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Short summary

In this thesis, the lophotrochozoan nemertean Lineus, which exhibits
impressive developmental plasticity and regeneration capacities, was used as a model
system in an attempt to reveal to which extent the anteroposterior patterning
mechanism and “the eye specification network” are conserved throughout the
Bilateria.

The data obtained from the expression patterns of orthodenticle-like (Ls-Otx)
and caudal-like (Ls-Cdx) genes in Lineus are in good agreement with their proposed
evolutionarily conserved functions in the specification of the anterior body regions
and in the specification of the posterior ones, respectively. We have also shown that
Ls-Cdx is expressed during posterior regeneration only, whereas Ls-Otx is expressed
during both, anterior and posterior early regeneration and becomes restricted to the
anterior regenerating blastema only one week after the onset of regeneration. Based
on its specific expression at the level of the CNS in early regenerating stages, we have
proposed that Otx could be part of a signaling network responsible for the onset of
regeneration in nemertean.

We have previously shown that LsPax-6 is expressed in developing and
regenerating Lineus eyes and that it is required for their maintenance in adult Lineus.
Now, we have obtained data from the three Ls-Six genes (Ls-Six1/2, Ls-Six3/6 and Ls-
Six4/5) that argue for a general involvement of the Ls-Six genes in the development
and the regeneration of the Lineus sensory organs, including the eyes. Hence,
evolutionarily conserved key members of the “eye specification network” seems be
involved in the specification of the Lineus eyes, supporting the hypothesis of a

monophyletic origin of the eyes.
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Résumé court

Afin d’estimer le degré de conservation des mécanismes de la mise en place
de I’axe antéroposterieur et de la formation des yeux au sein des Bilatériens, nous
avons étudié la némerte Lineus, un Lophotrochozoaire aux étonnantes capacités de
régénération et de régulation morphogénétique.

Les données sur I’expression de I’homologue d’Orthodenticle (Ls-Otx) et de
I’hnomologue de caudal (Ls-Cdx) chez Lineus accréditent I’hypothése d’une
conservation au cours de I’évolution de leurs rdles respectifs dans I’acquisition de
I’identité céphalique et de I’identité caudale par les extrémités du corps des
Bilatériens. Alors que seuls les blastemes postérieurs expriment Ls-Cdx, une
expression de Ls-Otx est indifféremment retrouvée au niveau des blastémes antérieurs
et postérieurs pendant la premiere semaine de régénération, avant de n’étre limitée
qu’aux blastemes antérieurs. Se basant notamment sur I’expression de Ls-Otx par le
SNC au cours de la régénération, nous avons proposé qu’Otx fasse partie d’une voie
de signalisation controlant I’initiation de la régénération chez les némertes.

Une expression de LsPax-6 est détectee dans les yeux de Lineus en
développement ou en régénération et nous avons deja montré qu’elle est nécessaire au
maintien des yeux chez I’adute. Les nouveaux résultats obtenus sur les trois genes Ls-
Six (Ls-Six1/2, Ls-Six3/6 and Ls-Six4/5) suggerent leurs implications dans le
développement et la régénération de nombreux organes sensoriels, et notamment des
yeux. Des facteurs clés, a I’origine de la cascade génétique conduisant a I’édification
d’un oeil, semblent donc étre également conservés chez Lineus, renforcant

I’hypothése d’une origine monophylétique de I’oeil.

1698 charactéres

5 mots clés: némertes / régénération / evolution / axe antéropostérieur / formation de
I'oeil



Abstract

One of the most important breakthroughs in the field of developmental biology
has been the discovery of the homeobox and of its widespread phylogenetic
conservation. Many homeobox-containing genes encode transcription factors that
regulate gene expression during important developmental processes, such as patterning
and cell differentiation. Not only their sequences, but often also their expression
patterns and their functions are conserved throughout bilaterian animals. Despite
specific knowledge from selected model organisms, which belong to the
Deuterostomia and the Ecdysozoa, an unified view about the evolutionary conserved
developmental mechanisms requires more investigations from the Lophotrochozoa,
the third clade of Bilateria, which has been neglected, so far.

We have worked with nermerteans, also called ribbonworms, which are
members of the Lophotrochozoa. Because of its evolutionary position, its relative
simplicity and impressive developmental plasticity, Lineus sanguineus, a marine
ribbonworm from the class Anopla, is an attractive system to investigate the
specification of the body plan and the mechanism by which differentiated cells
maintain or reprogram their identity in a context-dependent manner. In this thesis,
Lineus was used as a model system in an attempt to reveal to which extent the rostral/
caudal specification of the antero-posterior axis and the eye specification network are
conserved throughout the Bilateria.

Although the Hox genes play important roles in the antero-posterior
specification of the bilaterian body, the most rostral and the most caudal regions of
the embryo are specified by orthodenticle-like (Otx) and caudal-like (Cdx),
respectively. To test whether this is also the case in Lophotrochozoa, we first have
characterized the full-length Ls-Otx and Ls-Cdx genes. Then, we have shown that
expression patterns in developing and adult Lineus suggest an involvement of Otx in
the development, the specification and the maintenance of the anterior sensory
structures and anterior brain regions. This is in good agreement with the proposed
conserved functions of Otx among Bilateria. Similarly, the restriction of Ls-Cdx
expression at the posterior extremity of the developing Lineus larva suggest that the
presumed conserved role of Cdx in the specification of the posterior end of bilaterian
embryos could be conserved in Lineus. Additionally, we have studied both, the

expression patterns and the variation of expression levels of Ls-Otx and Ls-Cdx

-4 -



during regeneration. This has revealed that Ls-Cdx is specifically up-regulated, during
posterior regeneration, only, whereas Ls-Otx is up-regulated during both, anterior and
posterior regeneration. The Ls-Otx expression becomes restricted to the anterior
regenerating blastema only one week after the onset of regeneration. As it has been
suggested that the CNS plays a crucial role in nemertean regeneration and as Ls-Otx is
specifically expressed at the tip of the sectioned nerve cord of the early regenerating
stages, we propose that Ls-Otx could be part of a signaling network responsible for
the onset of regeneration. Additional information has been obtained from Lineus
lacteus, a close relative of Lineus sanguineus, which does not exhibit the same
regeneration capacities. In the light of the expression pattern of Otx in amputated
Lineus lacteus, we propose that the differences in regeneration capacities between
nemertean species could rely on the differences in the capacity of their differentiated
cells to de-differentiate in response to signals emitted from Otx expressing cells of the
nerve cord, rather than in the capacity to emit the signals leading to the onset of

regeneration.

In a second project, we have investigated the specification of the visual
structures in L.sanguineus. Studies in Drosophila and vertebrates have revealed that a
combinatorial expression of members of the evolutionary conserved “eye
specification network” specify the eye field. The key members of this eye
specification network are the Pax-6, Six, Eyes absent and Dachshund genes. We
wanted to know whether this network is involved in the development, maintenance
and regeneration of the Lineus eyes. At the beginning of this PhD work, it was already
known that LsPax-6 is expressed in the developing eye field in Lineus. In addition, we
had reported that its inactivation by RNA-mediated gene interference (RNAI) in an
adult L.sanguineus leads to the disappearance of the adult eyes. To further investigate
the specification of the Lineus eyes, we have characterized three Six genes, LsSix1/2,
LsSix3/6 and LsSix4/5. Their expressions, especially the one of LsSix1/2, suggest an
involvement in the development and the regeneration of the Lineus eyes. In addition,
we have observed a cross-reaction of a Drosophila antibody anti-dachshund with the
developing Lineus eyes. Taken together, these data support the idea that the “eye
specification network™ could be conserved in nemerteans. This molecular unity
underlying eye specification in all bilaterian clades strongly supports the hypothesis
of a monophyletic origin of the eyes.



Résumé

Une des découvertes les plus importantes dans le domaine de la biologie du
développement a été la mise en évidence de la remarquable conservation
phylogénétique de I'homéoboite. Une grande majorité des génes a homéoboite code
pour des facteurs de transcription qui régulent I'expression d'autres génes au cours de
processus développementaux essentiels, comme la détermination des axes et la
différentiation cellulaire. Non seulement les séquences des génes a homéoboite mais
également trés souvent leurs patrons d'expression ainsi que leurs fonctions sont
fortement conservés au sein des Bilatériens. Bien que disposant de nombreuses
informations obtenues a partir de quelques organismes modeles, appartenant a
seulement deux des trois grands groupes de Bilatériens, les Deutérostomiens et les
Ecdysozoaires, de plus amples recherches sur des Lophotrochozoaires, des
organismes appartenant au troisiéme groupe des Bilatériens, sont nécessaires a
I’obtention d’une représentation unifiée des mécanismes developpementaux qui ont
été conservés au cours de I’évolution au sein des Bilatériens. Afin d’estimer le degré
de conservation des mécanismes de la mise en place de I’axe antéroposterieur et de la
formation des yeux au sein des Bilatériens, nous avons choisi comme modéle d’étude
la némerte Lineus. Ce Lophotrochozoaire présente d’étonnantes capacités de
régénération et de régulation morphogénétique chez I’adulte, ce qui en fait un modele
de choix pour I’étude des mécanismes de maintien ou de reprogrammation de
I’identité de cellules différenciées selon le contexte environnemental.

Bien que les génes Hox soient réputés pour leur implication dans la réalisation
du plan d’organisation corporelle le long de I’axe antéro-postérieur, ce sont d’autres
génes a homéoboite, les genes homologues a Orthodenticle (otd/ Otx) et a Caudal
(cad/ Cdx), qui spécifient respectivement les extrémités antérieures et les extrémitiés
postérieures de la majorité des Bilatériens. Afin de s’assurer que tel est également le
cas chez les Lophotrochozoaires, nous avons tout d’abord cherché a cloner les génes
Ls-Otx et Ls-Cdx afin de pouvoir étudier leurs patrons d’expressions. L’étude de
ceux-ci a permis de laisser présager du réle de Ls-Otx dans le développement et la
régénération des structures sensorielles antérieures et des régions antérieures du
cerveau ainsi que du role de Ls-Cdx dans la spécification de I’extrémité postérieure du
corps chez Lineus. Ces résultats accréditent I’hypothése d’une conservation au cours
de I’évolution du réle respectif de ces genes dans I’acquisition de I’identité céphalique
et de I’identité caudale par les extrémités du corps des organismes bilatériens en
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développement. De plus, nous avons étudié en détail les patrons d’expressions de ces
génes et la variation de leur niveau d’expression au cours de la régénération. Ceci a
permis de montrer que seuls les blastémes postérieurs expriment Ls-Cdx, alors qu’une
expression de Ls-Otx est indifféremment retrouvée au niveau des blastémes antérieurs
et postérieurs au cours de la premiere semaine de régénération, avant de n’étre limitée
qu’aux blastémes antérieurs. Se basant notamment sur I’expression spécifique de Ls-
Otx par les cordons nerveux au niveau du plan d’amputation lors de la régénération,
nous avons proposé qu’Otx fasse partie d’une voie de signalisation contrblant

I’initiation de la régénération chez les némertes.

Dans un second projet, nous avons entrepris I’étude de la spécification des
structures visuelles chez L.sanguineus. De nombreuses études réalisées chez la
Drosophile et chez les vertébrés ont mis en évidence I’existence d’un “réseau
génétique de détermination rétinienne”, conservé au cours de I'évolution. En effet,
I’expression combinée de génes, tels que Pax-6, Six, Eyes absent et Dachshund, est
responsable de la spécification des yeux chez les Bilatériens. Avant de commencer
notre travail, une expression spécifique de LsPax-6 au niveau des yeux en
développement ou en cours de régénération était déja connue chez Lineus. De plus,
comme nous avions déja décrit que l'inactivation de LsPax-6 par ARN interférence
(ARNi) chez l'adulte L.sanguineus conduisait a la "disparition" des yeux, nous
savions que l'expression de LsPax-6 est nécessaire au maintien des yeux. Afin de
poursuivre notre étude, nous avons entrepris de tester I'implication éventuelle d'autres
membres du "réseau génétique de détermination rétinienne” dans la spécification de
I'oeil chez Lineus. Nous avons tout d'abord rapporté I'existence de trois genes Six dans
le génome de L.sanguineus: LsSix1/2, LsSix3/6 et LsSix4/5. Les résultats de I’étude de
leur expressions ont permis de laisser présager de leur implication générale dans le
développement et la régénération de nombreux organes sensoriels, et notamment des
yeux (spécialement dans le cas de LsSix1/2). Nous avons ensuite montré qu'un
marquage par un anticorps anti-Dac permet d’envisager une possible expression d'un
homologue de Dachshund au niveau des yeux de Lineus en développement. Ainsi, des
facteurs clés, membres conservés du réseau de détermination rétinienne et iniateurs
d'une cascade génétique conduisant a I'édification d'un oeil chez de nombreux
Bilatériens, sont également impliqués dans la formation et le maintien des yeux chez
Lineus. Cette unité moléculaire qui sous-tend, au sein des Bilatériens, la spécification
de I’ceil, plaide en faveur de I'hypothése d'une origine monophylétique de I'oeil.
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1. When evolutionary biology meets developmental biology

For more than one century, zoologists have systematically classified the
various phyla and reconstructed evolutionary trees based on anatomical data (Brusca
and Brusca, 1990). While traditional zoology has highlighted the tremendous
diversity of animal body plans in nature, molecular embryology has revealed the
conspicuous unity underlying animal development and body patterning. One of the
most striking findings in developmental biology over the past century represents the
discovery of a set of highly conserved genes throughout evolution, the so-called “Hox
genes” (see p.20). Unexpectedly, these genes exhibit an extreme high degree of
conservation in their sequences and in their expression patterns throughout the
bilaterian animals (Fig. 1.1). At the time of their discovery, they have been thought to
represent a kind of “Rosetta stone” for understanding the common body plan of all
living animals. This idea has galvanized the “evo-devo” community, which combines
studies from the field of evolution with studies from the field of developmental
biology in order to search for the “developmental synthesis of evolution” (Gilbert,
2003). The extreme Hox gene conservation in patterning the antero-posterior (A-P)
body axis has served to define the concept of the metazoan “zootype” (Slack et al.,
1993). Furthermore, the investigation of Hox genes conservation has been considered
as a paradigm for asking how changes in the embryonic gene expression program
might give rise to morphological evolution. Indeed, variations in the number of Hox
genes, in their sequences and in their spatial and temporal regulations have been
proposed as a mechanism for body plan evolution and diversification (for review see:
Gellon and McGinnis, 1998; Wagner et al., 2003)

2. Choice of model organisms: the lophotrochozoan members as

emerging systems

Recent molecular phylogenies, based on 18S ribosomal sequences (Halanych
et al., 1995; Aguinaldo et al., 1997) and a number of other sequences, including the
ones of the Hox genes, have radically transformed the classification of bilaterian

animals.
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(mouse/human)

Group 6 Hox genes
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P = S A----Alftz (mite) 93 (97)%
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(mouse/human)

Group 7 Hox genes
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____________________________________________________________ AmphiHox7 (lancelet) 100 (100)%
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(mouse/human)

Group 9 Hox genes
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LsHox9 (ribbonworm)
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S—--—C----F--LE--K-—-Y-M-L--ER-Y-—-QHVN--————- - M--MS AmphiHox9 (lancelet) 67 (85)%

----- C---K-—-LE--K-—-F-M-L--DR-Y-VARV-N--—————l———————-M--M- Hoxc9/HOXC9 68 (85)%
(mouse/human)

Group Cdx ParaHox genes
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Fig. 1.1 Comparison of homeodomain sequences encoded by the orthologous
groups of Hox / ParaHox genes shared between nemertean (Lophotrochozoa),

arthropods (Ecdysozoa) and chordates (Deuterostomia) (From J. Bierne)
Nemertean: ribbonworm, Lineus sanguineus (Ls). Arthropoda: fruitfly, Drosophila
melanogaster (Dm); mite, Archegozetes longisetosus (Al); spider, Cupiennius salei (Cs).
Cephalochordata: lancelet, Branchiostoma floridae (Amphioxus: Amphi). Chordata
Vertebrata: mouse, Mus musculus/ human, Homo sapiens. Dashes indicate amino acid
identity at similar position between nemertine and arthropod or chordate sequences. Similar
amino acids are in light-faced letters, whereas divergent ones are in bold type.
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They are now assumed to form a monophyletic group clearly separated from sponges,
cnidaria and ctenophores (Fig. 1.2). DNA sequence analyses subdivide the bilaterian
animals into three superclades: the Deuterostomia, the Ecdysozoa and the
Lophotrochozoa (Adoutte et al., 2000). This new phylogeny implies that, for
example, the body axes patterning systems used by arthropods and vertebrates have
been inherited from a common ancestor of all bilaterian animals. This ancestral
animal that gave rise to the Lophotrochozoa, the Ecdysozoa and the Deuterostomia,

have been named Urbilateria (De Robertis and Sasai, 1996).

— | Vertebrates
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(Cnidarians |
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Fig. 1.2 The new molecule-based metazoan phylogeny (From Adoutte et al., 2000)
A comparative approach was taken to achieve this metazoan phylogeny. Bilaterian animals
undoubtedly form a monophyletic group, comprising the Deuterostomia, the Lophotrochozoa
and the Ecdysozoa.

None of the major model organisms presently used belongs to the large branch
of lophotrochozoan animals: D.melanogaster and C.elegans are ecdysozoan members,
while X.laevis, D.rerio and M.musculus are deuterostomian animals. In addition, the
ecdysozoan animals used as model organims are extremely derived, probably due to
the ecological niches they occupy. Changes in the networks that control their
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development must have occurred in order to restructure their body and to shorten their
generation time. Indeed, many examples indicate that molecular networks of
Drosophila and Caenorhabditis are characterized by sequence derivation and,
importantly, loss of genes (Kortschak et al., 2003; Tessmar-Raible and Arendt, 2003).
As a consequence of the extensive gene loss that occured in the model invertebrate
lineages, many genes only found in vertebrates have wrongly been considered as
vertebrate-specific features. In fact, some of these genes can be traced back to pre-
bilaterian times and thus must have been present in the common metazoan ancestor
(Raible and Arendt, 2004; Kusserow et al., 2005).

The lophotrochozoan members, constituting the third major branch of
bilaterian animals, have received little attention, despite having the greatest diversity
of the recognized body plans. Moreover, their developmental features, their
organizations of the body plan and their gene structures are often considered as
primitive, meaning, related to evolutionary ancestral conditions, or at least, less
derived than the ones observed in the model organisms, currently used in the field of
developmental biology. This is of particular interest for molecular comparisons
among bilaterian members and therefore, for studying animal evolution. In addition,
the interesting ability to regenerate and undergo asexual reproduction via fission, is a
widespread lophotrochozoan characteristic, found in plathyhelmintes, annelids and
nemerteans (reviewed in Sanchez-Alvarado, 2000). The investigation of regenerative
processes, occurring in these relatively simple organisms, could bring light on various

areas, such as tissue polarity, patterning and the control of size and proportions.

3. The homeobox-containing genes, a central focus for the body plan

formation

3.1 Discovery of the homeobox

In order to explain the discontinuous jumps in body forms found during the
evolution of species, naturalists have focused their attention on studying
transformations of one body region into another one. In 1894, Bateson introduced the
term “homeotic transformation”, in reference to the greek word homeosis, to describe

phenotypic variation, in which “something is changed into the likeness of something
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else”. In 1915, Bridges and Morgan described the isolation of a fly with four wings,
corresponding to the first homeotic transformation observed in Drosophila (Bridges
and Morgan, 1923). This mutation, named bithorax, leads to the transformation of the
third thoracic segment into a second thoracic segment. Consequently, the fly harbors
an extra pair of wings (Bridges and Morgan, 1923). Lewis identified the gene
responsible for the bithorax mutation. It is located on the right arm of the third
chromosome, as part of a gene cluster (Lewis, 1978). That was the first discovery of a
so-called homeotic gene, HOM or Hox gene. Using chromosome walking, the groups
of Gehring and Scott headed for Antp and the ANTC (Garber et al., 1983; Scott et al.,
1983). The cloning of the homeotic Antennapedia (Antp) gene led to the discovery of
the homeobox, a 180 bp DNA segment characteristic for homeotic genes: indeed,
when mapping the exons by hybridizing the cDNA clones to the chromosomal DNA
isolated on the chromosome walk, cross-hybridization between Antp cDNA and a
neighbouring gene was detected, which turned out to be fushi tarazu (ftz). This was
the first sign of the homeobox (reviewed in Gehring, 1998). Cross-hybridizing
sequences were subsequently found in the Ultrabithorax (Ubx) gene, and used to
clone additional homeotic genes like Deformed (Dfd) and abdominal A (abdA)
(McGinnis et al., 1984a; Scott and Weiner, 1984). Fascinatingly, cross-hybridizations
with an Antp homeobox fragment from Drosophila were also found with DNA from
chicken, mouse, and human (McGinnis et al., 1984b). Soon afterwards, the first
vertebrate homeobox-containing gene was isolated by screening a Xenopus genomic
library at low stringency with the homeobox fragment of the Antp gene from
Drosophila (Carrasco et al., 1984). Since then, over 1000 homeobox genes have been
identified in many species (Abzhanov and Kaufman, 2000; Cook et al., 2004; Levine
et al., 1984; Manuel et al., 2006; Shepherd et al., 1984; Sommer et al., 1990; Seimiya
etal., 1994).

3.2 Structure of the homeodomain

Homeobox-containing genes have been found in the vast majority of today’s
existing phyla, from yeast, plants, sponges to humans (Levine et al., 1984; Shepherd
et al., 1984; Sommer et al., 1990; Seimiya et al., 1994). The homeobox encodes the
homeodomain (HD), generally composed of 60 amino acids. Its sequence is
remarkably conserved throughout the metazoan kingdom: four hydrophobic core

- 26 -



amino acids, L16, F20, W48, F49 and three amino acids directly involved in the DNA
binding R5, N51, R53 are identical in 95% of homeodomain sequences. Moreover, in
more than 80% of the sequences, ten other amino acids are identical and twelve other
positions of the HD vary only between two amino acids (Gehring et al., 1994a). These
conserved amino acids define the HD. They are crucial for the maintenance of the
homeodomain 3D structure and for its DNA binding capacities.

The 3D homeodomain structure has been resolved by nuclear magnetic
resonance (NMR) spectroscopy studies using the Drosophila Antp gene (Qian et al.,
1989). The HD folds into a compact globular structure, consisting of three a-helices.
Helices I and Il are arranged in an antiparallel manner relative to each other, while the
third helix is arranged perpendicularly to the first two helices. Helix I is connected to
helix Il via a loop. Helix IlI, in association with helix Ill, forms a helix-turn-helix
motif, a common motif present in many prokaryotic transcription factors. A flexible
N-terminal arm, which is involved in DNA binding and in protein-protein interaction,
precedes the first helix (Qian et al., 1989). The HD binds with high affinity to its
DNA-binding site (Affolter et al., 1990). A common model for homeodomain-DNA
complexes has been put forward based on NMR spectroscopy and crystallography
studies (Kissinger et al., 1990; Otting et al., 1990; Billeter et al., 1993). The helix IlI,
the so-called “recognition helix”, makes contact with specific bases in the major
groove of the DNA. Functional analyses of several homeodomains have revealed the
crucial importance of the amino acid at position 50 in the recognition helix (Treisman
et al., 1989; Schier and Gehring, 1992). Helix 111 establishes specific DNA contacts
with the core motif TAAT, found in Hox target binding sites. In contrast, the flexible
N-terminal part of the HD interacts with the minor groove. The loop between helix |
and helix Il comes to lie along the DNA backbone on the other side of the major
groove (reviewed in Gehring et al., 1994b). HDs can bind to DNA as monomers or as
homo- or hetero-dimers in a sequence-specific manner. Two types of interactions
between DNA and the HD have been described: the HD establishes specific contacts
with DNA by hydrogen bonds. The most evolutionary conserved specific contact is
the one between N51 of the HD and the second A of the target sequence “TAAT”
(Wolberger et al., 1991). In addition, the HD establishes unspecific contacts with the
DNA backbone by salt bridges, hydrogen bonds, hydrophobic interactions and van
der Waals interactions in order to stabilize the HD-DNA complex.
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3.3 The homeodomain, an efficient multifunction domain

The HD possesses a well-described activity as a transcription factor. It binds

to DNA and acts as a transcriptional activator or repressor (Schier and Gehring, 1992;

Zhang et al., 1996; Li et al., 1999). In addition, it also regulates translation. For

instance, the Bicoid-HD can repress translation of caudal by binding to the 3° UTR of
its mMRNA and by interacting with a key regulator of translation: elF4E, a factor
involved in the initiation of translation (Rivera-Pomar et al., 1996; Niessing et al.,
2000; Nedelec et al., 2004). Importantly, the domain of interaction with elF4E has
been found in 200 other homeoproteins (Topisirovic et al., 2003). Furthermore, the

HD is also implicated in protein-protein interactions: for example, helices | and 1l of

the Antp-HD are involved in the mutual inhibition of Eyeless (Ey) and Antp at the
protein level (Plaza et al., 2001). In addition, the HD is also involved in secretion and
internalization of homeoproteins, allowing them to travel between cells (Fig. 1.3).
There is some evidence for intercellular trafficking of several homeodomain-
containing transcription factors such as Engrailed (En), some Hox, Emx1 and Emx2,
Otx2 and Pax-6 (Joliot et al., 1998; Prochiantz and Joliot, 2003). The recently
proposed capacity for homeoproteins to travel between cells raises questions about its
developmental implications. Some data support the idea that these homeoproteins
could have non-autonomous cell activities, therefore paracrine functions. Hence, the
possibility that transcription factors are at the basis of a new mode of signal
transduction is now debated: since many homeoproteins contribute to positional
information, their transfer from one cell to another would be an efficient and
economic way to combine signal transduction and positional information (Prochiantz
and Joliot, 2003). Last but not least, an external gradient of En-2, showing a

morphogen-like activity, plays a pivotal role in axon guidance in the developing

midbrain of Xenopus (Brunet et al., 2005). The function of the two homeoproteins
Otx2 and Gbx2 in the formation of the vertebrate brain compartments also argues for

a possible morphogen-like activity of homeoproteins (Prochiantz and Joliot, 2003).
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Fig. 1.3 Functional domains within the homeodomain required for homeoprotein
intercellular transfer (From Prochiantz and Joliot, 2003)

Three domains that are required for secretion, internalization and nuclear export have been
characterized by loss-of-function (deletion) or gain-of-function (synthetic peptides) studies.
The secretion sequence (in green) is part of the nuclear export sequence (in yellow) and its
deletion blocks nuclear export. The internalization sequence (in red) has been used as a vector
to introduce cargo into living cells and is therefore also known as Penetratin. It is important to
note that the secretion and internalization sequences are distinct.

3.4 The homeobox gene superfamily

All members of the homeobox gene superfamily are defined by the presence
of a homeobox in their sequences. Many of them encode crucial transcription factors,
which regulate the activity of other factors, such as signaling molecules.
Homeoproteins play important roles at almost all levels of development. Their loss is
typically associated with dramatic changes in the developmental program of many
organisms, including humans (Hombria and Lovegrove, 2003). They are involved in
numerous developmental events in all multicellular organisms, including the
establishment of the A-P axis in the early embryo, eye development, heart
development, striated muscle development, and formation of the head and the brain.
Every homeobox sequence possesses some sequence specificities, also called
“signatures”, which have been used to classify homeobox-containing genes. They
have been grouped into a number of distinct subfamilies based, not only on sequence

similarities, but also on structural characteristics and phylogenetic analysis (Fig. 1.4).
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Fig. 1.4 Classification of the homeobox genes based on phylogenetic analysis and
chromosomal mapping for the ANTP class (From Holland and Takahashi, 2005)
Homeobox genes are subdivided into two majors classes: ANTP and PRD plus several more
divergent: LIM, SINE, TALE (they exhibit an unusual 63 aa long homeodomain) and POU.
Representatives of the homologues found in the Lineus sanguineus genome are underlined in
red. 1: identified by F. Loosli (Loosli et al., 1996), 2: identified by M. Kmita (Kmita-Cunisse
et al., 1998), the unnumbered ones have been identified during this thesis work.

The major classes of homeobox-containing genes have diverged very early in
eukaryotic evolution (Fig. 1.4): for example, members of the POU family have
evolved independently from the ones of ANTP for at least 600 to 2000 M years.
Members of ANTP and PRD classes have evolved later, since they are only found in

metazoans, suggesting that they probably diverged around 550 M years ago.

3.5 The Hox genes

The Hox genes are the most famous members of the homeobox gene
superfamily. They were the first gene family shown to act in similar and probably
homologous ways in both insect and vertebrate development (Gehring, 1993). They
are known to specify the body plan of multicellular organisms, by assigning different
identities to cells along the A-P axis of the developing organisms (McGinnis and
Krumlauf, 1992).
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They have been found in most animal phyla, showing an extraordinary conservation
of their homeodomain sequences and their expression patterns along the body axis as
well as their chromosomal organization as clusters (Fig. 1.5). The Drosophila
melanogaster Hox cluster is split into two: the Antennapedia complex (ANT-C) and
the Bithorax complex (BX-C). ANT-C contains five Hox genes: labial,
Proboscipedia, Deformed, Sex combs reduced and Antennapedia (Kaufman et al.,
1990), while BX-C contains three Hox genes: Ultrabithorax, abdominal-A and
Abdominal-B (Sanchez-Herrero et al., 1985). Two duplication events, which took
place early in vertebrate evolution, have generated the four Hox clusters, seen in
mammals and birds (Holland et al., 1994). During evolution, some gene loss has
occurred in each vertebrate cluster: therefore not every type of vertebrate Hox gene is
represented in each of the four clusters. Each vertebrate cluster consists of 13
paralogue groups with nine to eleven members. These have been assigned on the basis
of sequence similarity and relative position within the cluster (Duboule, 1992).

When misexpressed, the homeotic genes are able to induce transformations of
the body plan. One of their key features is that loss- and gain-of-function mutations of
these genes lead to opposite homeotic transformations. For example, in the originally
called Nasobemia mutation, the fly antennae are transformed into a pair of middle
legs (Gehring, 1966). Actually, this mutation corresponds to a dominant gain-of-
function of Antp, which leads to transformations of the first thoracic segment (T1) and
some head segments into the second thoracic segment (T2). In contrast, recessive
loss-of-function of Antp transforms T2 into T1. As T2 is lacking in loss-of-function
mutants and as an additional T2 is generated in gain-of-function mutants, this
suggests that Antp specifies T2. Furthermore, there is an evident correlation between a
shift in the anterior boundaries of Hox expression and changes in the identity of axial
structures. This has led to the suggestion that the combinatorial distribution of Hox
products in a specific region serves as an axial code, the Hox code (Kessel and Gruss,
1991; Kessel, 1992).
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Fig. 1.5 Chromosomal organization of a Hox cluster and schematic expression
pattern in Drosophila and mouse (From Stern et al., 2006)

The fly has only one Hox cluster, while the mouse has four. Hox clusters are spatially and
temporally collinear: genes located towards the 3’ end of the cluster are expressed more
rostrally and earlier than those closer to the 5° end.

3.5.1 The Hox spatial and temporal colinearity rules

As homeodomain-containing transcription factors, the Hox genes specify
diverse body regions by the regulation of a unique set of downstream target genes,
which triggers alternative developmental pathways (Akam, 1998). The Hox genes,
which are expressed in specific combinations and specific concentrations in discrete
domains of the A-P body axis, give unique positional information to the cells. Lewis
has postulated that their physical arrangement along the chromosome control their
physical order of expression along the A-P axis of the developing embryo: this
correspondence has been called “the spatial colinearity rule” (Lewis, 1978). Firstly
described in the fly, this correspondence between body axis specification and
genomic organization is evolutionarily conserved in the homeotic clusters of most
animals (McGinnis and Krumlauf, 1992). Furthermore, in mammals and short-germ
band insects, unlike Drosophila, an additional phenomenon is observed: the Hox
genes localized at the 3’ end of the cluster are expressed first, whereas more 5° Hox
genes are expressed later and sequentially. This is known as “the temporal colinearity
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rule” (Kmita and Duboule, 2003). In mammals, the temporal colinearity is correlated
with a modulation of the chromatin conformation of the Hox clusters (Chambeyron
and Bickmore, 2004). Spatial and temporal colinearity can be either mechanistically
linked, as the Hox axial limit of expression can be determined by the time of gene
initiation (Duboule, 1994), or mechanistically independent, as different regulatory
regions driving temporal or spatial colinearity have been found in the mouse genome
(Tarchini and Duboule, 2006). Analysis of the molecular mechanisms, which underly
both the spatial and temporal colinearity, suggests that various species-dependent
processes exist to achieve the proper spatio-temporal expression pattern of Hox genes.
Thus, it seems that strategies are not so important as long as the correct Hox protein
distribution is accomplished (Kmita and Duboule, 2003).

3.5.2 The Hox phenotypic suppression

There is a functional hierarchy among homeotic gene members: in
Drosophila, one homeotic protein can usually impose its function over more anterior
co-expressed homeotic genes, through a suppressive mechanism called “phenotypic
suppression” (Gonzalez-Reyes et al., 1990). Thus, the general tendency is that one
homeotic protein inactivates others that act anterior to its own domain, and is
inactivated by others that act posterior to its domain. However, the homeotic genes do
not always act in respect to a strict hierarchy, they also act in a combinatorial way
(Duboule and Morata, 1994). A similar mechanism, named “posterior prevalence”, is
observed for the vertebrate Hox genes (Duboule, 1991). The suppressive mechanism
of functional hierarchy found among the Drosophila Hox proteins and the vertebrates
HOX ones does not seem to occur at the transcriptional or translational level (Schock
et al., 2000; Williams et al., 2006). Some data rather suggest that this suppressive
mechanism is based on protein-protein interactions in vertebrates (Williams et al.,
2006) and in the fly, as well (Y. Adachi, personal communication). Functional
repressions of homeodomain-containing transcription factors by direct protein-protein
interactions have already been described: for example, it has been demonstrated that
the HD of Antp can interact with the paired domain (PD) and/ or the HD of Ey (Plaza
et al., 2001). Recent findings suggest that protein-protein interactions could be the
molecular basis of the suppressive mechanism observed among both, the Drosophila
homeotic genes and the vertebrates Hox genes (Williams et al., 2006).
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These protein-protein interactions can be mediated by direct HD interactions.
However, it is not known whether this mechanism can be attributed solely to the
amino acid sequence of the HD. Other non-homeodomain regions of both, Drosophila
and vertebrate Hox proteins, contain co-factor interaction motifs and activation or
repression domains (Yaron et al., 2001; Merabet et al., 2003; Williams et al., 2005).
This offers numerous possibilities of protein-protein interactions between Hox
proteins, not only mediated by the HD. Indeed, it has been shown that the HD of
vertebrate HOX group 13 is neither necessary nor sufficient for the occurrence of
posterior prevalence in the mouse limb (Williams et al., 2006).

3.5.3 The Hox co-factors

The Hox genes specify body region identity by activating and/ or repressing a
unique set of target genes. However, the fact that most Hox proteins bind to similar
and relatively simple DNA sequences in vitro and in vivo (Biggin and McGinnis,
1997), has raised the question of the achievement of their downstream target
specificity and their ultimate initiation of distinct developmental pathways. One likely
possibility is that other factors modulate Hox protein binding specificity, but only few
Hox cofactors have been identified, so far (Mann and Morata, 2000). It is known that
Hox proteins bind to DNA in association with TALE (three amino acid loop
extension) homeodomain-containing proteins as co-factors: Extradenticle (Exd in
Drosophila, Pbx in vertebrates) and Homothorax (Hth in Drosophila, Meis in
vertebrates) (Moens and Selleri, 2006). This association with TALE homeodomain-
containing co-factors improves the Hox-DNA binding selectivity. These TALE co-
factors are required for a wide range of Hox functions, whereas a recently discovered
novel class of Hox co-factors, assigned as “contextual Hox co-factors”, are required
for only a subset of Hox protein activities (Merabet et al., 2005). They recruit specific
transcriptional co-activators or co-repressors. By being spatially restricted and
selectively recruited by target-specific cis-regulatory sequences, the contextual Hox
co-factors are thought to provide the cell-type and target-type specificity of Hox
protein function (Merabet et al., 2005).
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3.5.4 Hox genes and morphological innovations during evolution

The Hox genes are able to induce body plan transformations when
misexpressed. This capability has led to the assumption that duplication events and
misexpression of Hox genes during evolution have been necessary for generating the
observed morphological diversity found in metazoans. It is tempting to speculate that
the recruitment of regulatory genes, or pre-existing regulatory networks has been a
common mechanism for the generation of novel body structures during evolution
(Lowe and Wray, 1997; Keys et al., 1999). Changes in Hox gene expression have
been correlated with key events in the evolution of the ecdysozoan body plan (Averof
and Patel, 1997) and of the deuterostomian one (Burke et al., 1995). Also in
Lophotrochozoa, the bilaterian clade harboring the greatest body plan diversity, some
data point at a correlation between specific Hox expression and morphological
innovations (Lee et al., 2003).

3.5.5 Evolution of the Hox cluster

Hox clusters are found in almost all bilaterian animals. The persistence of a
cluster organization of Hox genes throughout bilaterian genomes indicates that this is
likely due to evolutionary constraints (Hurst et al., 2004). Evolutionary analyses
suggest that the common ancestor of bilaterian animals probably possessed a single
Hox cluster (De Rosa et al., 1999). Comparisons of bilaterian Hox cluster have
suggested that the urbilaterian Hox cluster could have been composed of seven Hox
genes (Fig. 1.6): two genes from the anterior group, one group 3 gene, three genes
from the central group and a single gene from the posterior group (Garcia-Fernandez,
2005a). Ecdysozoan and lophotrochozoan members possess only one Hox cluster in
their genomes. In Drosophila, the complex is split into two. In addition, some non-
Hox genes sit within the clusters (Sanchez-Herrero et al., 1985; Kaufman et al.,
1990). The Hox clusters of nematodes are the results of extensive gene loss,
associated with rapid sequence evolution (Aboobaker and Blaxter, 2003). C.elegans
shows the most derived state of a nematode Hox cluster. It contains a greatly reduced
numbers of Hox genes: only six Hox genes are present in its genome (Burglin and
Ruvkun, 1993).
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Fig. 1.6 Structure of the common ancestor of protostomian and deuterostomian
Hox cluster, inferred from the structures of the insect and mammalian Hox
clusters (From Garcia-Fernandez, 2005a)

Hox genes are grouped in anterior, group 3, central and posterior classes based on sequence
similarities. Numbers and arrows indicate orthology relationships.

In contrast to protostomian genomes, the deuterostomian genomes contain
different numbers of Hox clusters. Amphioxus has a single, intact Hox cluster of 14
genes (Garcia-Fernandez and Holland, 1994). This is the only deuterostomian Hox
cluster observed so far, which is not only intact but also does not exhibit gene loss and
has retained the Hox genes in their ancestral order. Within the lineage leading to
vertebrates, gene duplications led to an expansion of the cluster and then, the cluster
itself underwent duplications. Four copies of the cluster are found in human and mice
genomes. In the case of the teleost fish, the Hox cluster has even been multiplied from
seven to eight clusters (Crow et al., 2006). In the non-vertebrate deuterostomian
phylum urochordata, the central Hox genes have been lost and the ancestral Hox
cluster has been fragmented: the nine Hox genes of Ciona present a disintegrated
genomic organization. This correlates with the fact that there is only a remnant of
spatial colinearity of the Ciona Hox gene expression (lkuta et al., 2004). The nine
Hox genes from Oikopleura, another tunicate, are even more dispersed in its genome
than what is observed in Ciona. Although Oikopleura has the most extreme case of
Hox cluster disintegration, described so far, its Hox genes are expressed in staggered
domains along the A-P axis, indicating that the spatial colinearity rule is retained (Seo
et al., 2004).
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3.5.6 Evolutionary constraints on Hox genes clustering

Colinearity seems to be a widespread feature of Hox gene expression, and is
often assumed to be a major reason for the evolutionary conserved cluster
organization of the Hox genes. The several various derived lineages, which have a
broken Hox cluster, such as the drosophilids, the nematodes and the urochordates,
exhibit a rapid mode of embryogenesis. During the rapid development of such
organisms, there is no opportunity for the Hox temporal colinearity to take place.
Interestingly, the Hox spatial colinearity rule is retained (Monteiro and Ferrier, 2006).
These observations suggest that the mechanisms generating spatial colinearity do not
necessarily require Hox gene clustering in order to take place. They also suggest that
the mechanisms generating temporal colinearity of the Hox gene expression may be
the major constraining forces on Hox cluster organization (Patel, 2004). Indeed it has
been shown that the clustered organization of Hox genes is required for the
establishment of a tight temporal control of their expression, whereas this
organization is dispensable for the correct spatial expression of the Hox genes in

many other cases (Kmita and Duboule, 2003).

3.5.7 Origin of the Hox cluster

As the Hox genes display important roles during development of bilaterian
animals, the origin of the Hox cluster has attracted considerable attention, but still
remains unclear. The cnidarian phylum, which comprises sea anemones, corals,
hydras and jellyfishes, is a sister group of the Bilateria. This non-bilaterian group
represents a key transition in the evolution of animal complexity (Philippe et al.,
2005). Therefore, they can be critical for the investigation of the early history of
homeobox-containing genes. Hox-like genes have been identified in many cnidarians
(Gauchat et al., 2000), but their status is often ambiguous. The consensus view is that
a Hox cluster was already present in the ancestral cnidarian genome (Ferrier and
Holland, 2001). During the development of the anthozoa sea anemone Nematostella,
which is considered to represent the basal group within the cnidaria (Darling et al.,
2005), five Hox genes are expressed in staggered domains along the primary body
axis (Finnerty et al., 2004). It has been suggested that Hox genes are involved in
patterning the primary body axis of cnidarian larvae (Finnerty et al., 2004). Data from
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another cnidaria, the hydrozoan jellyfish Podocoryne, are consistent with this view.
However, the axial expression boundaries of Podocoryne homologues and
Nematostella homologues at the larval stage are not conserved (Yanze et al., 2001).
Furthermore, linkages between distinct homeobox genes have been found in the
Nematostella genome (Chourrout et al., 2006). However, the existence within the
cnidaria of a canonical Hox system, defined as a set of closely linked and interacting
Hox-related genes responsible for patterning the A-P body axis, is a highly debated
and controversial topic. Indeed, in disagreement with Chourrout and many others
authors, Kamm et al. have argued that the cnidarian Hox-like genes do not conform to
the Hox paradigm and that a true Hox system is absent in cnidaria, based on the
analyses of Hox sequence relationships, gene organization and expression data
(Kamm et al., 2006). They have proposed that cnidaria split from the lineage leading
to the Bilateria after the emergence of the ancestor of the Antp subclasses, but before
the establishment of a canonical Hox system (Kamm et al., 2006).

3.5.8 The Hox, ParaHox and NK clusters: the “megacluster hypothesis”

Two close relatives of the Hox cluster have been found in the recent years: the
ParaHox cluster and the NK cluster. The ParaHox cluster is a paralogue of the Hox
cluster: both Hox and ParaHox clusters arose by duplication of an ancestral ProtoHox
cluster early in metazoan evolution (Brooke et al., 1998). The ProtoHox cluster itself
probably originated through cis-duplication of a founder ProtoHox gene (Garcia-
Fernandez, 2005a). The ParaHox genes: Caudal (Cad/ Cdx), genomic screened
homeobox (Gsh) and Xenopus laevis homeobox 8 (Xlox) have been found in clusters
only in chordates so far, even though the individual genes are found scattered in other
deuterostomian and protostomian genomes (Ferrier and Minguillon, 2003). The
second homeobox gene family, more distantly related, is the NK-like homeobox gene
family. NK-like genes are found in clusters in some lineages (Luke et al., 2003). The
Drosophila genome contains a NK cluster of six genes, also called 93D/ E cluster
(Jagla et al., 2001). The NK cluster has retained a compact organization in
Drosophila, whereas it has been broken into three pieces in the chordate lineage. It
has been proposed that a NK cluster of seven genes: Msx-NK4-NK3-labdybird related
homeobox (Lbx)- T-cell leukaemia homeobox (TIx)- NK1-NK5, was already present in
the urbilaterian genome (Garcia-Fernandez, 2005b). Garcia-Fernandez has proposed a
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model for the genesis and evolution of the ANTP-class homeobox genes: early in
metazoan evolution, a ProtoANTP founder gene has generated two genes, a
ProtoHox-like gene and a ProtoNK gene, by cis-duplication. Both, the ProtoHox-like
and the ProtoNK genes, have been amplified by cis-duplication events. This has led to
the generation of Hox, ParaHox and NK clusters, consisting of a “megacluster”.
Subsequent eventual chromosomal breakages could have split the megacluster and
give rise to unlinked clusters (Garcia-Fernandez, 2005b).

4. Nemerteans

The phylum of nemerteans, also called ribbonworns, comprises more than 900
species of bilaterally symmetrical worms, which exhibit a flat, unsegmented body.
Nemerteans have traditionally been considered as acoelomate animals (Gibson, 1972),
based on some morphological similarities to the platyhelminthes, also known as
planarians. However, structural analyses, supported by 18S rRNA sequence
comparison, suggest that they are coelomate animals (Turbeville, 1991; Turbeville et
al., 1992). Furthermore, nemerteans have a body cavity with an eversible proboscis
(rhynchocoel) and blood vessels that have been interpreted as coelomic cavities. In
addition, they have a complete gut, which exhibits a separate ventral mouth
communicating with the anterior foregut and a dorsal anal pore situated near the
caudal end. In contrast, the platyhelminthes have only one opening in their digestive
tract and no protosegmented structures, unlike the repeated nemertean gonads,
intestinal coeca and cutaneous rings. Nemerteans occupy a basal position in the
evolution of metazoans; they are clearly distinct from planaria (Carranza et al., 1997),
and their body plan may be close to the ancestral condition found in bilaterian
animals. Nemerteans are classified as lophotrochozoan animals, among the
Protostomia. Protostomia are defined as animals in which the blastopore gives rise to
the mouth, whereas Deuterostomia are animals in which the mouth is formed
secondarily, by a perforation of the ectoderm, opposite to the original blastopore; the
anus arises at or close to the site of the original blastopore (De Robertis, 1997).
Actually, this embryological distinction between Protostomia and Deuterostomia is
not as evident as it seems, especially in the case of nemerteans: the position of the
blastopore and the definitive mouth is intermediate between Proto- and Deuterostomia
in different nemertean species (Nusbaum and Oxner, 1913; lwata, 1985).
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4.1 General characteristics of nemerteans

Nemerteans are mostly marine animals living in littoral or coastal regions. But
some freshwater and terrestrial species have also been described. Most nemerteans are
carnivorous: they show active predatory habits and feed on small animals, such as
nematodes, crustaceans, annelids, mollusks and fish. Nemerteans move by using their
epidermal cilia and their powerfull body wall musculature; some of them can actively
swim. Their body size ranges from few millimeters to several meters in length, but the
vast majority of them are less than twenty centimeters long. Nemerteans use their
proboscis to capture prey, for self-defense and sometimes for locomotion. Nemerteans
from the class Anopla, such as Lineus, have an unarmed proboscis, whereas the
members of the Enopla class have an armed one, which carries a stylet at its anterior
end. Nemerteans have a closed circulatory system, lined with an endothelium but do
not have a heart. Most of them also possess a nephridial excretory system.
Nemerteans have a lateral nervous system, rather than a ventral one as in most
invertebrates or a dorsal one as in chordates: it consists of a pair of cerebral ganglia
and two lateral nerve cords. The sense organs of nemerteans include the eyes, the
cephalic grooves, the paired cerebral organs, some sensory epithelial cells and a
frontal organ composed of ciliated cells located at the anterior end (Fig. 1.7).

Lineus, a marine nemertean from the class Anopla, has a distinct prototypical
body organization along its A-P body axis: ten non-overlapping body regions can be
distinguished from the rostral end to the caudal one. These body regions are defined
based on specific morphological features (Fig. 1.7). For example, region 1 is

characterized by the presence of eyes.
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The eyes of nemerteans are of the primitive pigment cup type and do not have
lenses. Depending of the nemertean species, from two to several hundreds of eyes can
be found in the animal. Some eyeless nemertean species are described. In Lineus
sanguineus (L.sanguineus), the eye number varies from two to more than ten. They
are dorsally located and situated beneath the epidermis, in the dermis. They consist of
a single-layered epithelium, curved into a cup shape (Fig. 1.8). The cytoplasm of
these cells contains pigment granules, brown ones in the case of L.sanguineus. The
interior of the cup contains photoreceptor cells, which terminate in a rod border that is
in direct contact with the pigmented cells. The nerve fibers, from the photoreceptor
cells, pass through the mouth of the cup. Hence, similarly to the photoreceptor cells
orientation in the vertebrate neural retina, the photoreceptor cells of nemerteans are

oriented away from the light signal.
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Fig. 1.8 Paraffin section of a Lineus ruber eye (From Tarpin et al., 2002)

The eyes of Lineus consist of small number of inverted photoreceptor cells into a cup of
pigmented cells. ep: epidermis ; pc: pigment cells ; mv: microvilli and Isnc: light sensitive
nerve cells. Scale bar : 2,5 um.

The majority of nemerteans are dioecious (having two separate sexes), but
some hermaphrodites have also been described. The process of fertilization, which
usually takes place in spring, is mostly external. It can also be internal as in the case
of the ovoviviparous terrestrial nemertean, Geonemertes agricola. The embryonic
development is either direct or indirect, involving a pilidium, an Iwata (found only in
Micrura akkeshiensis) or a Desor larva. The pilidium and the Iwata larva are similar
to the annelid trochophora larva and are free swimming. In contrast, the Desor larva
develops and metamorphoses inside the egg membrane. A description of the
embryonic development of L.sanguineus is not available, probably because this
animal reproduces asexually in captivity. Lineus viridis (L.viridis), a close relative,
develops into a Desor larva and subsequently undergoes metamorphosis to gain the
adult form. In contrast to the pilidium larva, the Iwata and Desor larva do not feed.
Nemerteans share the spiral cleavage type with plathyhelmintes, annelids and
mollusks. Few nemertean species show asexual reproduction through fragmentation

of their body and subsequent regeneration of the missing structures.

4.2 Regeneration and developmental plasticity in Lineus

In higher metazoans there is a progressive loss of the capacity for regeneration
of missing body parts in the course of development. However, in a few adult animals
the capacity for developmental regulation and regeneration of missing body parts is
retained throughout adult life. The best-known examples are Hydra, planaria,
cockroaches and salamanders (Trembley, 1744; Spallanzani, 1769; Morgan, 1904;
Wolpert et al., 1974; Bryant et al., 1977).
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All nemertean species show a certain ability to regenerate damaged body
parts. The regeneration capacity depends both on the species and the body region
concerned. Most nemerteans can undergo posterior regeneration in order to replace
the missing body parts, but very few can regenerate structures anterior to the damaged
region. L.sanguineus can regenerate all anterior structures, including the complete
head and cerebral ganglia. A single adult worm can be cut into several pieces, each
regenerating a complete worm. During regeneration, parenchymal phagocytes resorb
the old tissues of the worm in order to provide nutrients for the proliferating cells of
the regenerative blastema. The presence of the original nerve cord is the only
requirement for complete regeneration. In accordance with this dependence, it has
been suggested that an organizational center might be present at the level of the nerve
cord (Coe, 1932). It has been shown that extracts of head-regenerating blastemata
inhibit the anterior regeneration of Lineus vegetus, while extracts of posterior
blastemata inhibit posterior replacement (Tucker, 1959). It has therefore been
proposed that regeneration in Lineus vegetus involves a series of differentiation
centres, which extend sequentially from the site of the initial regeneration. Tucker has
proposed that every organizer center leads to a characteristic differentiation pattern. In
addition, she proposed that each center is unable to obtain levels of tissue
organization that have already been reached because of inhibitory effects of the centre
that has differentiated just before it (Tucker, 1959). Nemertines of the genus Lineus
not only have a remarkable capacity for regeneration (Dawyddoff, 1942; Gontcharoff,
1951; Bierne, 1962; Bierne, 1970) but also for reconstitution of the normal body
pattern by removal of additional body parts by a mechanism called transgeneration
(Bierne, 1985; Bierne, 1988; Bierne, 1990; Tarpin et al., 1999; Tarpin et al., 2002).

4.3. LsHox and LsPax-6 homologues

The genome of L.sanguineus contains at least six Hox genes (Fig. 1.9), which
have been assigned to an orthologous group based on their homeobox and on flanking
sequences (Fig 1.9): two from the anterior class, homologous to the vertebrate Hox 1
and Hox 3; three from the middle class, homologous to the vertebrate Hox 4, 6, 7 and
one from the posterior class, homologous to the vertebrate Hox 9 (Kmita-Cunisse et
al., 1998).
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Fig. 1.9 Hypothetical evolution of the L.sanguineus Hox cluster

The ribbonworm L.sanguineus genome contains at least six Hox genes, LsHox, which have
been assigned to orthologous groups based on comparisons of homeobox and flanking
sequences.

The six L.sanguineus Hox genes are probably arranged in a single cluster as they have
been resolved by pulse-field electrophoresis in a relatively small DNA fragment
(Kmita-Cunisse et al., 1998).

A Pax-6 homologue has also been cloned from L.sanguineus: LsPax-6
(Loosli et al., 1996). Pax-6 encodes a transcription factor, which contains two
evolutionary highly conserved domains, a paired domain and a homeodomain.
Among other important functions during development, Pax-6 has been proposed to be
a “master control gene” for eye development (Gehring and Ikeo, 1999). LsPax-6 is
expressed in the regenerating brain, cerebral organs and eyes of L.sanguineus. Pax-6
expression is also detected during the development of the brain and the cerebral
organs of L.viridis (Loosli et al., 1996).
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5. Why working with Lineus

Throughout this general introduction, | have already mentioned the relevant
features of Lineus worms that make them models of choice for developmental biology

studies. Here, | summarize the three major relevant features of Lineus:

Lineus worms are members of the Lophotrochozoa, one of the three major
branches of the bilaterian animals. As already mentioned, the “classical” model
organisms used for molecular studies belong to only two of the bilaterian branches:
the Deuterostomia and the Ecdysozoa. Lophotrochozoan animals have been widely
neglected in molecular investigations, although it is widely accepted that most of their
development and body plans exhibit evolutionary ancient characteristics (Tessmar-
Raible and Arendt, 2003). In agreement with this idea, also Lineus has a simple,
prototypical body organization along its A-P axis (Fig. 1.7). Lineus presents
interesting characteristics, such as lateral nerve cords. In addition, many
lophotrochozoan genes are more similar at both, intron and exon levels, to vertebrate
homologues than to any ecdysozoan ones. Compared to organisms like dipterans,
nematodes or ascidians, vertebrates and Lophotrochozoa are considered slow-
evolving animals. Thus, it is assumed that the urbilaterian genes were probably more
similar in both, structure and sequence, to the genes presently found in vertebrates and
Lophotrochozoa than to the one from today’s ecdysozoan animals, for example
(Raible et al., 2005). In agreement with this notion, all the L.sanguineus genes
identified so far display closer similarities to the vertebrate homologues than to the
ecdysozoan ones (Loosli et al., 1996; Kmita-Cunisse et al., 1998; this PhD work).
Hence, studies from Lophotrochozoa might help to reconstruct the urbilaterian

genome.

In higher metazoans, there is a progressive loss of the capacity for
regeneration of missing body parts in the course of development. However, in the
nemertean L.sanguineus, the capacity for regeneration and developmental regulation
is retained throughout the adult life. Indeed, an adult L.sanguineus worm is able to
regenerate lost parts of their body and are also able to eliminate grafted surplus tissues
(Dawyddoff, 1942; Gontcharoff, 1951; Bierne, 1962; Bierne, 1970). In addition, it
shows an impressive developmental plasticity: when it is well fed, its body
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continuously grows, whereas upon prolonged periods of starvation, its body shrinks.
Furthermore, a L.sanguineus worm is capable of developmental reprogramming:
when discontinuities are introduced in the positional values along its A-P axis by
grafting procedures, cells from differentiated tissues are capable to restore a normal
body pattern by different mechanisms, such as intercalary regeneration,
transgeneration and transdifferentiation (Bierne, 1985; Bierne, 1988; Bierne, 1990;
Tarpin et al., 1999; Tarpin et al., 2002). Because of its relative simplicity,
developmental plasticity and its evolutionary position, L.sanguineus is an attractive
system to investigate the specification of the body plan and the mechanism by which
differentiated cells maintain or reprogram their identity in a context-dependent
manner. Regeneration, like development, involves the self-assembly of new tissues.
But, in contrast to development, regeneration requires an anatomical and functional
integration of the newly formed body parts into the pre-existing tissues. Hence,
studying regeneration might not only bring light on topics, such as tissue polarity,
patterning but also on topics, such as the control of size and proportions and the
establishment of connections between adult CNS parts and juvenile, regenerated CNS

ones.

In contrast to L.sanguineus, many species, especially higher vertebrates, do
not respond to injury or tissue removal by re-growing missing body parts. We need to
understand why the regeneration capacity is lost in these animals in order to know
whether, in the future, a regenerative process could be induced, at least to some
extent, in these animals. A good approach to answer this question is to molecularly
compare close species that do not exhibit the same regeneration capacities. It is
noteworthy that members of the same nemertean genus Lineus respond very
differently to amputation: for example, while a L.sanguineus can regenerate its brain,
L.lacteus cannot. By comparing the molecular events that follow an amputation in
nemerteans capable of regeneration with the ones occurring in nemerteans incapable
of regeneration, we hope to find some differences that could explain the variation in
regeneration capacities of these two species.
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CHAPTER II

Involvement of Ls-Otx and Ls-Cdx,
two homeobox-containing genes, in the antero-posterior
patterning of the body axis during both,

development and regeneration of L.sanguineus
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1. Introduction

The combined action of multiple genes is required for the proper specification
of axial positions along the embryos. This process begins early in embryogenesis,
during gastrulation. Prospective candidates for genes working in the specification of
the A-P axis have been identified by molecular and mutational studies performed in
various animals. The vertebrate Hox genes, like their Drosophila homologues, have
been found to play a pivotal role in the A-P axis specification (McGinnis and
Krumlauf, 1992). Along the A-P axis, the most rostral Hox gene expression is
posterior to the midbrain-hindbrain boundary. This finding suggests that other genes
regulate the development of the anterior head structures. Otx, a homeobox-containing
gene, is expressed in rostral brain regions in many bilaterian animals and is thought to
specify the anterior regions of their embryo (Bally-Cuif and Boncinelli, 1997). Cdx,
another homeobox-containing non-Hox gene, has been suggested to be part of another
evolutionary conserved patterning system. In contrast to Otx, Cdx members
preferentially localize to the posterior of the developing embryo (Marom et al., 1997).
They have been suggested to play important roles in the specification of the most
posterior region of the embryo during gastrulation and neurulation. They probably
achieve these functions in part by regulating some Hox family members (Pownall et
al., 1996).

1.1 The Otx/ Otd related genes

Conserved regulatory genes, which are commonly expressed in the head and
the brain of diverse animals, have been identified in recent molecular studies. They
encode for transcription factor that first operate in the early anterior patterning events
of the embryo. Secondly, many of them also set up the formation of the brain
primordia and the regionalization of the developing brain. Among the anterior
patterning genes, the Otx genes, encoding paired-class homeodomain proteins, are
evolutionary highly conserved. They have been isolated from cnidaria (Muller et al.,
1999; Smith et al., 1999) to annelid worms (Bruce and Shankland, 1998) and insects
(Finkelstein et al., 1990a), to Amphioxus (Williams and Holland, 1998) and
vertebrates, including humans, where three family members, Otx1, Otx2 (Simeone et
al., 1992) and Crx (Furukawa et al., 1997), have been identified.
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1.1.1 The Drosophila Otd gene

The Drosophila Otx homologue, orthodenticle (otd), is first expressed at the
anterior pole of the blastoderm embryo, in a broad circumferential stripe, including
the antennal and the preantennal procephalic regions of the head. Later, during
gastrulation, its expression becomes restricted to the procephalic neurectoderm, where
it is expressed in most delaminating neuroblasts of the presumptive protocerebrum
and the presumptive anterior deutocerebrum (Cohen and Jurgens, 1990; Finkelstein
and Perrimon, 1990b). Interestingly, otd is not expressed in the most anterior part of
the brain. otd expression is also observed along the midline of the developing ventral
nerve cord (Wieschaus et al., 1992). In otd mutant flies, the protocerebral anlage is
completely deleted and some deuterocerebral neuroblasts do not form. Therefore the
brain is severely reduced (Hirth et al., 1995; Younossi-Hartenstein et al., 1997). Other
abnormalities are also observed in the ventral nerve cord and in non-neural structures.
otd determines cell fate during both embryonic development, where it is required for
the head and ventral midline development, and larval development. Indeed, during
larval stages, otd is expressed in specific imaginal discs and is required to specify
medial cell fates in both the larval and adult epidermis (Wieschaus et al., 1992). In
particular, otd is required for the development of the dorsal region of the adult head
capsule that is formed by the fusion of the two eye-antennal discs. It has been shown
that the proper establishment of the three regions of the dorsal head depends on
different concentration of OTD protein. Indeed, specific threshold levels of otd
expression are needed to set up the different subdomains along the mediolateral axis
of the adult head (Royet and Finkelstein, 1995).

1.1.2 The mouse Otx genes

The two mouse Otx homologues, Otxl and Otx2, are required in early
specification and patterning of the anterior neurectoderm (Simeone et al., 1992). They
are expressed in nested domains in the forebrain and the midbrain. It is noteworthy
that, similar to otd expression in the fly embryonic brain, Otx1 and Otx2 expression
domains in mouse do not include the most anterior brain region (Simeone et al.,
1992). The mouse Otx homologues also play important roles in neuroblast

proliferation, corticogenesis as well as in olfactory, visual and acoustic sense organ
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development (Simeone et al., 1993). There are evidences from studies addressing the
formation of specific subdomains of the fly head that the mechanism of brain
patterning is dependent on appropriate OTX protein concentration levels. Indeed,
precise threshold of the mouse Otx1 and Otx2 are required for the distinction of
adjacent territories with different fates within the rostral neural tube (Acampora et al.,
1997). Otx1 mutant mice are viable but exhibit defects in the dorsal telencephalic
cortex and in the development of the acoustic and visual sense organs. They also
suffer from spontaneous epileptic seizures (Acampora et al., 1996). Otx2 mutant mice
display major abnormalities in their body plan and die early in development. As they
fail to gastrulate properly, the specification of their anterior neurectoderm does not
occur effectively. As a consequence, the forebrain, midbrain and rostral hindbrain
regions are completely absent in Otx2 mutant mice (Acampora et al., 1995; Ang et
al., 1996).

2.1.1.3 Otx-related gain-of-funtion

Gain-of-function studies in several animals have confirmed the conserved
crucial role of Otx in the specification of the embryonic A-P body axis. Xenopus
embryos microinjected with Xotx2 mRNA exhibit reductions of the trunk and the tail,
a partial secondary axis and ectopic anterior structures, such as cement glands and
neural tissue (Blitz and Cho, 1995; Pannese et al., 1995). Ubiquitous overexpression
of otd in Drosophila results in formation of additional anterior neural structures,
duplication of anterior sensory structures and suppression of trunk nerve cord
development (Gallitano-Mendel and Finkelstein, 1998; Leuzinger et al., 1998).
Injection of Hroth mRNA into fertilized ascidians eggs results in an expansion of the
trunk and in a reduction of the tail structures, via suppression of specific gene
expression (Wada and Saiga, 1999).

1.1.4 Otx gene cross-phylum rescue experiment
Finding similar Otx expression patterns in homologous primordia across
different phyla and comparable Otx mutant phenotypes argues for conserved

functions of this gene among Bilateria. Otx plays important roles in the specification
of the embryonic axis and in the formation of the brain and other anterior structures. It
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also possesses a conserved function in the repression of posterior structures. To
corroborate the idea that Otx/ otd genes have conserved genetic functions, several

cross-phylum gene replacement experiments have been carried out (Fig. 2.1).

otd-/- Otx2

Fig. 2.1 otd/ Otx cross-phylum rescue experiments in Drosophila and the mouse
(Reichert, 2002)

Upper panel: In Drosophila, the prominent anterior lobes, which are interconnected by an
anterior brain commissure, are lost in otd null mutant brains. These structures can be restored
by overexpressing the human Otx2 gene in otd mutant flies.

Lower panel: In the mouse, the size of the adult Otx1 null mutant brain is markedly reduced
in comparison to a wild type brain. The adult brain size is largely restored by a gene
replacement with the Drosophila otd homolog.

WT: wild type; Tel: telencephalon; Ms: mesencephalon; Ch: cerebellum.

Heat-shock inductions of the human orthologues hOtx1 and hOtx2 in Drosophila otd
null mutants rescue the CNS defects at both, morphological and molecular levels
(Leuzinger et al., 1998; Nagao et al., 1998). Similarly, the ascidian Otx homologue is
capable to rescue otd null mutants (Adachi et al., 2001). Moreover, the fly otd is able
to rescue most of the defects of Otx1 and Otx2 null mutant mice (Acampora et al.,
1998; Acampora et al., 2001). These findings demonstrate that Otx homologues from
diverse phyla have a high degree of functional equivalence in the homologous body
regions, where they are normally expressed during development. This strongly
supports the idea that the Otx/ otd function in the cephalic development program was
present in a common ancestor of Deuterostomia and Ecdysozoa. Even though anterior
neural expression of the Otx genes has also been reported in Lophotrochozoa (Bruce
and Shankland, 1998; Umesono et al., 1999), no rescue of otd phenotype by a

-61-



lophotrochozoan Otx homolog has been successfully carried out until now (Y.Adachi,
unpublished). Therefore, the question, whether the observed functional equivalence
between the ecdysozoan and the deuterostomian Otx homologues is conserved in
lophotrochozoan ones, remains unanswered. Increasingly more elaborated brains,
such as the vertebrate one, have been generated during evolution. This has been
probably achieved by modifications in the spatial and/or temporal regulatory control
of genes like Otx.

The functional equivalence of Otx and otd is probably due to their ability to
activate conserved genetic pathways. Structural homology of Otx proteins is mainly
limited to the homeodomain, which is likely to be responsible for their functional
equivalence. To find out whether Otx/ otd regulate the same conserved downstream
targets or different, but functionally equivalent, ones. Otx downstream targets have
been sought for. No common target of otd and Otx has presently been identified,
beyond a doubt (Boncinelli and Morgan, 2001). But cross-phylum overexpression
experiments combined with gene expression analysis using microarrays have revealed
some possible common downstream targets of the D.melanogaster otd and the human
hOtx2 (Montalta-He et al., 2002). One third of the otd-regulated transcripts have been
shown to also respond to human hOtx2 overexpression in the fly. Those common
targets probably illustrate the molecular basis of the functional equivalence of otd and
human hOtx2 in Drosophila.

1.2 The Cdx/ cad related genes

The Cdx gene, another homeodomain containing genes, has been shown to
play a conserved role in the patterning of the A-P axis of bilaterian animals. It has
been first identified in D. melanogaster, as the caudal gene (cad) (Mlodzik et al.,
1985). Cdx homologues share functions in the early patterning of the embryo and in
the specification of the posterior body extremity in a wide range of animals. To date,
Cdx homologues have been isolated from all of the three superclades: Deuterostomia,
Ecdysozoa and Lophotrochozoa. In all species investigated, Cdx homologues have
been shown to be expressed in the most posterior part of the body axis in the embryo
(Pillemer et al., 1998; Katsuyama et al., 1999; Le Gouar et al., 2003; Matsuo et al.,
2005).
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1.2.1 The Drosophila cad gene

In Drosophila, the cad mRNA is maternally inherited and ubiquitously
distributed in the unfertilized egg. Posterior to anterior gradients of maternal cad
MRNA and Cad protein are rapidly forming during the syncytial blastoderm stage
(Mlodzik and Gehring, 1987). Both, maternal and zygotic Cad gradients are required
for specification of the posterior blastoderm and are involved in A-P axis patterning
(Macdonald and Struhl, 1986). After gastrulation, the expression domain of cad
flanks the one of the most posteriorly expressed Hox gene, Abdominal-B (Abd-B). The
cad gene is essential for invagination of the hindgut primordium and its further
specification and development. It regulates the expression of gap and pair-rule genes,
which in turns regulate the Hox genes (Rivera-Pomar et al., 1995). Cellular
blastoderm embryos, which express ectopic cad at the anterior end, display defects in
head development and segmentation. These defects are the results of alterations in the
expression of segmentation genes, such as fushi tarazu and engrailed, and of the
repression of head-determining genes (Mlodzik et al., 1990). In adult flies, Cad is
required for the development of the analia. This body region, which is derived from
the most posterior body segment, is composed of the anal plates (external analia) and
the hindgut (internal analia). The cad expression domain is restricted to the analia,
abutting the one of Abd-B, the most posterior Hox gene. On one hand, cad down-
regulates the expression of Abd-B, on the other hand, it induces the activity of
downstream targets like Distal-less, even-skipped and brachyenteron, which are
involved in the specification of the diverse regions of the analia. The two components
of the analia, the hindgut and the anal plate, are specified by a combinatorial mode.
While cad is required and sufficient for hindgut specification, it acts in combination
with DIl and other genes to repress hindgut formation and consequently induce anal
plate development (Moreno and Morata, 1999). In the absence of cad activity, the
analia are transformed into male genitalia, which are normally developing from the
segment immediately anterior to the cad expression domain. Furthermore, ectopic
expression of cad can induce the development of analia in the head or the wing
(Moreno and Morata, 1999). Hence, cad exhibits the behavior expected for a
homeotic gene that specifies the most posterior part of the body. However, it is not
physically linked to either the BX-C or the ANT-C loci and therefore is not considered
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a Hox gene, per se. Nevertheless, in molecular phylogenetic analysis, the cad gene
groups with the posterior Hox gene subfamily: the chordate PG9 to PG13 and the
insect Abd-B (Brooke et al., 1998). This suggests that Cdx related genes and the Hox
genes might have arisen from a common ancestor. The discovery of the “ParaHox”
cluster, firstly identified in Amphioxus, supports the concept of a “ProtoHox” cluster,
from which the Hox and ParaHox genes have originated (Brooke et al., 1998).

1.2.2 The vertebrate Cdx homologues

Three Cdx genes are known in vertebrates. The mouse caudal homologues,
Cdx1, Cdx3 and Cdx4, are expressed during gastrulation and neurulation in a graded
manner along the A-P axis, with a preferential posterior up-regulation of their
expression (Gamer and Wright, 1993; Northrop and Kimelman, 1994; Marom et al.,
1997). They are key players in a number of processes, including the early A-P
patterning of the embryo, the specification of the posterior end, axial elongation and
intestinal differentiation (Lohnes, 2003). In Xenopus, for example, Xcad-2 partial
loss-of-function mutant embryos develop enlarged heads and longer trunks.
Conversely, Xcad-2 overexpression generates embryos lacking head structures and
exhibiting shorts axes (Epstein et al., 1997). In contrast to Drosophila, where cad acts
like a homeotic gene and specifies segment identity, vertebrate Cdx genes appear to
act upstream of the Hox genes. Cdx members directly regulate vertebrate Hox
expression in the mesoderm and the neurectoderm in a dosage-dependant manner via
Cdx-binding sites, which are present in clusters throughout the Hox complexes
(Charite et al., 1998; van den Akker et al., 2002). Specification and patterning of the
posterior end of the embryo is dependent on a number of signaling molecules. Under
appropriate conditions, the Wnt/ Wingless, the Fibroblast Growth Factor (FGF)
members and the vitamin A metabolite retinoic acid (RA), are known to suppress
anterior identity markers and induce expression of genes that are involved in posterior
fates, such as certain Hox members (Altmann and Brivanlou, 2001). Some studies
suggest that Cdx members may convey information from caudalizing agents, such as
the Wnt, the FGF and RA, to the axial skeleton and the neurectoderm by regulating
Hox gene expression (Lohnes, 2003).
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1.2.3 Cdx-related genes and the axial elongation process

Another recently discovered conserved property of Cdx members is their
involvement in the axial elongation process of bilaterian animals. This function is
conserved in the crustacean Artemia and the beetle Tribolium (Copf et al., 2004), in
crickets (Shinmyo et al., 2005), in the annelid Platynereis (de Rosa et al., 2005) and
in vertebrates (Chawengsaksophak et al., 2004). In vertebrates, similarly to short-
germ arthropods, somites are generated sequentially, from a posteriorly located
presomitic zone, where Cdx members are expressed (Pourquie, 2003). Even though
arthropod segments are ectodermal and vertebrate somites are mesodermal, molecular
and morphogenetic similarities exist in the way that segmentation occurs in both,
arthropods and vertebrates. By maintaining the self-renewing capacities of presomitic
cells and by regulating Hox gene expression in the presomitic zone, Cdx members
play important roles in axis elongation, somitogenesis and the specification of somite
identity. Interactions between the Cdx members and signaling pathways, such as the
FGF and the Wnt ones, are also important for the control of the axial extension by
Cdx. Hence, in vertebrates, the Hox regulators Cdx are also integrated into a genetic
network controlling A-P patterning, tissue generation and mesoderm segmentation
(Fig. 2.2) (Deschamps and van Nes, 2005).

Wntq .......... ‘*
RA sl Cdlx sl HOX

.
. .
. - .
""""""

P AP

“** P identity

Fig. 2.2 Cdx members and the genetic network driving axial elongation, A-P
patterning and mesoderm segmentation (Deschamps and van Nes, 2005)

Unbroken lines indicate established interactions; broken lines represent documented
interactions, which have not yet been established at the molecular level.
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1.3 Otx-related and Cdx-related genes, two ancestral key players of early
A-P patterning in bilaterian animals?

1.3.1 Evidence from model organism studies

In a wide range of animals, Otx and Cdx, homeodomain-containing
transcription factors, play a pivotal role in early patterning of the prospective head
and the tail region, respectively. During early gastrula stages of Xenopus
embryogenesis, Otx2 and Xcad3 are expressed in adjacent domains within the dorsal
organizer, where they display mutual repression activities. Furthermore, interactions
between Otx2 and another Xenopus caudal-related gene, Xcad2, have also been
described. They exhibit nested expression domains and are engaged in repressive
regulatory interactions (Epstein et al., 1997). In mid-gastrula stages, the embryo
elongates and their expression domains separate, creating a gap, free of Otx2 or Xcad2
expression. In the median region, another homeobox gene, Xgbx2a, starts to be
expressed. It is under negative regulation by both Otx2 and Xcad2. This serves to
establish the anterior and posterior expression boundaries of Xgbx2a. The sharp
border between the Otx2 and the Xgbx2a expression domains prefigures the location
of the midbrain-hindbrain boundary (Simeone, 2000). These data argue that mutual
repression of Otx and Cdx members is involved in setting up the early anterior and

posterior domains within the Xenopus embryo (Isaacs et al., 1999).

From such studies, it has been postulated that of a network of homeobox
containing genes, such as Otx and Cdx, are acting in the early vertebrate embryo to
subdivide the A-P axis into large domains. Subsequently, the pattern is refined by the
activities of additional homeobox genes, like the Hox genes (Krumlauf, 1994). This
situation evokes the body patterning and segmentation processes occurring in
Drosophila, where large domains are first allocated and afterwards undergo
refinement. Indeed, in the fly, the A-P axis is specified by unequal distribution of key
maternal determinants within the egg cytoplasm. Maternal bicoid (bcd) transcripts are
localized at the anterior pole of the egg. Its translation generates an anterior to
posterior gradient of Bicoid protein. This morphogenetic gradient activates specific
effectors genes required for segmentation, in a dosage-dependent manner (Driever
and Nusslein-Volhard, 1988): highest Bicoid concentrations activate head gap genes,
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such as otd; lower dose activates the thoracic gap gene hunchback (hb) and the lowest
levels activate the abdominal gap genes kriippel and knirps. Bcd and Hb cooperate in
activating target genes involved in the specification of distinct head and thorax
regions. Hb itself has morphogenetic properties and can create A-P polarity in the
absence of Bcd (Hulskamp et al., 1990). It specifies the anterior regions while
preventing the formation of posterior ones. Drosophila embryos, lacking both
maternal and zygotic hb mRNA, exhibit an almost bicaudal phenotype, in spite of the
presence of bcd (Simpson-Brose et al., 1994). Thus, in the absence of hb, bcd is not
able to achieve correct polarization of the embryo. This finding emphasizes the
crucial early patterning role of hb. Beyond its transcriptional regulator function, Bed
also represses the translation of the ubiquitously distributed maternal cad mRNA
(Rivera-Pomar et al., 1996). In this way, it creates a reciprocal posterior to anterior
gradient of the Cad transcription factor. Later, pair-rule and segmentation genes
subdivide the blastoderm into smaller regions via crossregulatory interactions, setting
up the basic segments of the larvae. In Drosophila, the correct establishment of
opposing morphogenetic gradients of the Hb and Cad proteins requires mutual
repression between the anterior and posterior patterning systems. In Drosophila, the
translation of the maternal cad mRNA is negatively regulated by Bicoid. Hence, the
exclusion of the Drosophila Cad activity from anterior regions is accomplished in a
different manner than the one observed in vertebrates. It is possible that Drosophila
uses a derived developmental strategy: the negative transcriptional regulation of Cdx
by Otx, described in Xenopus, might have evolved into a negative translational
regulation of the maternal cad mRNA by the Bcd protein.

Only identified in cyclorrhaphan flies, bcd is a phylogenetically young gene
that has evolved late (McGregor, 2005). It does not exist in other long-germ band
insects, not even in the mosquito Anopheles, a close relative of flies. bcd and zerknullt
(zen), its sister gene, have probably evolved from duplication and mobility events of
the insect Hox3 gene at the stem of the cyclorrhaphan lineage (higher dipterans). The
non-cyclorrhaphan flies (lower dipterans) possess a single Hox3 gene, which displays
a higher degree of similarity with Drosophila zen than with bcd. The orchestration of
the A-P polarity by Bcd is therefore a developmental innovation, limited to
cyclorrhaphan flies and might have evolved in concert with the fast development time
of these flies (Stauber et al., 2002; Lynch and Desplan, 2003) .
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1.3.2 Evidence from Nasonia and Tribolium studies

Recently, the A-P patterning systems of other long-germ band insects, such as
the hymenopteran Nasonia, and of short-germ band insects, such as the beetle
Tribolium, have been investigated. In long-germ band insect embryogenesis, all
segments are specified simultaneously within the blastoderm and are proportionally
represented in the embryonic anlage. In contrast, in short germ-band insect
embryogenesis, only anterior segments are patterned at the blastoderm stage and the
remaining segments appear after gastrulation, sequentially generated from a growth
zone (Davis and Patel, 2002). Hence, while the segmentation process in a long-germ
band insect occurs by proportionate subdivision of the pre-gastrula anlage,
segmentation in a short-germ band insect requires a phase of secondary growth,
coupled with a sequential specification of the more posterior segments.

In Tribolium, in contrast to Drosophila, the otdl mRNA is maternally
inherited and, as a result of translational repression from a posterior factor, Otd1l
protein forms an anterior to posterior gradient. Removing otdl mRNA during
oogenesis results in the loss of the entire head. This is a more severe phenotype than
what is observed in Drosophila otd null mutants, where only the ocular and antennal
segments are lost (Schroder, 2003). The Tribolium otdl mutant phenotype is
reminiscent of a weak Drosophila bcd mutant phenotype (Frohnhofer and Nusslein-
Volhard, 1986). As in Drosophila, Tribolium hb specifies posterior gnathal and
thoracic segments. Furthermore, when both otd1 and hb mRNA are removed during
Tribolium oogenesis, the head, the thorax and the anterior abdomen of the embryo fail
to develop (Schroder, 2003). This mutant phenotype is reminiscent of a strong
Drosophila bcd mutant phenotype (Frohnhofer and Nisslein-Volhard, 1986). Hence,
otd1 and hb, not only specify the head and thorax, but also act synergistically during
the segmentation process of the abdomen. Otdl in combination with Hb probably
plays the same transcriptional activator role like Bicoid in Drosophila. Bicoid and the
Otx-related proteins both have a lysine (K) at the crucial position 50 of their
homeodomain. The K50 of the homeodomain probably imparts the same DNA
binding specificities to Otd and Bcd. Although Bicoid has been shown to repress cad
translation in the anterior half of Drosophila eggs, Otd1 is not likely to mimic such a
function in Tribolium eggs. The RNA-binding activity of Bicoid depends on the
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presence of an arginine (R) at position 54 of the homeodomain. The homeodomain of
Otx-related proteins exhibits an alanine rather than an arginine at this position
(McGregor, 2005). Therefore, in contrast to Bicoid, Otx-related proteins cannot bind
to RNA. Consequently, Otd1 probably cannot serve as a translational repressor of cad
in Tribolium. A repressor of Tribolium cad is likely to exist and to serve as a further
component of the anterior patterning system. Such a candidate repressor has not yet
been identified in Tribolium. Different mechanisms of cad regulation have been
described in other systems (Hunter and Kenyon, 1996; Isaacs et al., 1999). Therefore,
rather than a translational repression of cad, another kind of interaction may take
place in Tribolium. However, a direct or indirect interaction with otdl cannot be
excluded in the determination of the posterior expression domain of cad.

The Nasonia Otdl also presents a Bicoid-like function in the anterior
patterning of the embryo. As in Tribolium, otdl mRNA is inherited from the mother
during oogenesis. Parental otd1 inactivation by RNAI has produced headless embryos
(Lynch et al., 2006). The strong interaction between otd1l and hb is crucial for the
patterning of anterior body regions in Nasonia. A zygotic hb mutation deletes not
only the thoracic and gnathal head segments, but also most of the pre-gnathal
segments (Pultz et al., 1999). A double knockdown of otd1 and hb produces embryos
that lack the entire anterior region, including several abdominal segments. This is a
more severe phenotype than the combination of individual knockdowns of either otd1
or hb (Lynch et al., 2006). The Nasonia embryo relies more heavily on hb for the
patterning of its anterior, than Drosophila or Tribolium. To date, otd/ Otx gene
expression has been regarded as a marker for head development from annelids to
mammals. Amazingly, in addition to its expression in an anterior to posterior gradient,
otdl is also expressed in the posterior pole of Nasonia eggs and forms a posterior to
anterior gradient, which has morphogenetic functions (Lynch et al., 2006). Removing
otdl parental mRNA in Nasonia deletes not only the head but also all segments
posterior to abdominal segment 4. Therefore, anterior and posterior gradients of Otd1
proteins might have different functions: in combination with Hb, Otd1 is patterning
the anterior end; lacking the synergy with the Hb cofactor, Otd1 activates distinct sets
of target genes at the posterior end, possibly in combination with a different factor.
Cooperation with the posterior expressed Otdl and cad has been suggested in
Nasonia (Lynch et al., 2006). These experiments raise the idea that Drosophila and
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Nasonia have evolved divergent strategies to pattern their posterior segments. The
maternal Nasonia Otdl could play some of the roles performed by the maternal
Drosophila cad at the posterior end of the embryo (McGregor, 2006). However, the
function of cad in Nasonia remains to be elucidated; its investigation will probably
shed light on the evolution of the posterior patterning system in insects. Different
interactions between Otdl and Cad have been suggested to occur in Nasonia: on one
hand, a direct or indirect antagonistic interaction between cad and the anterior otdl
gradient could take place. On the other hand, cad might synergistically interact with
the posterior Otd1 gradient to pattern the posterior end of the embryo. Even though,
this is highly speculative and requires support from additional functional data, finding
such interactions would reinforce the idea that Otx and Cdx homologues are ancestral
key players for early A-P body patterning. The mechanism, by which they interact,
might have been redeployed during evolution to accommodate different patterning
strategies depending on specific developmental constraints. It has been suggested that,
by patterning all segments at once, Drosophila embryos are able to develop faster
than short-germ band insects (Davis and Patel, 2002). This would have given a
selective advantage by speeding up the development, especially in the transition from
the short-germ band development mode to a long-germ band one in arthropods. The
evolution of opposing Bcd and Cad gradients may have allowed a simultaneous
anterior and posterior patterning to occur in a long-germ band embryogenesis.

Studies from Nasonia and Tribolium demonstrate that, in insects lacking
bicoid, the anterior patterning is regulated by a combination of maternal otd1 and hb.
This suggests that a synergistic association between Otdl and Hb may have
performed the same role like Bcd in Drosophila. It is known that Hb cooperates with
Bcd in Drosophila, with Otd1 in Tribolium and with Otd1 in Nasonia. However, the
anterior organizing function of Hb has originated in the arthropod lineage and is
therefore not likely to be conserved among bilaterian animals. The conserved
functions of Hb within the Protostomia, and probably within the Bilateria, are actually
the patterning of the epithelium and of the CNS (Pinnell et al., 2006). Hence, hb was
probably not a component of the ancestral A-P patterning system of the

Deuterostomia and Protostomia ancestor.
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Mutual repressions between early anterior and posterior domains, in part
mediated by Otx and Cdx, seem to be part of a conserved mechanism of embryonic
patterning. Studies from Deuterostomia and Ecdysozoa argue for evolutionary
conserved mutual interactions between Otx and Cdx homologues in the patterning of
A-P body axis. However, those inferences are based on data from only two of the
bilaterian clades. To which extend their interactions are conserved and are part of an
ancestral developmental mode remains to be clarified. Therefore, a comparative
analysis of the A-P patterning system used by lophotrochozoan members, the third

bilaterian super clade, should clarify this question.

1.4 Otx-related genes and the CNS development

Otx plays evolutionary conserved important roles in the development and
specification of anterior structures, including the rostral regions of the developing
brain of bilaterian animals. These findings also pose the question whether the nervous

system is homologous across Bilateria.

1.4.1 Apparent dissimilarities in the CNS development of invertebrates

and vertebrates

The central nervous system (CNS) of bilaterian animals is composed of two
main parts, a nerve strand and an anterior cerebral center. In contrast to the nerve
strand (ventral nerve cord in protostomes and spinal cord in vertebrates), the anterior
cerebral nerve center, the “brain”, is located at a similar position in all bilaterian
animals, with the exception of the derived ones, such as bivalves or echinoderms.
Based on traditional descriptive analyses of CNS development, Bilateria have been
divided into two major groups: the Gastroneuralia and the Notoneuralia. The
Gastroneuralia, such as arthropods and annelids, have a ventral nerve cord. The
Notoneuralia, including all chordates, have a dorsal nerve cord. In gastroneuralian
animals, the ganglionic masses separate from the ventral neurectoderm and form a
ventral “rope-ladder” nervous system, containing connectives and commissures. In
notoneuralian animals, the entire neurectoderm folds inwards to generate the dorsal
neural tube (Fig. 2.3).

-71-



Fig. 2.3 Morphogenesis of the nerve strand in prototypic Gastroneuralia (A) and

in prototypic Notoneuralia (B) (Arendt and Nubler-Jung, 1999)
The neurogenic ectoderm is in yellow-green (midline cells are in green). The epidermal
ectoderm is in blue.

1.4.2 Homologous genes are involved in the CNS development of both

invertebrates and vertebrates

Due to these dissimilarities in the morphogenesis and embryonic topography
of the nervous system, it has been proposed that the nervous system has
independently originated in the two groups, the Gastroneuralia and the Notoneuralia
(Nielsen, 1995). However, molecular analyses of nervous system development in
selected insect and vertebrate species have revealed astonishing similarities between
the Gastroneuralia and the Notoneuralia in respect to the expression and function of
regulatory genes, commonly involved in CNS embryogenesis. Indeed, many
processes required for nervous system morphogenesis, such as patterning,
proliferation, specification, and axonal outgrowth, have been found to be controlled in
a comparable manner and by homologous genes in insects and vertebrates (Arendt
and Nubler-Jung, 1999).

The early antagonistic activity between the secreted molecules of
decapentaplegic (dpp) and short gastrulation (sog) and their homologues,
respectively, subdivide the early ectoderm into epidermal and neurogenic ectoderm in
both invertebrate and vertebrate species. The antineural function of dpp in
invertebrates and Bmp4 in vertebrates respectively, and the antagonizing neurogenic
function of sog/ Chordin have been evolutionary conserved. But their site of
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expression is inverted in respect to the dorso-ventral body axis. This finding has given
strong support to the idea of a dorso-ventral axis inversion in the evolution of the
deuterostomian branch. Originally postulated by Geoffroy Saint-Hilaire in 1822, this
theory implies that the common ancestor of bilaterian animals, the Urbilateria, have
already possessed a centralized nervous system, which has been inherited by both
descendant lines, the Deuterostomia and the Protostomia. The CNS of both,
vertebrates and invertebrates would therefore be homologous (De Robertis and Sasali,
1996).

Other levels of CNS specification are also conserved within the bilaterian
animals: the position of cells becoming competent for neural fate in the early
neurectoderm is controlled by “proneural” genes, encoding bHLH transcription
factors, in both invertebrates and vertebrates. Among them are the achaete-scute-
complex, the neurogenin and atonal homologues (Lee, 1997). By the process of
lateral inhibition, accomplished by the “neurogenic” Delta and Notch homologues,
the neural progenitor cells segregate from the non-neural ones (Lewis, 1996). Along
the A-P axis, the neurectoderm of bilaterian animals is divided in different regions
through the activity of a specific combination of conserved neural regionalization
genes (Arendt and Nubler-Jung, 1996). In both insects and vertebrates, the developing
nerve cord is subdivided in a Hox-expressing and a non-Hox-expressing region. While
Otx/ otd and other “head gap” genes specify the anterior brain part, posterior brain
parts, as well as the remaining nerve cord are regionalized by a similar expression
pattern of Hox genes in the nervous system of the fly and the mouse (Hirth et al.,
1998).

Another level of the neurectoderm patterning is conserved: homologous genes,
vnd/ NKx2, ind/ Gsh-1 and msh/ Msx, are required for the dorso-ventral patterning of
the developing CNS of Protostomia and Deuterostomia, respectively (Cornell and
Ohlen, 2000). In Drosophila, proneural clusters and early delaminating neuroblasts
are arranged in three longitudinal columns (medial, intermediate and lateral) on either
side of the midline cells. In vertebrates, the proneural clusters and primary neurons
likewise present this three-columns arrangement on either side of the neural plate. In
accordance with the body axis inversion theory (De Robertis and Sasai, 1996), the

expression of vertebrate homologues is inverted along the dorso-ventral axis
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compared with that of their invertebrate homologues (Fig. 2.4). But, they are
expressed in the same medial-lateral order: the homologous homeobox genes vnd/
NKx2, ind/ Gsh-1 and msh/ Msx are expressed in a similar manner in the medial,
intermediate and lateral neurogenic columns of both insects and vertebrates,
respectively. They have been shown to be essential for the formation and specification
of the neurogenic columns, in which they are expressed (Arendt and Nubler-Jung,
1999). It remains possible that these genes have been recruited independently during
evolution for the D-V patterning of the CNS in both Protostomia and Deuterostomia.
However, finding conserved expression of regionalization homologues in three
longitudinal stripes, in correlation with neural progenitors arrangement in the
corresponding columns, is a very specific pattern. It is unlikely that the same set of
homologous genes has been recruited during evolution of the D-V patterning system
of the CNS several times, independently. A common D-V patterning system of the
CNS was rather already present in the common ancestor of both, Protostomia and

Deuterostomia.

Vertebrates Arthropods
dorsal
Chordin | Dpp

e

BMP4 [ Sog
ventral

Fig. 2.4 Representation of the molecular patterning of the DV axis in vertebrates
and arthropods (Lichtneckert and Reichert, 2005)

Only half of the body wall is represented in the scheme for both, arthropods and vertebrates,
with dorsal side orientated to the top. sog/ Chordin homologues antagonize the dpp/ Bmp4
homologues from the region of the embryo that will adopt a neurogenic potential: ventral side
for arthropods vs dorsal one for vertebrates. Commonly shared set of homeobox genes
patterned the specified neurogenic region into medial (vnd/Nkx2), intermediate (ind/Gsh) and
lateral (msh/Msx) domains.
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1.4.3 The tripartite brain organization hypothesis

As described above, the invertebrate and vertebrate brain is commonly
subdivided into a rostral brain part, patterned by otd/ Otx, in a caudal brain part and
the nerve cord, patterned by collinear Hox expression. In addition, a third brain-
specific gene expression domain is conserved between the chordate and the arthropod
brain. This has lead to the hypothesis that a tripartite organization of the brain has
already been present in the common ancestor of chordates and arthropods (Reichert,
2005). The homeobox-containing Gbx genes function in brain development of both,
Drosophila and vertebrates. They are expressed in a domain just posterior to the otd/
Otx domain. otd/ Otx2 and unpg/ Gbx2 homologues show mutual repression. This
evolutionary conserved mechanism sets up the vertebrate midbrain-hindbrain
boundary (MHB) and the Drosophila deutocerebral-tritocerebral boundary (DTB),
which is homologous to the MHB. The MHB and the DTB are also defined as
intermediate brain regions and are located between the anterior and the posterior brain
regions, both in vertebrates and Drosophila, respectively. These intermediate brain
regions are characterized by Pax2/5/8 expression. They are positioned by the
activities of otd/ Otx2 and unpg/ Gbx2, which are engaged in mutual repression. In
vertebrates, it has been shown that either upregulation or downregulation of Otx2 or
Gbx2 shifts the position of the MHB (Li and Joyner, 2001). The vertebrate MHB
presents an organizer-like function, which has been first identified by transplantation
experiments in chicken (Marin and Puelles, 1994; Rhinn and Brand, 2001). Although
the expression of Otx and Gbx is essential to set-up and to maintain the MHB, Otx and
Gbx are not required for the induction of MHB markers, such as En, Wntl and
Pax2/5/8. These markers are turned on later, independently of Otx2 and Gbx2
expression, and are responsible for the organizer properties of the MHB (Raible and
Brand, 2004). Even though the fly homologues of the vertebrates MHB markers are
expressed at the level of the fly DTB, the fly null mutants of the corresponding genes
do not present brain-patterning defects (Hirth et al., 2003). To date, there is no
evidence for an organizer activity of the fly DTB as there is for the vertebrate MHB.
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Drosophila Mouse

otd/Otx Protocerebrum Forebrain
Midbrain
Deutocerebrum
Pax 2/5/8
ez I'ritocerebrum Ziied Hindbrain
Hox
VNC Spinal cord
otd/Otx unpg/Gbx2
Pax2/5/8 Hox1 orthologs

Fig. 2.5 The tripartite organization of the Drosophila and mouse brain based on
the expression patterns of orthologous genes (Reichert, 2005)

Schematic representation of orthologues in the developing CNS of a Drosophila embryo at
stage 13/14 and a mouse embryo at stage E10. In both, the Pax2/5/8 expression domain in the
embryonic brain is located between an anterior region expressing otd/ Otx and the posterior
Hox expressing region and is positioned at the interface of the otd/ Otx expression domain
and the posterior abutting unpg/ Gbx2 one. The otd/ Otx- unpg/ Gbx2 interface shows similar
genetic features in Drosophila and mouse.

Also in Amphioxus, the anterior Otx and the more posterior Gbx expression domains
abut at the boundary between the cerebral vesicle and the hindbrain, where a mutual
antagonistic activity between Otx and Gbx has been suggested (Castro et al., 2006). A
possible homology for the Amphioxus boundary between the cerebral vesicle and the
hindbrain with the vertebrate MHB is suggested from Otx and Gbx expression
domains. However, the genes homologous to the MHB markers, which provide the
organizer properties, are not co-expressed in this Amphioxus region. Therefore, it is
unlikely that this border region, between the cerebral vesicle and the hindbrain,
possesses organizer activity in Amphioxus. Thus, the apposition of the otd/ Otx2 and
unpg/ Gbx2 expression domains, which specifies an evolutionary conserved
intermediate brain region, may pre-date the acquisition of an organizer-like function
by the MHB, since an organizer activity of this intermediate brain region has been
described beyond a doubt only in vertebrates. In order to determine where in the
chordate lineage an organizer function of the MHB has appeared, the tunicates (also
named urochordates) have been investigated. However, it is difficult to resolve the
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question of whether the tunicates have secondarily lost a MHB organizer activity or
have never possessed one (Castro et al., 2006). It is indeed complex to reconstruct the
ancestral tunicate as many genes, including Gbx, have been lost by tunicates, during
evolution. In addition, very different expression patterns of homologues genes, such
as en and Pax2/5/8, are observed among tunicates. Finally, the phylogenetic position
of tunicates is unclear: while they have traditionally been placed at the base of
chordates, recent phylogenetic analysis using a large number of genes suggest that
tunicates are a sister group to vertebrates and that Amphioxus is actually basal within
chordates (Delsuc et al., 2006). Thus, the question of where a MHB organizer activity

has evolved in the chordate lineage is still under debate.

The nervous systems of bilaterian animals share many essential developmental
features. A general homology of brains is broadly considered a reasonable hypothesis,
at least in the “molecular field”. Both, the vertebrate and invertebrate nervous systems
are probably derived from a common ancestor that already possessed a rather
sophisticated one. However the level of complexity already acquired in the
urbilaterian CNS remains unclear. There is little doubt that the Otx- Pax- Hox-
subdivision of the vertebrate brain is homologous to the similar subdivision reported
in flies. The tripartite regionalization of the neural tube is very ancient. However,
additional data from other phyla are required to test the idea that a tripartite ground
plan of the CNS was already present in the common ancestor of the bilaterian
animals, the Urbilateria. It is therefore necessary to get more information from the
expression patterns of the Otx- Pax- Hox- homologues in a wider range of
protostomes, including the Lophotrochozoa.
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2. Aim of the first project of this PhD thesis

One of the most important breakthroughs in the field of developmental biology
has been the discovery of the homeobox and of its widespread phylogenetic
conservation. These findings make the first link between molecular data and bilaterian
body plan architecture. The so-called Hox genes are known to play a pivotal role in
the antero-posterior specification of bilaterian animals. Also other homeobox-
containing genes play evolutionary conserved roles in the specification of the most
rostral and the most caudal regions of bilaterian embryos: For example, Otx genes are
required for the development of the most rostral part of bilaterian embryos. Cdx genes
have been proposed to be required for the development of the most caudal part.
Studies from Deuterostomia and Ecdysozoa suggested evolutionary conserved
interactions between Otx and Cdx genes. These interactions are thought to discriminate
the anterior from the posterior domains very early in the embryonic development of

Bilateria.

During this PhD work, we wanted to investigate the specification of the
nemertean A-P body axis during development and regeneration to find out whether the
rostral/ caudal specification mechanism is not only conserved in Deuterostomia and
Ecdysozoa but also in Lophotrocohozoa, the third clade of the Bilateria. The
identification of several Ls-Hox genes is already in favor of the probable conservation
of the A-P patterning mechanism in Lineus (Kmita-Cunisse et al., 1998). However, it
is not instructive for the very early discrimination between anterior and posterior
body domains and for the specification of the body extremities. Therefore we have
decided to search for Otx and Cdx homologues. We thought to test whether the
presumed roles of Otx and Cdx in the A-P body axis specification and in development
of the CNS (especially in the case of Otx) are conserved in a lophotrochozoan animal.

To test this hypothesis, we asked the following questions:

. Are Otx and Cdx homologues involved in the specification of the most anterior

part and the most posterior part, respectively, of a Lineus larva?
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. If so, can we use these genes as markers to distinguish anterior regenerating
parts from posterior ones in very early regenerative stages of L.sanguineus? Since
there is no morphological feature that would allow us to recognize their anterior end
from their posterior one.

. As suggested from studies in Deuterostomia and Ecdysozoa, Otx is playing an
evolutionarily conserved role in the development of the Lineus CNS? If so, is it

specifically expressed during its regeneration, too?

Because the presence of some original nerve cord parts is the only requirement for a
complete regeneration in L.sanguineus, it has been suggested that, in response to body
injury, the Lineus CNS could either emit signals responsible for regeneration, or
integrate such signals or both. Otx, if expressed during Lineus CNS regeneration,
could be part of such signaling network responsible for L.sanguineus regeneration. A
difference in the ability of emitting and/or integrating signals of the nemertean CNS
could be responsible, at least in part, for the different capacities of regeneration that
are found among nemerteans. We wondered whether these different regeneration
capacities are reflected in differences of activation of a gene such as Otx. Therefore,

we asked:

. Are there any differences in the Otx expression patterns in amputated Lineus
species that differ in their regenerative capacities, such as L.sanguineus and
L.lacteus?

To approach such questions, we cloned the Otx and Cdx homologues from
L.sanguineus. Then, we investigated their expression patterns during development,
adult life and during different types of regeneration. We used ISH and real-time PCR
approaches in order to monitor more precisely where and when those genes are up- or

down-regulated in these processes (See Results).
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3. Results

3.1 Identification of Otx and Cdx homologues from Lineus sanguineus

3.1.1 Cloning of Ls-Otx:

In order to clone Ls-Otx, we searched, in databases like Genbank, for the
availability of Otx sequences from various animals. Aligning amino acid sequences of
Otx homologues led to the identification of highly conserved regions. Several
degenerated primers were designed based on these conserved regions. Different
combinations of primers and conditions were tested to amplify an Otx homologue
from L.sanguineus. The successful combination was a first PCR with primers Otx-
Forward1l (corresponding to the sequence PRKQRRER) and Otx-Reversel (sequence
WFKNRRA) followed by a nested PCR with primers Otx-Forward2 (sequence
RRERTTFT, overlapping the sequence of the Otx-Forwardl primer) and Otx-
Reverse2 (sequence MREEVALKIN). A 77 base pairs (bp) fragment of the
homeobox of a putative Otx homologue was obtained and was subsequently extended
by 3’ and 5 RACE PCR procedures, using specific primers. Sequencing of the RACE
PCR fragments allowed us to identify this gene as a Ls-Otx gene, based on its close
similarity with other Otx genes. In comparison with Otx homologue sequences, the
open reading frame (ORF) of Ls-Otx is complete. We have also obtained part of the 5
untranslated terminal region (UTR).

The Ls-Otx sequence contains an ORF of 936 bp, which encodes a putative
protein of 312 amino acids (aa) (Fig. 2.6). The putative Ls-Otx protein contains a
homeodomain sequence, which exhibits a glutamate at position 4 (E4) and a lysine at
position 50 (K50). From phylogenetic analyses, it appears that the Lineus
homeodomain groups with members of the Otx family, and not with other paired-
class homeodomains (see appendix 1.). The K50, characteristic for Otx-type
homeodomain, is crucial for its DNA-binding capacity and confers specificity for the
TAATCC/T sequence (Hanes and Brent, 1989). In addition to the homeodomain, Ls-
Otx contains another highly conserved region, a so-called WSP motif, but lacks a
clear C-tail motif of 6 conserved amino acids, present in many Otx sequences.
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atgacaagcatggcttacccaccgeceoccgtctcaggaggegtecggtaaaggagecaccctac
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20T P I N N M N 858 8§ D ¥ M ¢ R A S8 ¥ A M B8
aacagtcaaactggctacactgrcacaaagtggttatggaccttcatcatactgttgeoaat
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accacgacacattcaagccacgecggatecctacacacctecttagcagegegecagtgtcta
2617 T * H & &8 H A & & ¥ T P L 8 B A 0 €C L
agocggtcaaatacatcatcaggagaatgeotacgattataaggacaatgecatggecagga
2808 R 5 N T 8 5 €6 E € ¥ D ¥ K D N A M A &
tctgoctggactcaaaactacaaatattgegaaatcta
301 5 A W T Q@ N Y K ¥ € E I - 312

Fig. 2.6 The Ls-Otx ORF and its deduced aminoacid sequence

The homeobox sequence and its deduced aminoacid sequence are highlighted in blue; note
the presence of the K50, underlined in red, within the homeodomain. Conserved aa residues
of the WSP motif are underlined.

Using the same strategy, we cloned a small fragment of 159 bp of an Otx-
homeobox-like sequence from a related species, Lineus viridis. As expected, the
conservation of the homeodomain sequence is very high between L.sanguineus and
L.viridis (Fig 2.7). Remarkably, sequence analysis revealed more than 94% identity at
the nucleotide level.
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94.3% identity in 159 residues overlap

Ls-0tx 190 CCAAGAAMMCAGAGACGAGAACGAACCACATTTACGCGCGCTCAGTTGGACATCTTAGAA
Lv-0tx 1 CCCCGGAMAMACAGCCACGGGAACGTACCACATTTACGCGCGCTCAGTTCGCGACATCTTAGAA
Ls-0tx 250 TCCGTTATTCCAGAACACGACGATATCCTGATATATTCATCAGACAAGAAGTAGCCCTAAAG
Lv-0tx 61 TCGTTATTCCGGAAGACGAGATATCCTCATATATTCATGAGAGAAGAAGTAGCCCTAAAG
Ls-0tx 310 ATAAACTTACCAGAATCAAGAGTACAGGTCTGGTTCAAA
Lv-0tx 121 ATAAACTTACCAGAATCAAGAGTACAGGTATGGTTTAAA

98.1% identity in 53 residues overlap

Ls-0Otx 64 PRKQRRERTTFTRAQLDILESLFQKTRYPDIFMREEVALKINLPESRVQVWFK
Lv-0tx 1 PRKQRRERTTFTRAQLDILESLFRKTRYPDIFMREEVALKINLPESRVQVWEFK

XXX XXXIXAXIXIXIXIXLIXIXIXIXIXIXTIXAAIXTE XTI AT XXX AXIAXIXIXXXXXEEX

Fig. 2.7 Alignment of the Lv-Otx PCR fragment obtained by degenerated PCR
and the Ls-Otx homeobox corresponding sequence

The sequence identity at the nucleotide level is 94,3% and 98,1% at the amino acid level.
(Sequences covered by the degenerated primers are not included in the alignment).

3.1.2 Cloning of Ls-Cdx:

A partial 378 bp fragment from a Cdx homolog was already available from
L.sanguineus (Kmita M., PhD thesis, 1995), when | started my thesis work. We
designed specific primers in order to clone the full-length sequence by RACE PCR.
We obtained a fragment of Ls-Cdx, which contains an ORF of 807 bp encoding a
putative protein of 269 aa (Fig. 2.8). We also cloned some 3’ and 5° UTR from Ls-
Cdx. The putative Ls-Cdx protein contains a Cdx-type homeodomain. It also exhibits
a hexapeptide motif specific for Cdx-type proteins (Marom et al., 1997). From
phylogenetic analyses, Ls-Cdx clearly groups with members of the Cdx family (see
appendix 1.).
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Fig. 2.8 The Ls-Cdx ORF and its deduced aminoacid sequence

The homeobox sequence and its deduced aminoacid sequence are highlighted in blue. Note
the presence of the Q50, underlined in red, within the homeodomain. Conserved aa residues
of the hexapeptide motif are underlined.

3.2 Expression patterns of Lineus Otx and Cdx homologues during
development

3.2.1 The use of L.viridis to investigate Lineus development

As L.sanguineus does not sexually reproduce in captivity, Otx expression
during embryonic development could not be examined in L.sanguineus. Therefore, to
examine Otx and Cdx expression patterns during development of Lineus, we used a
closely related species, from which we can easily collect larvae: Lineus viridis.
L.sanguineus and L.viridis are close related species. Therefore, we made the
assumption that an Otx homologue from L.viridis, if present in its genome, would

probably have a homeobox sequence close to the one of L.sanguineus.
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Actually, we cloned, in a similar approach than the one used for cloning Ls-Otx, a
small Otx-like homeobox fragment from L.viridis. The sequencing of this Lv-Otx
fragment revealed an extremely high degree of identity, at the nucleotide level,
between Ls-Otx and Lv-Otx homeoboxes (Fig. 2.7). This suggests that these two
homeobox sequences are sufficiently conserved to allow cross-hybridization of a L.
sanguineus probe to the L.viridis transcript, under highly stringent conditions in in
situ hybridization (ISH) experiments. By analogy, we made the same assumption for
Ls-Cdx and Lv-Cdx homeobox sequences. Therefore, we examined Lv-Otx and Lv-
Cdx expression patterns in developing L.viridis worms by using Dig-labeled anti-
sense RNA probes comprising only the homeobox sequence of Ls-Otx and Ls-Cdx,
respectively.

3.2.2 Otx expression pattern during Lineus development

In situ hybridization on young, 12 days old L.viridis larvae (Fig. 2.9, A2)
revealed a strong Otx expression in the entire developing CNS. Both ventral cerebral
ganglia, connected by the ventral commissure, and dorsal cerebral ganglia, connected
by the dorsal commissure, are strongly stained. Moreover, Otx seems to be expressed
in the pair of developing lateral nerve cords, at the level of their emergence from the
ventral cerebral ganglia of the brain. The developing cerebral organs, which are sense
organs that contain neurosecretory cells, present also a high level of Otx expression.
These organs consist of a pair of invaginated epidermal canals, whose spherical inner
end is embedded in a mass of glandular and nervous material, fused with the dorsal
cerebral ganglia.

A weak Otx expression can also be observed in the developing gut.
Nemerteans are known to exhibit strong endogenous phosphatase activity in their gut.
This is often a challenging technical problem for scientists who want to perform ISH
on these worms. However, we should notice that there is probably no or not that much
endogenous phosphatase activity in this young developmental stage of L.viridis, as
larvae hybridized with sense probe do not show such staining.
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Fig. 2.9 Expression analysis of Ls-Otx in developing L.viridis worms

Whole-mount ISH were done using Ls-Otx sense (Al) and anti-sense (A2 and B) RNA
probes. Anterior is oriented to the left, dorsal view. Age of the larvae is according to the
number of days post cocoon discovery in our L.viridis laboratory stock.

co: cerebral organs; Inc: lateral nerve cords; fo: frontal organ; nf: nerve fibers; coc: cerebral
organs canals. Asterisk: expression in the developing gut. Scale bar: 300 um.

A: 10 days old larvae. B: 18 days old larvae.

Later in development (Fig. 2.9, B1), Otx is expressed in another developing
sense organ, the frontal organ, and in the nerve fibers, connecting this organ to the
cerebral ganglia. The expression of Otx in the brain and cerebral organs is weaker
than it was in earlier developmental stages. But the cerebral canal, joining the cerebral
organs to the external environment, still clearly expressed Otx. In addition, there is a
global diffuse staining of all the anterior part of the L.viridis larvae. Finally, in
contrast to the youngest developing stages, the lateral nerve cords and the gut do not
expressed Ls-Otx.

3.2.3 Cdx expression pattern during Lineus development

As revealed in figure 2.10, Ls-Cdx is strongly expressed at the posterior end of
the developing L.viridis larvae. Being rather internal, the staining seems to be at the
level of the endoderm, in the developing intestine. In contrast to Ls-Otx expression,
Ls-Cdx seems to conserve the same expression pattern during development, as it is
restricted to the extreme posterior end of the developing intestine.
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Fig. 2.10 Expression analysis of Ls-Cdx in developing L.viridis worms
Whole-mount ISH were done using Ls-Cdx anti-sense RNA probe.

Anterior is oriented to the left, dorsal view. Age of the larvae is according to the number of
days post cocoon discovery in our L.viridis laboratory stock.

Scale bar: 220 um for A and 340 um for B.

A: 15 days old larvae. B: 22 days old larvae.

3.3 Expression patterns of Ls-Otx and Ls-Cdx in adults and during

regeneration

To investigate Ls-Otx and Ls-Cdx expression in adult L.sanguineus and during
regeneration, we synthesized, for each gene, a sense RNA probe and an anti-sense
RNA probe, excluding the homeobox sequence. By doing so, we wanted to avoid
possible cross-hybridization of the probes with other homeobox sequences.

3.3.1 Ls-Otx expression in adults L.sanguineus

In adult L.sanguineus, Ls-Otx expression remains restricted to the anterior part
of the worm (Fig. 2.11). It is still expressed in the CNS of the adult, where it is
detected at the periphery of cerebral ganglia, on their external side. In contrast to
larvae, Ls-Otx is not detected in the lateral nerve cords in adult worms. Staining is
also associated with sense organs: Ls-Otx is expressed all along the cephalic slits and
specifically at the level of the pores of the cerebral organs. The cephalic slits are deep
lateral grooves, lined with a modified epithelium. Sensory ciliated cells, lying over a
zone of ganglia cells, are present in the cephalic slit modified epithelium. The
ganglion cell area and the overlaying cephalic slit epithelium, which are both assumed
to possess chemotactic functions, are expressing Ls-Otx.
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Fig. 2.11 Ls-Otx expression in an adult L.sanguineus head

Dorsal view, anterior is oriented to the top. Scale bar: 450 um. coo: cerebral organs openings
A: Ls-Otx sense RNA probe

B: Ls-Otx anti-sense RNA probe. Expression in the external part of the cerebral ganglia is
shown by arrowheads. Red arrows indicate expression at the level of the opening of the
cerebral organ canal to the external environment is shown. Note that we can distinguish the
opening of the canal (= the cerebral organ pore) as an unstained spot in the middle of a circle
of cells strongly expressing Ls-Otx. Black arrows highlight the regular expression all along
the cephalic slits running on both sides of the worm from the top of the head to the cerebral
organs openings.

Like in the developing L.viridis worms, Otx expression is observed in the
cerebral organs of adult L.sanguineus. The highest level of expression seems to be at
the level of the pores, where the cerebral organs can communicate with the external
environment and release viscous and refringent secretions. The precise function of
cerebral organs is not clearly understood: they have been associated with a plethora of
sensory functions such as audition, respiration, chemotaxis for the detection of food
and/ or the analysis of water and finally associated with some endocrine function
(Gibson, 1972).

3.3.2 Ls-Cdx expression in adults L.sanguineus

Even though we tried different in situ hybridization conditions (by changing
hybridization temperature, by increasing hybridization time and even by making new
RNA probes spanning different regions of the Ls-Cdx gene), we didn’t detect any

significant staining in adult L.sanguineus, which have been subjected to Ls-Cdx ISH.
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We just obtained sometimes weak staining in the intestine of adult worms. This
probably corresponds to background due to endogenous alkaline phosphatase activity.

3.3.3. Ls-Otx expression during regeneration of L.sanguineus antecerebral
end

The adult brain and the anterior sensory organs of L.sanguineus strongly
express Ls-Otx (Fig. 2.11). Therefore, we took advantages of the regeneration
capacities of L.sanguineus to test whether Ls-Otx participate in regeneration of the
brain and of the antecerebral sense organs. Using a razor blade, we made a cut at the
boundary between region 3 and region 4 of L.sanguineus (Fig. 2.12, A). Such
amputated worms were kept in good conditions (in the dark with several sea water
changes) to allow the regenerative process to take place. 12 days afterwards, when a
new brain is regenerating from the blastema, worms were fixed and subjected to
whole mount in situ hybridization.

Fig. 2.12 Ls-Otx expression during anterior regeneration of L.sanguineus brain
Dorsal view, anterior is oriented to the top. Scale bar: 650 wm. cs: cephalic slit.

A: antecerebral head of an adult L.sanguineus. Notice the presence of numerous eyes (arrow
head). The cephalic slits are visible on the left side on the head (black arrow). Red arrows
point at the openings of the cerebral organ canal to the external environment.

The dashed lines indicate the amputation plane.

B1 and B2: ISH has been performed with, Ls-Otx sense (B1) and Ls-Otx anti-sense (B2) RNA
probes on regenerating worms, fixed 12 days after the amputation. Dashed lines indicate the
level of the amputation; tissues in front of the lines are newly regenerated ones.
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Ls-Otx is specifically expressed in the entire regenerating brain: in both dorsal
and ventral ganglia and their commissures (Fig. 2.12, B2). Diffuse staining is also
observed in the cephalic nerves originating from the anterior surfaces of the dorsal
ganglia. Regenerated cerebral organs continue to express Ls-Otx. Interestingly, these
sense organs are the first to regenerate after cephalic amputation. Ls-Otx expression
starts as soon as they start to be regenerated from the blastema.

The antecerebral end of the worm, also called body region 1, contains the
cephalic glands and the eyes (Fig. 1.6). Interestingly, this is the only worm module
that completely lacks CNS nerve cell bodies. If the antecerebral end of the worm is
surgically removed, the remaining fragment is capable of regeneration and of
restoring the normal body pattern. In fact, L.sanguineus has the great ability to give
rise to an entire new worm from almost any piece of its body. However, an isolated
body region 1 cannot undergo regeneration as it lacks CNS nerve cell bodies and
therefore, degenerates (see Fig.2.25). Because of the presumed important role of CNS
during Lineus regeneration (Coe, 1932), we decided to look for Ls-Otx expression
during regeneration of only region 1. To do so, we amputated the worm just in front
of the cerebral ganglia. In this situation, regeneration occurs rapidly, within few days.
We didn’t detect any Ls-Otx expression in the blastema of such regenerating worms
(not shown). The Ls-Otx expression in the brain and the cerebral organs was

detectable, as expected from ISH results performed in non-regenerating adults.

3.3.4 Ls-Cdx expression during posterior regeneration of the L.sanguineus

gut

As Ls-Cdx is expressed in the developing intestine (Fig. 2.10), we decided to
test whether it is also expressed during intestinal regeneration. Actually, Ls-Cdx
seems to be expressed during the regeneration of the entire gut: it is upregulated
during posterior regeneration of the gut from either the esophagus region (Fig. 2.13,
A) or the intestinal region (Fig. 2.13, B). It exhibits a precise endodermal expression
pattern at the level of the most posterior part of the regenerating gut.
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Interestingly, we can observe that Ls-Cdx is only expressed at one extremity of
the isolated intestinal fragment that undergoes both, anterior and posterior

regeneration (Fig. 2.13, B).

Fig. 2.13 Ls-Cdx expression during posterior regeneration of L.sanguineus gut
ISH were done using Ls-Cdx anti-sense RNA proble. Anterior is oriented to the top from
sample A. Samples were fixed with paraformaldehyde 7 days after amputation or section.
Scale bar: 450 um in A and 300 um in B.

A: adult worm, amputated from body regions 7 to 10, undergoing posterior regeneration.

B: intestinal fragment (region 8) isolated from an adult worm.

NB: worm from A was decapitated immediately before paraformaldehyde fixation. Therefore,
the head region is missing on the picture.

3.3 Real time PCR approach:

3.3.1 General considerations of the real time PCR procedure

Real-time PCR has been developed because of the need to quantify differences
in MRNA expression levels. Our assay is based on the detection and quantification of
the fluorescence emitted during the reaction as an indicator of amplicon production at
each PCR cycle (“in real time”). We used SYBR green, a dye that fluoresces very
brightly when bound to double strand DNA. This technique measures total DNA
synthesis; therefore we need to make sure that we are measuring a signal due to our
real amplification target and not due to an artefact, like for example a primer-dimer.
Extensive optimisation of the real-time PCR conditions is therefore required.

At the end of each run, the real-time PCR instrument determines the melting
point of the PCR product. This is an important mean of quality control, as we can

verify that all samples have a similar melting point. This allowed us to make sure that
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real-time PCR artefacts, such as primer-dimer formation, primer mispriming and
genomic DNA contamination, are absent from our experiments. Furthermore, by
running a classic agarose gel, it can be verified whether the real-time PCR product has
the expected size. All these quality control point permits us to obtain reliable results.
In order to normalize the fold change in the expression of our target gene relative to
“reference gene”, we need an internal standard. We therefore cloned a fragment of Ls-
EFla (Elongation Factor 1 alpha) to be used as a reference gene. We made the
assumption that EFla expression level doesn’t change significantly when
L.sanguineus are undergoing regeneration. So, EF1la signals were used to normalize
our target genes values: fold change values in target gene (e.g Ls-Otx or Ls-Cdx) were
divided by Ls-EF1«a fold change values.

In all our real-time PCR assays, we first extracted poly-A mRNA from
selected tissues with the Dynabeads kit from DYNAL. Based on poly (dT) magnetic
beads, this kit allowed us to isolate poly-A mRNA of good quality from various
tissues. The L.sanguineus poly-A mRNA samples were then immediately reverse
transcribed by the Superscript 11 kit from Invitrogen using random hexamers. The use
of oligo (dT) for reverse transcription may lead to incomplete 5’end cDNA synthesis
of some long RNAs and/ or RNAs exhibiting strong secondary structures. As this
would lead to an under-representation of some mRNASs in our samples, and
consequently bias the interpretation of our expression data, we exclusively used

random hexamers for the reverse transcription step.

The primers used in our assays were designed with a specific program

available from the website www.qgenscript.com/ssl-bin/app/primer. Primers were

designed in a way to produce amplicon excluding the homeobox in order to reduce
possible mispriming. In accordance with the recommendations of the real-time PCR
kit supplier, the size of every amplicon has to be between 100 and 150 bp.
Subsequently, the primers were tested in a control run without cDNA to make sure
that primers did not dimerize. Several combinations were tested on a mixture of
cDNA obtained from mRNA extracted from diverse body region origin. We selected
the pair of primers performing the best results in our control experiment. Especially,
we controlled the absence of primer dimerization, the reproducibility of the run and
the numbers of runs needed to reach the threshold of detection of the real-time PCR

-91-



product by the machine. An optimization of the reverse transcription step was also
required. We made sure we were always starting the experiment with the same range
of mRNA concentration and that we were using the same incubation time.
Furthermore, for each experiment, at least two independent mRNA extractions and
subsequent reverse transcriptions were performed. In addition, three technical
replicates of real-time PCR experiments were carried out. This procedure allows us to
get statistically significant values and to calculate their standard deviation values.

3.3.2 Analysis Ls-Otx and Ls-Cdx expression levels by real-time PCR in
adult L.sanguineus

As a further control of our real-time PCR experimental procedures (MRNA
quality, cDNA synthesis efficiency, primers couples, cycle numbers...), we decided
to look for Ls-Otx and Ls-Cdx expression levels in various adult body parts. We
prepared cDNA from mRNA extracted from three different body regions: the whole
cerebral region (region 1 to 3), the gut (from region 4 to 8) and the most posterior
body intestine part, plus the anus (from region 8 to 10). By comparing the data
obtained by real-time PCR with the previous ones from ISH, we should be able to
validate our real-time PCR experimental procedures or to disprove them.

The analysis of Ls-Otx expression levels by real-time PCR (Fig. 2.14) nicely
corroborates our ISH data (Fig. 2.11) and shows that Ls-Otx is expressed in the head
part of the worm. We could detect expression of Ls-Cdx in the adult gut (Fig. 2.14),
while no staining was detectable by ISH. However, differences between ISH data and
real-time PCR data for Ls-Cdx can be explained in two possible ways: either the weak
signal observed by ISH in the intestine of some adults is interpreted as background
and therefore, the expression level of Ls-Cdx in adults is too low for detection by ISH
methods. Or, in contrast to our initial interpretation of the Ls-Cdx ISH data, we can
assume that the weak ISH signal observed in adults actually reflects some weak Ls-
Cdx expression.
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Ls-Otx

Ls-Cdx

Head Gut Caudal end

Fig. 2.14 Ls-Otx and Ls-Cdx expression levels measured by real-time PCR of
different L.sanguineus body parts

The graphs display relative values normalized to elongation factor (EF1c) expression level.
cDNA was synthesized from different mMRNA preparations. cDNA synthesized from mRNA
extracted from the whole cerebral (region 1 to region 3) are referred as “head”. The ones from
the gut, including esophagus and intestine (region 4 to middle of region 8), are referred as
“gut”. The ones from the most posterior intestine part and anus regions referred as “caudal
end”.

3.4 Analysis of Ls-Otx and Ls-Cdx expression during both, anterior and

posterior regeneration of an isolated fragment 8

We have shown that Ls-Otx and Ls-Cdx are activated during brain
regeneration (Fig. 2.12) and gut regeneration (Fig. 2.13), respectively. Interestingly,
the expression pattern of Ls-Cdx is asymmetric during intestinal regeneration: we
showed that Ls-Cdx is only expressed at one extremity of an isolated fragment 8 that
undergoes both, anterior and posterior regeneration (Fig. 2.13, B). These isolated
fragments, from a single adult worm, undergo regeneration at both, their anterior and
posterior ends. This leads to the production of clonal somatic embryos. We decided to
analyze more precisely the expression of Ls-Otx and Ls-Cdx during the regenerative
processes occurring at both extremities of these isolated fragments 8, by ISH and by
real-time PCR approaches.
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3.4.1 ISH approach:

Reasonably large adult L.sanguineus were chosen for the experiment. They
were starved for two weeks before starting the experiment to avoid background
problem due to digestive enzyme activity. Multiple transections within the long
intestinal-genital module (region 8) of a single worm were performed; isolated
fragments were subsequently kept in the dark at 18°C. They were then fixed
sequentially after 3, 4, 6, 8, 10, 15 and 22 days. Several replicates were prepared for
each time point. In agreement with the experimental procedures described above, all
regenerating fragments, presented in figure 2.15, originate from the same worm.
Hence, the “pre-regenerating conditions” of every specimen, such as the age of the

organism and its physiological status, are identical.

Both, Ls-Otx and Ls-Cdx are activated in regenerating intestinal-genital
fragments (Fig. 2.15). Ls-Cdx exhibits a clearly asymmetric activation. It is expressed
at only one extremity throughout the entire process of regeneration. In contrast, Ls-
Otx is activated on both regenerating sides in the earliest stages (Fig. 2.15, Al to A3).
Later, its expression becomes restricted to only one extremity (Fig. 2.15, A4 to A7).

Ls-Otx is expressed at both extremities of the regenerating intestine fragment
for approximately the first week post transection. Initially, during the first four days,
its expression level seems to be identical on both sides. However, mRNA transcript
abundance is progressively declining on one side (Fig. 2.15, A3): Ls-Otx expression is
finally restricted to one extremity, only (Fig. 2.15, A4 to A7). This extremity
corresponds to the future anterior end of the somatic embryo, judging from the
blastema morphology. From the blastema shape of this stage, we are indeed able to
distinguish the anterior from the posterior end of the “somatic embryo”: the anterior
part forms a prominent “bud”, from which cerebral organs will soon start to
differentiate, whereas the regenerative process is delayed at the opposite posterior
extremity and only an epithelial invagination can be observed. After two weeks (Fig.
2.15, A6), we observe Ls-Otx expression in the regenerating cerebral organs and their
canals. It is also strongly expressed in the regenerating cerebral ganglia.
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After three weeks (Fig. 2.15, A7), a small entire worm has regenerated. Ls-Otx is still
expressed in the head of this worm. A more detailed observation of its expression
pattern is in good correlation with the expression data already described for an adult
(Fig. 2.11).

Ls-Cdx is always expressed only at one side of the somatic embryo. In the
early stages (Fig. 2.15, B1 to B4), we observe a diffuse staining, at the level of
epithelial invaginations. This expression domain is less broad ten days after the
transection (Fig. 2.15, B5). After two weeks, the Ls-Cdx expression level is weaker
and even more restricted to the extreme posterior tip of the developing embryo (Fig.
2.15, B6). Consistent with the ISH data obtained for adults, Ls-Cdx is not detectable
anymore in the fully regenerated worm (Fig. 2.15, B7).

From day fifteen post-transection (Fig. 2.15, A6 and B6), the A-P axis is
clearly distinguishable, based on blastema morphology. From earlier time-points, the
anterior regenerating extremity and the posterior one are difficult to distinguish.
Nevertheless, we assume that the Ls-Otx expression we detect during this period was
present at the anterior extremity, while Ls-Cdx was expressed at the posterior one. To
make sure that these two genes are expressed at opposite sides, we performed a
double ISH to detect both mRNA in the same sample (Fig. 2.16). We found that the
Ls-Otx and Ls-Cdx expression domains are indeed non-overlapping in 8 days post-
transection (dpt) regenerating intestinal fragments (corresponding to A4 and B4
stages described in Fig. 2.15): Ls-Cdx is activated at the opposite side of Ls-Otx.
Although we can’t discriminate both extremities based on anatomical characteristics
at these stages, Ls-Otx and Ls-Cdx are very likely expressed at the future anterior and
the future posterior end, respectively.
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Fig. 2.15 Ls-Otx and Ls-Cdx expression in isolated body fragment 8 undergoing
both anterior and posterior regeneration

When an A-P polarity is distinguishable, based on the morphology of the blastemata (from
A/B4 to A/B7), samples have been oriented with anterior to the left. Ventral view for all,
except for A7 and B7, from which their left side are observed.

Al to A7: ISH were done using a Ls-Otx anti-sense RNA probe. B1 to B7: ISH were done
using a Ls-Cdx anti-sense RNA probe.

Al, B1: 3 dpt (day post transection) / A2, B2: 4 dpt / A3, B3: 6 dpt / A4, B4: 8 dpt / A5, B5:
10 dpt / A6, B6: 15 dpt/ A7, B7: 22 dpt.

Arrow in B6 points at the weak Ls-Cdx expression localizing to the posterior tip of the
specimen. Scale bar: for Al to A6 and B1 to B6: 300 um / for A7 and B7: 500 um
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Fig. 2.16 Double ISH with Ls-Otx and Ls-Cdx anti-sense RNA probes on a
regenerating isolated intestinal fragment, 8 days post-transection

A FITC-labeled anti-sense RNA probe was used for Ls-Otx detection, a Digoxygenin-labeled
anti-sense RNA probe for Ls-Cdx detection. Scale bar: 250 um.

A: first color detection of Ls-Otx expression with Magenta phosphate substrate. Its reaction
with the AP coupled to the anti-FITC Ab gives a purple precipcitate

B: second color detection on the same sample than in A of Ls-Cdx expression with NBT/
BCIP substrate. Its reaction with the AP coupled to the anti-Dig Ab gives a blue precipitate.
The arrow points at Ls-Cdx expression, at the opposite extremity of Ls-Otx expression.

The purple staining for Ls-Otx expression in A seems to get a bit blue in B. This is due to a
technical artefact and not to an expression of Ls-Cdx at both extremities. We know from
previous ISH data that Ls-Cdx is only expressed at one side, the posterior end, at this stage of
regeneration.

While undergoing regeneration, L.sanguineus tissues produce more mucus
than normally. The presence of such mucus is a major technical problem in ISH
experiment. We first tried to remove as much mucus as possible with forceps. Then,
we applied a cystein chloride treatment, after a quick pre-fixation of tissue with
paraformaldehyde. This procedure was not always sufficient to ensure complete
removal of mucus causing background problems, especially in the earliest stages of

regeneration.

We could not obtain decent ISH data for regenerating intestine fragments,
prior to 72 hours post-transection. Therefore, in order to investigate whether Ls-Otx
and Ls-Cdx are expressed at these earliest regenerating stages, we decided to use a
real-time PCR approach.
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3.4.2 Real-time PCR approach

In order to investigate the expression of Ls-Otx and Ls-Cdx in early
regenerating intestinal fragment, prior to 72 hours post-transection, we used a real-
time PCR approach. Isolated intestinal fragments, undergoing regeneration, were
quickly frozen in liquid nitrogen at different time-points: 0, 1, 2, 3, 5, 6, 8, 9, 10, 11,
12, 13 and 14 days post-transection. They were further kept at -70°C. In order to
control the possible variations of quality in the procedure, mMRNA extraction and
subsequent reverse transcription were done at the same time for all samples of one

experiment run.

Ls-Otx

/] 1 2 3 5 6 8 9 10 1 12 13 14
Ls-Cdx

1] 1 2 3 5 6 8 9 10 1 12 13 14

day(s) post transection

Fig. 2.17 Expression levels of Ls-Otx and Ls-Cdx during both anterior and
posterior regeneration of isolated intestinal fragment deduced by real-time PCR
Ls-Otx and Ls-Cdx expression levels are determined by real-time PCR. They are normalized
relative to the level of expression of EFla. As a control, the expression levels of Ls-Otx and
Ls-Cdx have been determined in an isolated intestinal fragment, immediately after
transection. This control is referred as the sample “0 day post amputation”.
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The results obtained by ISH (Fig. 2.15) have been confirmed by the real-time
PCR analysis: Ls-Otx and Ls-Cdx are both up-regulated during bi-directional
regeneration of intestinal fragment (Fig. 2.17). However, their activations present
different kinetic profiles. Both are activated within the first 24 hours. However, Ls-
Cdx already reaches its maximum values within the first days, whereas Ls-Otx
expression levels become highest after ten days of regeneration (Fig. 2.17).

Ls-Otx activation seems to occur in two phases (Fig. 2.17). A rapid up-
regulation of Ls-Otx occurs during the first three days post transection, followed by a
weak decrease of its expression level. Then, one-week post transection, Ls-Otx is
constantly up-regulated, reaching a plateau. This expression level probably
corresponds to its normal expression level in a fully-grown head. From our ISH
results, we can postulate that Ls-Otx is expressed during two different phases of
regeneration: in earliest regenerative stages, it is expressed at both extremities. Later,
Ls-Otx expression becomes restricted to the extremity, which undergoes anterior

regeneration only.

Ls-Cdx is strongly up-regulated in the days following the transection. In
comparison to their respective normal levels of expression in a non-regenerating
intestine, Ls-Cdx is much stronger up-regulated than Ls-Otx during the first week post
transection (Fig. 2.17, samples 1 to 8). The maximal level of Ls-Cdx expression is
reached within the first two days post transection, while the maximal level of Ls-Otx
expression is reached only ten days later. Ls-Cdx stays strongly activated for
approximately one week and then, starts to be down-regulated. This down-regulation
of Ls-Cdx, after one week, corroborates our results obtained from ISH experiments:
one week after the transection, in comparison with earlier regenerating stages, we
detected a weaker Ls-Cdx expression, which is restricted to the posterior tip of the
regenerating fragment (see Fig. 2.15, B6).
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3.5 Analysis of Ls-Otx and Ls-Cdx expression during anterior and
posterior regeneration of worms missing body regions 1 to 5 and worms missing

body regions 5 to 10, respectively.

We have assumed that, during the regeneration experiment involving isolated
intestinal fragment (paragraph), both, anterior and posterior regeneration were
occurring to give rise to an entire new worm. Anterior regeneration has certainly to
occur in order to achieve the replacement of all anterior missing regions (from region
1 to region 7). However, adults L.sanguineus are often lacking an anus. Therefore,
whether the posterior end is fully regenerating is less certain. Thus, the process, which
takes place at the posterior end, could be more related to a wound healing process

rather than a posterior regeneration process.

Hence, to investigate Ls-Cdx expression during posterior regeneration, we
decided to perform the same analysis by ISH and real-time PCR on regenerating body
parts, from other origins. Using a razor blade, adults L.sanguineus were cut into two
parts: as the cut was performed behind the mouth, we obtained worm pieces
composed of region 1 to 5: “upper parts” and worm pieces composed of region 6 to
10: “bottom parts” (Fig. 2.18). Theoretically, we know that the bottom parts will
regrow a head and the upper ones, a tail. Hence, on one hand, the “bottom parts”
allow us to analyze once more anterior regeneration process. On the other hand, as
L.sanguineus need to regenerate their gut in order to survive, we have the opportunity
to analyze a true posterior regeneration from the “upper parts”.
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Fig. 2.18 Adult L.sanguineus amputation scheme

A red line is present at the level of the amputation plane. This amputation results in the
isolation of two fragments of the worm: an “upper part” and a “bottom part”.

The “upper part”, composed of body regions 1 to 5, is lacking the body regions 6 to 10. The
“bottom part”, composed of body regions 6 to 10, is lacking the body regions 1 to 5. In order
to restore the normal L.sanguineus body pattern, the “upper part” and the “bottom part”
undergo posterior and anterior regeneration, respectively.

3.5.1 ISH approach

We wanted to investigate different stages of anterior and posterior
regeneration occurring in “bottom parts” and “upper parts”, respectively. Hence, we
performed razor blade amputations 16, 12, 6 and 4 days before the fixation of the
samples with paraformaldehyde. Technically, we used at least two worms per time-
point and we performed the paraformaldehyde fixation of all body fragments on the

same day.
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3.5.1.1 Ls-Otx and Ls-Cdx expression during anterior regeneration from
worms missing body regions 1 to 5: *“ bottom parts”

Whereas Ls-Cdx is not expressed during anterior regeneration (Fig. 2.19, C1
to C4), Ls-Otx expression is observed in all the regenerative fragments. By analyzing
bigger worm fragments in this experiment, we can describe more precisely the

expression pattern of Ls-Otx during anterior regeneration.

Following the amputation, an intense constriction of the ring-shaped muscular
tissues reduces quickly the size of the opened wound at the anterior extremity of the
worm. Rapid extension of the nearby epidermis seals the wound and covers the
injured tissues by forming a ciliary and secretory healing epithelium. The discoid
ciliated (without secretory cells) epithelial region, named DCER, is made up of a
cylindrical epithelium, exclusively composed of closely joined ciliated columnar cells
(Fig. 2.19, A and B). The adjacent external epithelium contains the three usual
epithelial components: columnar ciliary cells mixed with both granular mucous and
homogeneous serous cells (Fig. 2.19, C). The DCER differentiates and increases in
size from the central region of the initial wound epithelium. This involves, first,
disruption of the columnar arrangement of the epithelial cells and, secondarily,
apoptosis of all the secretory cells. Thus, an annular region located between the newly
DCER and the yet-unmodified peripheral secretory epithelium, contains all the
cellular types of the epidermis, mixed together (G. Rué and D. Brossard, personal
communication). Ls-Otx is specifically detected in this annular intermediate region.
At the level, of Ls-Otx expression, the mucous and serous glandular cells locate
deeper in the perturbed epithelial structure and become elongated. Their new,
stretched morphology correlates with their translocation towards the underlying
muscular and conjunctive tissues, where they enter apoptosis. Important processes,
such as epithelial disorganization, cell differentiation and apoptosis program entry
occur at the level of the annular region between the DCER and the adjacent external
epithelium (Fig. 2.20, A and B). As Otx, is strongly up-regulated at this level, it may
play a pivotal role in those processes. Furthermore, we can clearly distinguish two

patches of cells strongly expressing Ls-Otx at the amputation plane.
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Fig. 2.19 One-week-old L.sanguineus somatic embryo: details of the
histological structure of the healing regions (From G.Rué and D.Brossard).

A: Transversal section of the thin discoid ciliated epithelial region (DCER). It contains
no secretory cells. The DCER enlarges progressively from the cicatricial
glandular/ciliated epithelium (the dotted lines correspond to the peripheral limits of the
DCER). Disorganized tissues made with necrotic or apoptotic cells lie just below the
DCER (arrowheads). Scale bar: 10 um.

B: Detail of the DCER, which is characterized by the regular alignment of the nuclei of
the ciliated cells (white arrow). A homogeneous mucous deposit covers the epithelial
ciliated cells. Scale bar: 5 um.

C: Histological structure of the adjacent secretory epithelium made with mucous (Mu
C), serous (SC) and ciliated (CC) cells. Scale bar: 5 um.

- 103 -



A DCER

Fig. 2.20 Differentiation of the DCER during somatic embryonic
development (From G.Rué and D.Brossard).

A The DCER differentiates in a region where the usual organization of the epithelial
cells is totally disrupted. In contrast to the regular alignment of the mixed glandular and
ciliated cells present in the usual epidermic epithelium (Fig. 2.19, C), the secretory
serous and the mucous cells (arrows) that are located at the limits of the DCER (doted
lines) elongate towards the underlying tissues where a lot of them appear
apoptotic/necrotic. Scale bar: 5 um.

B. Enlargement of the region located at the limits of the DCER and the adjacent typical
epidermic epithelium. The characteristic alignment of the epithelial cells is disturbed
and secretory cells (arrows) appear elongated in the underlying tissues, in close
proximity with apoptotic/necrotic areas (arrowheads). Scale bar: 10 um.

Those patches correspond to the tip of the lateral nerve cords, which have been

sectioned by the amputation. The cells of the regenerative head bud locate between

the DCER and the proximal “cytolytic area”, which contains a lot of granules-rich

phagocytic cells and probably corresponds to loci, where histolytic products

accumulate. As mitoses are rarely observed in this region during that period, it has

been suggested that these regenerative cells originate from different, not-well

established, loci of the worm fragment. They probably immigrate from the

parenchyma or the proximal regions of the epidermis (see Gibson, 1972). Some

histological features, such as the large epithelial invaginations that develop close to
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the periphery of the anterior DCER, are characteristic of early regenerative stages.
These large invaginations appear deeply embedded in the inner epidermis and consist
of ciliary, secretory, basal and mitotic cells. Selected epithelial cells rapidly
translocate from the surface, through the large epithelial invaginations, to the inner,
actively reorganized, anterior blastema region. (G. Rué and D. Brossard, personal
communication). Interestingly, as shown in B2 from Fig. 2.21, Ls-Otx is expressed at
the level of these large invaginations. It is also detectable at the tip of the sectioned
lateral nerve cords (Fig. 2.21, B1 and B2). Moreover, we detect a broader Ls-Otx
expression at the level of the dense anterior regenerating sub-epithelial tissues (Fig.
2.21, B2 and B3). Due to collective transfers of different epithelial cells, mostly
through the large invaginations, these regenerating sub-epithelial tissues become
rapidly larger, before the cerebral organs and other organs differentiate in the cephalic
area. The most anterior module lacking (region 1) is the first to organize during
somatic embryogenesis, nevertheless the time to obtain complete differentiation of the
antecerebral module is longer than the time necessary to differentiate the cerebral
ganglion module (region 2) and the cerebral organ module (region 3). Differentiation
of cerebral ganglia, as numerous cellular bodies and cerebral organs as paired
voluminous cellular masses become very obvious. Ls-Otx is expressed in this
differentiation process (Fig. 2.21, B3 and B4) and therefore it might to be involved in
neurogenesis occurring during somatic embryogenesis and also in the differentiation

of sense organs.
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Fig. 2.21 Ls-Otx and Ls-Cdx expression during anterior regeneration from
L.sanguineus lacking body regions 1 to 5

ISH were done using a Ls-Otx anti-sense RNA probe in B and a Ls-Cdx anti-sense RNA
probe in C.

A: pictures taken before tissues fixation

Al, B1, C1: 4 dpa (day post amputation) / A2, B2, C2: 6 dpa/ A3, B3, C3: 12 dpa / A4, B4,
C4: 16 dpa

Anterior is oriented to the top. Scale bar: 1 mm

White arrows indicate Ls-Otx expression in lateral nerve cords at the amputation plane in B1
and epithelial invaginations in B2. Note that regeneration of ventral cerebral ganglia occurs in
continuity with the existing lateral nerve cords (white arrows in B3). A new mouth develops
rapidly (asterisk). Invaginations forming the cerebral organs canals are indicated by
arrowheads in B4.
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Due to the size of the samples used in this experiment, we were able to
describe more precisely the expression pattern of Ls-Otx during anterior regeneration,
than we did in the precedent experiment. The regeneration of anterior structures
occurs more rapidly in worms amputated behind the mouth than in isolated intestinal
fragments. However, the anterior regenerative processes that we described in this

paragraph also apply to the ones, which take place in an isolated intestinal fragment.

In contrast to Ls-Otx, Ls-Cdx is not expressed during the anterior regeneration
process, described here (Fig. 2.21, C1 to C4). This is in accordance with the fact that,
in an isolated intestinal fragment, it is only expressed at the end, which undergoes a
posterior regeneration (Fig. 2.15 and Fig. 2.16).

3.5.1.2 Ls-Otx and Ls-Cdx expression during posterior regeneration from

worms missing body regions 6 to 10: “upper parts”.

In order to investigate the expression of Ls-Otx and Ls-Cdx during posterior
regeneration, we searched for their expression in the “upper parts”, left from the razor
blade cut done behind the mouth of the animal. These “upper parts” are composed of
body regions 1 to 5. Although posterior regeneration begins later and is slower than
anterior regeneration, it depends on the same primary processes, such as rapid wound
healing, followed by the differentiation of a discoid ciliated epithelial region and
epithelial invaginations. The epithelial invaginations, which are located at the
posterior extremity of the regenerating worm, appear to be tighter than the ones,
which develop during an anterior regeneration (G.Rué and D.Brossard, personal
communication). In addition, posterior blastemata are smaller and thinner than

anterior ones.

The restoration of the appropriate proportion and pattern in L.sanguineus is
thought to involve remodeling of existing tissues. For example, when undergoing
posterior regeneration of body regions 6 to 10, L.sanguineus worms get thinner while
they elongate their A-P body axis (Fig. 2.22). Interestingly, upon prolonged periods of
starvation, these worms also shrink in body mass and can be reduced in length to only

few millimeters.

- 107 -



Fig. 2.22 Posterior regeneration from adult L.sanguineus lacking body regions 6
to 10 is epimorphic

Pictures were taken before fixation; worms were anesthetized with 8% magnesium chloride.
We look at worms from their dorsal side, with anterior orientated to the top.
A:4dpa/B:6dpa/C:12dpa/D: 16 dpa

A dashed line is present at the level of the amputation plane. Asterisks indicate the position of
the brain.

Scale bar: 650 um

Ls-Cdx is specifically expressed during posterior regeneration (Fig. 2.23, B1
to B4). Four days after the amputation, we can observe that Ls-Cdx is expressed at the
posterior end of the regenerating worm, probably in the gut (Fig. 2.23, B1). Later, at
six and twelve days post amputation (Fig. 2.23, B2 and B3), its expression becomes
restricted to the extreme posterior tip of the worm. This corresponds to expression in
the small developing posterior blastema. After the onset of posterior regeneration, Ls-
Cdx is de-novo expressed more broadly, in close vicinity with the discoid ciliated
epithelial region, in the posterior regenerating sub-epithelial tissues (Fig. 2.23, B3 and
B4).
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Fig. 2.23 Ls-Otx and Ls-Cdx expression during posterior regeneration from
L.sanguineus lacking body regions 6 to 10

ISH was done by using a Ls-Otx anti-sense RNA probe in A and a Ls-Cdx anti-sense RNA
probe in B.

Al, Bl: 4dpa/ A2, B2: 6 dpa/ A3, B3: 12 dpa/ A4, B4: 16 dpa

Anterior is oriented to the top. Animal observed from its left side in B2. Scale bar: 1 mm.
Asterisks indicate a similar Ls-Otx expression in brain and cerebral organs, as the one usually
observed in non-regenerating adult.

Note the presence of background at the level of esophageal modules, especially in Al to A4
samples.

Arrows indicate precise Ls-Cdx expression pattern at the extreme posterior regenerating tip in
B2 and B3.

Even though we tried several experimental conditions for the ISH protocol, we
didn’t obtain clear Ls-Otx expression data during posterior regeneration of the “upper
parts” (Fig. 2.23, Al to B4). We can observe a similar Ls-Otx expression in the
cerebral ganglia and the sense organs, as the one observed in non-regenerating adults
(Fig. 2.11). However, we cannot surely discriminate staining from background in the

regenerative posterior ends of those organisms.
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3.5.2 Real-time PCR approach:

We didn’t obtain clearly interpretable ISH data for Ls-Otx expression during
posterior regeneration of a worm missing body regions 6 to 10. In addition, due to an
abundant production of mucus in the earliest regenerating stages, it was not possible
to get reproducible Ls-Cdx expression pattern for these stages. Therefore, in order to
investigate the expression of Ls-Otx and Ls-Cdx in the earliest posterior regenerating
stages, we decided to use a real-time PCR approach.

We amputated the worms on different time-points in order to get samples,
undergoing regeneration for 13, 11, 9, 5, 3, 2 and 1 days, at the time we performed the
MRNA extraction and the subsequent reverse transcription of all “upper parts”. At
least, two worms were used per time point. The second body fragment, the “bottom
part”, which results from the amputation, was kept to maintain our laboratory
L.sanguineus stock.

Results from the real-time PCR experiment confirm the up-regulation of Ls-
Cdx during posterior regeneration of the body regions 6 to 10 of the worm fragment,
composed of body regions 1 to 5 (Fig. 2.24). It should be noted that no Ls-Cdx mRNA
is detected in the non-regenerating fragment, used a control (Fig. 2.24, sample “0”).
In comparison with its level of expression in the control sample, Ls-Cdx is already
activated within 24 hours and reaches its maximum values within the first week of

regeneration.

In comparison with its level of expression in a non-regenerating fragment
(Fig. 2.24, sample “0”), Ls-Otx is up-regulated within 24 hours. However, this up-
regulation seems to be of short duration: 2 days after the amputation, the Ls-Otx level
of expression is back to the level measured in the non-regenerating fragment, used a
control. This level of expression corresponds to the normal expression of Ls-Otx in
the adult brain and in the adult sense organs (see Fig. 2.14 for the level of Ls-Otx

expression in an adult L.sanguineus head, determined by real-time PCR).
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Fig. 2.24 real-time PCR expression of Ls-Otx and Ls-Cdx during posterior
regeneration of L.sanguineus amputated from body regions 6 to 10

Ls-Otx and Ls-Cdx levels of expression are evaluated by real-time PCR and presented relative
to the normalizing value of elongation factor. As a control the expression levels of Ls-Otx and
Ls-Cdx have been determined in an “upper part” (body fragment composed of regions 1 to 5),
fixed in paraformaldehyde immediately after the amputation. This control is referred as the
sample “0 day post amputation”.
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3.6 Investigation of Otx expression in L.lacteus, a close relative of
L.sanguineus, which exhibits different regeneration properties.

By ISH (Fig. 2.15, 2.16 and 2.19) and real-time PCR experiments (Fig 2.17
and 2.24), we have shown that Ls-Otx is specifically up-regulated in the earliest
regenerating stages of L.sanguineus worms, during both, anterior and posterior
regeneration. Components of the CNS, especially the nerve cords, are thought to play
important roles during regeneration of nemerteans (Coe, 1932). Interestingly, Ls-Otx
is predominantly expressed at the level of the CNS both, in adult (Fig. 2.11) and in
developing nemerteans (Fig. 2.9). In addition, in regeneration experiments, we have
detected Ls-Otx expression at the level of the amputated nerve cord (Fig. 2.19, B1).
Due to this distinct expression pattern, we have proposed that Otx could be generally

involved in the regeneration process of nemerteans.

To further test this hypothesis, we decided to investigate Otx expression
pattern in L.lacteus, a very close relative of L.sanguineus. In fact, L.sanguineus and
L.lacteus are more closely related to each other than L.sanguineus and L.viridis are.
Both nemerteans, L.sanguineus and L.lacteus, are almost identical in morphological
attributes and share similar environmental niches. However, these two species
respond very differently to amputation (Fig. 2.25). Almost any isolated body fragment
of L.sanguineus (except the body region 1) can undergo both, anterior and posterior
regeneration. In contrast, all body fragments of L.lacteus, which have been isolated
behind the brain, are incapable of anterior regeneration. In fact, multiple examples of
such intraphyletic variability of regeneration capacities have already been described
(Needham, 1952). This raises the question of why some animals can regenerate

missing body parts, while others, even close relatives, cannot.

We made the assumption that an Otx homologue from L.lacteus, if present in
its genome, would probably have a homeobox sequence close to the one of
L.sanguineus. We have indeed already shown that Otx homeobox sequences from
close Lineus relatives present an extremely high degree of identity (Fig. 2.7).
Therefore, we examined the LI-Otx expression pattern by using a Dig-labeled anti-

sense RNA probe of only the Ls-Otx homeobox sequence.
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Fig. 2.25 The different regeneration properties of L.sanguineus and L.lacteus
When isolated, the body region 1 of both, L.sanguineus and L.lacteus, degenerates.

Following amputation, all other body regions of L.sanguineus can undergo both, anterior and
posterior regeneration. Posterior body fragments of L.lacteus, which result from an
amputation above the brain, have also the capacity to undergo anterior and posterior
regeneration. In contrast, if the amputation has been performed behind the brain, the resulting
posterior body fragment of L.lacteus cannot undergo an anterior regeneration.

Similarly to the Ls-Otx expression in adult L.sanguineus, we detected
expression of Otx in the adult brain of L.lacteus (not shown). Finding a similar
expression pattern in L.lacteus than in L.sanguineus confirmed our assumption that

we could use a Ls-Otx probe to investigate LI-Otx expression.

In order to investigate LI-Otx expression in amputated L.lacteus, we cut the
body of several L.lacteus in the middle of region 4. In contrast to L.sanguineus,
L.lacteus worms present a relatively big body region 4, which corresponds to the post-
cerebral/ pre-esophageal region. Two body fragments result from such experiment: an
“upper part”, composed of body regions 1 to 4, which undergoes posterior
regeneration and a “bottom part”, composed of body regions 4 to 10, which cannot
undergo anterior regeneration. We wanted to know whether Otx is expressed in this
“bottom part”, which is incapable of anterior regeneration. LI-Otx is actually
expressed at the amputation plane in such worm amputated from their body regions 1
to 4 (Fig. 2.26).
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Fig. 2.26 LI-Otx detection in amputated L.lacteus

ISH were done using Ls-Otx sense RNA probe in A and Ls-Otx anti-sense RNA probe in B on
L.lacteus worms from which their body regions 1 to 4 have been amputated, five days before
the fixation step with paraformaldehyde. Ventral view (notice the presence of the mouth),
anterior orientated to the top. Notice the presence of background staining around the mouth.
Scale bar: 1,5 mm

We decided to explore the LI-Otx expression in more detail at different time
points after the amputation (Fig. 2.27), and to subsequently compare it to the Ls-Otx
expression in similarly amputated L.sanguineus (Fig. 2.27, also see Fig. 2.19). In
contrast to L.lacteus, L.sanguineus worms, which are missing their body regions 1 to

4, undergo anterior regeneration in order to restore their body pattern.

Fig. 2.27 LI-Otx expression pattern at the plane of amputation

ISH were done using a Ls-Otx anti-sense RNA probe on L.lacteus worms, amputated from
which their body regions 1 to 5 have been amputated. They are viewed from their anterior
ends, which correspond to the plane of amputation.

Scale bar: 1 mm.

A:3dpa/B:6dpa/C:10dpa

Arrowheads in A indicate possible LI-Otx expression in the nerve cord, at the level of their
amputation plane.
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Three days after the amputation, we observe some weak expression of LI-Otx
at the plane of amputation. In addition, we can distinguish two patches of cells
showing a stronger LI-Otx expression (Fig. 2.27, A). These patches of cells might
correspond to the tip of the L.lacteus nerve cords, which have been sectioned by the
amputation. Similar patches of cells, strongly expressing Otx, are also observed in
corresponding L.sanguineus regenerating stages (Fig. 2.28, A and B). In these early
regenerating stages, Ls-Otx is also expressed in an annular intermediate region at the
amputation plane of L.sanguineus (Fig. 2.28, A and stronger in B) and later, at the
level of large epithelial invaginations (Fig. 2.28, C). However, in L.lacteus, with the
exception of the two patches of cells that might correspond to the tip of the sectioned
lateral nerve cords, LI-Otx expression pattern is rather diffuse, at the level of the
amputation plane and does not present any corresponding characteristic with the Ls-
Otx expression pattern, at similar L.sanguineus regenerating stages. Six days after the
amputation, some LI-Otx expression is still detectable at the plane of the amputation,
in a median region (Fig. 2.27, B) and appears to become weaker, ten days after the
amputation (Fig. 2.27, C).

|

Fig. 2.28 Otx expression pattern in L.sanguineus during anterior regeneration
ISH were done using a Ls-Otx anti-sense RNA probe. Anterior regeneration from
L.sanguineus missing body regions 1 to 5. Ventral view, anterior to the top. Scale bar: 1 mm.
A:3dpa/B:4dpa/C:6dpa/D:8dpa/E: 10 dpa.

White arrows indicate Ls-Otx expression in the nerve cords at the level of the amputation
plane in A, B and C. Note the large epithelial invaginations at the level of the amputation
planein C.
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4. DISCUSSION

4.1 Isolation and characterization of Ls-Otx and Ls-Cdx

4.1.1 The Ls-Otx gene

In order to isolate a L.sanguineus Otx homologue, we have conducted PCR
with degenerated primers corresponding to different parts of the homeobox. We
subsequently extended the obtained fragment by RACE PCR. This process led to the
identification of a full-length Ls-Otx gene. We sequenced many clones containing
putative Otx-like homeobox fragments, obtained by degenerated PCR. In every case,
the sequence was identical. However, we cannot exclude the possibility that the
L.sanguineus genome contains another Otx gene. Indeed, apparently independent Otx
gene duplications have occurred several times during evolution in several lineages: in
flatworms (Umesono et al., 1999), in beetles (Li et al., 1996), in lampreys (Ueki et
al., 1998) and in zebrafish (Mori et al., 1994). The predicted Ls-Otx protein sequence
is highly conserved. It contains a HD, which exhibits a lysine at the position 50
(K50), a characteristic that is shared with all members of the Otx family (Galliot et
al., 1999). This K50 distinguishes the Otx family from the Pax family (S50) and most
other prd-related homeodomains (Q50). This lysine is critical for the DNA-binding
specificity of the Otx members (Hanes and Brent, 1989), and confers specificity for
the sequence TAATCC/T. The deduced Ls-Otx protein also contains another highly
conserved motif, called WSP motif, in reference to the central three conserved aa:
tryptophane (W)- serine (S)- proline (P) (Muller et al., 1999). The WSP motif was
defined as a motif of seven residues: SIWSPAS from the human CRX (Freund et al.,
1997). Six of these residues are conserved in the WSP motif of Ls-Otx (Fig. 2.6).
Several Otx members also exhibit a hydrophobic C-terminal tail motif (Muller et al.,
1999), which has been duplicated in vertebrate sequences (Williams and Holland,
1998). This motif, which has been less conserved, is missing in Ls-Otx. When
comparing the presence of those motifs and their sequences among various Otx
members, a great heterogeneity appears: while humans and sea urchins Otx
homologues possess both, a WSP motif and a tail motif, the beetle Otd2 possesses
only the WSP motif and the leech Otx, only a degenerated tail motif. The Drosophila

Otd sequence appears very derived, when compared to other Otx members: it lacks
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both motifs and, in addition, is extensively longer (Muller et al., 1999). It is known
that, in addition to the HD, other functional motifs, present in homeodomain-
containing proteins, play important roles. This has been highlighted by the finding
that the hexapeptide motif displays a crucial role for formation of the HoxB1-Pbx1
heterodimer (Piper et al., 1999). Furthermore, the observed functional differences of
Otx1 and Otx2 in mice and in transgenic Drosophila have been proposed to rely on
other domains, than the HD (Acampora et al., 1995; Acampora et al., 1996;
Leuzinger et al., 1998). It is known that the Drosophila Otd can only partially rescue
the Otx1-deficient mouse phenotype (Acampora et al., 1998). This could be due to the
fact that, in contrast to the mouse Otx homologues, Otd is lacking both the WSP and
tail motifs. The WSP motif and tail motif are functionally not well characterized.
Further investigations will reveal whether their absence or presence might be at the
basis of functional modulations of the different Otx homologues among bilaterian

animals.

4.1.2 The Ls-Cdx gene

By using specific primers designed from the Cdx-type homeobox fragment
already identified in L.sanguineus genome, we have isolated the full-length sequence
of an Ls-Cdx gene. It contains a HD, which exhibits a Q50, as most prd-related
homeodomains do. Immediately upstream of the HD, a five amino acid stretch,
GKTRT, is present. Immediately downstream of it, there is a short stretch of KKK.
These residues flanking the HD are conserved in most of the Cdx-related proteins
(Gamer and Wright, 1993). In addition to the HD, Ls-Cdx contains a hexapeptide
motif (PYDWMR), which is very similar to the one found in other Cdx members
(Gamer and Wright, 1993). The vertebrate Cdx homologues possess two other
conserved domains, called A and B, which are located in the amino-terminal part of
the protein. Even though these domains are functionally not well characterized, it has
been proposed that the domain A encodes a cytoplasmic export signal (Trinh et al.,
1999) and, adjacent to the B domain, a potent transactivation domain has been
identified (Rings et al., 2001). However these domains have been reported only from
vertebrates Cdx sequences, so far. Accordingly, the domains A and B are lacking in
Ls-Cdx.
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4.2 The most anterior and posterior Lineus body regions are specificied
by Otx and Cdx homologues, respectively

Otx and Cdx, two homeobox-containing genes, have been suggested to play
important evolutionarily conserved roles in the early patterning of bilaterian embryos.
Based on comparative studies in vertebrate and ecdysozoan embryos, it has been
suggested that mutual interactions between Otx and Cdx homologues are part of a
conserved mechanism used to establish early the A-P axis of the embryo (Isaacs et al.,
1999; Lynch et al., 2006). Due to technical difficulties, the investigation of the
expression patterns of Otx and Cdx homologues in the early developing stages of
L.viridis was not easy. So far, the youngest developing stages from which we could
obtain reproducible expression patterns are the 10 days-old larvae. As an A-P axis is
already well-defined in these developing larval stages, we cannot hypothesize any
involvement of Otx and Cdx in the early A-P axis establishment in Lineus from our
gene expression data. Hence, it still remains unclear whether an interaction between
Otx and Cdx homologues are part of the early A-P patterning system of a
lophotrochozoan member.

But, in addition to their involvement in the early A-P axis establishment of
Bilateria, Otx and Cdx homologues are also known to be key players in the
specification of the most anterior and posterior body structures of bilaterian animals,
respectively. These latter Otx and Cdx functions seem to be conserved in Lineus:
while Otx is broadly expressed in almost all the developing head structures, including
the brain, of L.viridis larvae, the expression of Cdx is specifically restricted to the
most posterior part of the L.viridis larvae.

The fact that Otx is strongly expressed in the developing brain of a 10 days-
old L.viridis larva is in good agreement with its assumed conserved role in
neurogenesis and brain patterning among bilaterian animals. As it is also expressed in
the adult brain, Otx seems to be involved in the maintenance of the identity of some
brain territories in L.sanguineus. Finding such evolutionarily conserved Otx
expression domains in the nemertean brain is in agreement with the idea of a

monophyletic origin of the brain (Lichtneckert and Reichert, 2005). Furthermore, it
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has been proposed that the bilaterian CNS is largely divided into three regions, each
defined by specific gene expression domains (Reichert, 2005): while the anterior
brain region is expressing Otx, the Hox genes are collinearly expressed in more
posterior regions of the CNS. In addition, a domain of Pax-2/5/8 expression is located
between these two regions, the “non-Hox” one and the “Hox” one. As, in addition to
the already available LsHox gene sequences, we have identified a Ls-Otx homologue
and a LsPax-2/5/8 homologue (See chapter Ill) during this PhD work, we are
planning to test whether the tripartite brain organization is also conserved in a
lophotrochozoan animal, by analyzing the Ls-Otx, Ls-Pax2/5/8 and LsHox expression
domains along the CNS of L.sanguineus. From our analysis, there is evidence that the
Ls-Otx expression in the CNS is restricted to the anterior part of the brain. Although
further investigations are needed, this is already in good agreement with the tripartite
brain organization hypothesis.

The expression pattern of Otx is more restricted in the adult Lineus brain than
in the developing one: during development, Otx is broadly expressed in both ventral
and dorsal cerebral ganglia and their associated commissures whereas, in adult brains,
it remains expressed only at the anterior periphery of the cerebral organs, on their
external sides. Other genes are likely to specify the identity of other adult brain
territories. Another highly conserved homeobox-containing gene, Orthopedia (Otp),
is a good candidate to achieve this function in Lineus brain. This gene exemplifies in
its name the fact that it encodes a homeodomain that shares similarities with the one
encoded by both Otd and Antp. Despite differences in the expression patterns of Otp
homologues in the mouse and in the fly, expression along the CNS of both animals
has been observed: it is expressed in a metameric pattern along the brain and the
ventral nerve cord of Drosophila (Simeone et al., 1994) and, in mouse, it is expressed
in some regions of the diencephalon, hindbrain and spinal cord (Simeone et al., 1994).
The mouse Otp displays one of its most important roles in the development of the
hypothalamus (Acampora et al., 1999; Wang and Lufkin, 2000). The expression
patterns of lophotrochozoan Otp homologues suggest that Otp could also be involved
in the CNS development of Lophotrochozoa: Otp expression has been associated with
the development of the nervous system of the mollusk Patella vulgata (Nederbragt et
al., 2002) and with the specification of distinct regions of the adult brain of planaria
Dugesia tigrina (Umesono et al., 1999). In bilaterian animals, the expression of Otx
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homologues always correlates with the development of the anterior nervous system,
but, in fact, not with the development of the most anterior brain regions (Simeone et
al., 1992; Hirth et al., 1995; Bruce and Shankland, 1998; Wada and Saiga, 1999). A
comparable situation is observed in lophotrochozoan animals. Although the two
planarian Otx homologues are expressed in almost all the brain of Dugesia tigrina,
they are absent from the most anterior structures of the adult brain, the “so-called”
brain branches. These most anterior brain structures actually express an Otp
homologue (Umesono et al., 1999). Similarly, Otp is found expressed in the most
anterior nervous structures of the Patella vulgata larva, where Otx is not expressed.
Hence, it seems that in these two lophotrochozoan species, Otx and Otp are expressed
in complementary and non-overlapping regions of the anterior brain. From expression
data in the youngest L.viridis larvae and in adult L.sanguineus, the medial anterior
part of the cerebral ganglia seems to lack Otx expression. There must be another gene
responsible for the development and maintenance of the identity of this restricted
Lineus brain area. Based on lophotrochozoan Otp expression patterns, it would be
interesting to search for a L.sanguineus Otp homologue. We could test, by double ISH
experiment, whether this apparent mutual exclusion of the Otx and Otp expression is
also observed in the development and maintenance of the Lineus brain. In Lineus, Otx
seems to be involved in the specification of several anterior sensory and secretory
organs, such as the cephalic gland, the frontal organ and the cerebral organs, which
are assumed to display endocrine functions among others. Otx could be associated
with the innervation process of these organs as it is strongly expressed in the nerve
fibers that emerge from the brain to innervate the anterior sensory and secretory
organs. Interestingly, these nerve fibers emerge from the territories of the adult
L.sanguineus brain that retain some Otx expression. Similarly, Otx carries out
conserved roles in the development of several sensory organs, such as the vertebrate
inner ear, some sensory pigment cells in ascidians and also in secretory organs with
endocrine function, such as the vertebrate pineal gland (Morsli et al., 1999; Sanchez-
Calderon et al., 2002; Nishida et al., 2003; Wada et al., 2004). Thus, from our data,
the important function of Otx in the development and innervation of deuterostomian
and ecdysozoan sensory and secretory organs could be conserved in lophotrochozoan
animals. From planarians to flies and vertebrates, Otx homologues are known to
display an apparent evolutionary conserved role in the development of visual
structures (Vandendries et al., 1996; Umesono et al., 1999; Nishida et al., 2003). This
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role does not seem to be conserved in Lineus since we never observed any expression
pattern that could suggest an involvement of Otx in the development or in the
maintenance of the adult Lineus eyes. In fact, a correlation of a precise localization of
Otx expression with the location of the developing Lineus eyes is not observed,
neither during embryonic development nor during regeneration. However, as Otx is
broadly expressed in the anterior part of the L.viridis larvae, in the brain and in the
nerve fibers emerging from it, we can still hypothesize for an early role of Otx in the
“preparation” of the Lineus eye field. The Lineus eyes actually develop from a region
that was, or it still (as it is difficult to know exactly when the eyes are forming)
expressing Otx. This is a general feature of the bilaterian eyes, which develop in a
body region that has been preliminary defined by Otx. In agreement with this notion,
mice deficient in Otx2 lack eyes because of the absence of forebrain, from which the
eye field originate (Acampora et al., 1995). It is also interesting to notice that in the
fish, ectopic eye tissues can only be generated in the head region, which has been
defined by Otx expression (Chuang and Raymond, 2002). We proposed that Otx has
no direct role in Lineus eye specification, but rather a role in the specification of some
head territories from which eyes will develop latter, possibly through coordinated
function of several transcription factors, such as Pax-6, Six1/2 and Dac (See chapter
).

As it is always expressed in the most posterior part of the developing
bilaterian embryo, the Cdx gene has been proposed to be an ancestral master
organizer of the posterior part of the bilaterian embryos and of the patterning along
the A-P bilaterian body axis (Macdonald and Struhl, 1986; Gamer and Wright, 1993;
Marom et al., 1997; Katsuyama et al., 1999; Moreno and Morata, 1999; Le Gouar et
al., 2003). But its presumed ancestral function in the early establishment of the A-P
body axis has been challenged by data from Drosophila, where Cad acts only as a
pair-rule gene regulator. However very recently, it has been shown that, in Nasonia,
Cad plays a greater role in patterning the embryo than it does in Drosophila and that
its function extends more anteriorly. In addition, whereas Cad mostly regulates the
expression of pair-rule genes in Drosophila, in Nasonia, it activates the expression of
gap genes, which then activate the expression of pair-rule genes (Olesnicky et al.,
2006). This places Cad at the top of the segmentation network in Nasonia and
reinforces the idea that, in dipteran insects, like Drosophila, the role of Cad has been
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reduced during evolution. The fact that Cdx is specifically expressed at the posterior
end of the developing L.viridis larvae is in good agreement with the idea that Cdx
homologues display an evolutionarily conserved role in the patterning of the posterior
part of the bilaterian embryos. From its expression pattern in the developing L.viridis,
we have suggested a possible involvement of Cdx in specification and development of
the most caudal part of the Lineus gut. Our hypothesis is in line with the fact that Cdx
homologues are known to play crucial roles in the patterning of the gut among
bilaterian animals. For instance, in addition to its early role in the patterning of the
posterior segments, cad is necessary for the proper development and maintenance of
the hindgut primordium and proper specification of anal structures in Drosophila
(Lengyel and lwaki, 2002). Interestingly, Cdx2 +/- mice exhibit multiple polyps that
contain forestomach epithelium in their midgut. This suggests that a homeotic
transformation that involves the gut endoderm has occurred in such mutant mice and
has lead to the ectopic formation of anterior structures (= forestomach epithelium) at
most posterior places (= midgut) (Chawengsaksophak et al., 1997). In contrast,
transgenic mice, which ectopically express Cdx2 in their stomach, exhibit specific
intestinal cell-types in their stomach (Mutoh et al., 2002; Silberg et al., 2002).

The Cdx expression pattern in developing L.viridis could also argue for an
involvement in axial elongation of the body by posterior growth. This Cdx function is
thought to be highly conserved among bilaterian animals: in addition to defects in the
A-P patterning mediated through the Hox genes, Cdx mutant mice and morphant
zebrafish show a truncated tail (van den Akker et al., 2002; Chawengsaksophak et al.,
2004; Shimizu et al., 2005). Similarly, RNAi on Cdx in the short germ band
Tribolium, in the intermediate germ band Gryllus and in the crustacean Artemia have
resulted in severe phenotypes of posterior body truncation (Copf et al., 2004;
Shinmyo et al., 2005). This has lead to the idea that the A-P axis formation of the
Urbilateria relied on an eventual posterior growth zone expressing Cdx (de Rosa et
al., 2005). Hence, the posterior part of the L.viridis larvae that expresses Cdx may
correspond to a posterior growth zone. We have recently adapted a BrdU staining
protocol to Lineus: As BrdU is a modified nucleotide that is incorporated into DNA
during its replication, the detection of BrdU permits to reveal cells that are entering S-
phase. Hence, such BrdU incorporation experiment in L.viridis larvae could allows us
to visualize the part of the body where cell proliferation occurs. This would be
interesting, using double detection of BrdU incorporation and Cdx expression, to test
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whether the Cdx expressing posterior part of the L.viridis larvae also corresponds to a
region where cell proliferation takes place. If Cdx is truly playing a role in Lineus
axial elongation mediated by posterior growth, we expect to find some Cdx
expression in adult L.sanguineus as well, as these animals continuously grown
throughout their adult life. Unexpectedly, based on ISH results, Cdx is not expressed
in adult L.sanguineus. However, by real time PCR analysis, we have detected some
Cdx expression in the adult gut of L.sanguineus. This suggests that Cdx remains
expressed in the differentiated gut but at too low a level for being detected by an ISH
method. It has been suggested that mammalian Cdx homologues contribute to the cell
renewal mechanism and to the control of stem cell differentiation in mature
mammalian gut as they remained expressed in the differentiated gut (Beck, 2004).
Likewise, we can hypothesize that Cdx plays a role in the regulation of intestinal cell
proliferation, apoptosis, differentiation and dedifferentiation, by remaining expressed
at low level in the differentiated intestine of L.sanguineus. These important
mechanisms are probably tightly controlled in L.sanguineus, which has the ability to
shrink in body mass by selectively reducing the “non-essential” body parts for its

survival, such as the gut, under starvation conditions.

4.3 Ls-Cdx is specifically involved in the posterior regeneration

Ls-Cdx is strongly up-regulated within 24 hours in an isolated intestinal
fragment, but only at the posterior end of the regenerating fragment. Hence, Ls-Cdx
seems to play a role during the posterior regeneration of this isolated intestinal part: it
could be involved in wound healing of the injured intestine and/ or regeneration of the
missing most caudal part of it. In respect with this view, it is noteworthy that a strong
up-regulation of Cdx homologues is observed in the damaged mammalian intestinal
epithelium that undergoes regeneration (Subramanian et al., 1998). From experiments
that involve regeneration from isolated intestinal fragments, it is difficult to
hypothesize any more general involvement of Ls-Cdx in the posterior regeneration of
L.sanguineus: as we have indeed assumed a role of Ls-Cdx in specification of the
caudal part of the gut, it is likely that Ls-Cdx would have a similar role in its
regeneration. Hence, finding Ls-Cdx expressed at the posterior end of an isolated
intestinal fragment that undergoes regeneration is not instructive for a putative more

general involvement of Ls-Cdx in L.sanguineus posterior regeneration.
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More evidences are indeed coming from worms that have been amputated of all the
posterior structures that are located behind the cerebral organs: in such worms, Ls-
Cdx is expressed at the level of the posterior blastema, from which an esophageal
region will regenerate first. This means that Ls-Cdx is not only involved in the
regeneration and patterning of the intestine, but probably plays a more general role in
the posterior regeneration. As it is never expressed at the level of an anterior
blastema, we conclude that Ls-Cdx is not involved in the anterior regeneration. Hence,
the specific up-regulation of Ls-Cdx during posterior regeneration argues for its
involvement in the early patterning events that take place during regeneration.

4.4 Otx displays dual roles in L.sanguineus regeneration

By real-time PCR, we have shown that, in an isolated body fragment from
intestinal region, which is undergoing regeneration on both of its extremities, the
activation of Ls-Otx occurs in two phases: within the first three days, there is an up-
regulation of its expression, which is followed by a weak decrease in its expression.
And then, after the first week post fragment isolation, a constant Ls-Otx up-regulation
takes place, which is stronger than the first one observed during the first three days.
Interestingly, the ISH experiments have revealed that Ls-Otx is expressed at both,
anterior and posterior regenerating extremities during the first week of regeneration.
In contrast, during the following days, it remains specifically expressed only at the
level of the anterior blastema. We have proposed that the two Ls-Otx waves of
expression during the regeneration of an isolated intestinal fragment may correspond
to two different roles of Ls-Otx in L.sanguineus regeneration. Additionally, we have
shown that in a worm, which undergoes only posterior regeneration as a result of an
amputation behind its mouth, Ls-Otx is also quickly up-regulated. However, this Ls-
Otx expression, in contrast to the Ls-Cdx one, is transient and disappears within a few
days. This suggests that Ls-Otx is not only involved in anterior regeneration of

L.sanguineus but, also in the first steps of posterior regeneration.
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4.4.1 General involvement of Ls-Otx in the onset of regeneration

It is tempting to hypothesize that Ls-Otx plays first a role in the onset of
regeneration at both extremities, the anterior and the posterior one. Then, secondly, it
plays a role in the specification of anterior structures only. As we know the
importance of the CNS in nemertean regeneration (see General introduction), it is
noteworthy that the early Ls-Otx expression is observed at the tip of the sectioned
lateral nerve cords, at both ends. A general involvement of Ls-Otx for the regeneration
of the CNS itself is unlikely as its posterior expression at the level of the sectioned
nerve cords disappears within few days, even though posterior regeneration of the
CNS will take place. It has been suggested that, in response to body injury, the Lineus
CNS could either emit signals responsible for regeneration, or integrate such signals
or both. Based on its early expression at the level of sectioned nerve cords, Ls-Otx
seems to be a good candidate for being a member of such a signaling network
responsible for both anterior and posterior L.sanguineus regeneration. Similarly to our
observations, DtOtx is activated in both, anterior and posterior blastemata during
regeneration of the planarian Dugesia tigrina (Stornaiuolo et al., 1998). However
some differences exist between the expression of Ls-Otx and DtOtx during posterior
regeneration of amputated L.sanguineus and D.tigrina, respectively. While Ls-Otx is
expressed in the posterior blastema during the first days of regeneration, DtOtx
remains expressed throughout the process of posterior regeneration (Stornaiuolo et
al., 1998). In addition, DtOtx is expressed with a clear antero-posterior asymmetric
pattern during regeneration: more transcripts are detected in anterior blastemata than
in posterior ones (Stornaiuolo et al., 1998). In contrast, Ls-Otx seems to be expressed
at similar levels in both, anterior and posterior regenerating ends. The expression of
Otx during regeneration of another planarian, Dugesia japonica, has been studied:
astonishingly, Otx expression has been detected only during anterior regeneration, and
has not been found during posterior regeneration (Umesono et al., 1999). These Otx
expression differences in posterior regeneration of these two planarian species suggest
that their Otx homologues display different functions. Hence, Otx functions could
have diverged in the planarian lineage. However, this hypothesis needs further

analysis.
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Besides its expression at the tip of the sectioned lateral nerve cords, Ls-Otx is
also expressed at the level of the large invaginations, which are characteristic features
of early regenerative stages. It has been proposed that some selected epithelial cells
translocate from the surface, through these large epithelial invaginations to the inner,
actively reorganized, blastema region. Hence, in addition to a presumed role in the
onset of regeneration, this specific expression argues for a possible role of Ls-Otx in
cell mobility and cell rearrangement in early regenerative stages of L.sanguineus. A
role of Otx in cell movements has also been proposed in cnidaria and in vertebrates
(Boncinelli and Mallamaci, 1995; Bally-Cuif and Boncinelli, 1997; Smith et al., 1999;
Yanze et al., 1999). Hence, Otx homologues might have an evolutionarily conserved

function in cell movement and rearrangement.

4.4.2 Specific involvement of Ls-Otx in anterior regeneration

In addition to its probable role in the onset of regeneration, Ls-Otx is probably
involved later in the specification and patterning of anterior structures, including the
brain. Similarly, the expression of Otx homologues has been associated with the
development of anterior structures in regenerating annelids and planaria (Stornaiuolo
et al., 1998; Umesono et al., 1999; Bely and Wray, 2001). This second presumed Ls-
Otx function occurs of course only during anterior regeneration. This explains the
decrease and final absence of Ls-Otx expression in posterior blastema after several
days of regeneration, when the onset of regeneration has been achieved. It seems that
Ls-Otx expression is not required for the occurrence of growth, differentiation and
patterning events during posterior regeneration but seems to be involved for their
occurrence during anterior regeneration. Contrastingly, Ls-Cdx expression is not
required for the occurrence of such events during anterior regeneration, but is

probably involved in their occurrence during posterior regeneration.

4.5 Development and regeneration use similar molecular mechanisms but

not always identical ones.
The expression of Ls-Otx during anterior regeneration suggests an

involvement in the regeneration of the cerebral ganglia and cerebral organs. Based on

expression studies in L.viridis larvae, we propose a similar involvement of Otx in the
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development of these organs. This similar presumed role of Otx during development
and regeneration of Lineus correlates with the idea that molecular mechanisms
involved in the re-development of various tissues and organs during regeneration are
a recapitulation of those occurring in development. In agreement with this idea,
several studies have shown that some genes are expressed in the same way during
development and regeneration (Loosli et al., 1996; Stark et al., 1998; Cadinouche et
al., 1999). However, regeneration and development should not be considered as
similar processes as they differ in several respects: in fact, in contrast to development,
regeneration is initiated by numerous cells that can arise from differentiated tissues.
Furthermore, newly regenerated tissues and organs must be integrated to the already
existing ones, in respect with the pre-established body axes. Interestingly, some
dissimilarities have been reported between the timing and localization of the
expression of same genes during development or regeneration (Akimenko et al.,
1995; Gardiner et al., 1995; Bely and Wray, 2001). Similar differences in Lineus gene
expressions are sometimes observed between development and regeneration: for
example, despite its expression in developing frontal organs, Ls-Otx is not expressed
in regenerating ones. These data point at the important notion that development and
regeneration processes often use similar molecular mechanisms but not always

identical ones.

4.6 The different regeneration capacities of L.sanguineus and L.lacteus
are reflected in differences in the expression pattern of Otx after amputation

We have shown that an amputation in L.sanguineus leads to a specific
activation of Otx expression at the level of the amputation plane. From its expression
pattern, we have suggested that Otx could be part of a signaling network that would
be responsible for the occurrence of regeneration in L.sanguineus. According to this
model, Otx would not be activated at the level of the amputation plane of a body
fragment incapable of regeneration. To test this hypothesis, we have used a close
relative of L.sanguineus, L.lacteus, which presents different regeneration capacities
(See Fig. 2.23): a L.lacteus worm, which has been amputated from its body regions 1
to 5, is not capable of anterior regeneration. We found that, event though no
regeneration will occur, Otx is broadly expressed at the level of the amputation plane
of such a L.lacteus worm, during the first week post amputation. Although this worm
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is not able to undergo regeneration, we consider the possibility that Otx is activated
during L.lacteus wound healing, a process that requires cell movement and
rearrangement. From previous experiments, we have already suggested a role of Otx
in cell movement and rearrangement. Interestingly, three days after the amputation,
Otx is also expressed at the level of the sectioned lateral nerve of L.lacteus, like it is
expressed in a similarly amputated L.sanguineus. Hence, although L.lacteus, which
has been amputated from its body regions 1 to 5, cannot undergo anterior
regeneration, Otx is expressed at the tip of its sectioned nerve cords. As we have
proposed that Otx expression at the level of the L.sanguineus sectioned nerve cords
could be, at least in part, responsible for regeneration to occur, it is difficult to
interpret this specific expression pattern of Otx in these amputated L.lacteus that are

incapable of regeneration.

A grafting experiment between L.sanguineus and L.lacteus, as carried out by
J.Bierne and M.Tarpin, offers an attractive explanation (J.Bierne and M.Tarpin,
unpublished). They have first isolated an antecerebral L.sanguineus end, which is the
single L.sanguineus body region that, when isolated, cannot regenerate due the
absence of CNS cells. Then, they have grafted it onto a L.lacteus mid-body fragment,
which is incapable of undergoing anterior regeneration. Once the graft was healed,
they re-amputated the previously grafted L.sanguineus antecerebral end. They left
only a minimal amount of L.sanguineus tissue on the L.lacteus recipient. Amazingly,
under these experimental conditions, a complete worm is regenerated (Fig. 2.29). The
regenerated worm displays all the characteristics of a L.sanguineus worm, such as the
pigmentation, anatomical features and regeneration ability. Hence, the few adult cells
from the antecerebral end of L.sanguineus are capable of regeneration, under specific
experimental conditions. J.Bierne and M.Tarpin proposed that, in this grafting
experiment, the sectioned L.lacteus nerve cords have induced the activation of the few
adult L.sanguineus cells into L.sanguineus “stem cells” (personal communication). In
addition, they have suggested that the L.lacteus recipient has provided, via “nurse
cells”, the energy necessary for all the mechanisms, such as the conversion of adult
L.sanguineus cells into “stem cells”, the blastema formation, cell proliferation,
apoptosis and differentiation, which have to occur in order complete regeneration

takes place.

-128 -



L.sanguineus L.lacteus

Fig. 2.29 Scheme of the grafting experiment that leads to regeneration of a
complete worm form very few adult L.sanguineus cells originating from the
antecerebral end

1: the antecerebral end of L.sanguineus, which is incapable of regeneration, is grafted on a
L.lacteus mid-body fragment, which cannot regenerate a head.

2: the L.sanguineus antecerebral end is re-amputated. Only a minimal amount of
L.sanguineus cells are left on the L.lacteus recipient.

3: several crucial mechanisms, such as wound healing, activation of cells from the dermis and
epidermis into stem cells, neurogenesis and organogenesis of the various body components,
take place...

4. ... in order to achieve the regeneration of a complete worm.

Furthermore, in the reverse experiment (= the graft of a L.lacteus antecerebral
end onto L.sanguineus mid-body fragment, and its subsequent removal), it has been
shown that adult L.lacteus cells are not converted into L.lacteus stem cells by
interaction with the sectioned L.sanguineus nerve cords. To summarize, these grafting
experiments suggest that the sectioned L.lacteus nerve cords have the ability to induce
the de-differentiation of adult L.sanguineus cells into stem cells.

In the light of these grafting experiments, we propose that, following their
sectioning, the nerve cords of both, L.sanguineus and L.lacteus, initiate a signaling
network that leads to regeneration. The fact that Otx is expressed at the tips of the
sectioned L.lacteus nerve cords reinforces our idea that it is part of this signaling
network. According to our model, the differences of the regeneration capacities
between L.sanguineus and L.lacteus rely on the differences in the capacity of their
differentiated cells to de-differentiate in response to such signals rather than in the
capacity of their sectioned nerve cords to emit the signals. Interestingly, we have
noticed that, during L.sanguineus regeneration, Otx is firstly expressed at the tips of

the sectioned nerve cords and later, expressed in cells located in an annular region,
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around the nerve cords. These cells translocate from the surface to the inside, actively
reorganizing part of the blastema. It is tempting to hypothesize that these adult
L.sanguineus cells that are/ or will be converted into stem cells express Otx in
response to the signals emitted by the sectioned nerve cords. Remarkably, we never
observed this secondary Otx expression in L.lacteus, which cannot regenerate
anteriorly. This is in good agreement with the idea that adult L.lacteus cells cannot

integrate the signals coming from their sectioned nerve cords.
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1. Introduction

1.1 The perception of light

The earth is continuously supplied with electromagnetic radiations from the
sun. These radiations represent the primary energy source at the basis of life in most
ecosystems, with the exception of few deepwater communities. The light energy is
carried in small units, called photons, which have properties of both, waves and
particles. Depending on its wavelength, each photon has some energy content: the
smaller the wavelength of the photon is, the more energy it carries. Light has probably
been one of the most important selective forces during evolution (Fernald, 2000). The
capacity to detect light provides valuable information about the illumination or the
presence of approaching predator for example. In addition, the information received
by an organism about the day/ night cycle allows the creation of a circadian rhythm.
Light has influences on organism’s photosynthesis, movement and behavior. In
comparison to the broad spectrum of energy produced by sunlight, the photoreceptors
have evolved a quite narrow range of wavelength detection. This actually reflects the
fact that life has originated in an aquatic environment, which strongly filters the light
(Fernald, 1988). As the light is strongly filtered in an aquatic environment, the
essential selective pressure on early organisms was for light perception within a
limited range of wavelengths. During evolution, many animals have moved onto the
land and, consequently, have been exposed to a broader spectrum of radiations from
the sun. Some organisms, such as insects, some fish and birds have evolved additional
receptors for UV light detection (Kevan et al., 2001). However, most of the terrestrial
animal eyes remain limited to the detection of the same narrow range of wavelengths
than the one detected by early aquatic organisms. The visible light is characterized by
medium energy photons, which are absorbed by carotenoid pigments in plants and
animals. The visual information can be directly transferred to an effector organ or
processed by a brain. For example, in the unicellular algae Euglena, the visual
information acquired by a photosensitive area, called the stigma, is directly
transferred to the locomotory flagella. Euglena swims in a helix path so that the
stigma-photoreceptor sweeps through a circle. If more light comes from one region
than from the others, Euglena will turn to it by changing the direction of its flagellar
beat (Lebert and Hader, 1997).
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The perception of light is a widespread sensory ability: even simple
organisms, such as bacteria possess light-sensitive receptor. Their receptor, a G-
protein coupled receptor, converts the energy from the light into an electrochemical
gradient. Some single-celled dinoflagellates, like Erythropsis and Warnovia, present
already highly elaborated structures for the perception of light (Greuet, 1965).
Interestingly, dinoflagellates are common symbionts in cnidaria. Hence, the genes
required for photoreception could have been transferred from dinoflagellates to
cnidaria. This has led to the tempting hypothesis that the metazoan eye could have
originated from symbionts, like chloroplasts, as proposed by the “Russian doll model”
of Gehring (Gehring, 2005). However, simple photoreceptors have evolved to the
great complexity of image-forming organs, such as the vertebrate lens eye or the
arthropod compound eye, only in higher animals. A tremendous variety of eye-types
has been generated during the course of evolution: from simple eyespots to more
elaborated eyecups, mirror eyes, pin-hole eyes, compound eyes and the different
camera-type eyes of cephalopods and vertebrates. All these eyes are morphologically
and physiologically very different (Fig. 3.1).

[B] Mewaltissue [ | Epidemmal cslls < Giliary photorecsptor cell @ Microviliar photcrecaptor cell

© 1908 Curent Bislogy

Fig. 3.1 Simplified illustrations of the building-plans of four types of eye (Nilsson,
1996)

a: vertebrate eye; b: arthropod compound eye; c: cephalopod lens-eye; d: compound eye in
polychaete tube-worms and arcoid clams.
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1.2 Origin of the eyes

Based on anatomical and embryological studies, it has been proposed that the
eyes of the various animal phyla have evolved independently, at least 40 to 60 times
(Salvini-Plawen and Mayr, 1961). Since then, the polyphyletic origin of the eyes has
been considered as a dogma, found in all biological textbooks. However, one should
notice that all the three major eye-types, the camera eye, the compound eye and the
mirror eye, are found within a single phylogenetic class, the Bivalvia. Indeed, the
camera-type eye, with a single lens, is present in the heart shell Cardium. The mirror-
type eye, with a lens and a reflecting mirror, is found in the scallop Pecten. And
finally, the compound-type eye, consisting of 10 to 80 ommatidia each, is observed in
Arca noae. Hence, the idea of an independent origin of these three eye-types within
the same class of mollusk is not really likely.

Furthermore, the theory of a polyphyletic origin of the eyes has been greatly
challenged by the discovery that homologous genes, the Pax-6 genes, initiate eye
formation in almost all bilaterian animals. Indeed, Pax-6 is essential for eye
differentiation in both, Drosophila and vertebrates (Hill et al., 1991; Quiring et al.,
1994). Moreover, it has been shown to be sufficient for the induction of ectopic eyes
in certain body regions of Drosophila and vertebrates (Halder et al., 1995; Chow et
al., 1999; Onuma et al., 2002). This highlights the conserved capacity of Pax-6 to act
as a “master control gene” of eye development (Gehring and lkeo, 1999).
Subsequently, a wealth of additional similarities has been found between vertebrate
and invertebrate eyes, at the molecular level (Wawersik and Maas, 2000; Arendt and
Wittbrodt, 2001; Donner and Maas, 2004). Consequently, it seems that evolutionarily
conserved genes are deployed, as “shared building blocks”, to generate very divergent
morphological eyes. This apparent paradox is actually, not unique to the eyes, and
seems rather to be an emerging generality of the evolution of development (Arthur,
2002). Based on these molecular similarities, Gehring and Ikeo have proposed a
possible monophyletic origin of all different eye-types (Gehring and Ikeo, 1999): this
evolutionary model suggests that a common metazoan ancestor had a prototypic eye,
composed of a single pigment cell and a single photoreceptor cell and lacking any
lens or other refractive body, already under the control of the conserved genetic
“building blocks”. In accordance with Darwin’s theory, such primitive eyes indeed

exist in some adult Planaria and also in Platynereis larvae (Arendt et al., 2002;
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Gehring, 2004). The prototypic eye could have given rise to the wide spectrum of
eyes existing today through the evolution of developmental pathways by an
“intercalary evolution” mechanism (Gehring and lkeo, 1999). The developmental
pathway of the prototypic eye could have been composed of Pax-6 at the top and of
structural genes, such as the opsin genes, at the bottom. During evolution, new genes
would have been intercalated between the top and the bottom of the cascade. Hence,
the *“intercalary evolution” model suggests that the addition of some new
developmental genetic processes to the conserved ones could have resulted in
morphological changes (Gehring and Ikeo, 1999). The mechanism of “replication and
divergence”, as a central concept in molecular evolution (Raff, 1996), is consistent
with the monophyletic origin hypothesis and the “intercalary evolution” model
(Oakley, 2003). It proposes that replication of eye structures, at new sites on a
organism, under new selective constraints, would have allowed the addition of new
genes or network in its developmental program. Subsequently, divergence, loss or
maintenance of eye structures would have given rise to the wide spectrum of
morphologically different eyes, which could nevertheless be traced back to a single
prototypic eye (Oakley, 2003). By contrast, some authors have argued for an
independent origin of the eyes and for a subsequent recruitment or co-option of
common genes for their development (Fernald, 2000; Nilsson, 2004).

A novel evo-devo approach of cell type comparison, the comparative
molecular cell biology, might help to gain new insights into the eye evolution
(Arendt, 2003). Based on the expression of developmental genes and also, on the
effector genes that are responsible for the cell’s function, this approach allows the
identification of homologous cell-types. These cells have evolved from a same
precursor cell present in the last common ancestor of the compared groups. Using this
comparative molecular cell biology approach, it has been proposed that today’s
photoreceptor cells have evolved from a “photoreceptor cell precursor”. This
photoreceptor cell precursor was already using arrestin and rhodopsin kinase for
quenching the light signal (see Fig. 3.6). In addition, it has been proposed that at least,
Pax, Otx, and Six transcription factors are representing the ancestral combinatorial

code for photoreceptor cell fate specification and differentiation (Arendt, 2003).
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1.3 Similarities and differences in various eye-types

1.3.1 Structure and developmental mode of the Drosophila compound eye

vs the vertebrate eye.

Compound eyes are mostly, but not exclusively, found in arthropods. The
Drosophila compound eye forms a regular hexagonal array, consisting of
approximately 800 single units, the ommatidia. Each ommatidium contains eight
photoreceptor cells, seven pigment cells, a mechanosensory bristle and four cone
cells, which are secreting a lens. The photoreceptors project into the lamina and

medulla, two optic ganglia of the brain.

eye disc
| |

antennal disc

Do

3

o

Fig. 3.2 The adult head of Drosophila develops from a pair of composite discs
called the eye-antennal discs (Dominguez and Casares, 2005)

A: a scanning electron photomicrograph of a wild-type female adult head. The discrete organs
of the adult head are marked in the same color code as the corresponding organ-forming
primordia in the eye-antennal imaginal disc in B.

max. palp  head

| %

During metamorphosis, different Drosophila adult epidermal structures and
genitalia develop out of sac-like clusters of primordial cells, the imaginal discs. Most
of the head capsule and the major cephalic sensory organs, like the eyes, the antennae,
the maxillary palps, and the ocelli, derive from the eye-antennal discs (Fig. 3.2). This
monolayer epithelium is formed by an involution from the head ectoderm during the
embryonic stages. The differentiation of the eye disc is progressive, moving as a wave
from posterior to anterior across the eye imaginal disc, in the third larval stage. The
wave is visible in the imaginal disc as an indentation, also called the morphogenetic
furrow. Anterior to the furrow, where proliferative cell division takes place, cells are
un-patterned, while cells behind the furrow are organized into clusters, progressively

differentiating into functional ommatidia.
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The vertebrate eye is composed of an inverted neural retina and a pigmented
retina, transparent and refractive cornea and lens, and a contractile iris, which controls
the amount of light admitted through the lens. All together, the cornea, lens and iris

form a focusing light system that project the light onto the neuroretina.
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Fig. 3.3 Development of the vertebrate eye (Cvekl and Piatigorsky, 1996)

A: the optic vesicle, a protuberance of the forebrain, extends towards the surface
ectoderm; the lens appears as a local thickening of the surface ectoderm. B: the optic
vesicle becomes an optic cup. C: the lens placode invaginates and forms the lens vesicle.
The two layers of the optic cup, the neuroretina and the retinal pigmented epithelium,
are distinguishable. D: the lens vesicle induces the development of the cornea. D: Cross-
section of a developed vertebrate eye.

The development of the vertebrate eye starts at gastrulation, where the
involuting endoderm and mesoderm interact with the adjacent ectoderm (Fig. 3.3).
Later, after neurulation, the neural tube evaginates laterally to form the two optic
vesicles, which are connected to the diencephalon (forebrain) by the optic stalks. The
optic vesicles contact the surface ectoderm, which, in turn, thickens into the lens
placode. Through mutual interaction of the optic vesicle with the lens placode of the
overlaying head ectoderm, the optic vesicle invaginates and forms a double-layered
optic cup. The outer layer will give rise to the retinal pigmented epithelium, while the
inner layer differentiates into the neural retina. The lens vesicle induces the
development of the transparent cornea. The soluble crystallin proteins accumulate at a
high concentration within corneal cells. This leads to the acquisition of the cornea
specific refractive properties (Cvekl and Piatigorsky, 1996).
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Drosophila and vertebrate eyes are clearly very different at the structural
level. Strikingly, even eyes of the same type can exhibit fundamental differences: the
vertebrate retina is inversed, with photoreceptors facing the back of the eye, whereas
the cephalopod retina is eversed, with photoreceptors facing the front of the eye. In
addition, the various eye-types display very different developmental modes (Nilsson,
1996). However the developmental program of both Drosophila and vertebrate eyes
might be more related than expected at a first sight. Indeed, both eye types are
patterned by a conserved mechanism, a morphogenetic wave (Fig. 3.4): in
Drosophila, the Hedgehog signaling molecule drives the wave of neurogenesis,
represented by the morphogenetic furrow (Heberlein et al., 1995). Similarly, there is
evidence that the vertebrate hedgehog homologue, sonic hedgeghog, patterns the

zebrafish retina (Neumann and Nuesslein-Volhard, 2000).
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Fig. 3.4 The Mexican wave in eye development (Jarman, 2000)

Schematic drawing of three different time points in the progression of the initial neurogenesis
in the Drosophila eye imaginal disc and in the zebrafish inner optic cup, below. In both cases,
atonal and its vertebrate homologue, ath5, are involved in determining the first neurons. The
short-range hedgehog signaling molecule drives the wave of neurogenesis in both cases. In
Drosophila, it is via the activation of atonal, while it seems likely to be via ath5 activation in
zebrafish. A: anterior; P: posterior; N: nasal; T: temporal.
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1.3.2 The ultrastructure of photoreceptor cells

Photoreceptors are neurons specialized for photoreception. The ones, involved
in vision, are characterized by an enlargement of their membrane surface. This feature
allows the storage of a large amount of rhodopsin, which is the photoreception
molecule used in all animal visual photoreceptors (Salvini-Plawen and Mayr, 1977).
According to this ultrastructural feature, the photoreceptors are divided into two
classes: the rhabdomeric photoreceptors and the ciliary photoreceptors, in which the
apical cell membrane or the ciliary membrane is enlarged, respectively (Fig. 3.5).

Most of invertebrate eyes possess rhabdomeric photoreceptors, in which the
apical cell surface folds into microvilli. In contrast, the rods and cones of the
vertebrate retina and the photoreceptors of the vertebrate pineal eye, a light-sensitive
structure located in the diencephalon, are ciliary photoreceptors. It has been initially
proposed that rhabdomeric photoreceptors are specific for invertebrate eyes, while
ciliary photoreceptors were characteristic of vertebrate eyes. However, it turns out
that both types of photoreceptors co-exits in Lophotrochozoa, Ecdysozoa and
Deuterostomia (Arendt and Wittbrodt, 2001). Furthermore, many organisms possess
both types, sometimes even within a single eye, as in the scallop Pecten. Therefore, it
has been proposed that both type of photoreceptors were already present in the

common ancestor of bilaterian animals (Arendt and Wittbrodt, 2001).

1.3.3 Photopigments

Light-sensitive pigments are found in almost all living organisms, from
bacteria to humans. The photopigments of unicellular algae are flavoproteins,
including cryptochromes, phototropins and photo-activated adenyl cyclases (Iseki et
al., 2002). Cryptochromes are also found in insects and vertebrates, where they
control the biological clock and consequently maintain proper circadian rhythms (Van
der Horst et al., 1999; Krishnan et al., 2001). In contrast to the flavoproteins, other
photopigments, known as the retinal-binding opsins, are linked to a transduction
cascade, which generates a receptor potential. The opsins are G-protein coupled
receptors (GPCRs). Hence, they possess a seven-transmembrane structure but are
distinct from other GPCRs by having a lysine residue, which is a retinal binding-site,
in the seventh helix (Terakita, 2005). Even if animal photopigments involved in
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vision are exclusively of the opsin family, some types of ospin are also involved in
extra-ocular photoreception (Menaker, 2003). Sequence comparisons have indicated
that ciliary ospins (c-opsins) and rhabdomeric opsins (r-opsins) are highly divergent
molecules. The c-opsins are closer to the retinochromes than to the r-opsins, while the
r-opsins are more related to vertebrate melanopsins than to the c-opsins (Arendt and
Wittbrodt, 2001; Terakita, 2005).

1.3.4 The extremely sensitive rhodopsin molecule

A photosensitive rhodopsin molecule is capable of sensing a single photon and
of turning the physical energy contained in this single light quantum into an
electrochemical signal. A rhodopsin molecule is composed of a protein moiety, an
opsin, and a non-protein moiety, the chromophore retinal, which is a derivative of
vitamin A and is covalently bound to the opsin (Terakita, 2005). The absorption of a
single photon triggers the isomerization of the 11-cis retinal into an all-trans retinal.
Hence, the rhodospin molecule is photoactivated, also defined as rhodopsin in its
meta-state. The photoactivated rhodospin activates a heterotrimeric GTP-binding

protein (G-protein), which, in turn, activates intracellular messengers.

1.3.4.1 The phototransduction cascade

The phototransduction machinery differs between the ciliary and the
rhabdomeric photoreceptors (Fig. 3.5) (Arendt and Wittbrodt, 2001). In fact, each
type of photoreceptor employs its own subgroup of non-orthologous G-proteins. In
addition, the second intracellular messengers also differ in the phototransduction
cascades occurring in rhabdomeric and in ciliary photoreceptors. In rhabomeric
photoreceptors, the G-protein activates a phospholipase enzyme (PLC), which
converts phosphatidyl inositol diphosphate (PIP;) into inositol triphosphate (IP3). In
ciliary photoreceptors, the G-protein activates phosphodiesterase (PDE), which
converts cyclic guanosine monophosphate (cGMP) into guanosine monophosphate
(GMP).
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The quenching of the phototransduction cascade requires rhodopsin kinases
and arrestins. Theses molecules are also non-orthologous in ciliary versus
rhabdomeric photoreceptors. Finally, the transduction cascade eventually leads to a
depolarization or a hyperpolarization of the membrane potential in rhabdomeric and

in ciliary photoreceptors, respectively (Arendt and Wittbrodt, 2001).
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Fig. 3.5 The two types of photoreceptors: the rhadomeric type and the ciliary
type (Nilsson, 2004)

The photopigments (r-opsin and c-opsin) are activated by the absorption of light. Then, the
opsins activate a G-protein, which is composed of three subunits (a, 8, v). In turn, the G-
protein activates an enzyme, a PLC or a PDE in rhabdomeric and ciliary photoreceptors,
respectively. This finally leads to a depolarization of the rhabdomeric photoreceptor or a
hyperpolarization of the ciliary photoreceptor, respectively. rk: rhodopsin kinase, arr: arrestin.

In summary, the light detection and phototransduction systems of the
rhabomeric photoreceptors use a r-opsin, a Gg-protein, a second messenger system
based on PLC, RK-2/3 rhodospin kinases related and p-arrestin, and eventually lead
to membrane potential depolarization. In contrast, the light detection and
phototransduction systems of the ciliary photoreceptors use a c-opsin, a Gi or Go-
protein, a second messenger system based on PDE, RK-1/4/5/6-related rhodospin
kinases and a-arrestin, and eventually lead to a membrane potential

hyperpolarization.

- 152 -



1.3.4.2 Rhodopsin regeneration after photobleaching

Once a rhodopsin molecule has been activated by one photon, it is rapidly
deactivated and regenerated. Differences between the visual pigment recovery path of
rhabdomeric and ciliary photoreceptors exist (Fig. 3.6). Every bleached rhodospin
molecule is rapidly inactivated through phosphorylation by a rhodospin kinase and
also, through binding to arrestin.
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Fig. 3.6 The different recovery paths of the rhabdomeric and ciliary visual

pigments (Nilsson, 2004)

Due to the absorption of a photon, the retinal isomerizes from an 11-cis to an all-trans
configuration. This turns the rhodopsin (R) molecule into its meta-state (M), leading to
catalytic activation of a G-protein (G) and the phototransduction cascade. The activated
rhodopsin is rapidly inactivated through phosphorylation (P) by rhodopsin kinase and
through binding to arrestin (Arr). In ciliary photoreceptors, the retinal is transferred to
other cells and is enzymatically reconverted to an 11-cis configuration. In vertebrate rods
retinal pigment cells (RPCs) reconvert the retinal, whereas Miiller cells (MCs) serve the
same function for vertebrate cones. The enzymatic reaction is done by an
isomerohydrolase (IMH) and a retinol isomerase (RI) in RPCs and in MCs, respectively.
The 11-cis retinal is then transported back to rods and cones, where it is incorporated
into an empty opsin molecule. For the recovery of their visual pigment, the rhabdomeric
photoreceptors use a light-driven regeneration mechanism, in which the retinal never
dissociates from the opsin.

Differences exist in how the visual pigment is regenerated: in ciliary
photoreceptors, the all-trans retinal dissociates from the opsin and is transferred to
other cells, where it is converted into an 11-cis configuration by an enzymatic
reaction. Then, the 11-cis retinal is transported back to the ciliary photoreceptors and
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associates again with an opsin molecule. Like this, the visual pigment of ciliary
photoreceptors is regenerated. In contrast, in rhabdomeric photoreceptors, the retinal
never dissociates from the opsin. The all-trans retinal is reisomerized into an 11-cis
configuration by a light-driven regeneration process, occurring directly in the
rhabdomeric photoreceptor.

1.3.5 Single origin of photoreceptor cells

Traditionally, the evolutionary origins of the two types of photoreceptors
have been considered to be different. Rhabdomeric photoreceptors were thought to be
specific for invertebrate eyes. Reciprocally, ciliary photoreceptors were thought to be
specific for vertebrate eyes. This dichotomy was considered as a real dogma.
However, based on anatomical studies only, ciliary-type photoreceptors have been
described in some invertebrate brains. It is also known that both, rhabdomeric
photoreceptors and ciliary photoreceptors are present in the eyes of the scallop
Pecten. In addition to anatomical data, recent molecular data have greatly challenged

the theory of a diphyletic origin of both photoreceptor types.

Indeed, ciliary photoreceptors, using a c-opsin involved in a ciliary-type
phototransducion cascade, have been found in the brain of Platynereis, a
lophotrochozoan member (Arendt et al., 2004). The development of these brain
photoreceptors is controlled by the gene rx, which is homologous to the gene that
regulates the development of vertebrate ciliary photoreceptors. Hence, based one their
developmental control, their structure, their constituents and their signaling
machinery, these photoreceptors can truly be identified as “ciliary photoreceptors”.
Likewise, findings in neurophysiology and data from other studies argue for the
presence, within the vertebrate lineage, of true rhabdomeric photoreceptors, in the
form of retinal ganglion cells involved in circadian and pupillary adjustments (Dacey et
al., 2005; Panda et al., 2005). These retinal ganglion cells use melanopsin, a r-opsin
type, and have a rhabdomeric phototransduction cascade type (Isoldi et al., 2005). On
top, homologues of the atonal gene are required for the development of the
rhabdomeric photoreceptors and retinal ganglion cells in flies and in vertebrates,

respectively.
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Thus, true homologous rhabdomeric photoreceptor cells, usually considered as
invertebrate characteristics, are found also in vertebrates. Reciprocally, true
homologous ciliary photoreceptor cells, usually considered as vertebrate
characteristics, are present in invertebrates, as well. Combined all together, these data
strongly support an ancient and singular origin of both photoreceptor cell types

(Plachetzki et al., 2005).

1.4 The retinal determination gene network: the RDGN

The specification of the eye field of various organisms requires the expression
of homologous members of the retinal determination gene network (the RDGN)
(Fig. 3.8). The RDGN plays a pivotal role for eye development by integration
multiple signaling pathways. It affects and, reciprocally, is affected by several

signaling pathways, in a context-specific manner (Fig. 3.7).

For example, Dpp, Hh and Wg signaling are known to regulate the expression
of the RDGN members (Hazelett et al., 1998; Baonza et al., 2002). In addition, a
complex interface between EGFR signaling and the RDGN is suggested by multiple
genetic interactions (Silver and Rebay, 2005). Members of the Pax-6, Eyes absent
(Eya), Six (Six) and Dachshund (Dach) families are key members of the RDGN.
They do not function in a linear pathway, but rather in a complicated network
involving mutual interactions and regulatory feedback loops. In Drosophila, seven
“eye-specification genes” are part of the network that initiates eye development (Fig.
3.7): the Pax-6 homologues: eyeless (ey) and twin of eyeless (toy), sine oculis (s0),
optix, eyes absent (eya), dachshund (dac) and eye gone (eyg) (Halder et al., 1998;
Niimi et al., 1999; Bui et al., 2000; Seimiya and Gehring, 2000). The accepted model
for Drosophila eye induction is that ey induces the initial expression of so and eya
that, in turn, regulate the activity of all four core genes of the RDGN: ey, so and eya,
and dac. Removal of any of these genes in the eye primordium results in a severe
reduction or complete loss of the adult compound eye, while ectopic expression of
these genes (with the notable exception of so) leads to the induction of ectopic eye
tissue (Halder et al., 1995; Bonini et al., 1997; Shen and Mardon, 1997; Czerny et al.,
1999; Seimiya and Gehring, 2000). Most combinations of ectopic expressions of these

RDGN members result in a synergistic induction of ectopic eye tissue formation.
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Fig. 3.7 Eye specification genes in Drosophila (modified after Kumar, 2001)
Several nuclear factors, patterning pathways and signaling cascades orchestrate, in a
complicated network, the specification and development of the Drosophila eye. The
arrows show the direction of the relationship: blue ones indicate activation, whereas red
ones indicate inhibition. Dac, Dachshund; Dpp, Decapentaplegic; Egfr, Epidermal growth
factor receptor; Exd, Extradenticle; Ey, Eyeless; Eya, Eyes absent; Eyg, Eye gone; Hh,
Hedgehog; Hth, Homothorax; MAPK, Mitogenactivated protein kinase; RTK, receptor
tyrosine kinase; So, Sine oculis; Toy, Twin of eyeless; Tsh, Teashirt.
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Fig. 3.8 Domain structures of the Drosophila RDGN key members (Silver and
Rebay, 2005)

Numbers represent amino acid number. EY: eyeless; EYA: eyes absent; P/ S/ T rich: proline,
serine and threonine rich region, EYA D2: EYA domain 2; **. conserved MAPK
phosphorylation sites in EYA; SO: sine oculis; GRO: groucho; DAC: dachshund; HDACS3:
histone deacetylase 3; N-CoR: nuclear co-repressor.
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1.4.1 The Pax-6 transcription factor

Pax-6 belongs to the superfamily of Pax genes, which encode evolutionarily
highly conserved transcription factors. These transcription factors are characterized
by the presence of a 128 aa DNA-binding domain: the paired domain (PD), which is a
bipartite DNA-binding motif (Treisman et al., 1991). It binds DNA alone or
cooperatively with other DNA-binding domains, such as the HD. The PD has two
independent subdomains: a N-term domain: PAIl and a C-term domain: RED,
separated by a linker region. Both subdomains consist of three alpha helices, arranged
in a helix-turn-helix configuration (Xu et al.,, 1995) and both can recognize
independent binding sites (Czerny et al., 1993). However, when both PD subdomains
are present, the PAI binding site is preferred for binding to the DNA. Originally found
in the paired gene of Drosophila (Bopp et al., 1986), the paired box has now been
identified in all metazoan phyla, from placozoans (Hadrys et al., 2005) and cnidarians
(Sun et al., 1997) to humans (Burri et al., 1989). In addition to the paired domain,
other motifs can be found in Pax proteins: an octapeptide, which has been shown to
possess transcriptional inhibitory activity in the Pax 2/5/8 family (Eberhard et al.,
2000), and a complete or partial HD. The paired-type HD is characterized by the
presence of a serine at the crucial position 50. The various members of the Pax
superfamily appear to result from a combinatorial rearrangement of the PD, the HD
(complete or partial) and the octapeptide (Fig. 3.9). This is actually a very elegant
example of what Francois Jacob called “evolutionary tinkering” (Jacob, 1977). In
mammals, nine Pax genes have been identified, denoted Pax-1 to Pax-9. Based on
their genomic structure, sequence similarity and conserved function, Pax genes have
been grouped into four subfamilies: (1) Pax-1 and Pax-9; (2) Pax-3 and Pax-7; (3)
Pax-4 and Pax-6; (4) Pax-2, Pax-5 and Pax-8 (Fig. 3.9). Pax genes are key regulators
of numerous developmental processes, in particular neurogenesis and myogenesis.
Some of them have also been implicated in regenerative processes, as well as
oncogenesis. Their general role might be the interpretation of “positional
information”, via signal transduction and cell proliferation (Chi and Epstein, 2002;
Pichaud and Desplan, 2002).
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Structural domains
PD op HD1 HD2/3

PAXT X X

PAXS X X

PAXZ X X X

PAXS X X X

PAXE X X X

PAX4 X X X
PAX6 X X X
PAX3 X X X X
PAX7 X X X X

Fig. 3.9 Structural domains present in the different Pax proteins
PD: paired domain; OP: octapeptide; HD1: the first helix of the homeodomain and HD2/3:
the helix-turn-helix motif of the homeodomain. X denotes the presence of the domain.

Pax-6 genes were first identified in mammals (Ton et al., 1991; Walther and
Gruss, 1991). In mice and humans, eye defects are observed in Pax-6 heterozygote
mutants, in the Small eye mutants and Aniridia patients, respectively. Homozygous
Pax-6 mutation is lethal to mouse embryos as they, not only, lack the eye and the nose
but also, exhibit severe brain damage. In Drosophila, two Pax-6 genes, eyeless (ey)
(Quiring et al., 1994) and twin of eyeless (toy) (Czerny et al., 1999), have been
identified. They probably arose by gene duplication in the arthropod lineage. Based
on sequence comparisons and DNA-binding specificities, toy seems to be closer to
other Pax-6 homologues than ey. Hypomorphic eyeless mutants result in partial to
complete loss of the compound eyes. Both, ey and toy, are required for Drosophila
eye formation. toy acts upstream of ey and induces its expression in the eye anlage.
The PD of Ey is sufficient for its function in eye development. Indeed, it has been
shown that the HD of Ey is dispensable for Drosophila eye development (Punzo et
al., 2001).
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Pax-6 is essential for eye development and is required for the expression of
the downstream RDGN members. Furthermore, Pax-6 is sufficient to induce ectopic
eyes, upon misexpression, in both, flies and vertebrates, by initiating a cascade of at
least 2000 genes required for eye morphogenesis (Halder et al., 1995; Chow et al.,
1999; Onuma et al., 2002). Hence, Pax-6 has been proposed to be at the top of the
transcriptional cascade of the RDGN.

Based on expression patterns and mutant phenotypes, Pax-6 is a crucial
regulator of eye development, in the vast majority of animals. In addition, it also plays
important roles in the development of the CNS and in the development of some
endocrine glands, such as the pineal gland and the pituitary gland, in both,
invertebrates and vertebrates. The evolutionary conserved requirement of Pax-6 for
CNS morphogenesis explains why, in contrast to the opsin (lwabe et al., 1996;
C.elegans Sequencing consortium, 1998), this gene has been conserved intact in
organisms, such as the nematode C.elegans (Chisholm and Horvitz, 1995), which
have secondarily lost their eyes.

1.4.2 The Eya transcription factors

Eya family proteins are characterized by a large highly conserved C-term
domain of 275 aa, the Eya domain (ED) (Fig. 3.8). Drosophila has a single eya gene
(Bonini et al., 1993), while the vertebrates possess four homologues, Eya-1 to Eya-4
(Xu et al., 1997). Studies from the fly eya and the vertebrate homologues indicate that
they play important roles in cell survival and differentiation, especially during tissue
specification.

The function of the Eya homologues is greatly conserved. Indeed, vertebrate
Eya genes can rescue the “eyeless” phenotype of Drosophila eya mutants (Bonini et
al., 1997; Bui et al., 2000). The ED mediates protein-protein interactions with other
RDGN members in flies and vertebrates: notably with the Six-domain of the Six
proteins (Pignoni et al., 1997; Ohto et al., 1999) an d with the DachBox-C domain of
Dach proteins (Nilsson, 1996; Chen et al., 1997; Heanue et al., 1999). Eya acts as
transcriptional co-activator, which is recruited to the DNA of target genes via its
interaction with Six proteins (Silver et al., 2003). This transcriptional co-activator
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function is dependent on N-terminal domains of Eya (Silver et al., 2003). These N-
terminal domains are composed of a tyrosine rich domain, called the Eya domain 2,
which is embedded within a proline/ serine/ threonine-rich region. In addition to its
transcriptional co-activator function, Eya exhibits protein phosphatase activity
mediated by its ED, which possesses a catalytic motif from the haloacid dehalogenase
enzyme family (Rayapureddi et al., 2003; Tootle et al., 2003). This is actually the first
description of a nuclear transcriptional co-activator with intrinsic phosphatase
activity. The process of phosphorylation/ dephosphorylation is known to be extremely
important for the modulation of transcription factor activity. Therefore, the discovery
of a transcription factor with an intrinsic phosphatase activity argues for a novel
strategy for fine-tuning regulation of transcription (Rebay et al., 2005). Eya can
dephosphorylate the RNA polymerase Il and itself, in vitro. In addition, mutations
disrupting the active site, responsible for the Eya phosphatase activity, within the ED,
compromise the ability of Eya to promote Drosophila eye specification and
development (Tootle et al., 2003).

1.4.3 The Six family members

Six genes have been identified throughout bilaterian animals and also in
several representatives of basal metazoans, such as sponges, cnidarians and in a
ctenophore (Bebenek et al., 2004; Stierwald et al., 2004). These genes encode
transcription factors that are involved in numerous developmental processes, such as
eye formation, forebrain development and myogenesis, and play important roles in the
regulation of cell proliferation (Carl et al., 2002; Li et al., 2002). The Six family
members are characterized by the presence of two highly conserved domains: a Six-
domain (SD) of 110 to 115 aa and a Six-type HD (Fig. 3.8). The Six-type HD lacks
the usual Arg5 and the GIn12 in helix 1 and therefore does not recognize the
conserved homeobox binding core sequence TAAT. Both domains, SD and HD, are
involved in DNA binding. In addition, the SD also mediates protein-protein
interactions and is responsible for nuclear translocation of the EYA members
(Kawakami et al., 2000). Based on sequence conservation within HD and SD, the Six
family is subdivided into three subclasses, each containing one Drosophila member
and two vertebrate homologues: so/ vertebrate Six1 and Six2; D-Six4/ vertebrate Six4
and Six5; optix/ vertebrate Six3 and Six6 (Seo et al., 1999; Kawakami et al., 2000).
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The So/ Six1/ Six2 and DmSix4/ Six4/ Six5 protein subfamilies interact with the ED
of Eya proteins (Ohto et al., 1999). Interestingly, the Optix/ Six3/ Six6 protein
subfamily does not interact with the ED of Eya proteins and recognizes different
target sequences (Ohto et al., 1999). Studies from vertebrates suggest that Six3/ Six6
act as transcriptional repressors, through their interactions with the Groucho (Gro)
family of co-repressors in order to achieve proper eye and brain formation (Lopez-
Rios et al., 2003). The Six3/ Six6 proteins interact with GRO co-repressors via an
Engrailed homology 1 (ehl) motif (Kobayashi et al., 2001). As this ehl motif is
present in the SD of all Six proteins, other Six members are likely to exhibit as well a
transcriptional repression function. Indeed, So is able to interact with Drosophila Gro
(Silver et al., 2003) and a transcriptional repression function has also been revealed
for the mouse Six1 (Li et al., 2003). Thus, depending of the context and of specific
co-factors, a Six protein might be able to act either as an activator or as a repressor.
However, the Six3/ Six6 have so far only been reported as transcriptional repressors.

In Drosophila, So is essential for the development of the entire visual system:
it has been shown to be required for the development of both, the compound eyes and
the ocelli (Cheyette et al., 1994). It is a direct target of both Toy and Ey, and interacts
with Eya (Punzo et al., 2002). In mouse, Six1 displays important roles in the
formation of numerous organs, such as the nose, the inner ear, the kidney and the
pituitary gland (Laclef et al., 2003a; Ozaki et al., 2004). It is known to interact with
members of the RDGN, namely Dach2, Pax3 and Eya2, for the proper formation of
the somites and its skeletal muscles derivatives (Heanue et al., 1999). This illustrates
that members of the RDGN can be viewed as “building blocks”, which have been
reused during evolution to trigger development of different organs. Among other
functions, the mouse Six2 is involved in the late differentiation of the retina
(Kawakami et al., 1996). The vertebrate Six1/ Six2 homologues do not seem to be
involved in the early development of the visual system. This notably differs from
what is known from protostome studies. Indeed, protostome Six1/2 homologues,
which are often co-expressed with the Pax-6 homologue, are known to be important
for the early specification of the visual system (Cheyette et al., 1994; Arendt et al.,
2002).
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Optix is also involved in compound eye development and in forebrain
development (Seimiya and Gehring, 2000). In contrast to So, Optix does not present
any synergistic interaction with Eya and acts independently of Ey (Seimiya and
Gehring, 2000). However, recent evidences suggest that Optix may be a direct target
of Toy (M.Seimiya, personal communication). Vertebrate Six3/ Six6 are involved in
head patterning and in eye formation (Oliver et al., 1995a). In medaka fish, Six3
displays a pivotal role in the development of the retina as a part of a conserved
network. Indeed, the Six3 overexpression has been shown to result in ectopic retina
formation (Loosli et al., 1999). In addition, Pax-6 has been shown to directly regulate
the expression of Six3 during the development of the zebrafish visual system
(Wargelius et al., 2003). Six3 is usually expressed in lens and retina structures, while
Six6 is restricted to the retina. In addition to their conserved role during eye
development, Six3 and Six6 are also required for the vertebrate forebrain
development (Conte et al., 2005).

The other Drosophila Six protein, D-Six4, is not involved in the process of
eye development but rather plays important roles during the patterning of the head
and the development of the nerve cord, the muscles and the gonads (Seo et al., 1999).
A role for D-Six4 in the cell recognition events, which are required for myoblast
fusion and for the interaction between germline and somatic cells, has been proposed
(Kirby et al., 2001). Members of the Six4/Six5 subfamily are commonly involved in
the development of sensory structures and in myogenesis. In mouse and human,
mutations in Six4/Six5 genes are associated with myotonic dystrophy (Personius et al.,
2005).

1.4.4 The Dach transcription factors

The Drosophila dac and the vertebrate homologues, Dachl and Dach2,
encode transcription factors that are characterized by two conserved domains, the
DachBox-N and the DachBox-C domains (Fig. 3.8) (Kozmik et al., 1999). Both, in
Drosophila and vertebrates, Dac proteins are required for the development of the
eyes, the brain and the legs (Mardon et al., 1994; Davis et al., 2001). The eyes of dac
null mutant homozygotes are either absent or severely reduced, where any of the few
ommatidia formed have a normal morphology (Mardon et al., 1994).
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Dach has been proposed to be a direct target of Pax-6/ ey. Although the
DachBox-N and the DachBox-C domains are highly conserved, only the DachBox-N
domain seems to be essential for Dac function in Drosophila (Tavsanli et al., 2004).
The DachBox-N domain has some structural similarities with the winged helix/
forkhead subgroup of the helix-turn-helix DNA-binding protein family (Kim et al.,
2002). Even though no specific DNA-binding sites are known for Dach, it binds
naked DNA (lkeda et al., 2002). In addition to its potential role in promoting
transcription, a role in transcription repression has also been suggested for Dach (Li et
al., 2002). When co-expressed in Drosophila, dac and eya increase both the size and
the frequency of ectopic eyes (Chen et al., 1997). Hence, their synergistic activity
argues for the idea that Dac and Eya proteins act as a complex during Drosophila eye
development. Indeed, the DachBox-C domain is known to mediate protein-protein
interactions with other RDGN members, like Eya via its ED (Chen et al., 1997).
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2. Aim of the second project of this PhD thesis

Sun radiations represent the primary energy source at the basis of life in nearly
all ecosystems. It is widely accepted that the light has probably been one of the most
important selection pressures during evolution. A tremendous variety of
photoreceptive-structures, from simple eyespots to the more elaborated vertebrate
camera-type eyes have been generated among living organisms to detect light. The
fact that, based on traditional anatomical and embryological studies, the eye-
structures of the various animal phyla appear very different, has lead to the idea of an
independent evolution of the eyes. However, this view has been greatly challenged by
more recent molecular analyses and especially by the discovery that Pax-6, a
homeobox- and paired box-containing gene, initiates eye formation in all or almost all
Bilateria. Furthermore, it has been proposed that the eye-field of various organisms is
specified by the coordinated expression of homologous members of an evolutionary
conserved network: the so-called retinal determination gene network (RDGN). It is
composed of members of the conserved transcription factor families Pax, Six, Eya
and Dach, which interact in a complicated manner to specify the bilaterian eyes.
Interestingly, it has been shown that not only the composition of the network but also
several of the interactions between the network members are conserved between
vertebrates and Drosophila. This molecular unity, which underlies the development of
bilaterian eyes, argues for a monophyletic origin of the eyes.

To find out to which extend the specification of the bilaterian eyes is truly
conserved, it is important to investigate Lophotrochozoa, the third clade of bilaterian
animals, as most of the molecular data about eye formation stems from Deuterostomia
and Ecdysozoa. It is already known that the expression pattern of Pax-6 correlates
with the location of the newly forming eyes, during Lineus development and
regeneration. Additionally, Pax-6 remains expressed in the adult worms. We have
shown recently that its inactivation by RNAI leads to the disappearance of the
differentiated eyes. This suggests that Pax-6 is probably not only involved in the
development and the regeneration of the Lineus eyes, but also in their adult

maintenance.
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The aim of this second project of this thesis work was to further investigate the

specification of the Lineus visual structures. We wanted to know whether homologues

of the RDGN members are involved in the development, maintenance and

regeneration of the pigment cup- eyes of Lineus.

We took the following approaches to answer these questions:

Based on functional analysis and expression patterns in vertebrates and
Drosophila, it is conceivable that the Six genes may be involved in the
lophotrochozoan eye specification. Are there homologues of the Six gene
family in the Lineus genome? If so, what kind of expression patterns do the
LsSix homologues have? Is there one, among them, which would suggest an
involvement of a LsSix gene in the Lineus eye specification during

development and regeneration?

In order to investigate the development, maintenance and regeneration of the
Lineus eyes, we need to find a gene that is constantly expressed in these
structures. With such a gene at hand, we could follow the fate of the Lineus
eyes, after gene activation by RNAI. The Opsin genes are good candidates for
such a purpose. Therefore, is there any opsin gene in the Lineus genome? If

S0, is it constantly expressed in the eyes, as expected for an opsin homologue?
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3. Results
3.1 LsPax genes

3.1.1 Characterization of the full-length LsPax-6 and identification of a
LsPax-6 splice variant

A LsPax-6 homologue, which shares extensive sequence identity and several
conserved splice sites with the mammalian and Drosophila genes, has already been
isolated from L.sanguineus (Loosli et al., 1996). During regeneration of L.sanguineus
heads, LsPax-6 is expressed in the CNS, in the cerebral organs and in the eye region
(Loosli et al., 1996). In addition, it has been shown to be expressed in fully
regenerated eyes and in intact eye regions (Tarpin et al., 1999). Furthermore, the
transposition of Lineus postocellar tissue cells into ocellar location is known to cause
unexpected LsPax-6 expression, which results in eye development (Tarpin et al.,
2002). On top, we have previously reported that inactivation of the LsPax-6 by RNA-
mediated gene interference (RNAI) in an adult L.sanguineus leads to the
disappearance of the eyes, and blocks the regeneration of the head from an amputated
worm (Charpignon, 2002). These RNAI induced phenotypes are transient. When the
LsPax-6 dsRNA injection was ceased, the eyes reappeared within few days and the
regeneration process began in head-amputated L.sanguineus (Charpignon, 2002).

To further investigate the biochemical activities and gene regulatory functions
of Ls-Pax6, we plan to test, whether ectopic expression of Ls-Pax6 in Drosophila
imaginal discs can induce supernumerary eye structures, as it has been observed for
invertebrate and vertebrate Pax-6 homologues. When comparing the available LsPax-
6 protein sequence to several other Pax-6 homologues, we noticed that a highly
conserved proline, serine and threonine-rich (PST) domain at the C-terminus was
apparently not present in the LsPax-6 protein sequence. Therefore, to make sure we
would inject a full-length LsPax-6 sequence into Drosophila and would not miss its
3’end, we decided to perform a 3 RACE PCR on L.sanguineus cDNA made from
MRNA extracted from worms undergoing head regeneration. We used a specific Ls-
Pax6 primer, which corresponds to a sequence located in the homeobox. It appears
that the published LsPax-6 sequence (see appendix 2.) contains mistakes and is
incomplete at its C-terminus. This is probably due to a frame shift during the
sequencing analysis of the gene, leading to a mis-positionning of an exon/ intron

boundary.
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487 B I Q — 439

cgaaaaggcatcattgggtgaagtitaagataaactottattgtgocaattggcatggaaa

Fig. 3.10 The full-length LsPax-6 sequence and the deduced amino acid sequence
of its putative ORF

The putative LsPax-6 encodes a 489 amino acids protein. The PD and its corresponding
nucleotidic sequence are highlighted in yellow, while the HD and its corresponding
nucleotidic sequence are highlighted in blue. Two highly conserved regions of the newly
identified PST domain are highlighted in pink.
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Sequencing of the LsPax-6 RACE PCR product revealed the presence of a previously
un-identified C-term motif in the deduced LsPax-6 protein sequence (Fig. 3.10).
Hence, the correct LsPax-6 protein sequence is longer than the one published (489 aa

instead of 370 aa) and contains the highly conserved PST domain at its C-terminus.

In addition, when sequencing the 3° RACE PCR product of LsPax-6, we
found a variant mMRNA sequence (Fig. 3.12). To make sure of the existence of this
variant LsPax-6 mRNA, we repeated the 3° RACE PCR on three distinct
L.sanguineus cDNA preparations from several animals. We could find it in all three
distinct cDNA preparations. Then, we made PCR on L.sanguineus genomic DNA and
found that this other LsPax-6 mRNA corresponds to an alternative splice variant.
When comparing both mRNA sequences, we found that the alternative splice variant
possesses an “insertion” of 14 nucleotides. This is due to the presence of two possible
5’ donor sites in the Ls-Pax6 exon 4 (Fig. 3.11). These two donor sites are separated
by exactly 14 nucleotides (see appendix 3.). When the second splicing donor site (D’)
is used, the resulting mRNA is 14 nucleotides longer compared to the one resulting
from splicing using the first splicing donor site (D). Those 14 additional nucleotides,
present in the LsPax-6 splice variant, are responsible for a frame shift, which leads to
the creation of an earlier stop codon in the LsPax-6 protein. Thus, the hypothetical
protein deduced from the alternative LsPax-6 splice is shorter (455 aa instead of 489)
and truncated: interestingly, it lacks the majority of the highly conserved region of the
PST domain at its C-terminus (See also appendix 4.).

mRNA translation leads to an hypothetical protein of 489 aa mRNA translation leads to an hypothetical protein of 455 aa
possessing the conserved C-term domain ,~ . lacking the conserved C-term domain
” .

~

.
’
DD" .
b

Fig. 3.11 Scheme representing the LsPax-6 alternative splicing process

D: 5’ donor site; D’: alternative 5° donor site; A: 3’ acceptor site. D is separated from D’ by
only 14 nucleotides.

From genomic DNA sequencing, it appears that two donor sites are present in exon 1. When
the 3’ donor site D is used for the splicing, the deduced protein sequence from the mRNA is
composed of 489 aa and possesses the highly conserved C-term domain. When the 3’ donor
site D’ is used for the splicing, the deduced protein sequence from the mRNA is composed of
455 aa and lacks completely the highly conserved C-term domain.
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acagcttgaccatgcagatctotattoctecgottgtttcogttggatttttatgocaaag
attttcgattcaactggactagctaacgaaatctgatgtacattgcacagcatcoccgeg
tecatgggtcaaattcaaacctttggegotgggatctgacaatatggaacgatcaaaaaaa

1 M E R 5 K K
tgecactgecagetecaggatcgeategettataatgeotatgecacgecaactategaattta
7 %= B K A YD R E AT RS NP RO E B W L

ttcatgocctcatttttgoacttttetottttgoctottatgtctacttttecttocgea
27 M- P B CFE L HFE S L L P L R B NCE P BN
ggtcacagtggcgtcaaccaacteggeoggegigttigtaaacggtegececectcccggac
47 & H 8B G ¥ ¥ f L & =& ¥ F " ¥ &G R P L P D
tegaccoggecagagaatagtegagetagetcacageqgagetagacegtgegatatateg

57 B ® H Q0 R T WwE L A H & @ A R P ¢ 0D ¥ B
cgaattctacaagtttcaaacggcotgogtgagcaaaattottggacgttactacgagaca
g7 B ¥ L w8 R G ECW OB XY h e 8 Y ¥R ®

gggtcgattcggoccogtgoccataggaggcagraageccagagtggccaccccggaggee
1076 & & R P ®HoA I B0 83 K P R VY A S PE W
gttgggaaaatagcacactacaaacgggaatgtoccctcaatatttgoatgggagatccgyg

12778 e T N H M ORow d R BT CRTK. W R T R
gatagattgctcrcagatgcagtgtgtaatcaggacaatattccaagtgtitcatcaata
1470 B E B B D RV e W g n N 3 P B Y B E X

aatcgtgtgttaagaaacttagccagtgaaaatcaaaaacagctcggacaaagetcaatg
167 ¥ R ¥ L R ¥ L A 8 E B 0 X 0O L &6 Q 8 B M
tacgataaattgggactattaaacgggcaggcgtggccgoggoctaatccgtggtacgea
187 ¥ D X L & &L L ¥ & 0 A M P R P N P W ¥ A
ccgaacactcacccggccatgaccggcctaactigcacatcatccicaatatccaccacag
207 P ¥ ¥ E P A M T &€ L T K R HEH P O ¥ P P @
ccacagccaccaccaatctcacccacgaaaaaagagagcgacggtcacagtagtgcagac

gov B @ B ¥ P I B PY X E K B D A& H B BN D
totcacageggggacacaccaaatggcaatgaaagtgaagagcagatgagaatacgttta
947B H 8 € D 2 P N € ¥ E E E E O N R I B L

aaaagaaagclicagogaaatcggacgicatlicacaaatgcacaaattigaggotitagaa
267 K R KL @ R ¥R S 8 B 2 N A © I E AL E
asagaattigaaagaacacattacecagacgiettiigeacgigaaagattageacaaaaa
287K CE R R R R0 o ¥ D A O R R TR REE Rl K
atagacttaccggaagctagaatacaggtitiggtttagtaacagacgagcaaaatggcga
3072 P L P E A R I OV W P B8 N R R A KW B
cgggaggagaageotacggaaccaaagacgagatgoggecaacggaggeagtegtattoee
27MEEEEEEE X L R ¥ © R R D A A N G @6 3 R I P
atcaacagtagtttteccaacageatgtateogtotattcaccaacccatageaacaatg
473 N & & F P 'R S M ¥ P & I H Q0 ® I AT M
ggqagaaacatacagcatggccccagrggcaaattatagtotgrccaatagecatcecrLecee
sg7E B O O E N M oA P NIRRT B Ok BOR B a4 P R
aacccagettgtotacagtcgacgaattcaccatcatcatattcatgtatgttaccagga
37 P A C L O B T ¥ 8 P 8 B8 ¥ 8 C B L P G
ggatatacaggaacagctagaagcotatgaccccctgageotigagtagttacteccgacet
7 ¥ T & T A R 8 Y D P L B L E R YT B R P
acctgtaacccccacgcagcagcaagcatgcagagtcacatgacgcatcaagcaaatgge
272 € ¥ P H A A A B M Q 8 H M * B O A N G
gottcaaccggtatgatggoctgggottaatatocgocgggogLlotocgtaccagtacaag
47A 8 T G M M A W A -~ 455
Loccaggaggcggatcageteaggacgtlggoccaageacacatggoctotcatatggect
cacagtattggtcaaggatacagtgacctttgaccatgtttggtgacettgaacattgaa
agececccggatgaagcgaaaaggcatcattgggtgaagtttaagataaactocttattgtge
aattggcatggaaa

Fig. 3.12 The deduced amino acid sequence of the putative ORF of the
alternative splice

The alternative LsPax-6 splice encodes a truncated Ls-Pax6 protein of 455 amino acids
protein. The PD and its corresponding nucleotidic sequence are highlighted in yellow, while
the HD and its corresponding nucleotidic sequence are highlighted in blue. Notice the absence
of the evolutionary conserved PST domain at the C-terminus of the protein.
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Also the vertebrate Pax-6 locus is known to encode two products caused by
alternative splicing of exon 5a that adds an additional 14 aa residues within the paired
domain (Epstein et al., 1994). As the insertion of these 14 additional aa disrupts the
PAI subdomain, the longer PD of the 5a isoform preferentially interacts with DNA
through its RED subdomain. Thus, the Pax6(5a) protein exhibits uniqgue DNA-binding
properties (Kozmik et al., 1997). Pax6(5a) is expressed in the vertebrate eye at about
one-tenth the level of Pax6 during embryonic development (Kozmik et al., 1997). The
ratio of these two Pax6 isoforms has been shown to be critical for the normal
development and function of vertebrate eyes (Singh et al., 2002). Thus, alternative
splicing of Pax-6 locus might be important for Pax-6 function. The presence of
evolutionary conserved splice sites within the LsPax-6 transcript has been reported
(Loosli et al., 1996). Interestingly, one splice site is found in the paired box, at the
same position as in the human, mouse, quail, Drosophila, and C. elegans sequences.
In order to test the possible existence of an alternative splicing mechanism, which
results in truncation of the PD, we performed RT-PCR experiments, using specific
primers flanking the paired box, on mRNA extracted from various adult and
regenerating tissues. The RT-PCR products were gel-analyzed and sequenced.
However, no other additional LsPax-6 splice variant was identified.

3.1.2. Identification of a LsPax-2/5/8 gene

In our quest for LsPax-6 splice variants, we have unexpectedly identified a
gene fragment, which encodes a Pax-2/5/8-type PD. When sequencing the isolated
Pax-2/5/8-type paired box, we realized that our LsPax-6 primers, specific for the
paired box, have mismatched with the paired box of a putative LsPax-2/5/8 gene. The
Pax-2/5/8-type paired box fragment was subsequently extended by 3* and 5° RACE
PCR procedures using specific primers. Sequencing of the RACE PCR fragments
allowed us to identify this gene as a LsPax-2/5/8 gene. We isolated a full length
LsPax-2/5/8, which encodes a protein of 401 aa. It contains a Pax-2/5/8-type PD, a
conserved octapeptide and some residues of a HD (Fig. 3.13). The PD of LsPax-2/5/8
exhibits three amino acids characteristics of Pax-2/5/8-type PD: Q42, R44 and H47
(Fig. 3.14). These amino acids are known to be responsible for differences in the

DNA-binding capacities between Pax-2/5/8 proteins and Pax-6 proteins.
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taatacgactcactatagggcaagcagtggtatcaacgcagagtatgocgggaagecagtagg
tatcaacccagagtacgcgggatgatggagttttatcactcatgtaaaatgaaatctecaa
1 M E F X R B € X KX 8B ©
gcaatggtttacggactggatcctagttttccaaacatccceggttttgecccagecaaggt
134 MY ¥ 6 L D P B F P . N I P & P A O 0 .G
tgtttttcgcaggaaggtcatggeggagtcaaccaacttggaggggtettecgtcaacggy
33 ¢ P 8 Q E G BH G G VN OCOIL G &8 VYV F V N G
cggcccctgecccgacgtggteccggecageggattgtecgagttggeccaccaaggggtecegg
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cegtgeogacatctctagacagectaagagtatcacatggatgtgtcagecaaaatattggga
73 P € D I 8 R g L R VY 8 B G € v 8 K I L G
aggtactatgaaaccgggtcaattcggectggagtgatagggggt tcgaageccaaggtt
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gctacccctaaagtggtcgacgccatcctacattacaaageccgagaaccccacaatgtic
M13A T P K VvV VY D A I L H Y K A E N P T M F
gcctgggaaatacgtgatatgetgectatcggaatgtgtectgttcacaagaaaatgteeee
13 A W E I R D M L L. 8$ ECV C 8 Q EN V P
agtgtcagttcaatcaatagaatcgtacggaacaaagctgccgaaaagcataaacacage
1538 ¥ & 8 T N R T v R N K A A E X R K H B
ccecggctececccgageggtageccaggect teccacagaccectactceoccatggatgectta
1738 @ B B B @ S22 g 5L P T B T B X D XL
ctagceccagecagaaagecggctecattttccgtcageggaatactegggatgeatacteea
193 L A Q QO K A C BB RSV CGEET SRS GE H H T P
aatggtgctgectgeccctgtccaacagtccectaccggeocgagatgtcgaacaageggaag
23N &€ A AR A P VYV 0 O 8 P T G E M BE N K R K
cgagaaccggaaggtgtgactaacggecacagecgacacagagaaccataacaacaacaac
23 R E P E G Y T N G H 8 DT E N H N R B R
aacacaaatacgacaaacaacgaagagcgacgcccgacgtctacggaggaattagaacaa
Je3cl I N B M NN O O (R RGN R BOE R IS CE
caaatgﬁgjﬁaﬁngacgacaaatt&naatgﬂtccgglcgtcggatggtgaagtggccgcc
2730 MENEENER R Q I IBEM I BT 5 D ¢ E V A A
ccaatgtccggctcattccctatgcaatactcttcagtctcagcctacqtaccctcaaca
203 P M B G B F P M D ¥ B BV B A ¥ VvV P B T
acagcaggcgacgccaaaacaccaataaactacaacgccacggtgccaaatatggeegga
s A& D K E B 2 1T BN ¥ N AT ¥ P ¥ N & G
acgatacaacatatgaattcgcccageggaacgaattcggaacatgecaactcaaacagt
Wik T g B X F B FPE G T NBE E B A NGB R B
ggacattacagccctcocccaacagtgagtatageocatgtagecttetactttecgattgata
3G H ¥ & 2 P N B E ¥ B H Y K FP ¥ P R L I
ttttataattctagtcgtgtggtactgecatgacatgattgtttecgetttttgtattttte
3FE ¥Y'H 8 B RVY L. H D M'T ¥V B L P ¥ P E
aattctggtgataggtttacattecgtgtagettgtgttgtggttgegttt
33N & & n R P T F VvV 401

Fig. 3.13 The full-length LsPax-2/5/8 sequence and the deduced amino acid
sequence of its putative ORF

The putative LsPax-2/5/8 encodes a 401 amino acids protein. The PD and its corresponding
nucleotidic sequence are highlighted in yellow; the octapeptide and its corresponding
nucleotidic sequence are highlighted in blue.

o

LsPax~-2/5/8 VNQLGGVEVNGRPLPDVVRQRIVELAHQGVRPCDISRQLRVSHGCVSKILGRYYETY
VNQLGGVEVN D RQRIVELAH G RPCDISR LﬂV‘*GCW‘(Y‘uPVYEl

w

’) () 3]

wmww
e

LsPax-6 VNQLGGVEVNGEF PDSTRORIVELAHSGARPCDISRILQVSNGCVTXKILGRYY R
LsPax-2/5/8 PGVIGGSXPKVAXPXVVDAILEYXAESPTMFAWEIRDMLLS EC‘CSQE!\JbVX:l%h'”
P IG +VA P+VV I EYK E P++FAWEIRD LLS+ VCH+J+N+PSV SINR++
LsPax-6 PRAIGGSKPRVATPEVVGKIARYKRECPSIFAWEIRDRLLSDAVCNQE Wl?bbSSINRVL
LsPax-2/5/8 RN
RN
LsPax-¢6 RN

Fig. 3.14 Comparison of the LsPax-2/5/8 PD with the LsPax-6 PD

Three amino acids, within the PAI subdomain of the PD, are used to distinguish Pax-2/5/8-
type PD from Pax-6-type PD. These aa are located at position 42, 44 and 47 of the PD and are
responsible for different DNA-binding specificities. The PD of LsPax-2/5/8 exhibits a Q42, a
R44 and a H47, whereas the PD of LsPax-6 exhibits an 142, a Q44 and a N47.
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Fig. 3.15 Alignment of LsPax-2/5/8 protein with other Pax family members
We have aligned the LsPax-2/5/8 protein sequence (sequence number “38”) with other Pax-
2/5/8 homologues and members of other Pax subfamilies. Pax-2/5/8 protein sequences from
Lophotrochozoa are highlighted in pink: “36” corresponds to the polychaete Platynereis
dumerili sequence, “37” corresponds to the mollusk Arca noae sequence and *“38”
corresponds to the Lineus sanguineus sequence. A Pax-2/5/8 protein from an ecdysozoan
member is highlighted in grey and corresponds to the Sparkling protein sequence of
Drosophila melanogaster, number “31”. Pax-2/5/8 protein sequences from Deuterostomia are
highlighted in blue: “32” corresponds to the Homo sapiens Pax-2 sequence and “33”
corresponds to the Branchiostoma floridae Pax-2 sequence. In addition to Pax-2/5/8 protein
sequences from bilaterian animals, we have added homologues of two species of sponges
(poriferans). They are highlighted in green: “34” corresponds to the Ephydatia fluviatilis
sequence and “35” corresponds to the Microciona porifera sequence.
The region corresponding to the alignment of the HDs is boxed. Note that deuterostome and
ecdysozoan Pax-2/5/8-type HDs are partial (sequences “32” and “33”) and contain only
residues from the first helix. Lophotrochozoan Pax-2/5/8-type HDs are also partial, but
contain conserved residues from the third helix (indicated by pink asterisks). In contrast,
although divergent, the sponge Pax-2/5/8-type HDs seem to be complete.

The alignment of the LsPax-2/5/8 protein sequence with other sequences of
Pax-2/5/8 homologues revealed an interesting feature of the lophotrochozoan
homologues. From identification of various Pax-2/5/8-related proteins from bilaterian
animals, the Pax-2/5/8-type HD is known to be a partial one. So far, it was thought to
be composed only of residues from the first helix. However, when comparing Pax-
2/5/8-type HDs from lophotrochozoan animals, it seems that the first helix of the HD
is not conserved at all, whereas residues from the third helix are present (Fig. 3.15). In
respect with sequences available from databases, like Genbank, only three Pax-2/5/8-
type HD have been identified from lophotrochozoan animals: one from the polychaete
Platynereis, one from the mollusk Arca (L.Keller, personal communication) and one
identified during this PhD thesis work, from the nemertean Lineus.
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3.2. Isolation of a Ls-opsin gene and characterization of its expression
pattern

As already mentioned above, we have previously reported that inactivation of
the LsPax-6 by RNA-mediated gene interference (RNAI) in an adult L.sanguineus
leads to the disappearance of the eyes (Charpignon, 2002). However, this assumption
was based only on the fact that we were not able to detect anymore the presence of the
usual brown pigment, which is used to determine the location of the Lineus eyes.
Hence, we decided to search for a molecular marker for Lineus eyes. An opsin
homologue appeared to be a marker of choice since all animal eyes contain rhodopsin.

Similarly to other G protein-coupled receptors (GPCRS), opsin proteins
possess seven transmembrane helice. But they can be distinguished from other G-
protein coupled receptors (GPCRS) by the specific presence of a lysine residue (K) in
their 7" transmembrane helix. This K binds retinal via a Schiff-base linkage: the
nitrogen atom of the K forms a double bond with the carbon atom at one end of the
retinal. To clone an opsin homologue from L.sanguineus, we used a first set of
degenerated PCR primers designed against the sequence encoding the 7%
transmembrane helix. The PCR product, resulting from this first round of PCR, was
subsequently used for hemi-nested PCR. We used a degenerated primer against the
region coding for the seventh helix, which comprises the K specific for opsin-type
GPCRs. This procedure allows us to discriminate opsin-type GPCRs from the various
members of the GPCR superfamily. Sequencing of the subsequent RACE PCR
products revealed that we had identified a full-length ospin homologue from
L.sanguineus (Fig. 3.16). It encodes a protein of 332 aa, which, similarly to other
GPCRs, exhibits seven transmembrane helices. The amino acids sequence of Ls-opsin
contains a K in its seventh helix (Fig. 3.16) confirming that this newly found G
protein-coupled receptors is truly an opsin. From phylogenetic studies, it appears that
Ls-opsin sequence does not cluster with classical rhabdomeric-type opsin and
probably corresponds to a new type of invertebrate opsin (see appendix 5.).
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tgtgooctglatgttoglgitogtcattocagltgotattatgacgacattotatgtaaga
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ategttgeoltgtgattcgagaaaaacggaggggtatgtegegatgggecaataatgatgac
2211 VvV A V I R E K R R G M &8 R W A B H D D
atcaagagagaacaacaactaactglgalgactigotgtgoctggtaggtgtigiitoatoglsy
244 K B BE 9 Q L. T Vv u T A ¥V L ¥ VvV CPF I ¥
atctggteogocgtatgocattotetcocttoatggoocgecttoggigotit taaatattea
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tcgectggaactctecaategtggogocagttctige ctggaatttatatcaaccece
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ttgatctacggttgocacacatcaccactttcgoctagoatttagagaaatgotatgtgac
LI NEC T H H H F B L AP R ENM L C G
agaaggggaggoccaagacagatticgtcattgoaaatgactaatetgltagogegocaaag
321 R € € P R 0 I R H C K -332
gtcaaatgtgctacacatgtatgttottttttatacggtttgtecattggatttttggett
cacgccacatttttgeteotgeoatttgttacagcaaatagacctggtotttttgecatcag
cgrcaaaagoaccatgaaticagtgatggaggaasagaaaggadtaagaccttagaaaagtyg
dagaccitagaaagtatgactgtaaactgocgaagaacacagtaagataagtitagtgocogt
tagttagtcatcaccocatggoaagoggaaatgaaacacgaatgtioctaatctitcaaaat
aaatatggragtitggeoaaatatigataatgtatgecatatactecttgattgtaaaagag
gtcaatgoctocattaggatgotttgtgtagtggracgacactogotgaagtgtacctgga
gatgacacacgtttatatttttcagcaatttaaccatectocctecccatccaccttecott
tagagggttcataatgagttttacggggtggecggtacoctotcaaccogttttocaataatt
ggoctgtttaattatattataaatggtcacatgaccctaaatccaatctoctattatgaagt
atggtcatgtggcacatttattctogtaccottticagggttttgtcatgacatgtttgte
atgtttatgttatgttgcagacactgeo

Fig. 3.16 The full-length Ls-opsin sequence and the deduced amino acid sequence
of its putative ORF

The Ls-opsin encodes a 332 amino acids protein. The seven-transmembranes domain is
highlighted in blue. It contains a lysine (K), which is the retinal-binding site, in its seventh
transmembrane domain.
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We investigated opsin expression during Lineus development, maintenance of
adult eyes and eye regeneration. Using a Ls-opsin probe, we could observe a strictly
restricted expression pattern at the level of the developing eyes of L.viridis (Fig.
3.17). But we didn’t observe expression of Ls-opsin neither in the adult L.sanguineus

eyes nor in regenerating L.sanguineus eyes (not shown).

A

Fig. 3.17 Expression analysis of Lv-opsin in a developing L.viridis larva
Whole-mount ISH were done using Ls-opsin sense (A) and anti-sense (B) RNA probes.
Anterior is oriented to the left, dorsal view. The larvae are two-weeks old. Scale bar: 200 um.

3.3 the Ls-Six genes
3.3.1 Cloning and characterization of the Ls-Six genes

We used a degenerated primer-based PCR approach in our quest for Six genes
from L.sanguineus (Ls-Six). Similarly to the strategy used for cloning of Ls-Otx, we
aligned the amino acid sequences of different Six homologues in order to deduce
evolutionarily conserved regions. We found an almost invariable motif of five amino
acids, comprising the three last aa of the SD and the two first aa of the Six-type HD:
IWDGE. Hence, we decided to perform a first PCR with the primers Six-
GeneralForward, which corresponds to the sequence TIWDGE and Six-HDReverse,
which corresponds to the highly conserved region NWFKNRRQ, present in the C-
terminal part of Six-type HDs. From this first PCR round, we isolated a 174 bp
fragment of a Six1/2-type homeobox. A tetrapeptide motif, found in the helix I of the
Six-type HD, is commonly used to distinguish between the three subfamilies of Six
proteins (Fig. 3.18). As expected, our Six1/2-type HD exhibits an “ETSY motif”,
while Six4/5-type HD exhibits an “ETVY motif”. A less similar motif is found in
Six3/6-type HDs, which possess a “QKTH motif”.
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Fig. 3.18 Sequence alignments of the SDs and HDs of mouse Six proteins

The tetrapeptides, identified as “diagnostic residues”, are boxed. Two highly conserved
residues (R5 and Q12 in helix 1) typical of most HDs are shown above the Six-type HDs.
Gaps, introduced to maximize sequence homology, are represented by dashes. Asterisks
indicate identical amino acids.

Hence, we took advantage of the presence of such “diagnostic residues” to
design corresponding degenerated primers. We performed hemi-nested PCR on the
PCR product of the first PCR round with two different primer combinations: either
the Six3/6Forward (corresponding to the sequence WDGEQKT) and the Six-
HDReverse primers or the Six4/5Forward (sequence WDGEET) and the Six-
HDReverse primers were used. The first combination of primers leads to the isolation
of a 174 pb fragment of a Six3/6-type homeobox, while a 174 pb fragment of a Six4/5-
type homeobox was obtained by the second combination of primers. The three
different Six-type homeobox fragments were subsequently extended by 3’ and 5’
RACE procedures, using specific primers. Sequencing the resulting RACE PCR
products allows us to identify three different Six genes from L.sanguineus. The full-
length sequence has been obtained for every one of these genes. Based on sequence
comparisons, we were able to name these genes: Ls-Six1/2, Ls-Six3/6 and Ls-Six4/5
(Fig. 3.20, 3.21, 3.22). Phylogenetic analysis has confirmed their classification into
the three main subfamilies (Fig. 3.19).
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Fig. 3.19 Phylogenetic tree showing Ls-six genes in relation to other members of
the Six gene family

The phylogenetic tree was constructed by using the neighbour-joining (NJ) method. All the
amino acids from the full SD and HD were used. Poisson-correction distance was used to
draw the NJ tree. The Ls-Six genes are highlighted in pink.
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Fig. 3.20 The full-length Ls-Six1/2 sequence and the deduced amino acid
sequence of its putative ORF

The putative Ls-Six1/2 encodes a 294 amino acids protein. The SD and its corresponding
nucleotidic sequence are highlighted in violet, while the Six1/2-type HD and its
corresponding nucleotidic sequence are highlighted in blue.
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aaaacgccatgacgaaattcatttaccgtgtacttttgatgaaracagcaaatcaggtaa
tttttttgtaccttgatattataatgtaatcttagtacaaaatatcattaaaggtettgt
taagcatataatctcacaacaactagtgotccgaaatacgeagatgacgtcattgttttt
taaggtgtagagtaagttttattacatttccattttttatgecaacgatetgttttagat
ccagggtatgtgaccgtagtggacttcaaacacgtaaggegtgtttttggetgaataage
tcccttgaatataaaaattgactagtatctaaaagetggtga

Fig. 3.21 The full-length Ls-Six3/6 sequence and the deduced amino acid
sequence of its putative ORF

The putative Ls-Six3/6 encodes a 284 amino acids protein. The SD and its corresponding
nucleotidic sequence are highlighted in violet, while the Six3/6-type HD and its
corresponding nucleotidic sequence are highlighted in blue.
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gcagtggtatcaaccecagagtacgecggotaageagtggtatcaacgeagagtacgecggag
agttgagtttttgtaagbtgggtgagaaatcagtgaatcagacgacataatgacagacagg
1 M T D R
gttgatatctececggeotgtgatactcacacaatggacatgacatecgeocaaacttagacgtg
s & DT B B @ DT HT N B M2 8 B B B D ¥
ggacactctgatggaagttttgaaaacggagtcacaaccacgatgtcggatacaccagge
25 s B BB G B E OE N & VTN E DD RIS
acggccaaatctectecteoggacggtgaaactacgggagatgagaatatacctagtececgaaa
45 T A K 8 L B D G BET T G DE NI P B P K
caaggatcagaaaatgtgacagacttgttatcaggaaagaacttgacattttecaccecgaa
65 O 6 8 E N VvV T D L L 8 6 K N L T EEinies
caggttgecttgegtttgegaagetttacaacagagtggtaacattgaccgactegegegg
85 Oy apd R 8 W G PR SR Te 00 0GR UGE NS TETDy SR Ty R R
ttcctatggtceottgecgecaagegagttattaaggggetcagaggetgtactaaaggee
10 P L W 8 L P P 8 BE L L. R G 8 E A ¥V I, K A
cgggcagttgtcgegttecacecgaggaagetttagggaactttatgecattttggaatea
125 Revi- ¥ V¥V B BB R G & F KRB . ¥ K T L 'E 8
cataactttgatcccagtaaccacccaatgttgcagcagatgtggtataaggegecactat
45 H N F D 'P B N H P ML Q@ QO M W ¥ K A H Y
atggaggcccagaagatccgtggacggecgectgggeogecagtagacaaatacaggttgegg
165 My RV RGO IIRE I DR G RV G- R e R R Y R R
agaaaataccccttgccgaaaacaatctgggacggggaagagactgtatactgtttcaag
185 "Re L YW DT R PR T L WD E T ¥ ¥ B8 F KX
gagaaatctcgcgcagcgcttaaggaatgctataaacagaaccgctacccaacccctgat
20 B KN B R A A L K 'E € ¥ E O N R ¥ P T B D
gaaaaacgcaaccttgeccaaaaagacaggtctgactecbtgacacaagtcagtaactggttt
2 B K R R L A X K T &6 L T L. T QO VY 8 N W F
aaaaataggcgacagagggatcggacgeccacaacaacaacattgtagaaaatcacagtgg
25 KON RERENODESR DRSPS O H C R K 58 O W
gactattgcgacacgttgagectttgeoccaagtaccacatagtatctgaccttageccecacte
250 ¥ € P T 5L &§ F.&B K ¥ H I ¥'s5 B h 8, P I
ggtgaggagaacgcaggacaccatccgecatcaccatcocggggeoctgeatcacgttcacecac
285 G E E N A G H H P HHHUP G LHUHV H H
aaccccgecctacteteggecaagatgatggaggaccagagaaacaacatggegetagee
30s N P A L L 8 A KM M ED Q RDNNMMA ATL A
ctgecaagtcaaaaacgagccaataccggetcatacacacgectgecacactacatgtgetey
32 L @ ¥ K B BE P T P A H T H A A H ¥ M €& B
ccgttggaccacaccttatcageeccatggecatgtaaactectatattegecktcaaacgtta
s P L. D B T L. S A H G M - 35
ctcttaagtgcagtcaaaacgtgttactatteccactaaatecgecatttgttctacgegy
gcaagcgtcgecattttgecagettgteccatggaacatgacagaaccagteccgocaaacgg
accgtcgaatacaatcggtcagececgettactaaagatgegecttttacaatecgtcagatyg
tttcactttataaatggattagtcaatttocgececgttgtaactctttacctaagaatceget
ttagaaaggacagtcaaccttgattgtggaactgttttatctecgacttacatgtatgata
gtatattcggcaccgtgtecgeocatcactattgecaggaacagactacatgtagttacttat
ctcacacgaatcactgaatccacggaaatcgcaagactttgetgaaacaactggtttaca
tattgtttacatacageccatgecaggeotttecgaatgtcacagacaacttbtcaacttectet
ccttcttcaagacaatghtgaaaacgggtttctatctaccgtatatgecaactttagtgg
agaattgtcttitecatgatatacttactgtagetttgactacmattgacaaagttggeat
aacccccteottttgtgktttatgaatatcattaacgtecatttaatgtcatttaatecateg
cacatcgtctgcaactctccacagt

Fig. 3.22 The full-length Ls-Six4/5 sequence and the deduced amino acid
sequence of its putative ORF

The putative Ls-Six4/5 encodes a 355 amino acids protein. The SD and its corresponding
nucleotidic sequence are highlighted in violet, while the Six4/5-type HD and its
corresponding nucleotidic sequence are highlighted in blue.

Expression pattern of the Ls-Six genes
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3.3.2 Ls-Six1/2 expression patterns

Using a similar strategy than the one used for investigating the Otx expression
during Lineus development, we examined the expression pattern of the three Lineus
Six genes in developing L.viridis larvae. We have cloned part of the homeobox of the
Lv-Six1/2 and Lv-Six3/6 genes. Sequence comparisons with the corresponding Ls-
Six1/2 and Ls-Six3/6 genes revealed an identity of 100% at the amino acid level, and
an identity from 92% to 95% at the nucleotidic level (see appendix 6.). This suggests
that these two homeobox sequences are sufficiently conserved to allow cross-
hybridization of a L. sanguineus probe with the L.viridis transcript, under highly
stringent conditions in in situ hybridization experiments. Therefore, we used RNA
anti-sense probes comprising part of the sixbox and homeobox of the corresponding

L.sanguineus gene sequences.

In one-week old larvae, Lv-Six1/2 expression is restricted to the developing
head part (Fig. 3.23). We can observe two symmetric patches of cells, which are
expressing Lv-Six1/2. Judged from their location, these cells probably correspond to
the two first eyes of the developing Lineus worm. In addition, Lv-Six1/2 seems to be
expressed at the level of the lateral nerve cords, which are emerging from the brain.
The most anterior Lv-Six1/2 expression observed in Fig. 3.23 corresponds to

expression in anterior sensory organs, such as the frontal organ.

Fig. 3.23 Expression analysis of Lv-Six1/2 in a developing L.viridis larva
Whole-mount ISH was done using a Ls-Six1/2 anti-sense RNA probe. Anterior is oriented to
the left, dorsal view. The larva is one-week old in accordance with the number of days post
cocoon collection from our L.viridis laboratory stock. Arrows indicate the localization of the
two first developing eyes. Arrowheads point at a possible localization of Lv-Six1/2 expression
with the emergence of the developing lateral nerve cords from the developing brain. Scale
bar: 250 um.
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The expression pattern of Ls-Six1/2 in adult L.sanguineus was difficult to
determine, as we didn’t get reproducible expression patterns. We sometimes observed
staining that argues for an expression of Ls-Six1/2 in the eye. Despite the fact that the
worm, used for the whole mount ISH, harbored several eyes on each side of its head,
expression of Ls-Six1/2 is observed only at the presumptive level of a single eye (Fig.
3.24). The number of eyes is variable in adult L.sanguineus. In addition, the number
of eyes from one side of the head, compared to the other, can be different. It is known
that, during the adult life of L.sanguineus, new eyes can appear on the head, not
necessarily in a symmetric pattern. Thus, the single patch of cells expressing Ls-
Six1/2 in the adult of Fig. 3.24 could actually correlate with the presence of a newly
differentiated eye.

Fig. 3.24 Expression analysis of Ls-Six1/2 in an adult L.sanguineus worm
Whole-mount ISH was done using a Ls-Six1/2 anti-sense RNA probe. Only the head part has
been photographed. Anterior is oriented to the top, dorsal view. The arrowheads point at a co-
localization of Ls-Six1/2 expression with one eye. Scale bar: 400 um.

As Ls-Six1/2 is expressed during eye development (Fig. 3.23), we took
advantage of the regeneration capacities of L.sanguineus to test whether Ls-Six1/2 is
also expressed during regeneration of the eyes. Hence, we amputated the head of
some adult worms and let the head region regenerate for various time intervals, before
subjecting them to whole-mount in situ hybridization. Ls-Six1/2 is strongly expressed
at the level of the blastema, 10 days after the amputation (Fig. 3.25, A). At this stage
of regeneration, we don’t detect the presence of eyes, which are determined based on
pigmentation. Hence, the two symmetric patches of cells, which are observed at the
level of the blastema, on the left and on the right side, rather correspond to the
development of other sense organs than to visual structures (Fig. 3.25).
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No expression of Ls-Six1/2 was detected in the regenerating brain (compared
with the Ls-Otx expression pattern in 12 days regenerating worms, Fig. 2.12, B2).
However the expression of Ls-Six1/2 in a median stripe (Fig. 3.25, A and B) suggests
that Ls-Six1/2 is expressed at the level of the commisure, which is joining together the

two cerebral ganglions.
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Fig. 3.25 Expression analysis of Ls-Six1/2 during anterior head regeneration of
L.sanguineus

Whole-mount ISH was done using a Ls-Six1/2 anti-sense RNA probe on head amputated
worms, which were undergoing regeneration. Samples were fixed 10 days (A) and one month
(B1, B2) after the amputation. Anterior is oriented to the top, ventral views for A and B2,
dorsal view for B. Note, in B1, the presence of two patches of stained cell, which are visible
only from the dorsal side of the worm (note their absence in B2). Asterisk indicates the
position of the ventral mouth in B2.

Scale bar: 1 mm.

One month after the amputation, we found Ls-Six1/2 expressed at the level of
the two newly differentiated eyes (Fig. 3.25, B1). The two spots of Ls-Six1/2
expression are not observed from the ventral view of the animal (Fig. 3.25, B2). This
is in accordance with the fact that the Lineus eyes are dorsally localized. In addition,
the nerve fibers, which are running from the eyes to the brain, are strongly expressing
Ls-Six1/2 (Fig. 3.25, B1 and B2). A weak and diffuse staining at the periphery of the
anterior region of the cerebral ganglion is also observed. This may correspond to the
site where the nerve fibers emerge from the brain. Interestingly, Ls-Otx was expressed

at a similar location, but stronger, in adult L.sanguineus (See Fig. 2.11, B).

- 187 -



3.3.3 Ls-Six3/6 expression patterns

During development, Lv-Six3/6 expression is restricted to the head part of the
larvae. In one-week old larvae, Lv-Six3/6 is expressed in two masses of cells, which
correspond to the pair of developing cerebral ganglions (Fig. 3.26, A). In three week-
old larvae, Lv-Six3/6 is expressed in the brain, with a stronger expression in the
anterior part of it (Fig. 3.26, B). It is also expressed in other body regions, anterior to
the brain. These regions correspond to the cephalic gland and frontal gland, situated in
the median part of the antecerebral body region. Lv-Six3/6 is also expressed in the
frontal organ, which is a sense organ, situated at the anterior tip of the worm. In
addition, Lv-Six3/6 shows a specific expression in some cells on both sides of the
mouth of the larva. These clusters of cells may correspond to some glandular
structures (Fig. 3.26, B).

Fig. 3.26 Expression analysis of Lv-Six3/6 in developing L.viridis larvae
Whole-mount ISH was done using a Ls-Six3/6 anti-sense RNA probe. Anterior is oriented to
the left, ventral view. A: one week old; B: three weeks old. Arrows point at two symmetric
patches of stained cells around the mouth, while arrowheads point at the Lv-Six3/6 expression
at the level of the presumptive cerebral organ canals. The asterisk indicates strong staining in
the brain. Scale bar: 450 um.

In adult L.sanguineus worms, Ls-Six3/6 does not seem to be expressed in the
anterior sense organs, such as the cephalic gland, frontal gland and cephalic organ
(Fig. 3.27). Some diffuse staining is observed at the level of the cerebral ganglion.
This indicates that the adult brain is probably expressing Ls-Six3/6. However, the
expression pattern observed from our whole mount ISH samples is not precise enough

to determine clearly in which part of the brain it is expressed.
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Fig. 3.27 Expression analysis of Ls-Six3/6 in adult L.sanguineus worm
Whole-mount ISH was done using a Ls-Six3/6 anti-sense RNA probe. Only the head part has
been photographed. Anterior is oriented to the top, dorsal view. Scale bar: 200 um.

3.3.4 Ls-Six4/5 expression patterns

In 15 days-old larvae, Lv-Six4/5 expression is restricted to the head region
(Fig. 3.28, A). It is expressed in the posterior region of the developing cerebral
ganglia and also in the developing sense organs that are situated just posterior to the
cerebral ganglia, the cerebral organs. In addition, it is strongly expressed as two
lateral stripes, running from the cerebral ganglia (=brain) to a more anterior region.
When comparing the locations of the eyes in a L.viridis larva with the localization of
the staining in the same larvae, it appears that the expression of Lv-Six4/5, in two
lateral stripes, may correspond to expression in the nerve fibers that innervate the

eyes.

Fig. 3.28 Expression analysis of Lv-Six4/5 in developing L.viridis larvae
Whole-mount ISH was done using a Ls-Six4/5 anti-sense RNA probe. Anterior is oriented to
the left, ventral view. Larvae are 15 days old. A: sample subjected to whole-mount ISH; B:
same animal photographed before paraformaldehyde fixation, notice the presence of two
eyes, as two pigmented spots. Scale bar: 300 um.
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Similarly to its expression during development, Ls-Six4/5 is expressed in a
posterior region of the brain and in the internal side of the cerebral organs of adult
L.sanguineus (Fig. 3.29). A strong and precise staining is also observed at the level of

structures that we previously identified as nerve fibers.

Fig. 3.29 Expression analysis of Ls-Six4/5 in adult L.sanguineus worm
Whole-mount ISH was done using a Ls-Six4/5 anti-sense RNA probe. Only the head part has
been photographed. Anterior is oriented to the top, dorsal view. Arrows point at staining
observed at the level of the posterior and rather external part of the dorsal cerebral ganglion,
while arrowheads point at staining observed at some structures likely to be the nerve fibers
that are innervating the eye structures. Asterisks indicate staining at the level of the cerebral
organs. Scale bar: 450 um.

3.4 Cross-hybridization of an antibody anti-Dachshund with Lineus eyes

The hunt for a dachshund homologue in the genome of L.sanguineus has not
been successful, so far. Nevertheless, we can observe an antibody cross-reaction with
a monoclonal Drosophila antibody anti-Dac: We have found a cross-reaction of the
antibody with the eye structures of L.viridis larvae (Fig. 3.30). This is in good
correlation with the expected expression pattern of a presumptive Lineus Dachshund

homologue.

Fig. 3.30 Cross-reaction of a monoclonal antibody developed against Drosophila
Dac with L.viridis larvae

A: sample that has been subjected to an immunohistology protocol; B: anesthetized larva (B),
notice the presence of two eyes, as two pigmented spots. Larvae are one week old. The
staining obtained by the detection of the anti-dac antibody seems to be restricted to the eyes,
as indicated by the arrows. Scale bar: 200 um.
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4. Discussion

4.1 Conservation of a PST domain at the C-terminus of LsPax-6

Pax-6 transcription factors contain two highly conserved DNA-binding
domains, a PD and a paired-type HD. In addition to these two DNA-binding domains,
they also contain another conserved domain at their C-terminus. Indeed, the C-
terminal region of Pax6 has been shown to be evolutionary highly conserved from the
mollusks (Tomarev et al., 1997), over the flies (Czerny et al., 1999) and ascidians
(Glardon et al., 1997) to humans (Ton et al., 1991). This domain is rich in proline,
serine and threonine domain and is referred to the PST domain. It has been reported to
function as a transactivation domain (Glaser et al., 1994; Carriere et al., 1995). The
transactivation function is distributed throughout the PST domain (Tang et al., 1998).
The extreme sequence conservation of the PST domain is remarkable, as
transactivation domains, in contrast to DNA-binding domains, are rarely conserved

among transcription factors from evolutionary distant species.

Unexpectedly, we found that the published LsPax-6 sequence was not
exhibiting any sequence conservation at its C-terminus (Loosli et al., 1996). As this
was surprising, we performed RACE PCR on L.sanguineus cDNA to verify whether
the available sequence was correct. It appeared that the LsPax-6 sequence was wrong
and incomplete at its 3’end, due to a misassignment of an exon/ intron boundary
during the analysis of the sequencing data. The correct LsPax-6 sequence encodes a
protein of 489 aa. When aligning the deduced amino acid sequence of LsPax-6 with
homologues from various species, a PST domain appeared to be present in its newly
identified C-terminal part. Recent secondary structure analysis has predicted the
presence of two beta sheets, one in the “GLISP” motif and one in the “SVPVQ”
motif, within the PST domain of the majority of Pax-6 homologues (Cooper and
Hanson, 2005). Notably, the exact consensus sequence of these two motifs is found in
the new LsPax-6 PST domain.
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4.2 A LsPax-6 mRNA variant encodes a truncated LsPax-6 form

In Drosophila, the C-terminal region of Ey and Toy differ considerably.
Unlike Toy, there is less homology between the C-terminal region of vertebrate Pax-6
and Ey. Actually, the PST domain is conserved only in Toy, which seems to be more
related to other Pax-6 homologues than Ey. It has been proposed that the functional
differences, observed between Ey and Toy, rely, in part, on the differences in their C-
termini (Punzo et al., 2004). The vast majority of missense or nonsense mutations that
have been associated with human diseases, such as aniridia, familial foveal dysplasia,
keratitis and Peter’s anomaly, are found in either the PD or the HD of the human Pax-
6 (Azuma et al., 1996; Hanson et al., 1999; Chao et al., 2000). Nevertheless,
mutations, responsible for severe eye phenotypes, have also been identified in the
PST domain of the human Pax-6 (Azuma and Yamada, 1998; Baum et al., 1999).
Hence, the proper function of Pax-6 relies not only on its DNA binding activity but
also on its transactivation function. It is generally accepted that transactivation
domains enhance the assembly of the transcriptional pre-initiation complex via
protein-protein interactions, either directly, with components of the basal transcription
apparatus, or indirectly, via additional transcription co-activators (Tjian and Maniatis,
1994).

Interestingly, we have found a variant LsPax-6 mRNA sequence. It is
generated by an alternative splicing mechanism and possesses an insertion of 14
nucleotides, which leads to a shift in the ORF, responsible for the introduction of a
premature termination codon. Hence, this variant LsPax-6 mRNA encodes a putative
truncated protein that lacks the most conserved region of the PST domain: the highly
evolutionary conserved motifs “GLISP” and “SVPVQ” are missing. A functional
significance of such truncated LsPax-6 protein is far from being clear as we don’t
know whether the variant LsPax-6 mRNA is really translated in vivo. Indeed, a
mRNA quality-control pathway, referred as “nonsense-mediated mMRNA decay”, is
conserved among eukaryotes. These mRNA degradation mechanisms specifically
eliminate transcripts that carry premature termination codon and consequently,
prevent truncated proteins from being expressed in vivo (Conti and lzaurralde, 2005).
However, it is noteworthy that the premature stop codon, resulting from the
alternative splicing of LsPax-6, specifically leads to the truncation of the majority of

the PST domain, which has important transactivation function. Hence, such a

-192 -



truncated form might not result from splicing errors but might rather have functional
significance. As the transactivation potential is not localized but rather distributed
throughout all the PST domain (Tang et al., 1998), the hypothetical truncated LsPax-6
protein might still retain some transactivation potential. It is known that the presence
of the PST domain modulates the DNA binding capacity of Pax-6 in vitro:
substitutions of the most C-terminal amino acids have been reported to prevent the
HD from binding to the DNA, whereas mutations that truncate the PST domain result
in a stronger DNA-binding capacity of the truncated Pax-6 (Carriere et al., 1995;
Singh et al., 1998; Singh et al., 2001). From in vitro data, it appears that such
truncated Pax-6 proteins compete with the full-length Pax-6 protein for the
recognition of target DNA-binding sites. Indeed, these truncated proteins function as
dominant-negative repressors, as they bind DNA with higher affinity but present
different transactivation potential and consequently do not lead to the canonical Pax-6
activity (Singh et al., 1998). An in vivo confirmation of the expected dominant-
negative function of PST truncated form of Pax-6 proteins has been obtained from
Xenopus studies: the injection of a mRNA encoding a PST-truncated form of Xenopus
Pax-6 into Xenopus embryos has revealed that such a Xenopus Pax-6 isoform inhibits
the formation of both, endogenous and ectopic eyes, in a dose-dependent manner
(Chow et al., 1999). Hence, the variant LsPax-6 mRNA could encode either a
dominant-negative repressor or an isoform with different transactivation potential. In
both cases, the truncated LsPax-6 protein would probably display distinct functions
than the canonical one. Alternative splicing, responsible for the generation of
transcription factors with distinct or even opposite activities, switching for example
from an activator to a repressor, is a well-known mechanism (Foulkes and Sassone-
Corsi, 1992). Alternative splicing, which leads to isoforms with different
transactivation activity, is a commonly used strategy for generating diversity among
the Pax superfamily: alternative splicing of Pax-8 transcripts have been reported to
generate different Pax-8 variants, with distinct transactivation potentials, which are
temporally and spatially regulated during the early development of mouse (Kozmik et
al., 1993). In addition, several tissue specific vertebrate Pax7 transcripts, which
encode isoforms with distinct transactivation specificities, have been identified
(Lamey et al., 2004). Hence, a similar mechanism might exist to generate a greater
diversity of LsPax-6 function in L.sanguineus. In contrast to other Pax proteins, no
endogenous functional PST truncated Pax-6 proteins have been identified so far. In
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fact, only one endogenous Pax-6 splice isoform that is predicted to encode a protein
lacking the PST domain has been identified in a wild-type situation. It has been
isolated from a bovine eye tissue (Jaworski et al., 1997). However, it is not known if
this alternative splice mRNA is translated and if so, it would encode a rather unusual
Pax-6 protein, as it would resemble an isolated PAI subdomain of the PD, lacking all
the sequence downstream of it. Until now, no additional data have been reported from
this variant bovine Pax-6 mRNA. Our hypothetical LsPax-6 isoform, if expressed and
functional in vivo, would be the first report of a Pax-6 protein harboring a complete
PD and HD, but specifically lacking the PST domain. Based on in situ data, LsPax-6
has been proposed to be involved in eye development, maintenance and regeneration,
as well as in CNS development and regeneration. One can hypothesize that a
temporally and spatially regulated truncated LsPax-6 form with distinct
transactivation properties could serve to differentially regulate the putative numerous
LsPax-6 targets during development, maintenance and regeneration of different
organs. Unfortunately, as the variant LsPax-6 mRNA sequence and the wild-type one
diverged only from 14 bp, we couldn’t test, by traditional ISH approach, whether
there is a difference in the expression of both types of mRNA, which could have
argued for distinct roles of the two proteins. One possibility would be to used, for ISH
experiments, a locked nucleic acid (LNA), corresponding exactly to the anti-sense
sequence of the 14 bp insert that is found in the variant LsPax-6 mRNA sequence.
This will allow us to detect specifically the expression of the variant LsPax-6 and,
then, compare it with the one known from the wild-type LsPax-6 mRNA. LNA are
commercially available oligonucleotides, which contain modified RNA nucleotides
that significantly increase the thermal stability of the oligonucleotides. Due to their
high melting temperatures, small LNA oligonucleotides can be used for ISH
experiments and also improve standard ISH signals (Thomsen et al., 2005). Indeed,
LNA use is currently the only efficient method for the in situ detection of miRNA
(Kloosterman et al., 2006).

The different functional Pax-6 isoforms described so far result from
alternative splicing, which occurs in the sequences coding for the DNA-binding
domains. Hence, these different Pax-6 isoforms possess distinct DNA-binding
properties but relatively similar transactivation potential. The situation is more
complex in Drosophila, where the two Pax-6 homologues, Toy and Ey, possess

- 194 -



different transactivation properties due the highly divergent sequence of the Ey C-
terminal part (Punzo et al., 2004). However, these different transactivation properties
of Pax-6 homologues are the results of gene duplication and subsequent divergence
during evolution, and not of alternative splicing. In vertebrates, the Pax-6(5a) isoform,
which results from alternative splicing, has an extra exon of 14 aa that disrupts the
PAI subdomain of the PD. Thus, the use of the RED subdomain, rather than the PAI
one, is responsible for the DNA-binding of the PD (Epstein et al., 1994; Kozmik et
al., 1997). Hence, the Pax-6(5a) isoform presents a different DNA-binding capacity
than the canonical Pax-6 and thus might have unique role. The ratio of these two Pax-
6 forms has been shown to be critical for the normal development and function of the
vertebrate eyes (Singh et al., 2002). Even though a similar alternative splicing
mechanism is not conserved in Drosophila, interestingly, Eygone (EyQg) a protein very
similar to the vertebrate Pax-6(5a) has been found. Compared to Ey and Toy, Eyg is
truncated and lacks part of the PAI subdomain of its PD. Like the vertebrate Pax-
6(5a), Eyg binds to the “5aCON-like” sites (Jun et al., 1998). The vertebrate
canonical Pax-6 and the Pax-6(5a) have been proposed to be represented by
functional homologues in Drosophila: Toy/ Ey and Eyg, respectively. A recently
proposed model suggests that the Drosophila Eyg and the vertebrate Pax-6(5a)
control tissue growth, whereas the Drosophila Ey and the vertebrate Pax-6 are
responsible for eye tissue specification (Dominguez et al., 2004). Other types of
functional Pax-6 isoforms, which result from alternative splicing within the paired
box, have been described (Jaworski et al., 1997). For example, it is known that the
C.elegans alternative Pax-6 isoform, mab18, which lacks the PD but retains the HD,
is required for the development of the peripheral nervous system (Epstein et al.,
1994). Similar PD-less isoforms have been identified in other species, like in the quail
and in the mouse (Carriere et al., 1993; Mishra et al., 2002). As they have been found
in Deuterostomia and Ecdysozoa, Pax-6 isoforms that harbor a truncated or missing
PD seem to be evolutionary conserved. Hence, we have searched for the presence of
other variant LsPax-6 mMRNAs by RT-PCR experiments, using specific primers
flanking the paired box, on mRNA extracted from various adult and regenerating
tissues. However, we didn’t identify any other LsPax-6 alternative splice forms.
However, it is still conceivable that other LsPax-6 alternative splice forms are
generated to achieve stage-specific function during some developmental or
regenerating stages that we didn’t investigate. In addition, as we used primers
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flanking the paired box, it is also possible that we missed other LsPax-6 isoforms
produce from alternative splicing that occurs outside of the paired box.

4.3 Commonly accepted properties of the Pax-2/5/8-type HD are
challenged by lophotrochozoan data

We have isolated, from L.sanguineus genome, a new Pax gene, which encodes
a protein that possesses characteristic Pax-2/5/8-type amino acids in its PD. However,
the assignment of this newly identified LsPax gene as a LsPax-2/5/8 homologue was
not obvious because it encodes a protein with a rather unusual partial HD. Based on
deuterostome and ecdysozoan sequence comparisons, common Pax-2/5/8 proteins are
thought to contain, in addition to a PD and an octapeptide, a partial HD, which is
composed of the helices I and 11, only. The structure of the deduced protein encoded
by the newly identified LsPax gene is relatively different from the structure of
common Pax-2/5/8 proteins: although it contains both Pax2/5/8-type PD and
octapeptide, it seems, at a first sight, to lack a HD. More investigations have revealed
that the deduced LsPax-2/5/8 protein contain some conserved residues of an HD, but
surprisingly, they are from the third helix of an HD and not from the two first helices.

Some time after the isolation of the LsPax-2/5/8 gene, another new Pax gene
has been identified from the genome of another lophotrochozoan member, the
mollusk Arca noae, in our laboratory (L.Keller, unpublished). Surprisingly, this Arca
Pax gene encodes a putative protein that appears structurally similar to the one
encoded by the LsPax -2/5/8 gene. By aligning the amino sequences of these two
proteins, we found that they share an interesting common feature: both sequences do
not contain residues from the two first helices of an HD, but they present the
conservation of several crucial amino acids of the helix 11l of a HD. Furthermore, the
addition of the Platynereis Pax-2/5/8 sequence, the only lophotrochozoan Pax-2/5/8
sequence available from databases, to our alignment revealed the conservation of the
same residues of the third helix of a HD in the Platynereis sequence. This suggests
that the conservation of these residues from the third helix of a HD might be a
common feature of lophotrochozoan Pax-2/5/8 homologues. Hence, it seems that,
while the partial HD, found in deuterostome and ecdysozoan Pax-2/5/8 proteins,
would have retained only the two first helices of a canonical HD, the partial HD,
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found in lophotrochozoan Pax-2/5/8 proteins would have retained only some of the
crucial amino acids of the third helix. Until now, only three identifications of full-
length Pax-2/5/8 homologues have been reported from lophotrochozoan genomes. In
fact, according to databases, some other lophotrochozoan Pax-2/5/8 genes have been
cloned, but the sequences are incomplete. Probably because their cloning was
performed using degenerated primers designed against conserved sequences within
the paired box, only the paired box sequences of these other Pax-2/5/8 homologues
are available. RACE PCR extension of these fragments is required in order to test
whether the protein that they encode also retain residues from the third helix of a HD
in their sequences. From our Pax-2/5/8 protein sequence alignment (see Fig. 3.15), it
appears that the sponge proteins, which contain a Pax-2/5/8-type PD, also retain the
same residues from the third helix of a HD like lophotrochozoan Pax-2/5/8 proteins.
But the situation is more complicated as they also retain some residues of the two first
helices of a HD (Hoshiyama et al., 1998). Furthermore, the PaxB protein of
Trichoplax, members of the putative diploblast phylum, the placozoa, harbors
structural features of both Pax-2/5/8 and Pax-6 proteins. It contains a Pax-2/5/8-type
PD, an octapeptide and a complete HD, close to the Pax-6-type HD (Hadrys et al.,
2005). Hence, the sponge Pax-2/5/8 proteins, and even more, the placozoan PaxB
could represent ancestral forms from which the deuterostome/ecdysozoan-type Pax-
2/5/8 proteins and the lophotrochozoan-type ones have been generated. Thus,
although further investigations are required, the sequence data obtained from
Lophotrochozoa might bring more light on the history of the Pax family members.

It is noteworthy that these conserved residues, which are found in all the three
lophotrochozoan Pax-2/5/8-type partial HDs, are from the third helix of a HD. The
third helix of the HD is indeed known to be the recognition helix crucial for specific
DNA binding. The paired-class HDs are known to cooperatively bind to palindromic
DNA sequences of the TAAT(N)..sATTA-type, called P2 or P3 depending of the
number of nucleotides that separate the two TAAT/ATTA palindromic core
sequences (Wilson et al., 1993). It also been shown that the third helix of paired class
HDs mediates the binding to other HDs and PDs (Bruun et al., 2005). The conserved
residues of the third helix of a HD, which are found in lophotrochozoan-type Pax-
2/5/8 partial HDs, are amino acids well known from crystallography studies to be
crucial for binding. This includes a tryptophane (W) and a tyrosine (Y), which are
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important aromatic amino acids that form the hydrophobic core. Hence, due to their
unusual partial HD, the lophotrochozoan-type Pax-2/5/8 proteins may have very
different DNA binding and protein-protein interaction properties than the
deuterostome/ecdysozoan-type ones. We will investigate this possibility in the near
future by firstly testing whether our LsPax-2/5/8 protein is able to bind to HD target
sites, in gel-shift assays.

4.4 ldentification of an unusual Ls-Opsin specifically expressed during eye
development

We have cloned an opsin gene from L.sanguineus. The deduced Ls-Opsin
amino acid sequence presents characteristic signatures, such as the K50, which allow
us to clearly assign it to the opsin subfamily of GPCRs. However, the Ls-Opsin
sequence does not cluster with the canonical rhabdomeric-type opsin, which is
commonly found in Protostomia. As nemerteans contain rhabdomeric photoreceptors
in their eyes (Vernet, 1970), the Ls-Opsin probably corresponds to a new, previously
unidentified, invertebrate type of opsin. We had been looking for a Ls-opsin to be
used as an “eye molecular-marker”, since we expected it to be expressed specifically
in the Lineus photoreceptor cells. But, the situation appeared to be more complicated:
even though the cloned ospin is nicely expressed at the level of the visual structures of
L.viridis larvae, no expression in adult or regenerating L.sanguineus eyes has been
observed. Therefore, we believed that at least another type of opsin must be present in

L.sanguineus genome.

It is known that only a limited range of wavelengths can be detected by each
photoreceptor: this reflects its “spectral phenotype”, which is determined by the type
of opsin the photoreceptor contains. However, the “spectral phenotype” of one
photoreceptor should not be assumed to remain unchanged throughout the animal life.
In fact, several situations, in which different opsins are expressed during development
and adult life, are known: for example, the single opsin-type that is expressed in the
visual structures of the winter flounder is known to be replaced by three different
opsin-types in the photoreceptors of the adults, after metamorphosis (Evans et al.,
1993). Similarly, when young salmon fish, living in surface waters, where ultraviolet
light is abundant, move to deeper waters, where blue-green light prevails, they
remodel their color vision by a switch between different opsins. Indeed, cone
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photoreceptors of young salmon express only UV-opsin, whereas cone photoreceptors
of salmon that have moved to deep waters express only blue-opsin (Cheng and
Novales Flamarique, 2004). Furthermore, not only temporal changes, but also spatial
changes in the expression of different opsin-types have been reported during
development of zebrafish (Takechi and Kawamura, 2005). From all these findings, it
appears that both, spatial and temporal expressions of different opsin-subtypes are
more plastic than one would have thought. Thus, the isolated Ls-opsin is likely to be
specific for some developmental stages. As we didn’t find its expression during
regeneration of the head regions, where new eyes are forming, the isolated Ls-opsin
appears not to be involved in eye-regeneration. However, one could still argue for an

expression in very specific stages of eye-regeneration that we didn’t investigate.

We are currently still searching for other opsin genes in the genome of
L.sanguineus, as it is unlikely to possess only one. As the newly identified opsin is
not expressed in the adult eye photoreceptors, we are convinced that the L.sanguineus
genome contains at least one other ospin gene, which would be expressed in the adult
eye photoreceptors. This yet-unidentified Ls-opsin could be more similar to the
canonical rhabdomeric-type opsin. However, as we cannot exclude the possibility that
the canonical rhabdomeric-type opsin has been lost during evolution by the
L.sanguineus genome, the other unidentified Ls-opsin could also be from an unusual
invertebrate-type. In addition to the rhabdomeric photoreceptors found in inverse
adult nemertean eyecups (Vernet, 1970), some ciliary photoreceptors have been
described in nemertean brains (Vernet, 1974). Hence, it is also conceivable that a
ciliary-type opsin could be isolated from L.sanguineus, as it was recently achieved for
the marine rag-worm Platynereis, which also have some ciliary photoreceptors
located in their brain (Arendt et al., 2004).

4.5 First identification of homologues from the three Six gene subfamilies

in a lophotrochozoan genome

From their basal placement in phylogenetic trees (Agosti et al., 1996), a
greater antiquity of the Six gene family, compared to other homeobox-containing gene
families, has been proposed. Six homologues have already been isolated throughout
basal Metazoa, including several sponges, cnidaria and a ctenophore (Bebenek et al.,
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2004), making the presence of Six homologues in the genome of L.sanguineus likely.
Indeed, we have identified three different Ls-Six genes, one of each Six gene
subfamily: Ls-Six1/2, Ls-Six3/6 and Ls-Six4/5.

Chromosomal linkages of different Six genes have been reported for several
bilaterian species. From ecdysozoan genome studies, we know that so and optix map
very closely on chromosome 2R in Drosophila (Toy et al., 1998). Also the four
C.elegans Six genes are located on a same chromosome (Ruvkun and Hobert, 1998).
The situation is similar in deuterostomian genomes: the Six2 and Six3 genes map on
the same mouse chromosome (Oliver et al., 1995a; Oliver et al., 1995b) and the Six1
and Six4 and Six6 genes, which are members of the three different Six subfamilies, are
closely linked on the same human chromosome (Gallardo et al., 1999). Based on
these chromosomal linkage findings and on the fact that ecdysozoan and
deuterostome genomes retain at least one gene from each of the three Six subfamilies,
it has been proposed that the genome of the Urbilateria possessed only three Six
genes, which were arranged in a single cluster (Gallardo et al., 1999). This cluster
supposedly resulted from two successive tandem duplications of a single gene
precursor. As we isolated the first lophotrochozoan Ls-Six4/5, our work on Ls-Six
homologues corresponds to the first report of the presence of one gene from each of
the three Six subfamilies in a lophotrochozoan genome. Despite our extensive PCR
survey, we could isolate only one gene from each Six subfamily. This fact suggests
that Ls-Six genes could have retained some features of the Six genes that were present
in the urbilaterian genome. To corroborate this idea, we have thought to look in a near
future for their genomic organization to check whether the Ls-Six genes are arranged

into a cluster, similarly to the hypothetical archetypal one from the Urbilateria.

4.6 General involvement of the three Ls-Six genes in CNS and anterior

sensory organ development

According to its expression pattern, Ls-Six1/2 is likely to be involved in both,
development and regeneration of anterior Lineus sense organs, including the eyes. It
seems involved, as well, in the development and regeneration of some part of the
brain. It is known that of Six1/2 homologues display conserved functions in
invertebrate eyes. Indeed, in collaboration with ey, eya and dac, so is required for the
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Drosophila compound eye development (Bonini et al., 1997; Shen and Mardon, 1997,
Halder et al., 1998). In fact, so plays a crucial role for the development of the entire
Drosophila visual system, including not only the adult compound eyes but also, the
embryonic optic lobe, the Bolwig’s organ, which is the larval photoreceptor organ,
and the adult ocelli (Halder et al., 1998; Niimi et al., 1999; Punzo et al., 2002).
Similarly, Six1/2 homologues are also expressed in the visual system of
Lophotrochozoa, such as polychaete and planarian (Pineda et al., 2000; Arendt et al.,
2002). Furthermore, the inactivation of the planarian G.tigrina Six1/2 homologue,
Gtso, by RNAI blocks eye regeneration completely (Pineda et al., 2000). Likewise,
we have also argued for a role of Ls-Six1/2 during regeneration of Lineus eyes.
However, in contrast to Ls-Six1/2, the planarian Gtso remains expressed in fully
regenerated eyes (Pineda et al., 2000). Hence, Ls-Six1/2 does not seem important for
the maintenance of the Lineus adult eyes. As the Six1/2 homologues present
conserved expression patterns in both, ecdysozoan and lophotrochozoan species, their
roles in early visual system specification have been proposed to be evolutionarily
ancient. This idea has been reinforced by the expression of a Six1/2 homologue in the
cnidarian eye cup (Stierwald et al., 2004), which suggests a conservation of this role
outside the Bilateria. However, this view is challenged by vertebrate expression data.
The vertebrate Six1 and Six2 do not participate to the early eye development. They are
only involved in the late differentiation of the vertebrate retina (Kawakami et al.,
1996; Ghanbari et al., 2001). Thus, the early development of visual structures differs
among bilaterian animals, as the involvement of Six1/2 gene in eye development is
conserved throughout Protostomia but not in Deuterostomia. Other roles, such as
involvement in myogenesis and in early development of numerous organs like the
kidney and the thymus, have also been reported for the vertebrate Six1 and Six2 genes
(Laclef et al., 2003a; Laclef et al., 2003b; Stierwald et al., 2004; Grifone et al., 2005).
In addition, they also are important for the patterning of the head and the development
of many sensory organs, such as the olfactory system and the auditory system
(Ghanbari et al., 2001; Laclef et al., 2003; Zheng et al., 2003). Interestingly, Ls-
Six1/2 is also specifically expressed at the level of several Lineus sense organs, not
only in the eyes but also in the frontal gland and in the frontal organ, during both,
their development and their regeneration. This suggests a conservation of Six1/2
homologue function in sensory organ development. In addition, the strong and broad
Ls-Six1/2 expression during early head regeneration suggests the conservation of
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broader head patterning function of Six1/2 genes in Lineus. Furthermore, during
development and regeneration, Ls-Six1/2 is expressed in specific regions of the brain,
namely at the level of the commisure that is joining together the two cerebral
ganglions and at the periphery of the anterior region of the cerebral ganglia, which
probably corresponds to the site where nerve fibers emerge from the brain to
innervate the eyes. Our expression data argue for an involvement of Ls-Six1/2 in the
development and regeneration of some specific CNS regions of Lineus, even though,
in contrast to Six3/6 subfamily, no function of Six1/2 subfamily has been proposed to
be evolutionary conserved in CNS development.

Six3 and Six6 genes demarcate almost the entire vertebrate forebrain region,
which is composed of the telencephalon and the diencephalon. Studies from mouse,
chicken, frog and fish argue for an early expression of the vertebrate Six3 and Six6
genes in the anterior-most part of the neural plate. Their expressions are later
maintained in the CNS, in the visual system, in broad regions of the hypothalamus, in
the pineal, in the ventral telencephalon and in the thalamus (Oliver et al., 1995a;
Bovolenta et al., 1998; Loosli et al., 1998; Jean et al., 1999; Ghanbari et al., 2001).
Similarly, Six3/6 subfamily members are also expressed in the anterior-most region of
protostomian brains (Pineda and Salo, 2002a; Tessmar-Raible, 2004). Hence, Six3/6
homologues seem to display evolutionary conserved roles in the development of the
CNS. In accordance with this hypothesis, we have found Ls-Six3/6 to be expressed in
the developing Lineus brain, with the strongest expression at the most anterior part of
the cerebral ganglia. Furthermore, it also seems to remain expressed in the adult brain.
Based on studies from vertebrates, Drosophila and even cnidarian, an additional
evolutionary conserved role of the Six3/6 homologues has been proposed. Six3 and
Six6 homologues are expressed in the developing eyes of the mouse embryo (Oliver et
al., 1995a; Toy and Sundin, 1999). Furthermore, enlargement of the optic stalk is
observed when the Six3 homologue is ectopically expressed in zebrafish (Kobayashi
et al., 1998). In addition, Six3 over-expression in medaka fish leads to the formation
of an ectopic retina, while over-expression of the Six6 homologue in the Xenopus
results in increased eye size (Loosli et al., 1999; Zuber et al., 1999). Similarly, optix,
the Drosophila Six3/6 homologue, has been reported to be able to induce ectopic eyes,
independently of ey (Seimiya and Gehring, 2000). Surprisingly, our expression data
for Ls-Six3/6 do not suggest, as one could have expected, any involvement of this
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Six3/6 homologue neither in the development nor in the maintenance of the Lineus
eyes. Strikingly, Gtsix-3, the planaria Six3/6 homologue is expressed in brain
branches but is never detected in eyes, neither in differentiated adult eyes nor in
regenerating ones (Pineda and Salo, 2002a). Hence, although Six3/6 homologues are
clearly involved in the development of deuterostome and ecdysozoan eyes, it does not
seem to be the case for the development of the lophotrochozoan eyes, so far. Thus,
further investigations of lophotrochozoan Six3/6 homologues are required for the
validation of the assumed conserved role of these genes in the development of

bilaterian visual structures.

An evolutionary conserved function of Six4/5 homologues in mesoderm
patterning has been proposed. Indeed, mutations in the C.elegans Six5 homologue,
unc-39, lead to defects in specification and differentiation of the mesoderm, in
addition to defects in neuronal migration and axon pathfindings (Yanowitz et al.,
2004). Likewise, D-six4 is required for the development of most Drosophila cell
types originating from the non-dorsal mesoderm, such as the fat body, somatic cells of
the gonad and specific subset of muscles. Furthermore, the misexpression of D-six4
and its partner, eya, is sufficient to impose a “non-dorsal mesodermal” fate on other
mesodermal cells, highlighting the role of D-six4 as a key mesodermal patterning
mediator (Clark et al., 2006). In addition to the co-expression of Six4 and Six5 during
vertebrate myogenesis, an early involvement of Six4 during mesoderm development
has been reported in vertebrates (Grifone et al., 2005). Hence, data from
Deuterostomia and Ecdysozoa argue for a conserved role in mesoderm patterning and
for a more broad function in cell motility and differentiation. From our expression
data, Ls-Six4/5 expression is restricted to the head region, where it shows similar
expression in both, developing larvae and adult worms. In respect with its expression
pattern, we suggest a role of Ls-Six4/5 in the innervation of sense organs. It is indeed
strongly expressed in nerve fibers that run from the brain to the anterior sense organs,
including the eyes. In addition, it is expressed in the cerebral organs, which are also
sense organs, and is expressed too in the regions of the brain that is connected to these
cerebral organs. According to the databases, we have reported the isolation of the first
lophotrochozoan Six4/5 homologue. Based on its expression pattern, we have

suggested an involvement in the development and the innervation of the sense organs.

- 203 -



To which extend this Six4/5 presumed function is conserved will remain unclear as

long as additional data from lophotrochozoan homologue are not available.

4.7 Some members of the Retinal Determination Genetic Network are co-
expressed in developing, regenerating and differentiated Lineus eyes

The L.sanguineus Pax-6 homologue, LsPax-6, has been shown to be expressed
in a rather broad region of the head, including the eye region (Loosli et al., 1996). In
addition to its expression in the regenerating brain, LsPax-6 is also specifically
detected in newly differentiating eyes (Loosli et al., 1996). Furthermore, we have
previously reported that inactivation of LsPax-6 by RNAI, mediated by repeated
injections of LsPax-6 dsRNA, results in disappearance of adult eyes and blocks the
regeneration process of the eyes (Charpignon, 2002). Altogether these data strongly
argue for a crucial role of Pax-6 in both, maintenance and regeneration of the Lineus
eyes. Our results from LsPax-6 studies are in good agreement with the model derived
from studies in vertebrates, which suggests an involvement of Pax-6 in the
maintenance and the regeneration of the retina. The vertebrate adult visual structures
seem to retain the expression of Pax-6 throughout their existence: a continuous
expression of Pax-6 has been detected in the retina throughout the lifespan of human
(Stanescu et al., 2005). In addition, Pax-6 remains strongly expressed in the surface
epithelia of the adult cornea and conjunctiva in chicken, mouse and monkey (Koroma
et al., 1997). This has led to the proposition of a direct role of vertebrate Pax-6 in the
maintenance and in the proliferation of corneal stem cells (Koroma et al., 1997).
Furthermore, a reduced level of Pax-6 transcription, as a consequence of a decrease in
Notch activity, has been suggested to be responsible for human retinal degeneration
(Pauli, 2004). In the light of this hypothesis, it is noteworthy that the adult eyes
disappear as a result of LsPax-6 inactivation by RNAI and even more remarkable that
eyes reappear once the LsPax-6 dsRNA injections are suspended (Charpignon, 2002).
Taken together, data from vertebrate Pax-6 and LsPax-6 studies favorably argue for
an evolutionary conserved function of Pax-6 in the maintenance of both vertebrate

and invertebrate visual structures.

- 204 -



We wanted to further characterize the components of the Lineus eye
specification network. Members of the Pax-6, Eya, Six and Dac families of
transcription factors are known to collectively direct the formation of the invertebrate
eyes through a complicated network of regulatory interactions, involving feedback
regulatory loops and protein-protein interactions. Hence, we thought to search for
Lineus homologues of these transcription factors. We have indeed isolated a Six1/2
homologue, Ls-Six1/2. According to its expression pattern, Ls-Six1/2 could be
involved in the development of the eyes and also in their regeneration. Our data are in
agreement with the ones obtained from the expression patterns of other
lophotrochozoan Six1/2 homologues. Indeed, Six1/2 homologues from different
species of planaria are expressed in regenerating eyes and have been shown to be
critical for their regeneration (Pineda et al., 2000; Mannini et al., 2004). But, in
contrast to Ls-Six1/2, the Six1/2 homologue remains expressed in the fully developed
eyes of planarians (Pineda et al., 2000; Mannini et al., 2004). Since no Ls-Six1/2
expression was observed in adults, we have concluded that its expression is not
required for the maintenance of the adult Lineus eyes. However, it is possible that Ls-
Six1/2 is expressed at a lower level in adults for the whole mount ISH detection,
similar as it was found for the two planarian Pax-6 homologues: the planarian Pax-6A
and Pax-6B transcripts can be detected in both regenerating and adult eyes only by
electron microscopy in situ technique (Callaerts et al., 1999; Pineda et al., 2002b).
Surprisingly, twice we have observed, in adult worms, a very localized Ls-Six1/2
expression that was likely co-localizing with an eye. As such expression pattern was
detected only twice over all our ISH experiments and as visual structures are known
to continuously form during the life of Lineus worm, we propose that this transient
Ls-Six1/2 expression could be present due to the differentiation of a new eye in an
intact adult. This would be in good agreement with the idea that the expression of Ls-
Six1/2, similarly to the one of LsPax-6, may be essential for the formation of an eye in
Lineus. However, more investigations are required to validate this finding. Indeed,
although a Pax-6 involvement in planarian eye regeneration and maintenance is
suggested based on the expression patterns of the planarian Pax-6 homologues,
astonishingly the inactivation by RNAI of both Pax-6A and Pax-6B seems to inhibit
neither eye regeneration nor eye maintenance (Pineda et al., 2002b). We have planned
to test RNAI on Ls-Six1/2 in head regenerating worms. On one hand, this will allow
us to assess the Ls-Six1/2 function during regeneration of the eyes. On the other hand,
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by checking for LsPax-6 expression in such Ls-Six1/2 dsRNA treated worms, we will
be able to investigate the presumptive epistatic relations between Ls-Six1/2 and
LsPax-6. Reciprocally, it is important to repeat the LsPax-6 inactivation experiment in
order to search for a hypothetical remaining Ls-Six1/2 expression, in the absence of
the LsPax-6 one.

From the RNAI-induced LsPax-6 phenotypes, we already know that Ls-Six1/2
alone, assuming it is involved in this process, cannot trigger eye regeneration.
Interestingly, the inactivation of planarian Pax-6 homologues by RNAI seems to have
no effect on eye maintenance or regeneration and no effect on the expression of Gtso
(Pineda et al., 2002b). In contrast, the inactivation of Gtso by RNAI leads to a no-eye
phenotype in head regenerating worms and to a decrease of the eye size in non-
regenerating worms (Pineda et al., 2000; Pineda et al., 2002b; Salo et al., 2002).
Hence, while the maintenance of Lineus eyes seems to be dependent on LsPax-6
expression but not on Ls-Six1/2 expression (Charpignon, 2002; this PhD work), the
maintenance of planarian eyes seems to be dependent on Six1/2 homologue
expression but not on Pax-6 homologue expression (Pineda et al., 2000). Similarly,
while the regeneration of Lineus eyes is Pax-6 dependent, the regeneration of
planarian eyes does not seem to rely on Pax-6 activity (Callaerts et al., 1999;
Charpignon, 2002; Pineda et al., 2002b). This highlights the fact that some specie
specificities probably exist in the regulation and function of members of the
evolutionary conserved RDGN, involved in invertebrate eye development.
Interestingly, the embryonic and adult vertebrate eyes also express many of the
RDGN members, suggesting a certain degree of conservation of the eye specification
network between vertebrates and invertebrates (Hanson, 2001; Kumar and Moses,
2001a; Donner and Maas, 2004; Silver and Rebay, 2005). However from vertebrate
gene studies, it appears that not only the regulation and function of a same RDGN
member can vary between invertebrates and vertebrates, but also which kind of
RDGN members is involved in eye specification vary between invertebrates and
vertebrates. Indeed, while Six1/2 and Six3/6 homologues, respectively so and optix,
are expressed in the developing Drosophila eye, only Six3 and Six6 genes, which
belong to another Six family, are expressed in the developing vertebrate eye (Toy et
al., 1998; Kawakami et al., 2000). In addition, through complex transcriptional
regulation, which leads to the generation of several functional isoforms, the vertebrate
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Pax-6 is able to achieve the numerous functions that are carried out by ey, toy and eyg
in Drosophila (Dominguez et al., 2004; Rodrigues and Moses, 2004). Furthermore,
although from their expression data, a role in eye development has been suggested for
the three vertebrate Eya homologues (Xu et al., 1997), it appeared that the disruption
of both mouse Eyal and Eya2 do not affect the eye development (null mutation of the
Eya3 has not yet been reported) (Purcell, 2002; Donner and Maas, 2004). Hence, the
vertebrate Eya homologues do not appear to be as crucial for eye development as their

invertebrate homologues.

During head regeneration, LsPax-6 is expressed in a relatively broad region,
where new eyes will regenerate, while Ls-Six1/2 expression is specifically restricted
to the location of the regenerating eyes. Similar observations are made for the
expression pattern of both genes during Lineus eye development. Hence, we suggest
the hypothesis that during development and regeneration, LsPax-6 expression define a
broad region that have the potential to develop Lineus visual structures and that
subsequently, eyes will emerge only where Ls-Six1/2 is expressed, within the LsPax-6
expressing head territory. This hypothesis is rather speculative and probably
represents only part of the story. Actually, we think that Ls-Six1/2 expression is
probably not sufficient to specify Lineus eye development and probably needs to be
combined with the expression of other partners. As the Lineus eye tissues cross-react
with an antibody against Dac, we have suggested the existence of a presumptive Ls-
Dach, which is a good candidate for being an Ls-Six1/2 interacting partner during the
Lineus eye specification. In addition, we are also searching for an L.sanguineus Eya
homologue, which could also be an interacting partner as, from planarian studies, the
essential role of the conserved interaction between Eya and Six1/2 homologues has
been recently extended to lophotrochozoan members (Mannini et al., 2004). We want
to find evidence whether the acquisition of “eye competence” in Lineus could
resembles the model proposed for the “eye competence” acquisition by the cells from
the eye imaginal disc: although so, eya and dac are expressed elsewhere in the fly
embryo, they are all first co-expressed in the eye disc during the second instar larvae.
It has been proposed that this co-expression, during second instar larva, is locking-in
the eye competence in the cells that are expressing ey (Kumar and Moses, 2001b;
Pichaud et al., 2001). Moreover, although inductive and patterning events prepare the

anterior neural plate for the formation of the vertebrate eye field, this is the
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coordinated expression of several transcription factors, such as Pax-6, Six3, Six6, that
specify the eye field (Zuber et al., 2003). A similar model has been formulated for the
development of the larval eye of another lophotrochozoan member. Indeed, in
Platynereis, the larval eye precursors are formed at the intersection of the Pax-6 and
Six1/2 territories (Arendt et al., 2002).
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1VV. Materials and Methods

Standard molecular methods, such as PCR product purification, alkaline
phosphatase treatment, ligation, preparation and transformation of competent cells,
plasmid miniprep, DNA digestion, phenol-chloroform extraction of DNA were
performed according to the “Maniatis” (Sambrook and Russel, 2001) and to the

manufacturer protocols. They will not be further described.

1. mRNA extraction

The mRNAs from various tissues were extracted using the Dynabeads® mRNA
DIRECT KIT™ from DYNAL® Biotech. This kit allows a reliable and rapid
isolation of mRNAs directly from tissues. The isolation protocol, performed in a
single tube, is based on the ability of magnetic particles that are coupled with
oligo(dT)25 to specifically retain poly-A mRNAs. Highly purified poly-A mRNAs
are isolated and are ready-to-go for further downstream analysis or reverse
transcription step.

2. Reverse transcription

cDNA were synthesized with the SuperScriptTM "'

First-Strand Synthesis System for
RT-PCR from Invitrogen. When the cDNA were synthesized for subsequent real-time
PCR, we used random hexamers as primers for the reverse transcription, whereas we
used poly-dT primers when the cDNA were synthesized for subsequent PCR

experiments with specific- or degenerated- primers.

3. Degenerated PCR

First step was always a denaturing step for 2 minutes at 94°C, followed by 30 to 50
cycles with the pimer-specific annealing temperature for 30 seconds and the required
elongation temperature for 1 to several minutes, depending on the expected size of the
PCR product (1 minute for approximatively 1kb). We mostly used the Taq
polymerase from Roche. The program was finished by a final elongation step at 72°C

resulting in the following scheme:
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initial denaturation 2min at 94°C

denaturation 30sec at 94°C
annealing 30sec at X°C 30-50X
elongation Ysec at 72°C
final elongation 5min at 72°C
stop o0 at 8°C

PCR reactions were mostly done in a nested manner, using 1ul of the 1 round PCR
reaction in a final volume of 20 ul. PCR products were subsequently purified by
agarose gel electrophoresis. Bands of interest were cut out of the gel. The DNA was
eluted from the gel by using the QIAEX gel extraction Kit.

4. Cloning of PCR products

The purified PCR products were cloned in the pCR®II-TOPO® vector from the
TOPO TA cloning ® kit from Invitrogen. This vector kit makes use of the single 3’
A-overhang, which is added by the Taq polymerase onto the PCR amplified products.
PCR products with these 3 A-overhangs can easily be cloned into the pCR®II-
TOPO® vector, which contains a single 3° T-overhang. Hence, this kit provides a
highly efficient, one-step strategy cloning for the direct insertion of a PCR product
into a plasmid. As M13 Reverse and M13 Forward priming sites are surrounding the
multiple cloning site of the pCR®II-TOPO® vector, we used M13 Reverse and M13

Forward primers to sequence our insert.

5. DNA sequencing

We used the BigDye® Terminator reaction kit, PE Applied Biosystems to labeled
DNA fragments we wanted to sequence. The PCR reactions were done according to
the manufacturer. The sequencing analysis was done on an ABI PRISM 310 Genetic
Analyzer.

6.3 and 5° RACE PCR

The full coding sequences were obtained by RACE (rapid amplification of cDNA
ends) on cDNA prepared from polyadenylated RNA extracted from various adult
and regenerating L.sanguineus tissues. We used the SMART RACE cDNA

amplification kit from Clontech.
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7. Gene expression level analysis by real-time PCR

The gene expression level analysis by real-time PCR was done on a Light-Cycler 11
instrument from Roche. Tissue-specific cDNA were used. Tissue-specific values of
the target gene were normailized against elongation factor expression levels. The
primers used were designed with a specific program available from the website

www.genscript.com/ssl-bin/app/primer. The Light Cycler FastStart DNA Master

SYBR Green | mix from Roche was used for the real-time PCR reactions. The
standars amplification protocol was: 15 minutes at 95°C, 15 seconds at 94°C, 20
seconds at 58°C and 10 seconds at 72°C, over 40 cycles. The fluorescence of the

amplified products was detected 5 seconds at 76°C, after the elongation step.

specific primers used for the real-time PCR experiments:

qRT.EF1 alpha.Sense GGCAAACCTTCCGAGTGGCGGGTAATCG
gRT.EF1 alpha.Asense CCGGGTGATTGAGAATGATGACCTGTGC
gRT.OTX.Sense GAGCACCCTACTCCGTCAAC
gRT.OTX.Asense CGACTCTAGCGTGTACCAACC
qRT.CDX.Sense TGACTGGACCACCATCGTTA
gRT.CDX.Asense ATGTTTGGGCAAGGCTGT

8. Preparation of RNA probes
In vitro transcription:
200-400 ng of DNA (purified PCR product with T7 promoter at the 3’end)
2 uL of 10X transcription buffer
2 uL of DIG-NTP labeling Mix from Boehringer
0.5 uL RNase inhibitor
2 uL of T7 RNA polymerase
add dH20 to 20 uL

incubate 2-3 hours at 37°C

Remove DNA template by adding 1 uL of RNAse free DNAse | and incubate for
another 15 min at 37°C.

Stop the reaction by adding 2 uL. 0,2 M EDTA pH 8.

Adjust volume to 50 uL by adding DEPC treated H20.
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Precipitate by adding 25 uL 7.8 M NHsAc and 150 uL 100% EtOH.
Incubate 30 min at -20°C

Centrifuge 15 min at 4°C

Wash with ice cold 80% EtOH

Resuspend visible pellet in 25 uL DEPC treated H20, analyze 1 uL on agarose gel
Add 76 uL Hibridization Buffer (HB) and store at -20°C

Usually 4 uL of this probe/HB is used in 500 uL HB.

9. in situ hybridization protocol

Tissue Preparation

1.

2
3.
4

5
6.
7
8

Rinse with PBS 2X

Fixation in 4% PFA in PBS, 5 min

Rinse with PBS 2X, wash 2X 2 min in PBS

Cystein chloride treatment 0,1M in PBS: rinse once, and then incubate 10 min
at RT

Rinse with PBS 2X, wash 3X 2 min in PBS

Fixation in 4% PFA in PBS, 20 min

Rinse with PBS 2X, wash 1X 2 min in PBS

. Wash 3X 2 minin PBT
9.

Rinse 3X in methanol

From now, the samples can be stored at -20°C

In situ procedures

1.

© © N o 0o bk~ DN

Rehydrate: 2 min with 75% methanol in PBT/ 2 min with 50% methanol in
PBT/ 2 min with 25% methanol in PBT

Wash 3X in PBT

Post-fixation in 4% PFA in PBT, 10 min

Rinse with PBT 2X, wash 4X 2 min in PBT

Proteinase K treatment: 10ug.ml™in PBT, 10 min

Rinse once with PBT

Post-fixation in 4% PFA and 0,2% glutaraldehyde in PBT, 10 min

Rinse 2X with PBT, wash 3X 2min in PBT

Rinse 2X with RIPA buffer, wash 3X 10 in RIPA

10. Rinse 2X with PBT, wash 2X 2 min in PBT
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11.
12.
13.
14.

15.
16.
17.
18.
19.
20.
21.
22,
23.

24,
25.
26.
27.
28.
29.
30.

Wash in 50% HB/ 50% PBT for 2X 5min

Wash 2X in HB

Pre-hybridize in HB at 56°C for 2-3 hours

Replace Pre-hybridization solution with HB that contains the RNA probe,
incubate over night at 56°C

Wash in HB at 56°C, 5 min

Wash in WS1 2X 20 min at 56°C

Wash in WS2 2X 10 min at 56°C

Wash in WS3 2X 20 min at 56°C

Rinse with PBT at RT

Wash 3X 5 min with PBT

Rinse with blocking solution at RT

Incubate 90 min in blocking solution at RT

Incubate for 2 hours maximum at RT with pre-adsorbed antibody 1:2000 in
blocking solution or over night at 4°C with pre-adsorbed antibody 1:5000
Rinse 2X with MAB

Wash 3X 10 min in MAB

Rinse 2X with AP 9.5 buffer

Wash 2X 5 min in AP 9.5 buffer

Color detection: 4,5 uL NBT and 3,5 uL BCIP in 1 mL AP 9.5 buffer
Monitor the staining. When desired, stop it by several rinse in PBT
Mount in Glycergel

Solutions:

PBS: 130 mM NaCl, 7 mM Na;HPO,4, 3mM NaH,PO,

4% PFA: use 16% Paraformaldehyde, EM grade.

PBT: 0,1 % Triton in PBSI

RIPA buffer: for 20 mL: 14 mL dH20, 1 mL NaCl 5M, 2 mL NP40 10%, 2 mL DOC
5%, 660 uL TrisCl pH8 1M, 300 uL SDS 20%, 40 uL EDTA 0,5M.

HB: for 50 mL: 25 mL formamide, 12,5 mL SSC 20X, 11,5 mL dH20, 500 uL

Tween 10%, 500 uL heparine 10 mg/mL, 5 uL salmon sperm DNA and 5 mg yeast
(or E.coli) RNA.
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WS1: 50% formamide, 2X SSCT. For 12 mL: 6 mL formamide, 1,2 mL SSC 20X,
120 uL Tween 10%, 4,68 mL dH20
WS2: 2X SSCT. For 12 mL: 1,2 mL SSC, 120 uL Tween 10%, 10,68 mL dH20
WS3: 0.2 SSCT. For 12 mL: 120 uL SSC, 120 uLTween 10%, 11,76 mL dH20
Blocking solution: 1% blocking reagent from Boehringer in MAB
MAB: 100mM maleic acid pH7.5, 150 mM NaCl. For 200 mL: 20 mL maleic acid
1M pH7.5, 6 mL NaCl 5M, 2 mL Tween 10%, 172 mL dHZ20.
A.P 9.5 buffer: 100 mM NaCl, 50 mM MgCl2, 100 mM TrisCl pH 9.5, 0,1% Tween,
1 mM levamisol. For 10 mL: 200 uL NaCl 5M, 500 uL MgCl2 1M, 1 mL TrisCl pH
9.5 1M, 50 uL Tween 20%, 10 uL levamisol 1M in dH20.
Stock: NBT: 75 mg/mL in 70% DMF

BCIP: 50 mg/mL

10. Antibody staining

Same tissue preparation than the one from the in situ hybridization protocol, followed
by:

Rehydrate: 2 min with 75% methanol in PBT/ 2 min with 50% methanol in PBT/ 2
min with 25% methanol in PBT

Wash 3X in PBT

Post-fixation in 5% formaldehyde in PBT, 20 min

Rinse with PBT 2X, wash 4X 2 min in PBT

Rinse twice and incubate 30 min in PBT containing 0,1% Triton, 0,1% TweenZ20,
0,1% NP40, 0,1% DOC

Rinse once with PBT

Rinse with blocking solution

Incubate 90 min in blocking solution

Incubate over night at 4°C with the first antibody at the appropriate dilution

Wash 5X 10 min in MAB

Incubate 90 min in blocking solution

Incubate 2 hours at RT with the second antibody at the appropriate dilution

Wash 5X 10 min in MAB

For color detection, when the second Ab was conjugated with AP:

Rinse 2X with AP 9.5 buffer

Wash 2X 5 min in AP 9.5 buffer
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Color detection: 4,5 uL NBT and 3,5 uL BCIP in 1 mL AP 9.5 buffer
Monitor the staining. When desired, stop it by several rinse in PBT
Mount in Glycergel

11. Experimental animals

L.sanguineus and L.viridis were collected in Roscoff, France, while L.lacteus were
collected in Banyuls, France. They were usually kept in the dark at 14°C. The glass
bottles, where they were kept, were filled with sea water that was collected from
Roscoff. It is known that “artificial sea water” made with salt mix is harmful for the

Wworms.

Sambrook, and Rusell. (2001). Molecular cloning. A Laboratory Manual, 3rd edition.
(New York: Cold Spring Harbor Laboratory Press).
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V. Appendix

bootstrap 100 cycles

73[" Lineus sanguineus Otx
Patella vulgata orthodenticle (otx)
Homo sapiens orthodenticle
Danio rerio orthodenticle homolog 5
Drosophila melanogaster otd
Homo sapiens Crx

{Drosoph\ia melanogaster goosecoid

Homo sapiens goosecoid

Human Pax6

100 Platynereis dumerilii mRNA for Pax6

Drosophila melanogaster eyeless
92 Patella vulgata orthopedia
Homo sapiens orthopedia

100
Drosophila melanogaster otp

_95: Danio rerio engrailed

Schistosoma mansoni engrailed-like

Homo sapiens GS homeobox 2

Co
O

100 Podocoryne carnea GSX

75 Homo sapiens Msx2

Platynereis dumerilii Msx
Drosophila melanogaster msh

Homo sapiens HOXA1

14 100 Lineus sanguineus Hox-1
Drosophila melanogaster lab

100 Homo sapiens HOX1.1
29 | :

Drosophila melanogaster Ubx
= 100f Danio rerio Cdx
a I—L Homo sapiens Cdx4

6| Lineus sanguineus Cdx

100
Danio rerio Cdx

77 Drosophila melanogaster cad

11l Platynereis dumerilii cad

Poisson mode

Appendix 1. Phylogenetic tree showing Ls-Otx and Ls-Cdx genes in relation to

other homeobox-containing genes

The phylogenetic tree was constructed by using the neighbour-joining (NJ) method. All the
amino acids from the HD were used. Poisson-correction distance was used to draw the NJ

tree. The Ls-Otx and Ls-Cdx genes are highlighted in red.
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19 M P R § L 5 W L FH¥ P S F L HF § L L PLMHETF P

201 TCOGC. A NG TGGOGTCAACC AR TOGGOGECG T T T TG T AAAC GO TOGC OO OO TO O CGGAC TOGACCOGRC AGAG
5 A H &8 G v H ¢ L GG V¥ F VN GR P L PD S TRDB R

§81 | AATAGTCGRGCTAGCTCACAGDGEAG TRGACCGTGOGAT ATATCGOGARTTC TAC AMG T T TCAAACGEC TECGTGAOGA
77| I v EL A H S G AR PCDI S5 R I L g WV 5 NG C WV TE

581 | ARRTTCTTGEACGTTAC T ACGAGRC AGEETCGATTOGGCCCOGTGOCATAGGAGGC AGCAABCCCAGADTOGCCACCDCG o
2% I L 6 R ¥ ¥ ET G 8§ I R P R A I G G 58 K PRY ATP

541 | GREGT T IGGEAMA TG R AT A AR GGG A TG T C O T AR TAT T IO O AT OO A A TC OO A TAGA T TGO TOTT
125 |E ¥ v G K I A H ¥ K R E € P 5§ I F A W E I B DR L L 8

152 | D A ¥V C N Q D N I P § W §8 5§ I HN R ¥V L R N L A 5 E

T
961 {:'.r'cnc‘ccﬁ.Wmmmmmmwncmmncacnmmmmm
232 8 P T K K E 8 D G H 8% 58 A D &8 H & G DD T P H G H E 5 E

1041  ARGAGCAGATGARAATACTTTTARARRGARA T TTCAGCEANATOOCACGTCAT TCACARATEC ACARATTGAGECTTTA
758 E g ® A I R[L_E R EJL o R N R T § F T K A @ I E A L

HC

1121 GMWMHMCMWH'MMTMMM
ZB5 |E K E F E R T H Y P D VYV F AR EURLAMRQUETITU EDIULUFPENR

13101 TmuTncnc!]mmﬂTrmucmmﬁmmm ACCORACCARAGACGAGATOOGE
2| R I Q9 W W F 5 N H A A K W R R E E L R N Q R R|D A D

13E1 CCARCGGAGGCAGTOGTATTCCCATCAACAGTAGTTTTCCCARCAGC A TG TATCOGTC TATTCACCARACCCATAGC AACA
139 N 6 6 § R I P I W & 5 F F N 58 K Y P 58 I R G FTAT

1381 ATGGGRGARACATACRCGIGAGTCACGIRA T TOOTCACGT TAC TUTCATE TACCTT TOGGCATRARGTCACTOARCTTAL
W5 M G E T Y R

1éd]l THACCAGTARAGTTACGATTACGTACCAGTTIAGTCAGTTTAD

Appendix 2. The Ls-Pax-6 sequence, which was available before this PhD work,
and the deduced amino acid sequence of its putative ORF.

The paired domain (PRD) and the homeodomain (HD) are indicated with boxes. The
conserved motif in the linker region and the conserved amino acids flanking the
homeodomain are framed in. The splice sites are indicated by arrowheads. On the basis of
sequence homology there may be an additional splice site in the first codon of the paired box.
In-frame stop codons are underlined.
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Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

Ls-Pax6

Ls-Pax6’

ACAGCTTGACCATGCAGATCTCTATTCCTCCGCTTGTTTCCGTTGGATTTTTATGCAAAG 60
ACAGCTTGACCATGCAGATCTCTATTCCTCCGCTTGTTTCCGTTGGATTTTTATGCAAAG 60

ATTTTCGATTCAACTGGACTAGCTAACGAAATCTGATGTACATTGCACAGCATCCCCGCG 120
ATTTTCGATTCAACTGGACTAGCTAACGAAATCTGATGTACATTGCACAGCATCCCCGCG 120

TCATGGGTCAAATTCAAACCTTTGGCGCTGGGATCTGACAATATGGAACGATCAAAAAAA 180
TCATGGGTCAAATTCAAACCTTTGGCGCTGGGATCTGACAATATGGAACGATCAAAAAAA 180

TGCACTGCAGCTCAGGATCGCATCGCTTATAATGCTATGCCACGCCAACTATCGAATTTA 240
TGCACTGCAGCTCAGGATCGCATCGCTTATAATGCTATGCCACGCCAACTATCGAATTTA 240

TTCATGCCCTCATTTTTGCACTTTTCTCTTTTGCCTCTTATGTCTACTTTTCCTTCCGCA 300
TTCATGCCCTCATTTTTGCACTTTTCTCTTTTGCCTCTTATGTCTACTTTTCCTTCCGCA 300

GGTCACAGTGGCGTCAACCAACTCGGCGGCGTGTTTGTAAACGGTCGCCCCCTCCCGGAC 360
GGTCACAGTGGCGTCAACCAACTCGGCGGCGTGTTTGTAAACGGTCGCCCCCTCCCGGAC 360

TCGACCCGGCAGAGAATAGTCGAGCTAGCTCACAGCGGAGCTAGACCGTGCGATATATCG 420
TCGACCCGGCAGAGAATAGTCGAGCTAGCTCACAGCGGAGCTAGACCGTGCGATATATCG 420

CGAATTCTACAAGTTTCAAACGGCTGCGTGAGCAAAATTCTTGGACGTTACTACGAGACA 480
CGAATTCTACAAGTTTCAAACGGCTGCGTGAGCAAAATTCTTGGACGTTACTACGAGACA 480

GGGTCGATTCGGCCCCGTGCCATAGGAGGCAGCAAGCCCAGAGTGGCCACCCCGGAGGTC 540
GGGTCGATTCGGCCCCGTGCCATAGGAGGCAGCAAGCCCAGAGTGGCCACCCCGGAGGTC 540

GTTGGGAAAATAGCACACTACAAACGGGAATGTCCCTCAATATTTGCATGGGAGATCCGG 600
GTTGGGAAAATAGCACACTACAAACGGGAATGTCCCTCAATATTTGCATGGGAGATCCGG 600

GATAGATTGCTCTCAGATGCAGTGTGTAATCAGGACAATATTCCAAGTGTTTCATCAATA 660
GATAGATTGCTCTCAGATGCAGTGTGTAATCAGGACAATATTCCAAGTGTTTCATCAATA 660

AATCGTGTGTTAAGAAACTTAGCCAGTGAAAATCAAAAACAGCTCGGACAAAGCTCAATG 720
AATCGTGTGTTAAGAAACTTAGCCAGTGAAAATCAAAAACAGCTCGGACAAAGCTCAATG 720

TACGATAAATTGGGACTATTAAACGGGCAGGCGTGGCCGCGGCCTAATCCGTGGTACGCA 780
TACGATAAATTGGGACTATTAAACGGGCAGGCGTGGCCGCGGCCTAATCCGTGGTACGCA 780

CCGAACACTCACCCGGCCATGACCGGCCTAACTGCACATCATCCTCAATATCCACCACAG 840
CCGAACACTCACCCGGCCATGACCGGCCTAACTGCACATCATCCTCAATATCCACCACAG 840

CCACAGCCACCACCAATCTCACCCACGAAAAAAGAGAGCGACGGTCACAGTAGTGCAGAC 900
CCACAGCCACCACCAATCTCACCCACGAAAAAAGAGAGCGACGGTCACAGTAGTGCAGAC 900

TCTCACAGCGGGGACACACCAAATGGCAATGAAAGTGAAGAGCAGATGAGAATACGTTTA 960
TCTCACAGCGGGGACACACCAAATGGCAATGAAAGTGAAGAGCAGATGAGAATACGTTTA 960

AAAAGAAAGCTTCAGCGAAATCGGACGTCATTCACAAATGCACAAATTGAGGCTTTAGAA 1020
AAAAGAAAGCTTCAGCGAAATCGGACGTCATTCACAAATGCACAAATTGAGGCTTTAGAA 1020

AAAGAATTTGAAAGAACACATTACCCAGACGTCTTTGCACGTGAAAGATTAGCACAAAAA 1080
AAAGAATTTGAAAGAACACATTACCCAGACGTCTTTGCACGTGAAAGATTAGCACAAAAA 1080

ATAGACTTACCGGAAGCTAGAATACAGGTTTGGTTTAGTAACAGACGAGCAAAATGGCGA 1140
ATAGACTTACCGGAAGCTAGAATACAGGTTTGGTTTAGTAACAGACGAGCAAAATGGCGA 1140

CGGGAGGAGAAGCTACGGAACCAAAGACGAGATGCGGCCAACGGAGGCAGTCGTATTCCC 1200
CGGGAGGAGAAGCTACGGAACCAAAGACGAGATGCGGCCAACGGAGGCAGTCGTATTCCC 1200

ATCAACAGTAGTTTTCCCAACAGCATGTATCCGTCTATTCACCAACCCATAGCAACAATG 1260
ATCAACAGTAGTTTTCCCAACAGCATGTATCCGTCTATTCACCAACCCATAGCAACAATG 1260

GGAGAAACATACAGCATGGCCCCAGTGGCAAATTATAGTCTGTCCAATAGCATCCCTCCC 1320
GGAGAAACATACAGCATGGCCCCAGTGGCAAATTATAGTCTGTCCAATAGCATCCCTCCC 1320

AACCCAGCTTGTCTACAGTCGACGAATTCACCATCATCATATTCATGTATGTTACCAGGA 1380
AACCCAGCTTGTCTACAGTCGACGAATTCACCATCATCATATTCATGTATGTTACCAGGA 1380

GGATATACAGGAACAGCTAGAAGCTATGACCCCCTGAGCTTGAGTAGTTACTCCCGACCT 1440
GGATATACAGGAACAGCTAGAAGCTATGACCCCCTGAGCTTGAGTAGTTACTCCCGACCT 1440

ACCTGTAACCCCCACGCAGCAGCAAGCATGCAGAGTCACATGACGCATCAAGCAAATGGC 1500
ACCTGTAACCCCCACGCAGCAGCAAGCATGCAGAGTCACATGACGCATCAAGCAAATGGC 1500
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Ls-Pax6
Ls-Pax6’

Ls-Pax6
Ls-Pax6’

Ls-Pax6
Ls-Pax6’

Ls-Pax6
Ls-Pax6’

Ls-Pax6
Ls-Pax6’

Appendix 3. Comparison of the Ls-Pax6 splice variant sequence with the

GCTTCAACCGG CTTAATATCGCCGGGCGTCTCCGTACCAGTACAAG 1546
GCTTCAACCGGTATGATGGCCTGGGCTTAATATCGCCGGGCGTCTCCGTACCAGTACAAG 1560

TCCCAGGAGGCGGATCAGCTCAGGACGTGGCCCAAGCACACATGGCCTCTCATATGGCCT 1606
TCCCAGGAGGCGGATCAGCTCAGGACGTGGCCCAAGCACACATGGCCTCTCATATGGCCT 1620

CACAGTATTGGTCAAGGATACAGTGACCTTTGACCATGTTTGGTGACCTTGAACATTGAA 1666
CACAGTATTGGTCAAGGATACAGTGACCTTTGACCATGTTTGGTGACCTTGAACATTGAA 1680

AGCCCCGGATGAAGCGAAAAGGCATCATTGGGTGAAGTTTAAGATAAACTCTTATTGTGC 1726
AGCCCCGGATGAAGCGAAAAGGCATCATTGGGTGAAGTTTAAGATAAACTCTTATTGTGC 1740

AATTGGCATGGAAA 1740
AATTGGCATGGAAA 1754

canonical one.

The sequence of the LsPax-6 splice mRNA variant (referred here as Ls-Pax6’), which has
been identified during this PhD work, differs from the canonical Ls-Pax6 (referred here as Ls-
Pax6) by an insertion of 14 nucleotides only. This insertion is responsible for a frame shift,
which leads to the creation of an earlier stop. The putative start codons are highlighted in

blue. The putative stop codons are highlighted in red.

PAXG.1
PAXG .

PAXG6.1
PAXG.

PAXG6.1
PAXG.

PRX6.1
PAXG.

FAXG6.1
FAXG.

FPAXG6.1
FRXG6.

PRN6.1
PAXG.

PAXG6.1
FAXG.

PAXG .
PANG.

Appendix 4. Sequence comparison of the protein encoded by the canonical
LsPax-6 mRNA splice variant with the protein encoded by the LsPax-6

MERSKKCTARQDURIAYNAMPROLSNLFMPSFLEFSLLPLMSTF PEAGHSGVNOLGGVEVE &0
2 MERSKKCTAARQDRIAYNAMPROLSNLFMPSFLEFSLLPLMSTFPSAGHSGVNQLGGVEVN 60
GRPLPDSTRORIVELAHSGARPCDISRILQVSNGCVSEILGRYYETGSIRPRAIGGSKFR 120
2 GRPLPDSTRORIVELAESGARFCDISRILQVSNGCVSKILGRY GSIRPRAIGGSKFR 120
VATPEVVGKIAHYKRECPSIFAWEIRDRLLSDAVCNODNIFSVSSINRVLRNLASENQKQ 189
2 VATPEVVGKIAHYKRECPSIFAWEIRDRLLSDAVCNODNIFSVSSINRVLRNLASENQKQ 180
LGOSSMYDKLGLLNGOAWFRPNPWYAPNTHPAMTGLTAHHFQYPPOPOQPPPISPTKEESD 240
2 LGOSSMYDKLGLLNGOAWFRPNPWYAPNTHPAMTGLTAHEFQYPPOPOQPPPISPTKEESD 240
GHSS5ADSHSGDTPNGNESEEQMRIRLERKLORNRTSFTNAQIEALEKEFERTHYPDVFAR 300
2 GHSS5ADSHSGDTPNGNESEEQMRIRLERKLORNRTSFTNAQIEALEKEFERTHYPDVFAR 300
ERLAQKIDLPEARIQVWF SNRRAKWRREEKLRNORRDAANCGGSRIPINSSFPNSMYPSIH 360
2 ERLAQKIDLPEARIQVWF SNRRAKWRREEKLRNORRDAANCGGSRIPINSSFPNSMYPSIH 360
QPIATMGETYSMAPVANYSLSNSIPPNPACLOSTNSPSSYSCMLPGGYTGTARSYDPLSL 420
2 QPIATMGETYSMAPVANYSLSNSIPPNPACLOSTNSPSSYSCMLPGGYTGTARSYDPLSL 420
55YSRPTCNPHARRSMOSEMTHQANGASTGLISPEVSVEVOVPCGGSAQDVAQRHMASHEM 480
2 S55YSRPTCHNPHARRSMOSHMTHOANGAS TGHMATA = m m o o o o o o e 455
1 ASQYWSRIQ 489
2 ssmecases

alternative splice

The protein sequence deduced from the canonical LsPax-6 mRNA is referred here as Pax6.1,
while the deduced protein sequence from the LsPax-6 splice variant is referred here as
Pax6.2. The PD is highlighted in yellow, while the HD is in blue. Notice that the PST domain,

which is highlighted in violet, is present only in the canonical LsPax-6.
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DNA sequence

| 10 | 20 | 30 | 40 | 50 | 60
taacdéccac gcagcagcaa gcatgcagag tcacatgacg catcaagcaa atggcgettc 60

61 aaccgpgtatg atggcctggg tacttattcg atctttceocge ttacctctaa tacacctecca 120
121 gectecttttgg acaaatccta aatatcttgg attcggttgt catgtactce tecgatattac 180
181 ggaataattg ctccctacga tctgtccttg agatctgttt cttctaatat caacaataaa 240
241 taacaataaa tgaaactctc tggtcttact atcttcagag taaaactaaa ctcttttcta 300
301 ttttgttgga agttgctaaa cacaagtgtt gcatgtagat ttgtctacct atagttttgt 360
361 atcttgacga tatcaaatat ttgtaaacaa tggtctttta gagagtactt tcattttget 420
421 cctgttggta tcaaaacata ttecttacggt ttecattettt attecttecag bcttaatatc 480
481 gececgggegte tcecgtaccag tac A 503

| 10 | 20 | 30 | 40 | 50 | 60

Splice site predictions for 1 sequence with donor score cutoff 0.70, acceptor score
cutoff (.70 (exon/intron boundary shown in larger font):

Donor site predictions

Start End Score Exon Intron

59 73 0.89 tcaaccggtatgatg

Acceptor site predictions

Start End Score Intron Exon

450 490 0.99 tttecattctttattettec@Jgettaatategeegggegte

Appendix 5. Fragment of the genomic sequence of LsPax-6

Exons are highlited in grey.

D: donor site

D’: alternative donor site. Note that D and D’ are separated by only 14 nucleotides
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bootstrap 50000 cycles 0.1 x 100

_gg-l—— Platynereis dumerilii mRNA for rhabdomeric opsin
P

atinopecten yessoensis scop1 <eye>
100]

100! D.melanogaster ninakE

L D.melanogaster chr 3L Rh3
human MOP

_71] Todarodes pacificus retinochrome

21 Homo sapiens neuropsin (OPN5) mRNA,

human rgr <placenta>

Lineus sanguineus opsin

9 human peropsin

ﬁ|— Branchiostoma belcheri Amphiop1 mRNA
18 7

Branchiostoma belcheri Amphiop2 mRNA

Arca noae opsin
88

Patinopecten yessoensis scop2 <eye>

Platynereis dumerilii ciliary opsin

Dcken pinopsin <pineal gland>
human GCP

human rhodopsin

100

T.rubripes multiple tissue opsin

human encephalopsin

Anopheles gambiae GPROP11
Pecten maximus opsin

mgl human fifth somatostatin R subtype

100 Drosophila melanogaster allatostatin

23

human NK-1 receptor

|
B3
100 D.melanogaster chr3R tachykinin-R

Appendix 6. Phylogenetic tree showing the Ls-opsin in relation to other
invertebrate and vertebrate-type opsins.

The phylogenetic tree was constructed by using maximum likelihood method. All the amino
acids from the 7TM were used.

Patinopecten scopl: Gq coupled rhodopsin

Patinopecten scop2: Go coupled rhodopsin

human rgr: human Ral GDS related protein

human MOP: human melanopsin

human GCP: human green cone photoreceptor pigment

Anopheles GPROP11: “highly divergent” member of the opsin receptor family, identified by
similarity to sequences in INSD and/or UniProtKB databases
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Lz =zixle / Lv =ixlZ

Score = 1@9 bits (272}, Expect = 2e-2Z
Identities = 49/49 (1AAXY, Positives = 49,49 (1AAX)

Query: 137 GEETSYCFEEKSRETYLKEWYAHNPYPSPREKRELAEGTGLTTHOVMSHWE 185
GEETSYCFRERSRTYLKEWY AHNPYPSPREFRELAEGTGL TTHOVSHIWF
Shjct: 1 GEETSYCFEEKSRETYLKEWYAHWPYPSPREKRELAEGTGLTTHOVSHWE 49

Score = 220 bits (1143, Expect = 12-53
Identities = 1327143 (02%)
Strond = Plus / Plus

Ouery: 467 gaggagocgagttattghticaoggagoagtcteggacggtitigaaggaatggtaygea
FEEEEEEE TR Pt tee e e e e e e e e e e e e e e e e e e e e e e e ey
Sbjct: 4  gaggagocaagttawtgttttooggagaagtctoggacggttttgoaggaatggtacgea 63

Query: 527 cataatccataccoatctocanogggagaagagagaattageggaaggaactggactcact
R e e N RN RN AR AR RN RN AR R AR RN RRRAR RN
Sbijct: 64 cacagtcocctatcocttogoocgogggogoagagagaattagocgaaggaactggactoact 123

Ouery: 587 gococotgoaogttagoaottgobt oA9
NERRNR RN RN RARARN
Sbjct: 124 agceocatgoaogttogoaottggbt 146

Ls =ix36 / Lv six36

Score = 182 bits {254), Expect = 2e-Z@
Identities = 46/46 (188%), Positives = 46746 (188%)

Query: 138 GEQKTHCFKERTRGLLREWYLODPYPHPTEKRELAQATGLTRTONG 175
GEQKTHCFKERTRGLLREWYLODPYPHPTEKRELAQATCLTRTONG
Sbjct: 1 GEOKTHCFKERTRGLLREWYLODPYPHPTERRELAQATGLTPTONG 40

Score = 235 bits (1220, Expect = 3e-55
Identities = 1347148 (O5%)
Strand = Plus / Plus

Query: 463 ggggaccagaaaacacactgttttaaagaocgaacacggggtttactacgggaotggtac

CEEEE T EE FEE e e e e e e e ee e e e e e e e e e e e e e e e
Shjct: 1 ggggagoagaqgacgoactgttttaaagaocgaacacggggtttactacgggaotggtac 68

Query: 523 ctacaggacccttotccaaoccotocaoagaaoagagoactagogoaggoecacgagactc
CEPEEEEEEEEr e Tree et e e e e e e e e e e e e e e e e et

Shjct: 61 ctgooggacccttoccoanaccotacaaagaaoagagoactggogoaggocacoggacts 126

Query: 583 acaccoacacaagttggaaa 6AZ

RNRRRARRARRRRARRR
Shjct: 121 acaccoacacaagttggaaa 148

Appendix 7. Alignment of the Lv-Six1/2 and Lv-Six3/6 fragments obtained by
degenerated PCR and the corresponding homeobox sequences of the Ls-Six1/2
and Ls-Six3/6 genes

- 236 -



caaccagaaaaacacagacagtggatcggcaaacacagtacggagttactttcatcacgat
T N Ml B N R DGR e O R N RV RO O O ME D
tcagacgatggcgatgaagggtecggatgaggactggecataaagtacgactggtittcaac
2718 P D € B'E 6 8 Db E D W HREYWY REL Y P N
atctcggacataccatcgatggagtacgtcacgggcgeccgagttacgattattcagggag
41T & B T P B M EBE ¥ ¥ P ' A ELERE L F R E
ataccaacggatataaaggacgctgatagtgececgtgaagecataggatagatatttacgaa
a1 2 PP IKE D A DS AW R 'R R I D I ¥ E
attattcgaccecgcaacgaaaaggacggaggecattaaagegettaatcgacacgaaacge
g1l kR B OB S X REAE AL OE R L GED R E R
gtcgatttacggaacgctaaatgggagagttttgatgtgagecgaaaccgtgaataactgg
'Yy B E R 'R A X /'W E B P DY B E T VY R NN
cgaaaagctaaaaagttcaataatggtttagaggtgecacttictaacgaaaaatggggac
TR K & Kk K OB NN G LK B W B P LT K N G P
gttccgaagtctcaagagecatgtgagattacggeggtcggttcgaagaaatecgtaaaaat
M B K B Q B H % R B B X & ¥ R EKE R X2 K N
aaacgtaataaacagaaagaggacagtgactggaataaaaagagaccagttttggttatg
W R N X @ KE'BE D 8 DN E X KRR PY I VM
tatagtgacgatggtaaagctaggtcaagaactcgtagaaataatcatagaaaatcgecge
By B B D GB-K K R S R ® R BN N H R K S5 R
aatcttcgacgaaa
20000 - R R K

221

241

261

281

aggcacggattatggtcaaattcttg
301 - 31
tecctattcgataaattgggtitggaagtttgaacgatcttgagtgteccttttggegtottt

caggaccgagtattgtgecttcocgaaaaccactcgaatgtccaggggeccgtgecccaagege
cgtggacacttggcgagtcaagttgggtgtacctgttcggtaccatggaatgaaggagag

ataataatggtagaaagcattttggatattatxcgectagatatgggagtecg

Appendix 8. The Ls-Bmp2/4 gene and the deduced amino acid sequence of its
putative ORF

The Ls-Bmp2/4 gene encodes a putative protein of 311 aa. TheTGF 3 domain is highlighted
in red. Notice that the ORF is probably incomplete at its 5’ end.

- 237 -



aagcatggactgccaatcgtctagtgactcggaatccaccagagacttggagaacaaaaac
1 M B C Q& & &P 5 BB ET R DL E N K N
ccaaacgactctaaaaggttggaaacaaaacaattgggaaataataatccacagaatcag
2R 'R PSS KR E L ET K L 6 B B X P QO N Q
caattaccacagaataataacgcaccaaaactc L
400 L P Q N N N A P K L
ggcggaaaacggagtcgaaaatcagaagtgcatttacgaanacg
pE E 'K T K =B K I B 8 & k¢ T N T
aagccacagcatagacaagaagggaacgaaaaagtgecgtgatttgectggggeggttaag
K P O H BE g BE €N E K ¥ RBD.L.B & X YW K
gaggacgtggcgaagectttctgeggtgtecggtg
jo0cE ‘D ¥ K R X 8 N W E W

gotttacggaatcctttgaocggtgecatctaatggecacagggtctgtataat

& L RN P EFE AN B L M A Q& K ¥ N

cattccnccahqcccgtgqagggggﬂtgagggghntgagggggaagatqggqacgtqqqt

20l P VvV BE G D BE G ¥Y B G E D G D V G

aacacggactcgcgaacctaagctgectctcgaataataaaagaactaatcgatcecgace
240 N T D 8 R T = 245

acgaatgtagaactctgcatcecgtgatccgacaaacttacactgectgtgegacgecatge

gccatcggtcactgtgatecctgagecactgtggttgacgecatecccgaaagacctgactetyg
gtgaatggtgcatgtttgtttgecatttggectgecattteccgacggtgggeccggacactttg
tcttgtgaacatttttctttatctataagecttgttcaagaatccaagcaagacaaatte
tacatttcagacaattaactgtattactatgatgaatgtgaataataatcaaacaataaa

tgtg

Appendix 9. The Ls-Engrailed gene and the deduced amino acid sequence of its
putative ORF

The Ls-Engrailed gene encodes a putative protein of 245 aa. The Engrailed Homology (EH) 1
motif is highlighted in pink, the EH2 is in green, the EH3 is in grey. The EH4, which
corresponds to the homeodomain is in blue and the EH5 is in yellow.

- 238 -



tattagecttgagecgegtgettettagtttacaaaaggactectgagacgggaaagagagtac

agcagtgttatacctgectgttgaaatggtgectgegtectttatgtatacagaccagtagt
1 M vV P A B L CI QTTSGE8 8B
tcttcagecgtttacaagaccaggaaggatgaactcgecaacgcaagaaacaaactccaac
1368 S A P T R P G R M N S P T OQETMHN & N
aacaagtcaacgagtgagagtaaccagaaatctccgaaggaaaagetaggactttettte
33 K B T 8 E 8 N Q K 8 P K E KLGIL S8 F
agtgtcgattctataatecgecggactgtaaaagatcatcagacgactecgagttgetcaaca
538 V D &8 I I A D CKRGSBSESE DD SE S8 C 8 T
acatcgacaaaaaacacagacgctgtecgtctecgteccacgacgtctececgectaaagacttet
737 B T K B T D K ¥ VB B T TBE P L K T B
acctcgttcagtgtecgatggaatactcagtaaaacttcaccaattccttcaacaaaactt
g3T 6§ F 68 vV D 6 I L 8 K T 8 P I P 8 T K L
gtgacagacgctccggcgggtectgectgttecgecatttgecggecactaagtcaggacgee
113V T D A P A G P A C 8 P F A AL S Q D A
aaatgggcgcagacaatggeccagtttteccatggttatcagcagcagecaaatttatecteet
13K W A Q T M A §S P P WL §8 A A A NRNRIL S P
ccatcaaatattggaagktcctecctcggataccacacaagtgtacgcttaggaagcacaag
153 P 8 N I 6 8 P P R I P H K C T L RIEKUHK

aggcagaaatagaaaaattaaaaatggccgccaageccgatgettccaccggeatta
E A E X E EKE L K M A kR K 2 M E 2 B A &b
ggagtgacatttccegecagetgectgecctectatggaaatecttcategaccgecaggtteca
237G N S B B R IR -k R L % G N I "R B QW R
atgcagcattttctttcteccatacgggttctatgeggecacatecctacgtcacattctagt
23 O H ¥ L B P Y @ F Y A A H 2P T AR B B B
cttgtgtteccacattgacagecatgttgaacagtgactectcagttacattacaatetety
2030 ¥ ¥ B H = 297
gtctgtgttcccggggtctgtgtteccggecagactgaagatatcagecgtgaaatcacactg

cggcaaccgaactccaacagcagecagectgattegagattcaaagecacggagectgget
tccaatggtacaggctgactttctcatccecagtggtgecatatatttctatgggtgatt

tgcgcegctaaacaaactgttaaataattaccgggacacaattcaatacactaaaaaaaa

Appendix 10. The Ls-Msx gene and the deduced amino acid sequence of its
putative ORF
The Ls-Msx encodes a putative protein of 297 aa. The homeodomain is highlighted in blue.
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acacctce
T P P

ggcgagaaacce
41¢ BE K P
tcagatgtgaaaaaatacagctgcaagtcctgecagtaag
8 D V K K KN e
actttctcaaggatgtctctgttgectgaaacatgaagatggggctgttectggaatececaca
S R L T SRS ENDERCEAY V 1. E S T
tgtcatcaceccatgagegtttaaaactatgacattecattggacagtttggaccacgtgac
0M¢c H B P - 104
ttcacggcagcagggaacaaagtgcgatgecattcecttgtgatggectaaaatgtggaat

cgtttaggacatttagctatctgtttgecaatattttgtttttttatgaaatgttgttgaa
gaacgatgcaataatctaagtgtgaatectcaacaatgagtgaatgttggecatggtttgtt
ctaaattgtyggaaattetaategtgtataaagatgtagatagtatctaagtcagaaaaca

tcagaaattgtcaggttacgtaactgtgggaaaaa

Appendix 11. Partial Ls-Snail gene and the deduced amino acid sequence of its
putative ORF

The partial Ls-Snail gene encodes a putative protein of 104 aa. The zinc fingers are
highlighted in color: the partial zinc finger Il is in violet, the zinc finger 11 is in blue, the zinc
finger 1V is in green and the zinc finger V is in orange.

tttgttgctageccatggcaacagttgtaatttcocgttgegaa
6l F V h S H G N S CNF V A N e O]
- : cctggtcgcaatqatqaaga
A W 8 Q - 9
ndixcaacgtctgntgnaggaagatgtcatggtgcttgag

ctctecectggggegtigegtatttecatecgtgatggxcagtaaagecattegetattecgaga
ctgaacaattatgcgacttgtgecagaggtggaaacgtgxccactgatgaxcaatgtgte
agagagactgaaatgcatcaactgaaaxcxctatacttgatcttaaaacatgcggctata

Xcaatggtgrcaatccatagacagaaaageat

Appendix 12. Partial Ls-Twist gene and the deduced amino acid sequence of its
putative ORF

The partial Ls-Twist gene encodes a putative protein of 92 aa. The incomplete bHLH domain
is highlighted in blue. The so-called WR motif is highlighted in grey.
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Short summary

In this thesis, the lophotrochozoan nemertean Lineus, which exhibits impressive
developmental plasticity and regeneration capacities, was used as a model system in an attempt to
reveal to which extent the anteroposterior patterning mechanism and “the eye specification network”
are conserved throughout the Bilateria.

The data obtained from the expression patterns of orthodenticle-like (Ls-Otx) and caudal-like
(Ls-Cdx) genes in Lineus are in good agreement with their proposed evolutionarily conserved functions
in the specification of the anterior body regions and in the specification of the posterior ones,
respectively. We have also shown that Ls-Cdx is expressed during posterior regeneration only, whereas
Ls-Otx is expressed during both, anterior and posterior early regeneration and becomes restricted to the
anterior regenerating blastema only one week after the onset of regeneration. Based on its specific
expression at the level of the CNS in early regenerating stages, we have proposed that Otx could be
part of a signaling network responsible for the onset of regeneration in nemertean.

We have previously shown that LsPax-6 is expressed in developing and regenerating Lineus
eyes and that it is required for their maintenance in adult Lineus. Now, we have obtained data from the
three Ls-Six genes (Ls-Six1/2, Ls-Six3/6 and Ls-Six4/5) that argue for a general involvement of the Ls-
Six genes in the development and the regeneration of the Lineus sensory organs, including the eyes.
Hence, evolutionarily conserved key members of the “eye specification network™” seems be involved in
the specification of the Lineus eyes, supporting the hypothesis of a monophyletic origin of the eyes.

key words: nemertean / regeneration / evolution / body axis patterning / eye specification

Résumé court

Afin d’estimer le degré de conservation des mécanismes de la mise en place de I’axe
antéroposterieur et de la formation des yeux au sein des Bilatériens, nous avons étudié la némerte
Lineus, un Lophotrochozoaire aux étonnantes capacités de régénération et de régulation
morphogénétique.

Les données sur I’expression de I’homologue d’Orthodenticle (Ls-Otx) et de I’homologue de
caudal (Ls-Cdx) chez Lineus accréditent I’hypothése d’une conservation au cours de I’évolution de
leurs rdles respectifs dans I’acquisition de I’identité céphalique et de I’identité caudale par les
extrémités du corps des Bilatériens. Alors que seuls les blastémes postérieurs expriment Ls-Cdx, une
expression de Ls-Otx est indifféremment retrouvée au niveau des blastémes antérieurs et postérieurs
pendant la premiere semaine de régénération, avant de n’étre limitée qu’aux blastémes antérieurs. Se
basant notamment sur I’expression de Ls-Otx par le SNC au cours de la régénération, nous avons
proposé qu’Otx fasse partie d’une voie de signalisation controlant I’initiation de la régénération chez
les némertes.

Une expression de LsPax-6 est détectée dans les yeux de Lineus en développement ou en
régénération et nous avons déja montré qu’elle est nécessaire au maintien des yeux chez I’adute. Les
nouveaux résultats obtenus sur les trois génes Ls-Six (Ls-Six1/2, Ls-Six3/6 and Ls-Six4/5) suggérent
leurs implications dans le développement et la régénération de nombreux organes sensoriels, et
notamment des yeux. Des facteurs clés, a I’origine de la cascade génétique conduisant a I’édification
d’un oeil, semblent donc étre également conservés chez Lineus, renforcant I’hypothése d’une origine
monophylétique de I’oeil.

mots clés: némertes / régénération / évolution / axe antéropostérieur / formation de I'oeil
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