoderm, and dorsal mesoderm during
early stages of Xenopus development, suggesting a role for X-TSK in germ layer
formation and patterning (Fig. 17.3a) (Morris et al. 2007). Our functional analyses
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show that X-TSK has activity to expand the region of Gsc expression marking the
organizer, via BMP signal inhibition and Xenopus nodal-related protein (Xnr)
signal activation (Morris et al. 2007). Additionally, X-TSK inhibits expression of
ventrolateral mesoderm markers through inhibition of FGF signaling. Moreover,
X-TSK expression in the dorsal mesoderm contributes to organizer formation
through BMP signaling inhibition and activates the dorsal mesoderm-specific gene
regulatory network (Fig. 17.3b). For the endoderm to develop, X-TSK interacts
with Xnr2 and enhances Smad?2 activity downstream of Xnr2. In addition, X-TSK
has two more activities: binding and inhibition of FGF8b and BMP. It is known that
strong activation of nodal signaling plays a major role in endoderm development
(Schier 2003). Thus, X-TSK organizes endoderm development through its action of
Xnr2 activation, FGF-MAPK inhibition, and BMP inhibition (Fig. 17.3c). In conclu-
sion, through regulation of these multiple factors, TSK coordinates formation of the
endoderm and patterning of mesoderm during early Xenopus embryogenesis (Morris
et al. 2007).

17.1.4 TSK Is Involved in Ciliary Body Formation in the Eye
by Inhibiting Wnt Signaling

Multipotent stem/progenitor cells have been isolated from the ciliary body (CB)
at the anterior margin of the adult mouse retina and shown to possess characteris-
tics of stem cells (Tropepe et al. 2000). Several lines of evidence suggest that Wnt
signaling promotes proliferation of neural retinal stem cells. Wnt proteins released
from the signaling cells bind to the Frizzled (Fzd)/low-density lipoprotein
receptor-related protein complex on the cell surface of target cells, eliciting
these Wnt receptor complexes to transduce the signal intracellularly (Logan and
Nusse 2004).

In the chick embryonic eye, Wnt2b is localized to the anterior tip of the optic
cup, and C-TSKB is expressed in the adjacent ciliary/iris epithelium, whereas Fzd4
is expressed in both the ciliary and the iris epithelia (Fig. 17.4a) (Ohta et al. 2011).
In the mouse eye, the TSK gene is expressed in the retinal layers, CB, and lens epi-
thelium, and its expression then continues in the prospective CB until adulthood
(Fig. 17.4b) (Ohta et al. 2011). In the anterior parts of the eye, the p-catenin-
dependent Wnt signaling pathway is mainly activated by the Wnt2b ligand and
transduced through the Fzd4 receptor (Kubo et al. 2005). Interestingly, TSK directly
binds to the cysteine-rich domain of Fzd4 and competes with Wnt2b for binding to
the same domain, thus preventing Wnt activation of p-catenin-dependent signaling
(Ohta et al. 2011). The expression of both Wnt2b and Fzd4 in embryonic (E) 15.5
day eyes is augmented and regionally expanded in the future CB area of TSK KO
mice compared with WT mice (Fig. 17.4c). Targeted inactivation of the TSK gene
in mice causes expansion of the CB (Ohta et al. 2011). These observations indicate
that TSK is an important component of the Wnt signal pathway controlling CB
development (Fig. 17.4d) (Ohta et al. 2011).
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Fig. 17.4 Molecular interaction of TSK during peripheral eye formation. (a) Schematic drawing
of the peripheral region of a chick E6 eye and in situ hybridizations showing mRNA expression
patterns of C-TSKB, Wnt2b, and Fzd4. (b) M-TSK is expressed in the anteriormost tip of the
developing mouse optic cup and the mature CB. RPE retinal pigmented epithelium, CB ciliary
body, Re retina, LE lens epithelium. (¢) Expression of Wnt2b and Fzd4 in the E15.5 peripheral
retina. Note that the expression of Wnt2b (arrows) and Fzd4 in M-TSK KO mice is expanded in
both the pigmented epithelium and the nonpigmented epithelium compared with WT mice. (d)
During early retinal development, Wnt2b (yellow) expressed in the tip of the retina (chick) and the
peripheral pigmented epithelium (mouse) acts on the nonpigmented cells expressing Fzd4 and
TSK (green) to cause proliferation. TSK regulates this effect by inhibiting Wnt2b activity

17.1.5 TSK Augments Transforming Growth Factor
(TGF)-p Signaling Activity During the Hair Cycle

The hair follicle is a complex mini-organ with repeated regeneration and degeneration
processes known as hair cycles. Hair follicular stem cells (HFSCs) are located in
the hair follicle bulge area (Blanpain and Fuchs 2006). The HFSC population is
composed of multipotent keratinocyte stem cells that are responsible for the cyclic
generation of hair follicles and, during wound healing, for transient cell supply to
interfollicular epidermis and sebaceous glands (Oshima et al. 2001). Several signal-
ing molecules of the Wnt, BMP, Shh, and TGF-p signaling cascades are involved in
the normal hair follicle cycle (Alonso and Fuchs 2006).

TSK is expressed in restricted areas of the hair follicle during hair growth and
the hair cycle (Fig. 17.5a) (Niimori et al. 2012). We demonstrated that TSK
secreted from lower follicle (bulb) directly binds to TGF-f1 outside the cell.
Skin pigmentation after depilation was different between wild-type (WT) and
TSK knockout (KO) mice; the skin color of WT mice is gray (anagen stage),
whereas that of TSK KO mice is pink (telogen stage) (Fig. 17.5b). TGF-f signal-
ing has been reported to be important for the homeostasis of hair follicles and
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Fig. 17.5 Molecular interaction of TSK during hair cycling. (a) M-TSK is expressed in the bulge
cells (brackets), sebaceous glands (arrowheads), and bulb (arrows) at P30. (b) The wild-type (WT)
mouse shows a gray color after depilation, which indicates the hair growth state, although the
M-TSK knockout (KO) mouse shows a pink color, which indicates that the hair follicles are in a
resting state. (¢) A schematic model of M-TSK and TGF-p1 during the hair cycle. M-TSK is
secreted from the lower follicle (bulb), binds to TGF-f1 outside the cell, and causes cell regression.
HESCs are localized in the hair follicle bulge area M-TSK may maintain HFSCs that are TGF-3
dependent. ORS outer root sheath

causes the phosphorylation of Smad2/3 (Yang et al. 2009). The expression of
pSmad2/3 is detected in the bulge area at the telogen stage of WT mice but was
not detected in TSK KO mice (Niimori et al. 2012). Therefore, we suggest that
TSK secreted by bulge cells induces the anagen phase of the hair cycle by enhanc-
ing TGF-f activity after secretion (Fig. 17.5c).

17.1.6 TSK Is Involved in Neural Circuit Formation

In the developing mouse brain, TSK is expressed in the olfactory bulb, anterior
olfactory nucleus, neocortex, and piriform cortex (Ito et al. 2010). In the TSK KO
mice, nerve fibers fail in crossing the midline in the anterior commissure position,
and the adult brain lacks the anterior commissure (Ito et al. 2010). Presumably
related to this KO mouse phenotype, TSK has axon guidance activity by inhibiting
neurite outgrowth of anterior olfactory neurons and cortical neurons in vitro
(Hossain et al. 2013). TSK also induced growth cone collapse when applied to these
cultured neurons (Hossain et al. 2013), demonstrating involvement of TSK in the
neuronal circuit formation.
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17.2 Conclusion

TSK directly binds several signaling molecules in the extracellular space through
protein—protein interactions. TSK functions as an extracellular modulator of signaling
cascades by enhancing or inhibiting their activity during early embryonic develop-
ment. Figure 17.6 cartoons multiple and context-dependent functions of TSK. In the
case of Xenopus neural crest specification, X-TSK augments X-delta-1 activity
when X-TSK expression is low, whereas it represses X-delta-1 activity when the
X-TSK expression level is high, ensuring a range of X-delta-1-dependent signaling
(Kuriyama et al. 2006). In more complex situations, TSK protein simultaneously
binds to multiple signaling molecules to modulate the integrated outputs. One such
example is that TSK binds both BMP and its antagonist chordin and potentiates
chordin BMP inhibitory activity during organizer formation (Ohta et al. 2004).
Thus, TSK modulates the balance of multiple signaling pathways depending on the
context of developmental processes.

Tsukushi

N LI
Delta \

& \b\.\
\f\\ Ny

A\ V4 N/ Frizzled

Notch S~

N
Cell proliferation N

N

Cell differentiation ; Cell death \

\ \

Fig. 17.6 Dynamic regulation of extracellular signaling network. The signaling molecules that
localized the extracellular region create a microenvironment through combinatory potentiation of
multiple signaling activities, then extracellular signals are activated or repressed at the correct time
and place. For example, blue cells and purple cells express cell membrane protein Notch, Frizzled,
and bone morphogenetic protein receptor (BMPR) and Delta, respectively. TSK localized at the
extracellular region binds to BMP and Delta and inhibits their signaling cascades, but in the central
area, as TSK concentration is low, Wnt binds to Frizzled, resulting in cell proliferation. Thus, TSK
coordinates extracellular signaling networks that determine the several biological processes during
development
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Chapter 18

Divergent Roles of Heparan Sulfate

in Regulation of FGF Signaling During
Mammalian Embryogenesis

Isao Matsuo, Chiharu Kimura-Yoshida, and Kayo Shimokawa

Abstract Heparan sulfate proteoglycans, composed of heparan sulfate (HS)
glycosaminoglycan chains and core proteins, are distributed at the cell surface as well
as in the extracellular matrix (ECM). HS chains play crucial yet divergent roles in
regulation of fibroblast growth factor (FGF) signaling extracellularly: as an essential
cofactor for ligand—receptor dimerization at the cell surface, positive and negative
modulators of stable dimer formation, as a key mediator of active movement of
ligands, and as a spatial barrier for passive diffusion in the ECM. These divergent
functions are mediated by the local HS structures, for example, chain length and sulfa-
tion level, and by the spreading of unanchored HS chains after enzymatic cleavage by
proteinases and heparanases. In this way, FGF signaling activity modified by HS par-
ticipates in multiple cellular processes including cell proliferation, differentiation,
survival, and migration during embryonic development. In this chapter, we highlight
the essential and cell nonautonomous roles of the cell-surface HS in activation of FGF
signaling during mouse extra-embryonic ectoderm development.

Keywords Chimeric analysis ® Ext2 ¢ Extra-embryonic ectoderm ¢ Fibroblast
growth factor (FGF) » Heparan sulfate proteoglycans (HSPGs)

18.1 Introduction

Heparan sulfate proteoglycans (HSPGs) are composed of a specific core protein
covalently linked with one or more heparan sulfate (HS) glycosaminoglycan chains
(Perrimon and Bernfield 2000; Bishop et al. 2007; Biilow and Hobert 2006; Varki
et al. 2009) (Fig. 18.1). HSPGs are divided into three major classes based on their
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Fig. 18.1 Schematic representation of structures and localization of heparan sulfate proteoglycans
(HSPGs). (a) Transmembrane-type and glycerophosphatidylinositide (GPI)-anchored type
HSPGs. HS chains are covalently linked to core proteins. The two types of HSPGs, transmembrane
type (syndecan) and GPI-anchored type (glypican), are tethered initially at the cell surface. These
cell-surface HSPGs are occasionally cleaved by proteinases and heparanases. In addition, notum
specifically cleaves the extracellular domain of GPI-linked core proteins. By “shedding,” i.e.,
by sheddases cleavage, extracellular domains of HSPGs and HS chains are released from the cell
surface into the extracellular matrix (ECM). (b) ECM-associated HSPSs. Secreted-type HSPGs
such as perlecan and agrin are localized in the ECM, including the basement membrane

core-protein structure, transmembrane type (e.g., syndecans), glycerophosphati-
dylinositide (GPI)-anchored type (e.g., glypicans), and secreted extracellular matrix
(ECM) type (e.g., perlecan and agrin) (Fig. 18.1). The transmembrane and
GPI-anchored types are localized on the cell surface, but can also be released to the
extracellular space and ECM by sheddase cleavage, such as a proteinase, a heparan-
ase, or notum (pectinacetylesterase) depending on the context of cells. The ECM-
type HSPG is solely secreted into the ECM such as the basement membrane during
embryogenesis. Therefore, the cellular localization of HS chains is primarily depen-
dent on the distribution of the linked core proteins (Fig. 18.1). During their synthesis,
HS chains are initially assembled on serine residues of core proteins by a series of
glycosyltransferases and modification enzymes in the Golgi apparatus. HS chains
elongate by addition of disaccharide units consisting of N-acetylglucosamine and
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glucuronic acid (generally 25-100 repeat units in length), being catalyzed by the
heterodimer complex of Extl (exostosin glycosyltransferase 1) and Ext2 proteins
(Perrimon and Bernfield 2000; Bishop et al. 2007; Biilow and Hobert 2006; Varki
et al. 2009). Resultant long linear HS chains are further subjected to a series of modi-
fication reactions by several sulfotransferases and an epimerase, thereby generating
a diversity of HS structures.

Mammalian 22 fibroblast growth factor (FGF) proteins can be classified into
three groups: paracrine FGFs (also named canonical FGFs), hormonal FGFs (also
endocrine FGFs), and intracrine FGFs (reviewed in Beenken and Mohammadi
2009; Dorey and Amaya 2010; Itoh and Ornitz 2011). Among these, paracrine
FGFs comprising five subfamilies (i.e., FGF1/2/5, FGF3/4/6, FGF8/17/18,
FGF7/10/22, and FGF9/16/20) have relatively high affinities to HS and thus can
be retained locally by HS chains (Asada et al. 2009). Consequently, paracrine
FGF-FGFR dimerization stabilized by HS chains directs tyrosine kinase activation
of the FGF receptor (FGFR) (Yayon et al. 1991; Rapraeger et al. 1991; Schlessinger
et al. 2000; Pellegrini et al. 2000), which controls multiple cellular events such as
cell proliferation, differentiation, migration, and survival during mammalian devel-
opment (Dorey and Amaya 2010; Lanner and Rossant 2010). In contrast, hormonal
FGFs (FGF15/19/21/23) have a lower affinity to HS and can travel for longer
distances through the bloodstream in an endocrine fashion to bind FGFRs with the
aid of an a- or B-Klotho coreceptor at the cell surface of target organs (Kuro-o 2008;
Goetz et al. 2012). Finally, intracrine FGFs (FGF11/12/13/14) are not secreted and
bind to the sodium channel independently of FGFRs (Goldfarb 2012).

In addition to the crucial roles of HS in a FGF-FGFR ternary complex formation,
HS chains modulate the signaling activity of diffusible growth factors such as FGF,
bone morphogenetic protein (BMP), transforming growth factor (TGF)-f, Wnt, and
Shh by controlling their extracellular stabilization, movement, and retention at the cell
surface as well as in the ECM during development (Perrimon and Bernfield 2000;
Bishop et al. 2007; Yan and Lin 2009; Matsuo and Kimura-Yoshida 2013). Consistent
with an essential role of HS chains in the FGF-FGFR complex formation, the mouse
gene for the synthesis of the glycosaminoglycan chains is required for proper activa-
tion of FGF signaling during normal mammalian development (Garcia-Garcia and
Anderson 2003). However, it has not been clarified how the molecular distribution and
subsequent signal activation of FGFs are spatially and temporally controlled in the
ECM and on the cell surface. This chapter highlights our recent findings on the roles
of HS in the extracellular distribution of paracrine FGFs and subsequent signaling
activation during mammalian embryonic development.

18.2 HS Is Required for the Local Retention of FGF Ligands
on the Cell Surface

To determine how HS chains regulate the activity of FGF signaling, we have
analyzed the Exf2 null mutant mouse, which was originally identified by a transgene-
inserted mutation showing early embryonic lethality (Shimokawa et al. 2011).
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Fig. 18.2 Distribution of fibroblast growth factors (FGF's), heparin sulfate (HS), and core proteins
in extra-embryonic ectoderm. (a) Schematic representation of mouse embryonic structures at
embryonic (E) day 5.5, illustrating the tissue layers and basement membranes (ECM). (b)
Schematic representations of local distribution of HS chains, core proteins, Fgf transcripts, FGF,
and dp-ERK activity in the wild-type embryos at ES.5

As the Ext1-Ext2 protein complex catalyzes HS elongation, disaccharide analysis
with high-sensitive fluoromeric post-column HPLC demonstrated that disaccha-
rides of HS were undetectable but those of chondroitin sulfate were normally present
in Ext2-deficient embryos (Shimokawa et al. 2011). At the tissue level, Ext2-
deficient embryos fail to develop an extra-embryonic ectoderm and mesoderm prop-
erly (Stickens et al. 2005; Shimokawa et al. 2011). To elucidate the role of HS in
mouse extra-embryonic ectoderm development where FGF signaling is thought to
be involved (Corson et al. 2003), we tested whether HS chains are essential for FGF
signaling activation. Then, we have analyzed expression of downstream targets
of the FGF signaling pathway, for example, the diphosphorylated form of extracel-
lular signal-regulated kinase (ERK) (dp-ERK), Dusp6/Mpk3, and Sprouty4. In the
wild-type embryos, expression of these FGF targets was upregulated in the extra-
embryonic ectoderm specifically at embryonic (E) day 5.5, although their expres-
sion was severely reduced in the HS-deficient Ex¢2 null mutant embryos (Fig. 18.2).
To assure that Exr2-deficient abnormities are brought about by the lack of HS
chains, we exploited the in vitro explant assay. In vitro explant studies using
wild-type and mutant embryo tissues revealed that reduced FGF signaling caused
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by Ext2 deficiency was partly restored by addition of heparin in the culture medium
(Shimokawa et al. 2011). These findings together suggest that HS chains are essen-
tial for FGF signaling activation in the extra-embryonic ectoderm of the mouse
embryo.

To investigate how HS chains are involved in FGF signaling activation in more
detail, we examined the tissue distributions of Exz2 transcripts, HS, FGF4/8 ligands,
FGFR2, and syndecan-1, one of the major core proteins of cell-surface HSPGs
(Fig. 18.2). HS chains as well as Ext2 transcripts were abundantly expressed in the
extra-embryonic ectoderm of the wild-type embryo at E5.5. Notably, cell surface-
tethered HS were prominently expressed in the extra-embryonic ectoderm but was
expressed at a low level in the epiblast although ECM-associated HS was distrib-
uted throughout the basement membrane (Shimokawa et al. 2011) (Fig. 18.2).
As expected, however, neither Ext2 transcripts nor HS chains were detectable in the
Ext2-deficient embryos. To investigate whether HS chains are involved in local
distribution of FGF ligands, we analyzed the expression of Fgf transcripts as well as
FGF proteins in the E5.5 wild-type embryos during extra-embryonic ectoderm.
Unexpectedly, although the Fgf4 gene was transcribed in the epiblast and Fgf8 in the
epiblast and visceral endoderm, both FGF4/8 proteins were exclusively localized in
the extra-embryonic ectoderm. Coincidentally, these FGF proteins appeared to be
colocalized with cell-surface HS chains as well as the syndecan-1 core protein, but
not with ECM-associated HS chains in the basement membrane such as perlecan
(Fig. 18.2) (Shimokawa et al. 2011). In the HS-deficient embryos, however, local
retention of the FGF4/8 protein in the extra-embryonic ectoderm was lost despite
normal transcription of both Fgf4 and Fgf8 genes (Shimokawa et al. 2011). These
findings strongly suggest that although ECM-associated HS chains also contribute
to the regulation of FGF spreading in other biological systems (see later: Sect. 18.6),
cell surface-tethered HS expression is crucial for the local retention of FGF ligands
on the cell surface during mouse extra-embryonic ectoderm development.

18.3 HS Chains Can Spread FGF Signaling Activation
Within a Short Range in a Cell Nonautonomous
Manner

It has been suggested that HS chains regulate the activity of growth factors in both
a cell autonomous and non-cell autonomous manner (Hicker et al. 2005). To assess
this alternative mechanism, we have analyzed FGF signaling activity in chimeric
embryos consisting of wild-type and HS-deficient cells by means of embryonic
stem cell (ES) injection in blastocysts and eight-cell aggregation (Fig. 18.3a).
The basic idea of the analysis is that in either types of chimeric embryos cell surface-
tethered HS (e.g., syndecan-attached HS) is localized exclusively on the cell surface
of the wild-type cells while ECM-associated HS (e.g., Perlecan-attached HS)
secreted from the wild-type cells reach the basement membrane that surrounds
HS-deficient cells as well (Figs. 18.1 and 18.3a).
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Fig. 18.3 Chimeric analyses on the cell autonomy of HS chains for FGF signaling activation.
(a) Two distinct strategies for generating chimeric embryos. Top left: Embryonic stem (ES) cell
injection into blastocysts. Top right: Aggregation of eight-cell stage embryos. Below: Diagrams
for distribution of HS chains in the two types of chimeric embryos derived from the ES cell
injection and aggregation with Ext2-deficient embryos. (b) Diagrams for distribution of wild-
type and HS-deficient cells showing FGF signaling activity in the extra-embryonic ectoderm in
aggregation chimera

When wild-type ES cells that were marked by [-galactosidase (Bgal) expression
were injected into HS-deficient blastocysts, extra-embryonic ectoderm was exclu-
sively derived from HS-deficient cells but the epiblast contained wild-type cells in
addition to mutant cells (Tam and Rossant 2003) (Fig. 18.3a). Then, the distribution
of HS in the chimeric embryos was visualized with the antibody specific for HS
chains whereas FGF signaling activation was monitored by testing dp-ERK and
Err-f induction in the HS-deficient cells. In this assay, only those HS-deficient cells of
the extra-embryonic ectoderm that were in close proximity to the wild-type epiblast
cells activated FGF signaling (Shimokawa et al. 2011). Given that ECM-associated
HS chains were abundantly found throughout the basement membrane irrespective
of cellular genotypes, FGF signaling activation may be primarily mediated by cell
surface-tethered HS but not ECM-derived HS.

To confirm the nonautonomous role of HS chains for FGF signaling activation,
we generated aggregation chimera in which the wild-type and HS-deficient cells are
distributed in a salt-and-pepper manner (Fig. 18.3a). As examined with HS-specific
antibody, mutant cells failed to express HS chains at their cell surface while wild-
type cells expressed cell surface-tethered HS, whereas ECM-associated HS chains
were distributed throughout the basement membrane (Fig. 18.3a). Analysis of HS
expression and FGF signaling markers together revealed that mutant cells in the



18 Divergent Roles of Heparan Sulfate in Regulation of FGF Signaling During... 245

vicinity of the wild-type cells activated FGF signaling, as indicated by dp-ERK
immunostaining, similar to the wild-type cells (Fig. 18.3b). In addition, a fraction of
HS-deficient mutant cells did not express dp-ERK. Considering the fact that
ECM-associated HS chains were abundantly distributed throughout the basement
membrane, FGF signaling mainly depends on cell surface-tethered HS but not
ECM-derived HS. These findings indicated that HS functions in a cell nonautono-
mous manner for FGF signaling activation in the extra-embryonic ectoderm and
that signaling activation occurs only within a short distance, mainly mediated by
cell surface-tethered HS.

18.4 FGF Signaling Activation Is Mediated by Proteolytic
Cleavage of HSPGs

The spreading of HS has been proposed to be mediated by enzymatic cleavage of
HSPGs, planar transcytosis, and/or cytoneme (filopodia) (Hicker et al. 2005; Yan
and Lin 2009) (Fig. 18.4a). Several lines of evidence, as indicated next, argue that
the first mechanism account for the HS spreading. Notably, cleavage of HSPGs by
several secreted serine proteinases can modulate FGF signaling for a long distance
in the extracellular space (Biilow and Hobert 2006; Yan and Lin 2009) (Fig. 18.4a).
A secreted serine protease, xHtrA1, can cleave cell surface-tethered HSPGs includ-
ing biglycan, syndecan-4, and glypican-4 and spread over HS for tissue posterior-
ization, mesoderm induction, and neuronal differentiation through long-range FGF
signaling activation in Xenopus embryos (Hou et al. 2007). In addition, several
hypothetical functions of HS cleavage by endoglycosidases such as a heparanase
are implicated: HS chains can travel at a long distance by removal of core proteins,
growth factors bound to HS chains can be released from core proteins for signaling
activation or inactivation, and removal of HS chains can affect interactions between
HSPGs and other ECM-associated proteins (Reiland et al. 2004; Patel et al. 2007)
(Fig. 18.4a).

To further clarify the short-range spreading mechanism of FGF with HS, we
have used several chemical inhibitors for the foregoing specific processes of HS
movement. Specific inhibitors for a serine protease strongly reduced the FGF signal
activation in the extra-embryonic ectoderm. However, inhibitors of a heparanase, a
metalloproteinase, and other proteinases, except the serine protease, did not reduce
FGF signaling activity (Table 18.1). Correspondingly, expression of mouse Htral,
a serine proteinase, was specifically found in the extra-embryonic ectoderm
(Fig. 18.4b). Htral expression was still observed in the Ext2- and Fgf8-deficient
embryos in which FGF signaling is reduced, suggesting the possible involvement of
Htral in FGF signaling spreading of Exs2-dificient and wild-type chimeric embryos
as described above (Fig. 18.3b). These results support the hypothesis that shedding,
that is, cleavage of HSPGs by a serine protease such as Htral, allows diffusion of
cell-surface-bound FGFs together with HS chains, thereby facilitating FGF signaling
in a non-cell autonomous manner. In contrast, because both planar transcytosis and
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Fig. 18.4 Proposed models for short-range spreading of FGF signaling activation via HS chains.
(a) Three proposed models of the regulation of FGF spread: (a) sheddase-dependent diffusion, (b)
planar transcytosis, and (c) cytoneme (filopodia)-dependent process. The latter two mechanisms
depend on the F-actin cytoskeleton. The experimental evidence is in support of the first mecha-
nism; however, as cytocalasin D that depolymerizes F-actin did not affect FGF spreading, the latter
two mechanisms are ruled out. (b) Spatial distribution of Htral transcripts, encoding a serine
protease, during extra-embryonic ectoderm development in the wild-type, Ext2 (HS chains)
-deficient, and Fgf8-deficient embryos indicated by whole-mount in situ hybridization

cytoneme are dependent on the actin cytoskeleton, we treated the embryo with
cytochalasin D, an inhibitor of actin filament polymerization, and found that
the cytochalasin treatment did not reduce dp-ERK expression in the extra-embryonic
ectoderm (Table 18.1) (Shimokawa et al. 2011). This finding suggests that FGF
signal activation is independent of actin-dependent transcytosis- or cytoneme-
mediated processes.
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Table 18.1 Summary of fibroblast growth factor (FGF) signaling activity treated with specific
inhibitors

FGF signaling
Chemical inhibitors Inhibitory effects activity®
Cytochalasin D Actin polymerization +
Benzamide Serine protease -
Phenylmethylsulfonyl fluoride Serine protease -
E-64 Cystein protease +
Chymostatin Chymotripsin, papain, cysteine protease +
Pepstatin A Aspartic protease +
Calpain inhibitor I Calpain, cathepsin +
OGT2115 Heparanase +
GM6001 Metalloproteinase (ECM protein cleavage) +

3~ and + denote, respectively, that dp-ERK expression is reduced or not reduced significantly

18.5 HS Modulates FGF Signaling in a Spatially
and Temporally Specific Manner

Long and linear HS chains are further modified by N-, 2-O-, 6-O-, and
3-0O-sulfotransferases and epimerized by GlcA C5 epimerase locally and consecu-
tively in the Golgi apparatus. The produced sulfated patterns of HS in terms of
overall sulfation levels and specific sulfated moieties appear to affect the affinity for
FGF ligands and subsequent signaling activity (Patel et al. 2008; Pan et al. 2008; Qu
etal. 2011; Pye et al. 1998; Escobar Galvis et al. 2007). Indeed, extensively sulfated
HS chains can enhance FGF signaling activity; moreover, distinct sulfation patterns
appear to modulate different aspects of FGF10-mediated gland morphogenetic pro-
cesses (Patel et al. 2008; Pan et al. 2008; Qu et al. 2011). Heavily sulfated HS chains
appear to promote the formation of ternary complexes with FGF—-FGFR (Escobar
Galvis et al. 2007). In the extracellular space, sulfated HS chains are occasionally
and partially desulfated by endosulfatases (Dhoot et al. 2001). It is known that
desulfation of HS through two 6-O-endosulfatases, Sulfl and Sulf2, stabilizes the
formation of Wnt and Frizzled receptor complexes (Dhoot et al. 2001). For FGF
signaling, desulfation of HS chains tends to downregulate FGF signaling activity
(Settembre et al. 2008; Otsuki et al. 2010; Wang et al. 2004; Jastrebova et al. 2010).
In addition, the overall size or length of HS disaccharide units, which is mediated
by Ext1/Ext2 heterodimer, is likely to affect FGF signaling activation; shorter HS
chains can form a ternary complex with FGF-FGFR more efficiently than longer
HS chains (Patel et al. 2008; Jastrebova et al. 2010). Thus, these fine structures of
HS chains in terms of both sulfated patterns and overall length appear to modu-
late FGF signaling activity.

In addition to these alterations of fine HS structures, the spatiotemporal changes
of HS chains can further control FGF signaling in development (Allen and Rapraeger
2003; David et al. 1992). Elongation and modifications of HS chains appear to be
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regulated spatially and temporally in a dynamic fashion. Paralleling Ext2 mRNA
expression in the extra-embryonic ectoderm, expression of cell-surface HS was
upregulated in the extra-embryonic ectoderm of the ES.5 embryo (Shimokawa et al.
2011), with coincident increase of FGFR-dependent dp-ERK expression (Corson
et al. 2003; Shimokawa et al. 2011) (Fig. 18.2). At the same developmental stages,
HS modification enzymes are expressed in a cell- or tissue-specific manner, result-
ing in heterogeneous distribution of varied forms of sulfated HS chains (Higginson
et al. 2012; Nagamine et al. 2012). Indeed, expression studies with several mono-
clonal antibodies recognizing different HS structures have indicated that the fine
structures of cell surface-tethered HS chains are also different from those of ECM-
associated chains (Allen and Rapraeger 2003; David et al. 1992). The cell-surface
HS was recognized by specific monoclonal antibodies of 3G10 and JM403 but not
those of 10E4, HepSS-1, and NAH46 in the most anterior neuroectoderm at E7.5
where FGF signaling was potentially active (Shimokawa et al. 2011). According to
the preference of epitope recognition by these monoclonal antibodies (van den Born
et al. 2005), cell-surface HS appear to be predominately desulfated compared with
ECM HS. Concurrently, correct sulfation patterns of HS chains are crucial to nor-
mal embryogenesis such as mesoderm induction, angiogenesis, and endochondral
ossification (Wang et al. 2004; Settembre et al. 2008). These lines of evidence support
the model that spatiotemporally controlled diversity of HS structures participates in
the modulation of FGF signaling activity during development.

18.6 ECM HS Chains Modulate FGF Distribution
for Signaling Activation Negatively and Positively

In this chapter, we have highlighted the important roles of cell-surface HS chains in
FGF signaling. Although we have not shown these in detail here, ECM-associated
HS chains have additional unique roles (Matsuo and Kimura-Yoshida 2013). The
ECM-associated HS modulate FGF signaling negatively or positively depending on
their cellular context (Yan and Lin 2009). HS chains in the ECM are thought to
disturb movement of FGF ligands for a long distance as a barrier and restrict distri-
bution to the surrounding produced cells. Notably, FGF9 and FGF20 ligands
undergo a reversible homodimerization, and monomer ligands display much lower
affinity for HS than dimer ligands, so that monomers can spread over and activate
FGF signaling at a greater distance than dimers (Harada et al. 2009; Kalinina et al.
2009). Similarly, mesenchyme-specific knockout of glycosaminoglycan chains sup-
ports that ECM-associated HS chains from perlecan can restrict the movement of
FGF ligands as a diffusion barrier (Qu et al. 2012). In addition, ECM-associated HS
chains are also considered to activate FGF signaling rather directly (Yan and Lin
2009). The ECM-associated HSPGs perlecan and agrin can form ternary complexes
with FGF-FGFR dependently of HS chains and promote cartilage development and
neurite outgrowth, respectively (Chuang et al. 2010; Kim et al. 2003). However, it
is still unclear whether the these two distinct functions of ECM-associated HSPGs
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are contributed by their structural differences of HS chains or their distribution in
the extracellular space. To address this issue, a technical breakthrough to detect
endogenous FGF ligands and highly divergent HS structures might be required
(Uchimura et al. 2010; Duchesne et al. 2012).

18.7 Conclusion

To date, FGF signaling activation has been considered to be primarily regulated by
the local expression of FGFs and FGFRs, and the HS chain had been believed to
express rather ubiquitously during development (Hécker et al. 2005; Mohammadi
et al. 2005; Yan and Lin 2009). However, recent studies, including those by our
group, suggest that the spatiotemporal regulation of FGF signaling activity can be
also established through the local affinity of HS chains for FGFs during develop-
ment, which is affected by length, sulfation levels, and sulfation patterns of HS as
well as their expression levels. Considering that cell-surface HS chains can retain
FGFs and spread FGF signaling activity over a short range, the spatiotemporally
regulated expression of cell-surface HS chains may control the stable formation of
the FGF-FGFR dimer complex and confine signaling activation to target fields.
Such a cell nonautonomous function of HS may be important to synchronize the
developmental progress within a local area.
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Chapter 19

Cooperation of Signaling for Tissue
Interaction and Hox Genes in Tissue
Precursor Patterning

Yo-ichi Yamamoto-Shiraishi

Abstract During organogenesis, the positional organization of tissue precursors
is an important process that relies on locally regulated cell fate determination.
Two distinct systems are known to be involved in the positioning of tissue precursors,
that is, gross positioning according to the Hox code and locally refined positioning
by the signals derived from earlier-formed tissues. We investigated the functional
cooperation of the intertissue signaling and Hox gene activities for the precise pat-
tern formation of tissue precursors. We found that bone morphogenetic protein
(BMP) and Wnt signaling interplay with Hox genes for tendon precursor patterning
during limb morphogenesis. Organogenesis of the gut tube also showed the coop-
eration of platelet-derived growth factor (PDGF) signaling from earlier-formed
tissues and the Hox genes in the formation of the longitudinal smooth muscle layer.
Cooperation of gross tissue positioning by Hox genes and local positioning by the
signals from neighboring tissues that formed earlier is presumably a common mech-
anism for tissue patterning to organize a functional organ.

Keywords BMP ¢ Hox ¢ Tendon ¢ Tissue interaction * Wnt

19.1 Introduction

Our body has many organs that exert unique functions consequent to organized
arrangements of component tissues. Positioning and pattern formation of the tissue
precursors in a developing organ are important issues in this regard. During the
development of tissue precursors, undifferentiated multipotent cells develop into
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various tissue precursors depending on their positioning in the organ primordium.
What mechanisms are employed in the position-dependent differentiation of multi-
potent cells? The answer is the combination of the gross positioning system accord-
ing to the Hox code in the organ primordium and locally refined regulation using
signals derived from earlier-formed tissues.

In the developing central nervous system, somites, lateral plate mesoderm, and
digestive tract, Hox genes are expressed sequentially along the anteroposterior (AP)
axis according to their order in the Hox clusters (Krumlauf 1994; Sakiyama et al.
2001; Yokouchi et al. 1995b). In the limb mesenchyme, the Abd-B genes belonging
to the Hoxa or Hoxd cluster are expressed in a nested fashion along the proximodis-
tal (PD) or the AP axis (Nelson et al. 1996; Yokouchi et al. 1991). The pattern of
precursors of limb cartilages, the templates of skeleton derived from the limb bud
mesenchyme, is autonomously formed according to the Hox code (Yokouchi et al.
1995a). On the other hand, the patterning of muscle masses to form the limb mus-
cles is regulated by the signals from other tissues. Muscle masses, derived from the
somites and migrating into the limb bud, split according to the signal from sur-
rounding limb mesenchyme, and form the position-specific pattern (Hashimoto
et al. 1999).

The pattern of a tissue needs to be precisely controlled by the combination of the
Hox code and signals derived from neighboring tissues that developed earlier, which
would enable the intricate pattern formation of tissue precursors. However, reports
have been limited that demonstrate the cooperative regulation of tissue precursor
patterning by these two systems.

We recently reported that Hox genes expressed in tissue precursors and the sig-
nals from the neighboring tissues that were formed earlier cooperate for the limb
tendon precursor patterning (Yamamoto-Shiraishi and Kuroiwa 2013). In this chap-
ter, I discuss a tissue precursor patterning mechanism that involves cooperation of
Hox activity-dependent regulation that provides gross positional frameworks to the
tissue precursors and the locally refined tissue positioning regulated by the signals
from preexisting tissues.

19.2 Cooperative Regulation of Limb Tendon Precursor
Patterning by Hox Genes and Inter-Tissue Signaling

Locomotor system of the limb consists of bone, muscle, and tendon. Tendons
connect bone and muscle physically and transmit the force (Fig. 19.1a). Dorsal
tendons function for the extension and ventral tendons for flexion of the limb. For
these functions, limb tendons are located between the bones and the dorsal/ventral
skin (Fig. 19.1a). Limbs consist of the stylopod (upper arm/thigh), zeugopod (lower
arm/lower leg), and autopod (hand/foot). Tendons of zeugopodal muscles run into
the autopod and have their insertion sites on the distal autopodal skeletal elements.
Although they are a very simple string-like tissue in the zeugopod, they bifurcate in
a complex pattern in the autopod (Fig. 19.1b). In addition, many shorter tendons are
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Fig. 19.1 Pattern of the limb tendon. a Limb tendons (black thick lines) connect the muscles (light
gray) and bones (dark gray) and are located between the bones and dorsal/ventral skin (outline).
Dotted line indicates level of cross section. Tendons function for the extension and flexion of the
limb. b Morphology of the tendons of zeugopodal muscles (part). Many tendons are contained in
the autopod (illustrations by Shiori Yamamoto)

associated with the autopodal muscles (Baumel et al. 1993; Greene 1963). Therefore,
there are more tendons in the autopod than in the zeugopod. The intricate organization
of tendon requires precise patterning of its precursors. Tendon precursors are derived
from limb bud mesenchyme and induced in a position-specific manner.

19.2.1 Signaling and Tissue Interaction That Control Tendon
Precursor Patterning

Mechanisms of limb tendon precursor induction have been investigated using Scleraxis
(Scx) and Six2 as the specific markers for the tendon precursor cells (Schweitzer
et al. 2001; Edom-Vovard et al. 2002; Yamamoto-Shiraishi and Kuroiwa 2013).
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Fig. 19.2 Expression regulation of a tendon precursor-specific gene, Six2. a Six2 expression
marks the tendon precursor of HH stage 26 (upper panel) and 30 (lower panel) chick hindlimb.
b As shown in “Control” panels, Six2 expression (black) is restricted between the surface ecto-
derm (light gray) and cartilages (dark gray) in both autopod and zeugopod and is affected by viral
misexpression of the ectodermal Wnt and/or autopodal Hox. Wnt alone or Wnt/Hox misexpression
caused the loss of limb cartilage. Muscle masses are omitted in the schemes. M metatarsals,
T tibia, F fibula

The tendon precursors expressing these marker genes together are located on the dorsal
and ventral sides of the metacarpal/metatarsal region of the autopod and zeugopod
of HH stage 26 chick hindlimb (Fig. 19.2a). Later, the dorsal and ventral expression
of the marker genes expands distally along the digital cartilages (Fig. 19.2a). Neither
Scx nor Six2 is ever expressed in the peripheral mesenchyme and interdigital mes-
enchyme, where bone morphogenetic proteins (BMPs) are expressed. When BMP
were locally administered, expression of Scx and Six2 disappeared, indicating that
BMPs repress the tendon precursor marker expressions (Schweitzer et al. 2001;
Yamamoto-Shiraishi and Kuroiwa 2013).

The distal expansion of marker expression along digits was suggestive of the
function of limb cartilage on tendon precursor-specific gene expression. We tested
the possibility of Six2 induction by cartilage by two surgical operations: first, ecto-
pic cartilage formation following limb tissue incision, and second, extra-cartilage
grafting. After making incisions between digits and interdigital tissue, ectopic digits
with phalangeal cartilage are formed from the residual interdigital mesenchyme
(Omi and Ide 1996). In the ectopic digits, Six2 was expressed between the ectoderm
and the phalangeal cartilage. In the second operation, the grafting of a piece of
sternum cartilage into limb mesenchyme also caused ectopic Six2 expression
around the graft. These results suggest that the limb cartilage induces mesenchy-
mal Six2 expression to cause tendon development via diffusible factor(s). A BMP
antagonist, Noggin, is expressed in the cartilage (Brunet et al. 1998; Capdevila and
Johnson 1998; Merino et al. 1998; Pathi et al. 1999). The local administrations of
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Noggin caused the ectopic expressions of Scx (Schweitzer et al. 2001) and Six2
(Yamamoto-Shiraishi and Kuroiwa 2013). Therefore, these results indicate that
BMP represses and cartilage-derived Noggin induces tendon precursor-specific
gene expression in the limb.

Tendon precursor-specific gene expressions are restricted to the mesenchyme
between the cartilage and surface ectoderm. Therefore, it is possible that limb ecto-
derm is involved in the regulation of tendon precursor-specific gene expression.
Surgical removal of dorsal or ventral ectoderm resulted in the loss of Scx and Six2
expression in the underlying mesenchyme (Schweitzer et al. 2001; Yamamoto-
Shiraishi and Kuroiwa 2013), indicating that limb ectoderm is required for tendon
precursor-specific gene expressions. Limb ectoderm specifically expresses mem-
bers of Wnt gene family, including Wnt6 (Geetha-Loganathan et al. 2005, 2010;
Rodriguez-Niedenfuhr et al. 2003) and Wnt7a (Dealy et al. 1993). When sFRP-2, a
potent inhibitor of Wnts, was locally administered, Six2 expression in the region
was downregulated, suggesting the involvement of Wnts in the Six2 expression
regulation. Then, to ascertain whether ectodermal Wnts function as positive regula-
tors of Six2 expression, we misexpressed ectodermal Wats in the limb bud via
replication-competent retrovirus vector RCAS-BP(A) (Petropoulos and Hughes
1991). Viral misexpression of ectodermal Wnt caused the loss of limb cartilage and
ectopic Six2 expression in the entire autopodal mesenchyme except the peripheral
region where BMP level is high (Fig. 19.2b). The ectopic Six2 expression caused by
Wnt misexpression in the autopod indicates that ectodermal Wnts positively regu-
late tendon precursor-specific gene expression. Recently, it was reported that loss of
function of Wntless and beta-catenin both cause the loss of Scx expression in the
limb tendon precursor (Zhu et al. 2012). Wntless is required for the secretion of
various Wnts, and beta-catenin is a crucial mediator of the canonical Wnt pathway.
This report supports our finding that ectodermal Wnts are involved in limb tendon
precursor-specific gene regulation.

Tendon is physically connected with muscle. Research using Scx and tenascin,
another marker for tendon precursor, showed that muscle is necessary not for the
formation but for the maintenance of distal limb tendons (Kardon 1998; Schweitzer
et al. 2001; Edom-Vovard et al. 2002). Edom-Vovard et al. (2002) reported that
fibroblast growth factor 4 (Fgf4) is expressed in muscle and involved in maintenance
of the tendon.

19.2.2 Hox Genes Controlling Tendon Precursor Patterning

When we observed Six2 expression in the Wnt-misexpressed limb, we found that ecto-
pic Six2 expression was restricted to the autopodal mesenchyme and never observed in
the zeugopodal mesenchyme (Fig. 19.2b). These findings suggested the involvement of
autopod-specific factor(s) in the regulation of Six2 expression. The possibility was
considered that autopodal Hox genes regulate Six2 expression in the tendon precursor.
To test this, we analyzed the function of autopod-specific Hox genes.
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When we compared the expression of Six2 and Hox genes in the autopod, the
expression domains of Six2 and Hoxa-13 overlapped and shared the same proximal
expression boundary. In addition, the Six2 expression domain partially overlapped
that of Hoxd-13 in the distal autopod.

To analyze autopodal Hox gene functions, Hoxa-13 or Hoxd-13 was misex-
pressed in the limb mesenchyme using the retrovirus vector or electroporation tech-
nique. In the Hox-misexpressed zeugopod, ectopic Six2 expression was observed in
the mesenchyme near the ectoderm (Fig. 19.2b). Conversely, to analyze the require-
ment of autopodal Hox expression for autopodal Six2 expression, we analyzed Six2
expression in Hox mutant mice. In the autopod of the quadruple loss-of-function
mutant of Hoxa-13, d-13, d-12, and d-11 (Fromental-Ramain et al. 1996; Zakany
et al. 1997), the dorsal expression of Six2 was completely lost, indicating the neces-
sity of autopodal Hox genes for the dorsal Six2 expression. These results suggest
that autopodal Hox genes regulate the tendon precursor-specific gene expression.

19.2.3 Regulation of Tendon Precursor Patterning by the
Cooperation of BMP/Wnt Signaling and Hox Genes

As already described, limb tendon precursor-specific gene expression is regulated
by the autopodal Hox genes and the signals derived from earlier-formed tissues.
The next question is how these mechanisms cooperate.

Ectopic Six2 expression in the Hox-misexpressed zeugopod was restricted to the
mesenchyme adjacent to the ectoderm (Fig. 19.2b), suggesting the cooperation of
Hox genes and Wnt signaling. To test this possibility, we analyzed Six2 expression
in the Wnt3a/Hoxa-13 co-misexpressing limb. For the co-misexpression of Wnt3a/
Hoxa-13, we injected a mixture of two viruses. In the co-misexpressed zeugopod,
ectopic Six2 expression was observed in the mesenchyme located far from the ecto-
derm (Fig. 19.2b), indicating the cooperative function of Hox and Wnt signaling.

Then, how do Hox genes and BMP signaling interact? The following observa-
tions provide a clue. First, in the Wnt-misexpressed autopod, in spite of cartilage
loss, ectopic Six2 expression was observed in the entire mesenchyme (Fig. 19.2b)
except the peripheral region where the BMP level is high. Second, in the Hox-
misexpressed zeugopod, ectopic Six2 expression was observed on the mesenchyme
located far from the cartilage (Fig. 19.2b). Third, the Hox mutant limb showed the
loss of dorsal Six2 expression, and Bmp4 expression in the dorsal mesenchyme
is more intensive than that in ventral mesenchyme in the chicken limb bud
(Geetha-Loganathan et al. 2006), suggesting higher BMP signaling in the dorsal
mesenchyme than in the ventral mesenchyme. These observations suggest that
autopodal Hox genes function to override a certain level of BMP signaling to permit
autopodal Six2 expression. Although Hoxa-13 is expressed in the entire autopodal
mesenchyme, Six2 is never expressed in the interdigital mesenchyme or the periph-
eral mesenchyme, where the BMP level is high. Therefore, the autopodal Hox genes
alone are not sufficient to permit Six2 expression in the region that receives high-
level BMP signaling. So how do the autopodal Hox genes regulate Six2 expression?
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One possibility is direct transcriptional regulation. Another is that they modulate the
function(s) of receptor-regulated Smads (R-Smads), the effectors of BMP and trans-
forming growth factor (TGF)-f/activin signaling. Hoxa-13 and Hoxd-13 interact
with the MH2 domain of R-Smads, including two BMP-regulated Smads, Smad5
and Smadl, and antagonize Smad-mediated transcriptional activation (Williams
et al. 2005). These molecular interactions may explain the repression of BMP
signaling by Hoxa-13 and Hoxd-13 in Six2 regulation in the limb mesenchyme.

The analysis of the specific marker gene expressions suggests that the patterning
of limb tendon precursors is cooperatively regulated by Hox genes and intertissue
signaling (Fig. 19.3a). In this patterning process, autopodal Hox genes first permit
the induction of many more tendon precursor cells in the autopod than in the zeugo-
pod, and signaling for tissue interactions determines the precise position, shape, and
timing of the precursor formation.

19.3 Regulation of Rectum Smooth Muscle Layer
Morphogenesis by Hox Genes and Signaling Mediating
Tissue Interactions

The regulation of tissue morphology by Hox genes and signaling for tissue interac-
tions are not restricted to limb tendon formation. Similar regulation is observed in
smooth muscle layer formation in the gut.

The smooth muscle layer of the gut tube consists of a circular smooth muscle
layer, enteric neuron, and longitudinal smooth muscle layer. As well as interstitial
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cells of Cajal, the pacemakers, longitudinal smooth muscle is derived from the
peripheral mesenchyme. Gene expression specific to the longitudinal smooth muscle
lineage is induced by platelet-derived growth factor (PDGF) signals from the
circular smooth muscle and enteric neuron that form at an earlier stage (Kurahashi
et al. 2008). Experimental inhibition of PDGF signaling causes increase of the
interstitial cells of Cajal and the repression of longitudinal smooth muscle formation,
indicating that PDGF signals from the underlying tissues are necessary for longitu-
dinal smooth muscle precursor induction. The thickness of the longitudinal smooth
muscle layer varies along the AP axis of the gut tube. For example, the longitudinal
smooth muscle layer of rectum is thicker than that of sigmoid, a more anterior part
of the gut tube. Hoxd-12 and Hoxd- 13 are expressed in the developing rectum, and
the loss-of-function mutation of each of these Hox genes results in the abnormally
thin longitudinal smooth muscle layer (Kondo et al. 1996). The thickness of the
longitudinal smooth muscle layer of the Hox mutant rectum resembles that of
sigmoid. Therefore, Hoxd-12 and Hoxd-13 regulate rectum-specific longitudinal
smooth muscle layer morphogenesis. During rectum development, Hoxd-12 and
Hoxd-13 may be involved in the induction, growth, and maintenance of longitu-
dinal smooth muscle precursor. These data show that morphogenesis of the longi-
tudinal smooth muscle layer in the rectum is also regulated by Hox genes and
signaling for tissue interaction, similar to limb tendon development (Fig. 19.3b).

19.4 Conclusion

Morphogenesis of limb tendons and the rectum longitudinal smooth muscle layer
represents a paradigm of tissue patterning wherein the gross tissue positioning
mechanism involving Hox gene activities and refined tissue positioning by the sig-
nals emanating from neighboring tissues cooperate. The scheme, namely, that Hox
genes provide a fundamental framework and pre-formed tissues provide cues for the
precise positioning of later-developing tissues, can be widely applied to histogene-
sis, for example, ligament, fascia, and tendon sheath in the muscle-bone complex.
Precise determination of the signaling molecules and Hox genes that function in
individual tissues not only will lead to a full understanding of organogenesis but
also will open an avenue to the future of regenerative medicine.
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Chapter 20
Molecular and Cellular Bases of Sexual
Flexibility in Vertebrates

Minoru Tanaka

Abstract Vertebrates display sexual flexibility at cellular and tissue levels. Some
vertebrates even exhibit sex reversal during their natural life. This flexibility of
sexuality can be understood as an adaptation to their environment to maximize effi-
ciency of reproduction. Recent analyses reveal that sexual flexibility is underlain by
antagonistic mechanisms that lead to either female or male development. In medaka,
germ cells have the capability to induce the ovary, which antagonizes testicular
development led by somatic cells. In mouse, the male versus female antagonism
operates in the somatic cells rather than between germ cells and somatic cells.
The molecular and cellular players responsible for the antagonistic mechanisms are
different between the two species. In either species, however, the imbalance in the
antagonistic mechanisms to establish one sex results in sex reversal at cellular or
organismal levels.

Keywords Fate decision * Germ cells * Gonad ¢ Sex determination and
differentiation

20.1 Variety in Sexual Reproduction

Mammals, such as we humans, do not change sex throughout their life. During
embryogenesis, the first organ that exhibits sex is the gonad. The gonad forms as a
sexually bipotential organ, called the gonadal primordium, and then develop into
either testis or ovary during embryogenesis. Recent analyses, however, have shown
that only a single mutation can reverse sex opposite to the originally determined sex.
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Indeed, determination of sex is more flexible than what we may envision. Some
species of teleost fish change sex in their natural life (Devlin and Nagahama 2002).
In these species, sex determination and the subsequent ovarian or testicular formation,
called sex differentiation, occur multiple times. For examples, the black porgy
(Acanthopagrus schlegeli) develops a testis and behaves as a male for the first
couple of years whereas the ovary develops later in life (Wu et al. 2010). The timing
of sex reversal is temporally determined, suggesting that sex reversal in this fish
species is genetically regulated. On the other hand, several species of wrasse
(Labridae) show a bidirectional sex reversal (Kuwamura et al. 2011). Once sex
reversed, an individual may even return to the original sex in these species. In this
case, sex reversal is thought to be triggered by visual input.

These observations tell us that vertebrate species take their strategy of sexual
development as suitable for their reproduction. Thus, some questions arise: Do the
different species develop their own mechanism of sexual development or are there
any common core features of sex determination and differentiation that are shared
by a variety of species?

One common feature deduced from many examples is that ovarian and testicular
developments are mutually exclusive processes. Some species develop both
testicular-specified and ovarian-specified primordia in a gonad but only the primor-
dium of one sex or the other develops into a functional gonad. These observations
collectively suggest the presence of some antagonistic mechanism that allows only
one sex to develop while repressing another. In this chapter, I discuss male versus
female antagonistic mechanisms, with emphasis on the differences in the contribu-
tion of germ cells to sexual development in medaka and mouse.

20.2 Regulation of Gonadal Sex at the Tissue Level
in Medaka

Recent genetic and developmental experiments using the teleost fish medaka unveiled
the sexual antagonistic mechanism at the tissue level. The core players are the germ
cells. The germ cells develop into sperm or oocytes and convey genetic information to
the next generation. The vertebrate germ cells have been regarded to be neutral
concerning sex differentiation and to adopt the sex determined by the gonadal somatic
cells. In contrast to this view, experiments using medaka showed that the germ cells
make a critical contribution to female sex determination in the gonad.

Gonochorism refers to the state in which an individual has a single sex throughout
life with all organs belonging to the same sexual identity. Medaka is a representative
of gonochoristic vertebrates and has a sex-determining gene, DMY/dmrt1bY, on the
Y chromosome (an XY/XX type) (Matsuda et al. 2002; Nanda et al. 2002).
DMY/ldmrt1bY is expressed in supporting cells that surround germ cells in the
gonadal primordium and direct supporting cells to differentiate male-supporting
cells, the Sertoli cells. The Sertoli cells then act on the other cells to form the testis.
Germ cells, which are of different origin from the gonadal somatic cells, migrate
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toward the prospective gonadal region and colonize in the gonadal primordia
(Kurokawa et al. 2006; Nakamura et al. 2006). Under the condition where gonad
primordia develop without colonization of germ cells as a consequence of the fail-
ure of the germ cells in proliferation or migration, XX gonads develop into male
type rather than into an ovary (Kurokawa et al. 2007). Under such conditions, FoxI2,
normally expressed in female-supporting cells (granulosa cell), is expressed only
transiently and is subsequently repressed as dmrtl expression starts. The gonadal
somatic cells that develop in a germ cell-less gonad exhibit male characteristics,
without showing any intermediate cellular states between male and female
(Kurokawa et al. 2007; Tanaka et al. 2008). Thus, colonization by germ cells is
necessary for ovarian development in medaka (Saito and Tanaka 2009).

Importance of germ cells in ovarian development is supported by the phenotype of
the mutant medaka, hotei (Morinaga et al. 2004; Morinaga et al. 2007). The mutants
are characterized by hyperproliferation of germ cells and exhibit male-to-female con-
version in a fraction of the XY fish. The mutational defect lies in the type II receptor of
anti-Miillerian hormone (AMH), a member of the transforming growth factor (TGF)-f
superfamily. In wild-type medaka, both the receptor gene, amhrll, and the ligand gene,
amh, are expressed in the supporting cells surrounding germ cells. The chimera analy-
sis of gonads having both mutant and wild-type cells indicated that AMH signaling
occurs between the supporting cells but does not directly act on the germ cells. When
the germ cells are experimentally depleted from the mutant, male-to-female sex rever-
sal no longer happens even in the hotei mutant. This result indicates that male-
to-female sex reversal involves the germ cell populations in the gonad (Nakamura et al.
2012a). The developing ovary in the XY hotei mutant expresses male-specific genes
simultaneously with female-specific genes. Although further analysis is required, germ
cells may override the male pathway occurring in the supporting cells (Nakamura
et al. 2012a). The studies of germ cell-excess hotei mutant and germ cell-deficient
experimental medaka indicate a pivotal contribution of germ cells in ovarian devel-
opment from the initially sexually neutral gonad (Tanaka et al. 2008).

Even the reduction of germ cells is sufficient for inhibiting ovarian development
and causes XX gonads to develop into functional testis and the fish to develop male
secondary sex characteristics. Such a case is found in the sox9b mutant XX medaka,
as is discussed in the next section (Nakamura et al. 2012b).

The role of germ cells in ovarian development is also suggested for zebrafish
(Siegfried and Niisslein-Volhard 2008; Dranow et al. 2013). The zebrafish is not a
typical gonochoristic fish. All the gonads first possess oocyte-containing follicles
but a gonad without an abundance of germ cells loses the follicles and differentiates
into a testis, whereas the gonad with abundant germ cells develops into an ovary
(Takahashi 1977; Uchida et al. 2002).

Thus, in several fish species, without a sufficient supply of germ cells, the gonadal
somatic cells develop the male phenotype without dependence on the Y chromo-
some. The sex determination gene on the medaka Y chromosome may function to
enhance the intrinsic male bias of the somatic cells. The ovary develops when
sufficiently abundant germ cells counteract the male bias of gonadal somatic cells
(Kurokawa et al. 2007; Tanaka et al. 2008; Saito and Tanaka 2009).
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20.3 Regulation of Gonadal Sex at the Cellular
Level in the Mouse

Studies using the medaka have demonstrated the antagonistic interaction between
germ cells and gonadal somatic cells in the sexual development of the gonads.
An imbalance of the interaction caused by mutations or experimental manipulation
results in sex reversal in medaka. In mammals, however, such an interaction
between the germ cells and somatic cells in sexual differentiation has not been
demonstrated. Rather, sex-associated mechanisms in the supporting somatic cells are
the major issue.

Similar to the medaka, the mouse is a gonochoristic vertebrate. The gene responsi-
ble for male determination is Sry on the Y chromosome. Following Sry activation in
the precursor of supporting cells, Sry and SF1 synergistically activate autosomal
Sox9 (Sekido and Lovell-Badge 2008) (Fig. 20.1), which then activates Fgf9
expression. The Fgf9 signal in turn enhances Sox9 in the supporting cell precursors
through a positive feedback mechanism (Kim et al. 2006). This Sox9-Fgf9 regula-
tory loop promotes the differentiation of the supporting cells into Sertoli cells
(Bowles et al. 2010).

During this initial stage of supporting cell development toward Sertoli cells, the
genes involved in Wnt signaling, such as Wnt4 and Rspol for female development,
are repressed by the action of the Sox9-Fgf9 loop. In the female gonad lacking the
Sry activation, Wnt4 activity shuts off the Fgf9—-Sox9 loop for male gonad develop-
ment and allows the female gonad development of the supporting cell precursors
(Vainio et al. 1999; Parma et al. 2006; Maatouk et al. 2008; Chassot et al. 2011)
(Fig. 20.1). Initially indifferent supporting cells develop into either male or female
gonad cells by virtue of the antagonistic mechanism between Sox9 and Wnt4
(Brennan and Capel 2004). Gene expression analyses using microarray and RNA
sequencing indicated that many genes critical for female and male development are
already expressed in the “indifferent gonad” cells, albeit at low levels (Jameson
et al. 2012; Yamaguchi et al. 2012).

The aforementioned antagonistic regulations operate not in individual cells but at
the tissue level. Actually, mouse chimera with XX and XY cells exhibit the complete
male phenotype when a major fraction of supporting cells is XY. In such chimeric
testis in the adult, seminiferous tubules are predominated by XY-Sertoli cells but
also contain XX-Sertoli cells (Burgoyne et al. 1988), indicating that the regulation
for Sertoli cells development is non-cell autonomous. Prostaglandin may also take
a part in the antagonistic mechanism as a factor involved in the non-cell autono-
mously male gonad regulation. Prostaglandin enhances the nuclear localization of
Sox9 protein independent of Fgf9 (Moniot et al. 2009).

The antagonistic mechanism has also been analyzed in the mature ovary (Fig. 20.1).
FoxI2 is a forkhead transcriptional factor that is expressed in granulosa cells but not in
Sertoli cells. Conditional disruption of FoxI2 in granulosa cells causes the transforma-
tion from granulosa cells to Sertoli-like cells that express Sox9. Following Sox9
expression, oocytes die and the follicular structures turn into the testicular cord-like
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Fig. 20.1 Antagonistic mechanism ensures the sexual bipotential state in mouse gonads. Sry
expression triggers a positive feedback loop of Sox9/Fgf9 and antagonizes the feminizing signal,
Wnt4/Rspol. Without Sry activation, Wnt4/Rspol represses establishment of positive feedback.
The antagonistic mechanism between Wnt4/Rspol and Sox9/Fgf9 thus leads to either ovarian or
testicular development. The mechanism links to the female-specific promotion of meiosis in germ
cells through regulation of action of retinoic acid and Stra8. In adult ovarian (granulosa)/testicular
(Sertoli) supporting cells, the bipotential state is retained by an additional antagonistic mechanism
with FoxI2 versus Sox9/Dmrtl. Thick red lines indicate the antagonistic mechanisms, which could
cause the sex reversal at tissue or cellular levels. Dotted lines indicate the events occurring in germ
cells in the developing gonads

structure. Therefore, FoxI2 is critical for suppression of the Sertoli cell developmental
program in granulosa cells (Uhlenhaut et al. 2009). Conversely, in Sertoli cells,
Dmrtl participates in the suppression of expression of FoxI2 and other genes that
are involved in granulosa cell development (Matson et al. 2011).

All these studies indicate that the function of Sertoli and granulosa cells is not
fixed but is maintained as the result of the antagonistic relationship between regulation
toward female or male development.

20.4 Comparison of Mouse and Medaka

In both mouse and medaka gonads, counteraction between two opposing regulations
that leads to male- or female-type development determines the sex of the gonad.
Let us compare the molecular mechanisms involved in the male versus female
counteraction between mouse and medaka.
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The mouse has a single Sox9 gene whereas the medaka has two sox9 genes,
sox9a and sox9b (Kliiver et al. 2005), the latter being expressed in the supporting
cells of the gonad. The homozygous sox9b mutants die at an early larval stage, but
by then morphologically normal gonads have developed with germ cells surrounded
by supporting cells (Nakamura et al. 2012b). However, germ cell numbers are
reduced in both homozygous and heterozygous mutant gonads, and the deposition
of extracellular matrix (ECM) enclosing the supporting cells is defective in such
gonads. This ECM defect is considered to cause germ cell loss. As expected from
the reduction of germ cells in the gonad, sox9b mutant XX fish often display female-
to-male sex reversal in contrast with the XY male-to-female sex reversal in mam-
malian Sox9 mutants (Vidal et al. 2001). This female-to-male sex reversal in the
medaka sox9b mutant is rescued by the increase of germ cells effected by introduc-
tion of the heterozygous hotei mutation. This result indicates that sox9b is not
involved in an initial stage of male gonad development. In support of this, an
increase of sox9b gene copies by transgene introduction does not affect the sexual
phenotype of XX medaka (Nakamura et al. 2012b). Interestingly, a recent study in
the mouse indicates that testicular development proceeds in the absence of Sox9
function, if the feminizing gene, Rspol, is ablated (Lavery et al. 2012). This finding
suggests that, even in mouse, Sox9 function is dispensable, insofar as the female
developmental pathway is inhibited.

The fgf9 gene, the Sox9 partner in the positive-feedback loop for Sertoli develop-
ment in mouse, is not found in the medaka genome (Forconi et al. 2013). Therefore,
the Sox9-Fgf9 positive feedback loop is not a universal system and may be func-
tionally replaced by DMY/dmrt1bY functions in medaka.

The action of the AMH signal is also different between mouse and medaka. In the
mouse, AMH acts on Miillerian duct regression after the gonadal sex is determined
(Klattig and Englert 2007), but in medaka, Miillerian duct-equivalent tissue is not
present and the AMH signal is required for the genetically determined sex to be
properly developed (Nakamura et al. 2012a).

These comparisons reveal that the antagonistic mechanisms function in both
species ensuring either female or male development in both mouse and medaka.
However, the molecular mechanisms, especially in the initial process triggering
ovarian or testicular development, are not conserved between the two species.

20.5 How Is the Sex of Germ Cells Regulated?

In the female mouse, all germ cells enter cystic division to produce meiotic oocytes
in embryos (Pepling et al. 1999). The cystic division and the following meiotic entry
do not occur in testicular development during embryogenesis. Prenatal meiosis per
se does not represent feminization of germ cells because meiosis is the event
common to both oogenesis and spermatogenesis. The core mechanism that regu-
lates the sex determination of germ cells currently is totally unknown in vertebrates.
Early entry into meiosis in the mouse developing ovary is, however, often taken as
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Fig. 20.2 Antagonistic mechanism ensures sexual bipotential state in the developing gonad of
medaka. Green cells are germ cells. In contrast to mammals, both female and male gonads, even in
their mature state, maintain a stem cell population of germ cells. In the XX female, a fraction of
the mitotically active stem cell population commits to cystic division. These germ cells are femi-
nized at some point before or during cystic division and form oocytes. During this process germ
cells repress the male pathway of somatic cells and promote feminization of somatic cells to form
follicles and maintain aromatase expression. The DMY/dmrt1bY and gsdf expressing in the somatic
cells of XY medaka inhibit the commitment to cystic germ cells (Saito et al. 2007). Defect in
intercellular antagonism causes complete sex reversal (thick red lines). The AMH signal regulates
proliferation of the mitotically active stem cell population (Nakamura et al. 2012a). Loss of the
AMH signal in XY gonads causes dysregulation of commitment to cystic division, resulting in
many oocytes and ovarian formation

an indication of female germ cell development. The Stra8 is critical for promotion
of the meiosis and is upregulated by female-specific action of retinoic acid (Bowles
et al. 2006; Koubova et al. 2006). In male developing gonads, the Stra8 upregulation
is repressed by both Nos2 in germ cells and Fgf9 from Sertoli cells (Bowles et al.
2010; Saga 2010) (Fig. 20.1).

In the medaka also, meiosis proceeds in developing female gonads, much earlier
than that in male gonadal development, which occurs 1 month after hatching.
In contrast to the mouse, however, Nos2 expression is not detected in germ cells of
the developing gonads but is detected in germline stem cells of the mature gonads
(Aoki et al. 2009; Nakamura et al. 2010) (Fig. 20.2). In addition, Stra8 is not found
in the medaka genome. Therefore, the Nos2/Fgf9-Stra8 mechanism is unlikely to
function during the formation of ovary in medaka.

Given that early meiotic entry is a good indication of feminization of germ cells,
when does the commitment to meiotic events occur? In mouse, XY/XX reaggregate
experiments showed that the ovarian or testicular fate of germ cells is fixed and does
not change in response to the surrounding somatic cells after E13.5. The germ cells
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isolated from the XY gonad before E12.5 enter meiosis (McLaren 2000; Adams and
McLaren 2002). By contrast, in fish the reciprocal transplantation of XY germ cells
from mature testis to XX ovary somatic environment, and vice versa, demonstrates
that either germ cell can develop into oocytes or sperm in accordance with the sex
of gonadal somatic cells (Shinomiya et al. 2002; Yoshizaki et al. 2010; Wong et al.
2011). These observations suggest that the sex of germ cells in mature testis and
ovary of teleost is still flexible and can adjust the developmental state to the sur-
rounding somatic cells in the adult gonad. Alternatively, the germ cells may be kept
in a sexually indifferent status even in the adult testicular or ovarian environment.

In addition to the difference in germ cell dependence of gonadal sex differentia-
tion, medaka and mouse gonads differ in the maintenance of germline stem cells. As
already mentioned, mouse germ cells all commit to oogenesis during early ovarian
development to form oocytes. Therefore, it is generally accepted that active germline
stem cells that keep producing oocytes are not present in the adult ovary (Lei and
Spradling 2013). In contrast, in both testicular and ovarian development in medaka,
some fraction of germ cells is kept dividing as a self-renewal population (Saito et al.
2007) (Fig. 20.2), and even germline stem cells are proved to be present in mature
ovary (Nakamura et al. 2010). Concerning details, two types of germline stem cell
populations are found, quiescent and mitotically active populations, and the AMH
signal regulates the latter (Nakamura et al. 2012a) (Fig. 20.2).

In summary, germ cells in medaka seem to be flexible in choosing sperm or
oocyte development whereas the prenatal meiotic entry of germ cells in mammals,
often regarded as germ cell feminization, is in part regulated by a mammalian-
specific antagonistic mechanism in somatic cells. In contrast to the mouse, a self-
renewal stem type of germ cells persists in the medaka developing ovary. AMH
regulates the mitotically active stem type of germ cells, and dysregulation causes an
excessive number of germ cells in the hofei mutant with a male-to-female sex-reversal
phenotype (Fig. 20.2).

20.6 Hormonal Control of Sex at the Organismal Level

Hormonal control is the mechanism that establishes sexual identity at the organismal
level. Evidence indicates the contribution of sex steroid hormones to organismal sex
reversal. In mutant mice that lack both estrogen receptors, ERa and ERp, Fox/2
expression is not maintained in the granulosa cells, concomitant with gradual
increase of Amh and Sox9 expression, which destroys oocytes (Couse et al. 1999;
Dupont et al. 2000). FoxI2 and ERo/p together bind to an Sox9 enhancer sequence
and repress the enhancer, thus inhibiting transformation of granulosa cells into
Sertoli cells (Uhlenhaut et al. 2009). Following Sox9 expression, follicular struc-
tures turn into seminiferous tubule-like structures. These observations indicate that
estrogen is involved in the repression of male development.

In medaka, administration of estrogen to XY embryos and larvae causes not only
phenotypic females but also ovary formation. The effect of estrogen has been
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repeatedly reported since Yamamoto’s pioneering studies of inducing sex reversal
in medaka (e.g., Yamamoto 1975; Hagino et al. 2001; Kobayashi et al. 2011).
Interestingly the studies showed that a low dose of administration often induces an
ovary located posteriorly to a testis in XY medaka. In the orange-red variety of
medaka, gonadogenesis proceeds in an anteroposterior gradient of development.
Therefore, a posterior part may be more indifferent and is sensitive to a low dose of
estrogen. Conversely, the blockage of estrogen signal by the aromatase (estrogen-
producing enzyme) inhibitor results in formation of a testis. The studies also
describe frequent occurrence of rudimental gonads devoid of germ cells in sex-
reversed XX males, especially when a high dose of androgen is administered
(Yamamoto 1958). Although the molecular function of androgen in sex differentia-
tion is unclear, the female-to-male sex reversal can be explained by direct or indirect
action of androgen on germ cells and the subsequent loss of germ cells. Thus, the
action of sex steroid hormones seems integrated in the antagonistic mechanism in
medaka. The gonad is in a bipotential state capable of responding to sex steroid
hormone(s).

Although the granulosa cells are a major source of estrogen in the mouse ovary,
theca cells seem a primary source of estrogen in the medaka because the theca cells
are the first steroidogenic cells that express aromatase during ovarian development
(Nakamura et al. 2009), and aromatase is not detected in the granulosa cells until
oocytes become fully grown in the mature ovary. Consistent with the importance of
germ cells in medaka ovarian formation, estrogen secretion is dependent on the
presence of germ cells in the gonad. If germ cells are removed from the gonadal
primordium, the theca cells gradually lose the expression of aromatase (Kurokawa
et al. 2007; Nakamura et al. 2009). This loss indicates that the development of theca
cells initiates independently of the signal from germ cells but that maintenance
requires the presence of germ cells, presumably female-committed germ cells.

20.7 Conclusions

Throughout evolution, sexual reproduction has been adopted as a means to generate
offspring. By development of sexually distinct gametes, sperm and oocytes are pro-
duced in testis and ovary, respectively. Besides sex-specific gonadal development,
sexual differentiation occurs at the organismal level via hormonal regulation.

Although not a focus in this chapter, the sex-determining genes are variable
among vertebrate species (Kikuchi and Hamaguchi 2013; Marshall Graves 2013).
Vertebrate species seem to have developed specific mechanisms to trigger ovarian
or testicular development to optimize reproduction efficiency according to life cycle
or environment. The basis of this variation is the male/female bipotential (indifferent)
state of the gonad. In support of this, many sex determination genes are originated
from the players involved in the bipotential state (DM domain genes in medaka,
chick, and Xenopus laevis; sox genes in mammals and some species of medaka;
TGF-B genes in medaka and pufferfish) (Table 20.1).
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Table 20.1 A variety of sex determination genes

Species Inheritance mode Gene name
Mammals XY/XX Sry (1-3)

Chicken 77/ZW Dmrtl (4)

Xenopus laevis 7Z/7ZW DM-W (5)

Medaka (Oryzias latipes) XY/XX DMY/dmrtlbY (6, 7)
Medaka (Oryzias luzonensis) XY/XX gsdfY (allelic) (8)
Trout (Oncorhynchus mykiss) XY/XX Irf9 (9)

Pufterfish (Takifuga rubripes) XY/XX amhrlIl” (allelic) (10)
Patagonian pejerrey (O. hatcheri) XY/XX Amhy (11)

(1) Sinclair et al. (1990); (2) Gubbay et al. (1990); (3) Koopman et al. (1991); (4) Smith et al.
(2009); (5) Yoshimoto et al. (2010); (6) Matsuda et al. (2002); (7) Nanda et al. (2002); (8) Myosho
etal. (2012); (9) Yano et al. (2012); (10) Kamiya et al. (2012); (11) Hattori et al. (2012)

The antagonistic mechanism underlying the bipotential state is different between
medaka and mouse. In medaka, the presence of germline stem cells seems critical for
the bipotential state. Unless instructed to develop into sperm, the stem cell popula-
tion produces daughter germ cells that develop into oocytes. During this process,
the germ cells provide an effect on somatic cells to organize the ovarian tissues.
In contrast, the bipotentiality is primarily regulated by supporting cells in germ
cells. Many players in the antagonistic mechanism functioning in mouse somatic
cells are not present in the medaka genome.

The bipotential state is also seen at an organismal level by steroid hormones. The
different layers of hierarchy from genetic to organismal levels ensure flexibility of
sex differentiation and thus allow organisms to maximize chances of reproduction.
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Chapter 21

Differential Use of Paralogous Genes via
Evolution of Cis-Regulatory Elements
for Divergent Expression Specificities

Haruki Ochi, Akane Kawaguchi, and Hajime Ogino

Abstract Recent accumulation of genome sequences indicates that vertebrate
genomes retained many duplicate genes, called paralogues, after whole-genome
duplications (WGDs) occurring in the early stages of chordate evolution. Although
paralogous gene pairs probably had the same expression patterns immediately after
WGDs, they often showed distinct expression patterns in modern vertebrates.
Nucleotide sequence changes in noncoding genomic regions, including cis-regulatory
elements (CRE) such as enhancers and silencers, are the primary cause of the diver-
gent paralogue expression. Such CRE evolution can be classified as follows: (1)
enhancer innovation, (2) silencer innovation, and (3) ancestral CRE degeneration.
In this chapter, we first show examples of the degeneration of ancestral CREs, with
reference to the duplication—degeneration—complementation model, and subse-
quently introduce recently discovered evidence for silencer innovation and conserva-
tion of ancestral pleiotropic enhancers. Finally, we discuss the possible involvement
of enhancer innovation in the divergent paralogue expression.
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21.1 Introduction

It is widely accepted that two rounds of whole-genome duplication (WGD) occurred
in the stem lineage of extant modern vertebrates, followed by a third round in the
teleost lineage (Jaillon et al. 2004). WGDs have produced many paralogous gene
pairs from the set of ancestral genes (Koonin 2005). Classic studies hypothesized
that one copy of such a paralogous pair would have one of two fates: evolution of a
novel function, known as neofunctionalization, or accumulation of deleterious
mutations and disappearance from the genome, known as nonfunctionalization
(Ohno 1970). However, whole-genome sequencing of several chordates has revealed
that paralogous pairs are often retained without significant changes in their coding
sequences (Dehal and Boore 2005). Gene disruption experiments showed that some
of these genes were functionally redundant in overlapping expression domains
(Bouchard et al. 2000).

The functional conservation of such paralogous genes can be explained on the
basis of their essential role in other unique expression domains. The paralogous
genes often have multiple expression domains; some are shared between paralo-
gous pairs, while others are not. Such expression differences are probably caused
by mutations in cis-regulatory elements (CREs), including enhancers, silencers,
and promoters, after WGD. The evolutionary changes in CREs leading to pheno-
typic diversification in fruit flies have been previously reviewed (Wray et al. 2002;
Carroll 2008; Stern and Orgogozo 2008). In this chapter, we focus on recent
investigations on the evolution of CREs responsible for the divergent expression
of paralogs in vertebrates. After briefly summarizing the definition and function
of CREs, we discuss the mechanisms of CRE innovation and degeneration follow-
ing WGDs.

21.2 Classification of CREs

In this review, we use the term CREs to refer to only genomic DNA sequences for
transcriptional regulation of a flanking gene, that is, enhancers, silencers, and
promoters, although a broader definition of CREs may include untranslated exon
sequences that operate in translational regulation. The definition of “promoter” is
often ambiguous and is sometimes used to indicate a 5'-flanking sequence that
includes not only a basal promoter but also enhancers. The basal promoter is a
genomic region that initiates transcription of an associated gene but only produces
basal level transcription when acting alone (Ong and Corces 2011) (Fig. 21.1). In
this chapter, a promoter refers to a basal promoter. General transcription factors
(GTFs), such as TATA-binding proteins (TBPs) and TBP-associated factors, bind
to the promoter. This GTF complex formation on the promoter is required for
transcriptional initiation, following which RNA polymerase initiates mRNA
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Fig. 21.1 Cis-regulatory element (CRE) for mRNA transcription. (a) Promoters are located near
the transcription start site (green box). A promoter alone produces basal transcription levels. (b) In
contrast, enhancers (light blue) and silencers (dark blue) are located upstream and/or downstream
of the gene and/or in introns. The combination of enhancers and silencers produces tissue-specific
transcription. Exons are shown in black

synthesis. Most GTFs are broadly expressed in vertebrate tissues and organs
(Xiao et al. 2006; Huss et al. 2008). In contrast, several transcription factors bind-
ing to enhancers show tissue-dependent expression. These transcription factors
recruit coactivators that interact with GTFs and activate mRNA transcription from
the flanking basal promoter in a tissue-specific manner (Ong and Corces 2011)
(Fig. 21.1). Silencers perform the function, which is opposite to that of enhancers,
and are bound by transcriptional repressors that recruit corepressors and repress
mRNA transcription (Susan and Michael 1996; Courey and Jia 2001; Gaston and
Jayaraman 2003). Similar to transcriptional activators, several repressors show
restricted expression in particular tissues and organs. Given that both enhancers
and silencers contribute to the tissue specificity of transcription, they are probably
involved in the evolution of gene expression patterns. Although enhancer evolu-
tion has been extensively discussed (Carroll 2008), silencer evolution has gained
less attention.

21.2.1 Monospecific and Multispecific Enhancers

It is possible to classify enhancers into the following two types: monospecific
enhancers, which drive expression only in a single or extremely narrow range of
tissues, and multispecific enhancers, which drive expression in multiple tissues.



282 H. Ochi et al.

Floor plate Notochord
Hypothalamus ! ! !
Notochord
Endogenous
expression Floor plate Notochord Floor plate Floor plate

Hypothalamus

Fig. 21.2 Monospecific and multispecific enhancers. In zebrafish, sonic hedgehog (shh) is
expressed in the floor plate, notochord, and hypothalamus at the three-somite stage (light blue).
Enhancers, indicated in green, purple, and orange, are only active in one tissue. These cis-
regulatory elements are categorized as monofunctional enhancers. The enhancer in the second
intron is active in all tissues showing endogenous shh expression. This enhancer that drives multi-
tissue gene expression is categorized as a multispecific enhancer. Diagram of the zebrafish shh
locus shows the position of the enhancers in the upper panel. Schematic endogenous expression of
shh and enhancer activities are shown in the lower panel

This distinction is critical for understanding the divergent paralogue expression.
Analysis of enhancers of the zebrafish gene, sonic hedgehog (shh), provide a good
example (Ertzer et al. 2007). Shh is a secreted signaling molecule expressed in the
notochord, floor plate, and hypothalamus of zebrafish at the three-somite stage
(Fig. 21.2). Cis-regulatory reporter assays using zebrafish have identified four
zebrafish shh enhancers; one upstream of the gene, two in the first intron, and one in
the second intron (Fig. 21.2). The upstream and first intronic enhancers are mono-
specific, with activities in the anterior floor plate (green box), notochord (purple
box), and posterior floor plate (orange box), respectively. In contrast, the enhancer
in the second intron is a multispecific enhancer, which is active in all shh-expressing
tissues including the floor plate, notochord, and hypothalamus (Fig. 21.2).

21.3 Evolution of CREs

The evolution of CREs will depend on the following events: (1) enhancer innova-
tion, (2) silencer innovation, and (3) ancestral CRE degeneration. Although it is
believed that enhancer innovation has contributed to the divergent expression of
paralogous genes, it is difficult to distinguish between real innovation and the rem-
nant of an ancestral enhancer in several cases. However, we have good examples of
degeneration of ancestral enhancers and silencer innovation. First, we discuss
enhancer degeneration and silencer innovation, and subsequently focus on enhancer
innovation.
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Fig. 21.3 (a) Differential utilization of paralogous genes by degeneration of an ancestral enhancer.
Schematic representation of the duplication—degeneration—complementation (DDC) model, which
assumes that ancestral genes have multiple tissue-specific enhancers (green and blue). After
gene duplication, these tissue-specific enhancers complementarily degenerate from each of the
duplicated loci, but one enhancer copy remains in each of the paralogues. (b) A comparison
between the mouse Pax6 locus and zebrafish pax6a and pax6b loci provides substantial evidence
for the DDC model

21.3.1 Differential Utilization of Paralogous Genes
via Ancestral Enhancer Degeneration: The
Duplication—-Degeneration—-Complementation Model

The duplication—degeneration—complementation (DDC) model was first proposed
by Allan Force and John Postlethwait to explain how both copies of duplicate genes
can be preserved in a genome over a long evolutionary period (Force et al. 1999).
This model hypothesizes that the ancestral gene has multiple tissue-specific enhanc-
ers (Fig. 21.3). After gene duplication, these tissue-specific enhancers complemen-
tarily degenerate from each of the duplicated loci (Fig. 21.3). At least one enhancer
copy remains in each of the paralogues, resulting in complementary gene expres-
sion patterns that cover the original range of expression of the progenitor gene
(Fig. 21.3). A comparison of the mouse Pax6 locus and zebrafish pax6a and pax6b
loci supports the DDC model (Kleinjan et al. 2008). A WGD event, which occurred
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in the ancestral teleost, produced two pax6 genes, pax6a and pax6b, whereas mammals
have only one Pax6 gene. Therefore, it is possible to postulate that the mouse
Pax6 locus, which possesses multiple tissue-specific enhancers such as those in the
pancreas, lens, retina, telencephalon, and diencephalon, is of the ancestral type
(Fig. 21.3) (Kleinjan et al. 2004; Williams et al. 1998; Xu et al. 1999; Kammandel
et al. 1999). Kleinjan and colleagues observed that some enhancers (pancreas,
telencephalon, and intronic retinal enhancers) were complementarily lost from
zebrafish pax6a and pax6b loci and that this enhancer degeneration produced the
differences in their expression patterns (Kleinjan et al. 2004) (Fig. 21.3). Another
example of the DDC model is provided by zebrafish engrailed2a (eng2a) and eng2b
genes, a pair of orthologues of mammalian Engrailed2 (En2). Mouse En2 is
expressed in the somites, anterior hindbrain, jaw muscles, and midbrain—hindbrain
boundary (MHB) (Postlethwait et al. 2004). In contrast, eng2a and eng2b are spe-
cifically expressed in the somites and anterior hindbrain, respectively, although they
show overlapping expression in part of the MHB and jaw muscle (Fjose et al. 1992).
A comparative genome sequence analysis of zebrafish eng2a, eng2b, and human EN2
genes identified an array of conserved noncoding sequences (CNSs), which may func-
tion as enhancers (Woolfe et al. 2005; Postlethwait et al. 2004). As observed in the
zebrafish pax6a and pax6b loci, some CNSs were complementarily lost from the
zebrafish eng2a/eng2b loci (Postlethwait et al. 2004). This complementary degenera-
tion of CNSs is probably responsible for differential expression, although experimental
evidence for the enhancer activity of these CNSs has not been provided.

21.3.2 Differential Utilization of Paralogous Genes
via Silencer Innovation

The significance of transcriptional repression during embryonic development and
homeostasis has been extensively discussed (Susan and Michael 1996; Courey and
Jia 2001). Direct evidence for the contribution of silencer evolution to the divergent
expression patterns of paralogous genes was provided by our recent analysis of
CREs in pax8 and pax2 (Ochi et al. 2012). These two genes, in addition to pax5, are
considered to have arisen from a single ancestral gene following WGD1 and WGD?2.
pax8 is primarily expressed in the kidney, ear, and thyroid gland during develop-
ment, whereas pax2 is expressed not only in the pax8-expressing tissues but also in
other tissues such as the eye, pharyngeal arches, MHB, hindbrain, and spinal cord
(Dressler et al. 1990; Heller and Bréndli 1997).

Our comparative genome sequence analysis and the transgenic Xenopus assay
revealed that pax§ is associated with four conserved enhancers that drive multispe-
cific pax2-like expression. Furthermore, one of these pax8 enhancers shares remark-
able sequence similarity with a CNS identified in the pax2 locus (Fig. 21.4a).
This pair of CNSs in pax2 and pax8 loci was probably generated by WGD, still
retaining the ancestral regulatory mode (Fig. 21.4b). A more restricted expression
pattern of the pax8 gene than that generated by the multispecific enhancers suggests
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Fig. 21.4 Differential utilization of paralogous genes by silencer innovation. (a) Diagram of ver-
tebrate pax8 and pax2 loci shows the position of conserved noncoding sequences (CNSs). Magenta
and black boxes indicate CNSs and exons, respectively. For pax2, only one CNS, paralogous to the
pax8-CNS, is shown. Endogenous expression of pax8 and Pax2 is shown on the left. (b) The
amphioxus pax2/5/8 promoter shows pleiotropic activities in most of the tissues that are homolo-
gous to vertebrate pax2-expressing tissues. Vertebrate pax2 and pax8 inherited the multispecific
enhancer, and pax8 acquired the tissue-specific silencer following whole-genome duplications.
The silencer results in the divergent expression of paralogues

the presence of tissue-specific silencer(s). A silencer was identified in the proximal
promoter region (Fig. 21.4b). To investigate the evolutionary origin of this silencer,
we investigated the genome of the cephalochordate amphioxus, which diverged
from the vertebrate lineage before WGDs occurred. Amphioxus has a single ortho-
logue called pax2/5/8. This ancestral-type gene shows multispecific expression in
tissues orthologous to vertebrate pax2-expressing tissues (Kozmik et al. 1999), and as
expected, our transgenic experiment demonstrated that its promoter drives pax2-like
expression. Thus, vertebrate Pax8 has uniquely acquired tissue-specific silencers
after WGDs. Although the paralogous pair Pax2 and Pax8 provides the only
substantial evidence that acquisition of tissue-specific silencers caused differential
utilization of paralogous genes, several paralogous gene pairs, such as Otx1/Otx2
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Fig. 21.5 Differential utilization of paralogous genes by enhancer innovation. Vertebrate fibroblast
growth factors (Fgf) 8, Fgfl7, and Fgfl8 were derived from a single ancestral Fgf8/17/18 gene
through gene duplication events. Fgf8, Fgf17, and FgfI8 are all expressed in the midbrain—hindbrain
boundary and the telencephalic commissural plate (black arrowhead and gray arrowhead, respec-
tively), whereas Fgf8 is uniquely expressed in the diencephalon (green shading, black arrow).
Schematic genome structures surrounding Fgf8, Fgfl7, and Fgfi8 are shown on the right

and Irx1/Irx3, retain duplicated CNSs in their loci (McEwen et al. 2006). Therefore,
it is possible that silencer innovations for divergent expression of paralogues have
frequently occurred after WGD.

21.3.3 Differential Utilization of Paralogous Genes
via Enhancer Innovation

One way to alter gene expression is by the acquisition of an enhancer. A growing
body of evidence shows that genes have acquired novel expression domains by the
following process: (1) nucleotide sequence changes produce novel transcription-
binding motifs (Gompel et al. 2005), (2) preexisting enhancers relocate through
genome rearrangement and enhance transcription of surrounding genes (Cande
et al. 2009), and (3) genome-integrated retrotransposons become enhancers for
surrounding genes (Sasaki et al. 2008). The enhancer innovations for gene expres-
sion divergence in fruit flies have been demonstrated and extensively discussed
(Borok et al. 2010). However, it is not easy to distinguish cases of genuine enhancer
innovation and the remnant of an ancestral enhancer in vertebrate paralogous genes.
Nevertheless, divergent expression of mammalian fibroblast growth factor 8 (FgfS),
Fgfl7, and Fgfl8, which was probably produced by two rounds of WGD, may
indicate the relationship between enhancer innovation and divergent expression of
paralogs (Itoh and Ornitz 2008) (Fig. 21.4). A detailed expression analysis of Fgf8,
Fgfl7, and Fgfl8 shows that Fgf8 transcripts predominate in the diencephalon
hypothalamus at E10.5 of mouse embryos, whereas Fgfl7 and Fgfi8 are not
expressed (Maruoka et al. 1998) (Fig. 21.5). Sasaki et al. (2008) discovered that an
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amniota-specific short interspersed element (amnSINE), a type of retrotransposon,
is integrated 178 kb downstream of Fgf8. Reporter analysis using transgenic mice
revealed that this Fgf8-associated amnSINE functions as an enhancer in the lateral
diencephalon and hypothalamus where endogenous FGFS is expressed (Sasaki
et al. 2008; Maruoka et al. 1998). Therefore, unique expression of endogenous Fgf8
in these tissues may have been produced by amnSINE in the Fgf8 locus. Because it
remains a possibility that the ancestral gene, Fgf8/17/18, possessed an enhancer that
could have activated transcription in the diencephalon hypothalamus, future studies
need to precisely address whether unique expression of Fgf8 has been caused by the
acquisition of a novel enhancer at the Fgf8 locus, by the acquisition of novel silencers
at the Figfl17 and Fgf18 loci, or by the degeneration of ancestral enhancers.

21.4 Conclusion

Massive quantities of genomic data and an increasing number of functional charac-
terizations of CREs strongly support the model that the divergent expression of
paralogues is caused by changes in the cis-regulatory sequence. The contribution of
such changes in CRE to morphological innovations in vertebrates still remains
unknown. However, there are certain indications that divergent expression of para-
logues possibly contributed to the acquisition of unique vertebrate traits. One exam-
ple is the correlation between the elongated body shape of reptiles and the intergenic
region of Hox genes (Di-Poi et al. 2010). A comparison of the genomic sequences
has shown that the intergenic regions of the posterior HoxD in reptiles are consider-
ably longer than those of other corresponding vertebrate elements (Di-Poi et al.
2010). Because retrotransposons are highly integrated in this region, these genomic
elements may have altered HoxD gene expression following the evolution of body
shape (Di-Poi et al. 2010). An enhancer that may have contributed to the innovation
of the placenta has also been shown by analysis of coelacanth CNS. Comparative
genome sequence analysis and a reporter assay revealed that the coelacanth
Hoxal4 proximal promoter region, which is highly conserved in humans, mice,
chickens, and horn sharks, drives reporter expression in the extra-embryonic
regions of mice and extra-embryonic area vasculosa of the chick embryo, although
humans, mice, and chickens have no Hoxal4. Horn shark Hoxal4 has become a
pseudogene (Amemiya et al. 2013). Based on these observations, those authors pos-
tulated that Hoxal4 proximal promoter have somehow contributed to the evolution
of the placenta (Amemiya et al. 2013). The genomic regions shown here may have
altered vertebrate morphology during evolution, although it remains to be seen
whether such genomic regions are really responsible for the formation of the
elongated reptile body and placenta. A genetic engineering experiment, such as
interchanging CREs between different species, may suggest future approaches to
understand whether innovated CREs are responsible for morphological or biologi-
cal innovations in the vertebrate (Cretekos et al. 2008). A genetically modified
mouse, in which paired related homeobox I (Prxl) expression is controlled by
the corresponding element obtained from bat, has elongated forearm bones.
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This morphological change partially explains the long bone in the wings of bats
(Cretekos et al. 2008). Future analyses, such as replacement and deletion of
cis-regulatory sequences in paralogous loci, may elucidate whether the divergence
of cis-regulatory sequences between paralogues has produced morphological or
biological innovations in vertebrates.
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Chapter 22
Fins and Limbs: Emergence of Morphological
Differences

Tohru Yano, Haruka Matsubara, Shiro Egawa, Koun Onodera,
and Koji Tamura

Abstract Paired appendages (fins and limbs) are regarded as distinct morphologies
by classification of skeletal patterns. On the basis of sequential orientation and artic-
ulation of tetrapod limb bones, we can understand that stylopodial/zeugopodial
skeletal elements are present in an extinct and extant basal sarcopterygian (coel-
acanth and lungfish) fin and that only nonhomologous radial bones exist in a zebrafish
fin. From these phylogenetic views, morphological differences between fins and
limbs and paleontological discoveries of limb-like fins of basal sarcopterygians
emphasize both the homologous skeletal elements and tetrapodomorph evolution.
During embryogenesis, on the other hand, initial fin development requires apical
ectodermal ridge (AER) signals as does tetrapod limb development, and then the
AER itself starts to transform into a fin-specific structure, the apical fold (AF).
HoxD genes are involved in fish fin development as in tetrapod limb development,
but the resultant skeletal patterns of fins are very different from those of limbs as a
result of differences in regulation of genes such as HoxD. From these developmental
aspects, we can understand that both fins and limbs develop by common mecha-
nisms, including fibroblast growth factors (FGFs) from the AER and Hox genes,
and that alteration of basic mechanisms by heterochronic/heterometric change in
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expression of AER/AF signals and Hox gives rise to morphological differences
among paired appendages. In this chapter, we describe homology and difference in
several research fields (genome commonality/difference, developmental common-
ality/difference, and anatomical or paleontological correspondence/difference) and
especially explain a scenario of fin-to-limb evolution.

Keywords Endoskeleton ¢ Exoskeleton ¢ Fin ¢« Limb

22.1 Introduction

Paired appendages in vertebrates, the fins and limbs, are organs for locomotion. In the
vertebrate lineage, paired appendages evolved from fins to limbs (Fig. 22.1).
Chondrichthyans and actinopterygians possess paired fins (pectoral and pelvic), and
tetrapods (amphibians, reptiles, birds, and mammals) possess limbs (fore and hind).
These paired appendages are classified into fins or limbs, not by locomotive function
(for example, mudskippers creep on the bog by using fins, and whales swim in the
sea by using flipper-like limbs), but by skeletal patterns and the cellular properties
of bones. There are differences in skeletal patterns, not only between fins and limbs,
but also among fins. For understanding the mechanism for paired appendage

Chondrichthyan (shark and skate) 7

Actinopterygian

| Chondrostean (sturgeon, paddlefish)
Teleost (medaka, zebrafish, mudskipper)

Basal sarcopterygian (living) “Limb-like fin"
coelacanth

lungfish

Basal sarcopterygian (fossil)
Eustenopteron

Panderichthys
Tiktaalik

Sarcopterygian (Tetrapod) “Limb”
Amphibian (frog)

Reptile (lizard, sea turtle, dinosaur)
Avian (chicken, duck)

Mammal (horse, bat, dolphin, whale, seal)

Fig. 22.1 Phylogenic tree of vertebrates that possess paired appendages



22 Fins and Limbs: Emergence of Morphological Differences 293

evolution from fin to limb, we here overview common principles of paired appendage
development, focusing on the cellular properties of the skeleton, and introduce
evolutional alterations of the developmental mechanisms (roles of ectodermal struc-
tures and regulation of Hox genes) in fins and limbs.

22.2 We Can Understand Homology and Differences
Between Fin and Limb from the Point of View
of Development

The skeleton in vertebrates can be classified into endoskeleton and exoskeleton
according to developmental mechanisms. The endoskeleton is located deep inside
the body and functions as a supporting structure, and it is mainly formed by the
replacement from cartilage (endochondral ossification). Both fins and limbs consist
of endoskeletons, although the morphological patterns are different (Yano and
Tamura 2013) (Fig. 22.2). The limb endoskeleton is mainly formed from the proxi-
mal to distal direction during embryogenesis, giving rise to three skeletal domains
(from proximal to distal, one long bone in the stylopod, two long bones in the
zeugopod, and many short and long bones in the autopod) (Fig. 22.2a). On the other
hand, the fin endoskeleton is not composed of three clear domains along the
proximal—distal axis, and there are many radial bones only at the base of the fin.
The exoskeleton is formed underneath the skin and protects/supports the body on
the surface; it is formed not through a cartilaginous intermediate but by direct ossi-
fication of mesenchymal cells. Fin exoskeletal components, which are formed at
distal to radial bones, are characteristic of a fin skeleton. The fin exoskeleton con-
sists of lepidotrichia and is formed within the fin ray (the distalmost fin structure
with membrane-like epithelium and mesenchymal supports). In chondrichthyans,
ceratotrichia (collagenous fibrils) are formed in the fin ray region. Vertebrates in the
water (fish) may have evolved into tetrapods, land vertebrates (amphibians), in the
Devonian period (about 4 billion years ago). There are several fossils of basal
sarcopterygians that possess characteristic appendages (limb-like fins). Limb-like
fins consist of both a fin ray (with an exoskeleton) and an endoskeleton with incom-
plete three skeletal domains (Boisvert et al. 2008; Shubin et al. 2006). Importantly,
the existence of fin rays with an exoskeleton is a good criterion for classification as
a fin, and the lateral appendage in basal sarcopterygians is categorized as not a limb
but a limb-like fin (Shubin et al. 2006).

22.2.1 Cellular Property of Fin Mesenchyme Tells
Us the Scenario of Fin-to-Limb Evolution

An understanding of the mechanisms of endoskeleton and exoskeleton formation in
fin development is important for elucidating the story of paired appendage evolution
in gnathostomes. In limbs, the endoskeleton consists of lateral plate mesoderm
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Fig. 22.2 Developmental-morphological diagrams of the fin and limb. a Typical skeletal pattern
of the limb. S stylopod (humerus/femur), Z zeugopod (radius/tibia and ulna/fibula), A autopod
(carpal/tarsal bones, metacarpal/metatarsal bones, and phalanges). Gray components represent
individual endoskeletal bones, abbreviated. b When the functional apical ectodermal ridge (AER)
is lost [e.g., at stages of stylopod/zeugopod formation], the limb bud stops developing and lateral
plate mesoderm (LPM)-derived mesenchymal cells (LPMc) do not construct the distal part of the
limb. ¢ In zebrafish, there are four proximal radials and about eight distal radials, into which the
endoskeleton-forming cells (ENDc) differentiate. The AER transforms into the AF at early stages
of development, and LPMc contribute to the formation of lepidotrichia (black-outlined rods) as exo-
skeleton-forming cells (EXOc). d Scheme of skeletal differentiation
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(LPM)-derived mesenchymal cells (LPMc). Although the paired fin endoskeleton
also consists of LPMc, there have been various theories regarding the developmental
origin of exoskeleton-forming cells (EXOc). For several decades, EXOc (which
form lepidotrichia) in the paired fin were believed to be derived from neural crest
cells (Hall 2005; Smith et al. 1994; Witten and Huysseune 2007), and it has long
been suggested that loss of the fin ray skeleton during fin-to-limb evolution was
caused by loss of the ability of skeletogenesis in trunk neural crest cells.

Faired-related homeobox 1 (PrrxlI) is expressed in the undifferentiated mesoder-
mal cells (LPMc) of the limb/fin bud and is extinguished when the LPMc initiate
condensation and form the endoskeleton (Cserjesi et al. 1992; Herndndez-Vega and
Minguillén 2011). Mouse Prrx! limb bud enhancer is widely used to mark the
LPMc of zebrafish, frog, and mouse (Martin and Olson 2000; Suzuki et al. 2007,
Yano and Tamura 2013). We found that the Prrx/ enhancer is active not only in the
endoskeleton-forming cells (ENDc) but also in the EXOc during pectoral fin devel-
opment of zebrafish (Yano and Tamura 2013). This observation suggests that the
EXOc also originates from the mesoderm of the fin bud. Our recent study on cell
lineage analysis of LPMc directly confirmed that the EXOc are derived not from
neural crest cells but from the LPMc (Shimada et al. 2013). This finding indicates
that both the endoskeleton and exoskeleton in paired fins are formed from the same
type of mesenchymal cells, LPMc. This finding also raised the possibility of the
presence of a unique system that switches the direction of the differentiation path-
way of LPMc from ENDc to EXOc in zebrafish.

22.2.2 AER and AF Are Crucial for Causing Morphological
Differences Between Fins and Limbs

In gnathostome development, a part of the LPM grows, protrudes, and forms the
primordium of a paired appendage (fin bud or limb bud). The budding position is
defined as a Fgfl0-expressing region in the LPM (Norton et al. 2005; Ohuchi et al.
1997; Yonei-Tamura et al. 1999). Ectodermal cells receiving the Fgf10 signal form
the apical ectodermal ridge (AER), which is a thickened epidermal structure at the
distal edge of the limb/fin primordium at the dorsal-ventral boundary. The AER
acts as one of the important signaling centers for fin or limb development, and it
secretes FGFs that induce proliferation of LPMc (Grandel et al. 2000; Mariani and
Martin 2003).

During limb development, the AER exists throughout the patterning stage of the
limb endoskeleton until formation of digital tips in the autopod. During fin develop-
ment, on the other hand, the AER starts to elongate distally then forms the fin ray,
leaving the endoskeletal region proximally. This transformed AER is called the api-
cal fold (AF), and the AF consists of two layered (back-to-back) epidermal sheets
(Dane and Tucker 1985). Migrating LPMc (as EXOc) invade into a slit of the AF
epidermal sheets, and the EXOc in the AF region differentiate into osteocytes,
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giving rise to lepidotrichia in the fin ray. As the formation of lepidotrichia is a
characteristic feature of the fin, the epithelial transformation from the AER to the
AF and subsequent migration of EXOc are crucial events for development of the
characteristic fin structure (Fig. 22.2c). However, there were no experimental data
that confirmed the model of a relationship between the AER-AF transition and
skeletal morphology of paired appendages (Thorogood 1991). To understand the
details of the AF structure and roles of the AER/AF in fin development, we investi-
gated AF morphogenesis in the developing fin bud. At later stages of fin develop-
ment, the AF grows distally with little proliferation of ectodermal cells, but the
ectodermal AF cells change their shape from sphere morphology to a tile-like mor-
phology (Yano et al. 2012). It is likely that the presumptive fin ray region (filled
with EXOc) is stretched distally during the AF morphogenesis. Interestingly, this
region stops stretching and developing when the distal portion of the AF is removed.
Inhibition of AF signals [Fgf signals and transcription factor 7 (tcf7)] causes shrinkage
of the presumptive fin ray region (Yano et al. 2012). Malformation of the ectodermal
AF cells also can be seen in ectodysplasin receptor (edar) mutant fish, which exhibit
loss of the exoskeleton (Harris et al. 2008). These findings suggest that the AF is
important for formation of the fin ray region. Moreover, when AF formation is
blocked by repeated ablation of the AF, the AER continues to interact with the
endoskeletal region, causing excess mesenchymal proliferation and additional
formation of an endoskeleton (Yano et al. 2012). In tetrapod limb development,
exposure to AER signals causes mesenchymal proliferation, and the deposition/
formation of endoskeleton is stopped by AER removal (Mariani and Martin 2003;
Fig. 22.2b). Our findings suggest that change in timing of AER-AF transition is
important for formation of endoskeleton and exoskeleton in fin development and
that AF regulation is different from the AER regulation against LPMc (Fig. 22.2¢).
The heterochronic change in AER-AF transition and the AF loss (continuous secre-
tion of AER signals) may be key factors for skeletal diversification of paired fins
and fin-to-limb evolution.

22.3 Correlations Between Genome, Developmental
Mechanisms, and Morphology Can Explain
Tetrapodomorph Evolution

Our recent findings indicated that skeletons in both paired fins and limbs are formed
from LPMc, as described in the previous section (Shimada et al. 2013; Yano et al.
2012; Yano and Tamura 2013), suggesting that LPMc can differentiate into both an
endoskeleton and an exoskeleton. Fin ray loss and digit formation occurred during
evolution from fish to tetrapods, but we can consider that both of these were caused
concurrently by regulation of the differentiation of LPMc. On the basis of these new
findings, we next describe correlations between genome, developmental mechanisms,
and morphology in fin-to-limb evolution with focus on Hox gene regulation.

In vertebrate appendage development, expression and function of Hox genes are
common and important principles in endoskeletal formation along the proximal—distal
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and anterior—posterior axes, but regulations on their expression are different in fins
and limbs (Ahn and Ho 2008; Tamura et al. 2008; Fig. 22.3). HoxD genes play
important roles in skeletal patterning of the appendage endoskeleton. At later stages
of limb development, Hoxd-11—13 expression domains are seen in the digit-forming
region regulated by HoxD genomic sequences (enhancers) (Tarchini et al. 2006)
(Fig. 22.3a). Interestingly, a tetrapod-specific cis-regulatory element of HoxD (CsC;
conserved sequence C) does not exist in the zebrafish genome. To elucidate CsC
activation, Freitas et al. (2012) demonstrated reporter assays by using transgenic
fish and showed that CsC could drive the reporter gene expression at only the distal
part of the endoskeleton-forming region [corresponding to the region of “HoxD
(late)” in Fig. 22.3b]. Freitas et al. (2012) suggest that there are transcription factors
that can interact with CsC and give rise to the HoxD expression in zebrafish,
although CsC is missing in zebrafish. It is a possibility that the HoxD activation by
CsC is important for formation of the limb-like skeleton in mice limbs, because the
expression pattern of the CsC reporter gene is similar to that of the Hoxd-13 gene,
which is at a tetrapod-specific region (digit region). By using zebrafish embryos,
Freitas et al. (2012) also showed that overexpression of Hoxd-13a caused prolifera-
tion of LPMc in the AF region. Because the authors showed that the AF thickening
by Hoxd-13a overexpression did not occur over the AER-AF transition stage (late
stages), excessive proliferation of LPMc may be caused from AER-forming stages
(early stages) or by a sufficient amount of Hoxd-13 protein. Therefore, spatiotem-
poral (heterochronic; Sakamoto et al. 2009) or quantitative (heterometric; Freitas
et al. 2012) regulation of HoxD expression from AER-forming stages (early stages)
may be important for proliferation of LPMc as well as AER/AF regulation against
LPMc (as described in the previous section). Production of many LPMc may be
necessary for stylopod-zeugopod partition (early stages; reviewed by Yano and
Tamura 2013) and autopod/digit formation (late stages) in tetrapodomorph evolu-
tion (Fig. 22.3c).

Correlation between AER/AF function and endoskeleton/exoskeleton formation
can explain the morphological feature of basal sarcopterygian appendages. In the
coelacanth, there are several radial bones distal to the predicted stylopod/zeugopod,
and an exoskeleton [consisting of camptotrichia (white rods in Fig. 22.4a)] forms in
the fin ray. Despite well-developed endoskeleton in the coelacanth paired fin, however,
CsC does not exist in the coelacanth genome (Amemiya et al. 2013). It is possible
that many LPMc proliferate at AER-forming stages in coelacanth fin development
and that incomplete stylopod/zeugopod/autopod compartments are formed before
LPMc differentiate into EXOc by AER—-AF transition. Anatomical observations
have also suggested a limb-like skeletal pattern in the lungfish lateral appendage
(Coates et al. 2002). In contrast to the fin skeleton of the coelacanth, there are many
radial bones in the region distal to the zeugopod domain (approximately corre-
sponding to the autopod domain in tetrapod limbs) (Fig. 22.4b, c¢). In lungfish fin
development, Hoxd-13 is expressed at this radial bone region. It is possible that
Hoxd-13 expression in the autopod domain is regulated by CsC in the lungfish
genome and that much proliferation of LPMc occurs. Other studies revealed that
AER-AF transition also occurred in the developing lungfish fin bud, and exoskele-
tal components (camptotrichia) existed in the fin ray (Hodgkinson et al. 2009;
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Fig. 22.3 Developmental-morphological diagrams of HoxD regulation in paired appendages. a
Typical skeletal pattern of the limb. In the timing of stylopod/zeugopod development, HoxD genes
are expressed (early phase), and the late phase of HoxD regulation mechanisms starts to work at
the timing of digit formation (enclosed in black line). Hoxd-13 is expressed at the digit-forming
region in tetrapod limb development. b In zebrafish, there is a region regulated by the late phase of
HoxD enhancer (CsC) at the distal and posterior edges of the endoskeletal region. Freitas et al.
(2012) have shown that Hoxd-13a overexpression caused proliferation of LPMc. ¢ Scheme of
skeletal differentiation regulated by HoxD
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Fig. 22.4 Developmental-morphological diagrams of paired appendage diversification. a In the
coelacanth fin, camptotrichia are formed in the fin ray. b In the lungfish, there are many endoskel-
etal elements distal to the zeugopod domain. Hoxd-13 mRNA is expressed in this endoskeletal
region. ¢ Typical skeletal pattern of the limb. Hoxd-13 is expressed in the digit-forming region in
tetrapod limbs

Johanson et al. 2007). In this sense, it is also possible that the later timing of AER—
AF transition causes much proliferation of LPMc and addition of many radial bones.
Taken together, the heterometric change in HoxD expression (Freitas et al. 2012)
and the heterochronic change in AER-AF transition (Thorogood 1991; Yano et al.
2012) may bring about skeletal diversification in the autopod.

22.4 Conclusion

As for the formation of a paired appendage skeleton, we can understand that fins and
limbs develop with shared developmental mechanisms of endoskeleton formation.
These mechanisms are changeable by genomic evolution, and consequently
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morphological differences of paired appendages in gnathostomes occur. In this
review, we have shown that differences between the endoskeleton and exoskeleton
are caused by alteration of the differentiation of LPMc, alteration of the develop-
mental cue from the apical thickened epidermis (AER and AF), and alteration of
Hox expression. To elucidate fin-to-limb evolution and paired appendage diversifi-
cation, we need to investigate several issues further. (1) We need to find molecular
mechanisms of the differentiation of LPMc. By elucidation of developmental mech-
anisms of both endoskeleton and exoskeleton formed by homogenous LPMc, we
can understand how LPMc are distributed to endoskeleton and exoskeleton among
the skeletal variation of paired appendages. (2) We need to find an AER/AF factor
as a determinant of skeletogenesis. Especially, it is important to find AF-specific
signals that control fin ray formation and exoskeleton formation. Finally, we need to
find genomic alteration near genes of AF signals to understand gnathostome evolu-
tion. (3) We need to elucidate the synergistic roles of Hox and AER/AF factors in
fin and limb development. We do not yet know whether either Hox regulation or the
function of AER/AF is the direct determinant for morphological differences between
fin and limb. By using transgenic analyses, for instance, we need to investigate roles of
Hox in AER/AF formation and the roles of AER/AF in Hox regulation in fish fin
development.
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Chapter 23
The Turtle Evolution: A Conundrum
in Vertebrate Evo-Devo

Naoki Irie*, Hiroshi Nagashima*, and Shigeru Kuratani

Abstract Because of their unique morphology, turtles have raised profound questions
as to their evolutionary origin. In striking contrast to the body plan of other tetrapods,
the shoulder girdle of turtles sits inside the rib cage, which comprises the dorsal
shell, or carapace. By this topological change of the skeletal elements, the carapace
has been regarded as an example of evolutionary novelty that violates the ancestral
body plan of tetrapods. In this chapter, we first overview the phylogenetic position-
ing of turtles, and then review how turtles evolved their unique body plan. In brief,
three points have been clarified by recent studies. (1) Turtles have birds/crocodilians
(or archosaurians) affinity of evolutionary origin. (2) During embryogenesis, the
turtle also establishes the vertebrate basic body plan, as in other vertebrates,
followed by the late developmental stages of generating turtle-specific structures,
such as folding of the lateral body wall to make the apparent inside-out topology of
shoulder girdle against ribs. (3) One of the causal factors of folding appears to be
the concentric growth of carapacial margin, which involves an ancestral gene
expression cascade in a new location. These reports allow us to hypothesize the
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stepwise, not necessarily saltatory, evolution of turtles, consistent with the recent
finding of a transitional fossil animal, Odontochelys, that did not have the carapace
but already possessed the plastron.

Keywords Development ¢ Evolution ¢ Phylogeny ¢ Phylotype ¢ Turtle

23.1 Introduction

Turtles have long been regarded not only as the most primitive extant amniotes
but also as animals that evolved abruptly without any intermediate morphology.
Their skull does not possess any temporal fenestrae (representing the anapsid state),
a character that was once hypothesized to be a hallmark of basal amniotes and their
ancestral amphibians (Romer 1956; reviewed by Tsuji and Miiller 2009). The trunk
of turtles, on the other hand, shows an extensively derived feature. The turtle shell
is composed of dorsal and ventral moieties; the ventral moiety is referred to as a
plastron, consisting of nine dermal elements corresponding to clavicle, interclavicle,
and gastralia in other amniotes (Fig. 23.1b—d). The dorsal shell, termed the cara-
pace, comprises the thoracic vertebrae, ribs, and dermal bones surrounding the axial
skeleton (Fig. 23.1a). In many turtle species, these bony shells are covered by kera-
tinous scutes, whereas in some species, such as the soft-shelled turtles, the scutes
and the peripheral dermal bones are lost.

The outstanding feature in the turtle flank is not the shell itself, but the resultant
body plan of turtles (Burke 2009). Turtle ribs, rather than growing ventrally, grow
laterally to form the carapace, and the uniqueness of the turtles is that their shoulder
girdle composed of scapula and coracoid is housed inside the ribcage. This inside-
out morphology appears to have been established by violating the basic rules of the
vertebrate body plan, thus regarded as a typical example of evolutionary novelties
(Hall 1998; Rieppel 2001; Gilbert et al. 2001, 2008).

Lack of any transitional patterns to explain this turtle-specific topological change,
as well as the absence of intermediate fossils, have led biologists to assume that
turtles emerged by saltatory evolution (reviewed by Nagashima et al. 2012a). In this
section, we overview the evolutionary origin of turtles by introducing studies aimed
to clarify the phylogenetic position of turtles, followed by studies focused on the
body plan evolution of turtles.

>
>

Fig. 23.1 (continued) (epi) is homologized with clavicle, entplastron (ent) with interclavicle, and
other dermal bones with gastralia. ¢, d Comparison of body plan between other amniotes (c)
and turtles (juvenile of Chinese soft-shelled turtle, Pelodiscus sinensis) (d). Note that scapula (sc)
and coracoid (cor) are outside of the ribs in other amniotes and inside the ribs in turtles. ca cara-
pace, c clavicle, cos costal plate, g gastralia, hyo hyoplastron, hypo hypoplastron, ic interclavicle,
neu neural plate, nu nuchal plate, pe peripheral plate, pl plastron, py pygal plate, r dorsal ribs,
spy suprapygal plate, v dorsal vertebrae, xiphi xiphiplastron (figure modified from Nagashima
et al. 2012a)
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Fig. 23.1 The turtle shell and body plan of turtles. a, b Turtle shell. a Dorsal (/eff) and ventral
(right) views of the carapacial skeleton of Chinemys reevesii. The carapace is formed by ribs (r),
vertebrae (v), and dermal bones arranged peripherally. b Dorsal view of the plastron. Epiplastron
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23.2 Phylogenetic Position of Turtles

When and where did turtles come into being? Historically, three major hypotheses
have been proposed for the phylogenetic origin of turtles. Largely based on the skull
morphology, the earliest hypothesis relegated turtles to early-diverged reptiles,
called anapsids, located basal to Diapsida (Tsuji and Miiller 2009; Kuratani et al.
2011). Meanwhile, with almost every accessible element from egg, embryo, and
adult morphology, Rieppel and de Braga (1996) proposed the turtle as a sister group
with the lizard—snake—tuatara (Lepidosauria) clade (Fig. 23.2). As the third hypothesis,
first by molecular phylogenetic analysis with rRNA (Hedges et al. 1990), and other
molecular studies (Caspers et al. 1996; Crawford et al. 2012), it was alleged that
turtles are closely related to a lineage including crocodilians and birds (Archosauria)
(Fig. 23.2). What confused researchers was that controversy arose even among
the molecular-based approaches. Based on the existence or absence of miRNAs,
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Fig. 23.2 The common ancestor of turtles arose around 267.9-248.3 million years ago, splitting
from archosaurians. Molecular phylogenetic analysis based on genome-wide data (1,113 ortholo-
gous genes from 12 vertebrate species) supported that turtles are a sister group of archosaurians.
Molecular clock analysis, calibrated with fossil records (white dots in each branching node) sup-
ported that the split occurred around 267.9-248.3 million years ago, the period that overlaps or
followed shortly after the Permian extinction event (Chen and Benton 2012). The black ellipses on
the nodes indicate the 95 % credibility intervals of the estimated posterior distributions of the
divergence times (figure modified from Wang et al. 2013)
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Lyson et al. (2012) reported that the turtles are a sister group of Lepidosauria.
For this study, however, Hedges (2012) draws cautionary attention that the phylogenetic
analysis using miRNA is yet to be established to obtain significant results. Finally,
recent studies that reported the draft genome sequences of turtles (Pelodiscus sinensis
and Chelonia mydas, by Wang et al. 2013; Chelonia picta, by Shaffer et al. 2013),
robustly supported the archosaurian affinity of turtles (Fig. 23.2).

These molecular phylogenetic studies are already making some impact on pale-
ontological study, and some paleontologists are reexamining the morphological
characters to reconcile morphological data with molecular results (Rieppel 2000).
For example, morphology of the vormer (Damiani and Modesto 2001), temporal
region (Miiller 2003), and carotid circulation (Miiller et al. 2011) are suggested not
to support a turtle—anapsids relationship. The presence of a laterosphenoid ossifica-
tion in a basal turtle is proposed to unite turtles to Archosauria (Bhullar and Bever
2009). In the archosauromorph lineage, Merck (1997) found the Euryapsida
(Helveticosaurus, Sauropterygia, and Ichthyosauria)-Thalattosauria clade, to which
turtles are suggested to be a sister group (Rieppel and de Braga 1996).

Although the ancestor did not possess the complete dorsal shell such as that in
existing turtles, the oldest known fossil turtle, Odontochelys (Li et al. 2008), showed
that the turtle ancestor already existed 220 million years ago. Consistent with this
oldest fossil record, Wang et al. (2013), based on their genome-wide dataset including
two turtle species (Chinese soft-shelled turtle and green sea turtle), estimated that
the common ancestor of turtles already existed before the emergence of Odontochelys.
According to the estimate based on genome-wide analysis, turtles split from the
lineage of archosaurians at around 267.9-248.3 million years ago. Interestingly, the
period coincides with the one of the largest mass extinction events on this planet,
called the Permian-Triassic extinction event (Chen and Benton 2012). However,
whether this extinction event has a certain role in the evolution of the turtle ancestor
awaits further investigation.

23.3 Body Plan Development and Evolution of Turtles

How did turtles evolve their unique body plan after splitting from the archosaurians
(the group consisting of birds/crocodilians)? Substantial contribution has been
made to this question by recent comparative embryonic studies.

Despite the uniqueness of the turtle body plan, recent studies clarified that turtles
also follow the general rule for embryonic evolution of vertebrates, or the develop-
mental hourglass model (Fig. 23.3) (Duboule 1994; Irie and Kuratani 2011; Wang
et al. 2013), to produce their unique body. The model explains that vertebrate
embryos pass through the conserved bottleneck-like period, the period that shows
the basic vertebrate body plan (called the phylotypic period), and then specialize
afterward. Meanwhile, earlier to, or later than, this phylotypic period, divergent
characteristics appear among different species. Actually, the midembryonic stages
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Xenopus laevis
(stage28 - 31)

Zebrafish Mouse

(24hr. p.f)

Soft-shelled turtle Chicken
(TK11) (HH16)

Fig. 23.3 Turtles also follow the developmental hourglass model during embryogenesis. The
hourglass model (right), first proposed by Duboule (1994), explains that vertebrate embryogenesis
is rather divergent during early and late stages whereas midembryonic stages show maximum simi-
larity both in morphology and in whole embryonic gene expression profile. The bottleneck period,
called the vertebrate phylotypic period, becomes the source of the vertebrate basic body plan found
among adult vertebrates. The horizontal width of the hourglass model represents the evolutionary
divergence among vertebrate embryos, and embryogenesis flows upward in this drawing. Recent
molecular studies (Irie and Kuratani 2011; Wang et al. 2013) identified that pharyngular embryos
are the stages that show most conservation among vertebrates

of turtles and chicken (e.g., stage TK11 of turtle and stage HH16 of chicken) appear
somewhat more similar to each other than the earlier and later embryonic stages
(Fig. 23.4). Furthermore, quantitative evidence was obtained from the study that
took advantage of whole embryonic gene expression profiles (Wang et al. 2013),
showing that maximal similarity between turtle and chicken embryos appears in
the pharyngula stages (Fig. 23.4; red dashed circles). Direct inference of this obser-
vation suggests that turtles, similar to other vertebrates, develop their body first by
establishing the vertebrate basic body plan, and then modify the developmental
trajectory to obtain the turtle-specific morphological patterns. Actually, the first
sign of a turtle-specific character, the carapacial ridge (CR; Figs. 23.4 and 23.5)
(Burke 1989), appears after this phylotypic period (see following section). These
studies as a whole tell us that the turtle body plan evolved by adding major changes
to the embryonic stages after the vertebrate phylotypic period during evolution.
Actually, Wang et al. reported that genes that potentially explain the turtle-spe-
cific features, such as genes involved in ossification, extracellular matrix reorga-
nization, and collagen, show increasing expression only in the later phase of turtle
embryogenesis (Wang et al. 2013).

Finally, the reason why turtles still adhere to the conservation of the vertebrate
phylotypic period is not clear; however, some researchers attribute this to a particularly
complex signaling network working in this embryonic period (e.g., Hox colineality,
interdependent molecular signals: Duboule 1994; Raff 1996).
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Incubation ;

Fig. 23.4 External appearances of chicken and Chinese soft-shelled turtle embryos. Soft-shelled
turtle embryogenesis shows a rather different morphology of the gastrula but soon converges to
show similar morphology with the chicken at around the pharyngula stage. Actually, chicken stage
HH 16 (Hamburger and Hamilton 1951) and turtle stage TK 11 (Tokita and Kuratani 2001) show
the most similar gene expression profile compared to other developmental stages (dashed circles).
These embryos show striking similarity in morphology as well, despite the fact that these two
species split more than 250 million years ago, with almost twice the time for embryogenesis. White
arrows show the direction and relative length of time needed for embryogenesis. Size of embryos
not to scale

Chickens Turtles

Fig. 23.5 Development of the carapacial ridge in turtle embryos. Comparison of the external
morphology of embryos of stage 26 chicken and stage 14 Pelodiscus sinensis. In turtle embryos, the
most ventral part of the axial part swells and makes a longitudinal ridge, which represents the
carapacial ridge (cr)
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23.4 Carapacial Ridge

As mentioned earlier, the CR appears after the phylotypic period as a longitudinal
ridge on the lateral aspect of the flank of turtle embryos (Fig. 23.5). The CR forms
the leading edge of the developing carapace, and functions to make the turtle-specific
rostrocaudally expanded pattern of ribs through accelerated growth of the carapacial
margin (Figs. 23.5 and 23.6) (Burke 1989, 1991; Nagashima et al. 2007).

Morphologically, the embryonic body is composed of the dorsomedially located
axial part and the ventrolaterally lateral body wall. The dermal mesenchyme of the
former is derived from somites and that of the latter from the somatic mesoderm.
The CR develops at the ventrolateral edge of the axial domain and delineates a
boundary between the two kinds of dermal mesenchyme with its ventral edge through
its development, which indicates the uniqueness of the structure among amniote
embryos, because such a structure does not appear in other amniote embryos
(Figs. 23.5 and 23.6) (reviewed by Kuratani et al. 2011).

Although the precise molecular mechanism involved in CR development is yet to
be clarified, some studies have provided intriguing insights. Through a subtractive

chick turtles

Fig. 23.6 A scheme representing trunk development in the chicken (left) and turtle (right). Plates
at both lateral ends are transverse views; those in the middle columns are lateral view. From top to
bottom, development proceeds as follows. 7op: Both animals have nearly identical morphology at
an early developmental stage. Note that turtle ribs (r) are morphologically shorter than those of
chicken but grow along the the muscle plate (mp) as do chicken ribs. Middle and bottom: Chicken
development proceeds without a major change in morphology from the initial state. The folding
process occurring in the late developmental stage of turtles does not change the topological rela-
tionship between the ribs, muscle plate, and shoulder girdle from that at the beginning of develop-
ment. Note that only the body folding is different between the animals. Shaded domain (r') in
transverse view of turtles (bottom) represents undeveloped ribs in the lateral body wall, which are
expected to be found along the muscle plate as are those in chicken. ax axial domain, 4 humerus,
Ibw lateral body wall, nt neural tube, v vertebrae (figure modified from Nagashima et al. 2012a)
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cDNA screening method, Kuraku et al. (2005) identified four genes specifically
expressed in the CR, which include cellular retinoic acid-binding protein (Crabp)-I,
Sp-5, lymphocyte enhancer factor (Lef)-1, and Apcdd-1. All these genes are compo-
nents of, or are related to, the canonical Wnt signaling pathway (Kuratani et al.
2011). Actually, localization of B-catenin in nuclei of the CR epidermis (Kuraku
et al. 2005) and arrest of CR formation after the inhibition of Lef-1 activity suggest
that the Lef-1/B-catenin complex is involved in CR development as a transcriptional
activator of the signal cascade (Nagashima et al. 2007).

Recently, based on comprehensive in situ hybridization screening that took advan-
tages of turtle genomes, one of the upstream factors, Wnt 5a expression, was discov-
ered in the CR mesenchyme (Wang et al. 2013). The reason why the subtractive
cDNA method between the CR and the lateral body wall failed to detect this gene is
that the gene was also expressed in the body wall. As another upstream molecule,
hepatocyte growth factor (HGF) expressed at the vicinity of the CR is suggested;
inactivation of HGF function leads to degradation of the CR (Kawashima-Ohya et al.
2011). Consistent with this, carcinoma studies have found regulation of the canonical
Whnt pathway by HGF (Nelson and Nusse 2004). In chicken and mouse embryos,
expressions of the orthologous genes are not observed at the corresponding site,
reconfirming the novel nature of the CR. Many of the genes are commonly expressed
in the limb bud of the amniote embryos including turtles, indicating that some of the
gene cascade functioning in limb development would be secondarily recruited to
invent the CR (Kuratani et al. 2011; also see Gilbert et al. 2001, 2008).

23.5 Positional Change of Ribs and Scapula

One of the differences between turtle ribs and those of other amniotes is the relative
lengths of the ribs: the turtle ribs are morphologically shorter than those of other
amniotes, because turtle ribs are arrested in the axial domain, never penetrating into
the lateral body wall as in many other amniotes (axial arrest of the ribs; Fig. 23.6)
(Burke 1989; Nagashima et al. 2007; Kuratani et al. 2011).

As the cause for the truncation of turtle ribs, a turtle-specific expression pattern
of Hox genes and unique features of Myf5 have been proposed (Ohya et al. 2005,
2006; Nagashima et al. 2012a, b). Especially, transcriptional factor Myf5 is involved
not only in myogenic activity but also in inductive activity of ribs (Nagashima et al.
2012b), which would explain both rib truncation and the characteristic meager
development of muscle plates, elongated myotomes, in turtles (Nagashima et al.
2005).

At first glance, turtle ribs appear to take different trajectories from those in other
amniotes because they grow laterally and superficially. The turtle ribs, however, are
along the muscle plate as are chicken and mouse ribs (Fig. 23.6), reflecting that the
ribs are induced by the muscle plate. Hence, it is convincing to suppose that if tur-
tles would have long ribs, they would be found along the muscle plate in the lateral
body wall, indicating that the muscle plate can be regarded as “the latent ribcage.”
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The shoulder girdle of turtles initially develops rostral to the ribs and outside the
muscle plate or “the latent ribcage” as that in other amniotes (Fig. 23.6). Although
chicken and mouse development proceed without much modification of this pattern,
in turtles, the CR renders some of the rostral ribs fanned out rostrally to cover the
scapula caudodorsally (Fig. 23.6). During this process, the shoulder girdle remains
outside the muscle plate, which is now severely folded inward in the lateral body
wall (Fig. 23.6). Thus, turtles change the spatial relationship between the ribs and
shoulder girdle by folding the lateral body wall inward after skeletal development,
and this process does not alter the body plan of amniotes (Nagashima et al. 2009).

These developmental findings highlight and fill the saltatory evolutionary gap once
believed to be present in turtle evolution; namely, axial arrest, fanned-out expansion
of ribs, and encapsulation of the scapula would have occurred in the ancestral animals
of turtles successively. [llustrating this, a previously unknown fossil, Odontochelys,
has intermediate morphology linking turtles and the ancestral animals (Li et al. 2008).
This animal did not have a complete carapace but did have the plastron. The ribs
were already arrested axially but did not show a flabellate pattern, so the scapula
was still situated rostral to the ribs. This pattern is reminiscent of the morphological
pattern of turtle embryos before the folding process. Thus, morphogenesis of
Odontochelys would have been completed at this developmental stage and would
not have acquired developmental programs to expand the ribs and to encase the
shoulder girdle. Turtle evolution would have been achieved by secondarily adding
the folding process in the late developmental phase of Odontochelys-like ancestral
animals (Nagashima et al. 2009).

23.6 Perspective

Our studies have suggested that stepwise changes of the developmental program
have caused the evolution of turtles. By comparative genomics as well as analyses
of gene regulations, it could become possible in the near future to ascertain the net
elements that are truly relevant to the modification of the animal body plan, espe-
cially through construction of a turtle-like developmental phenocopy by means of
functional assays on model animals. By understanding the creation of animals such
as turtles, which apparently violate the developmental constraints specific to verte-
brates, we will be able eventually to correlate the DNA sequence and evolving mor-
phology of animals. For this reason, turtles potentially provide very intriguing and
promising aspects for the study of evolutionary developmental biology.
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