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ABSTRACT

In an attempt to understand how the regulation of development evolves, particular
attention has been put on transcription factors, which regulate gene expression
during development. Among transcription factors, nuclear hormone receptors
(NRs) have a peculiar status linked to their ligand-dependent activity. However,
their role in the evolution of development is still poorly understood. In this
context, I studied during my thesis the evolution of the estrogen receptor (ER)
and of the thyroid hormone receptor (TR) in chordates (including vertebrates,
urochordates like sea squirt and cephalochordates like amphioxus), by focusing on
the amphioxus species Branchiostoma floridae.

Combined molecular and bioinformatic approaches allowed me to show that the
amphioxus ER does not bind estrogen, suggesting that estrogen binding appeared
in the vertebrate lineage. In parallel, a large part of my thesis was dedicated to
understand how metamorphosis evolved in the chordate lineage, as a paradigm of
the evolution of a developmental process. Although most chordates metamorphose,
the morphological changes during larva-to-adult transitions vary extensively from
one species to another. Does the molecular determinism of metamorphosis in
this group reflect this morphological diversity? In the well-studied vertebrates,
metamorphosis is triggered by thyroid hormones (THs) binding to their receptor
TR, member of the NR superfamily. In order to get better insight into the evolution
of the molecular determinism of metamorphosis in chordates, I focused on the most
basal chordate amphioxus. Combined biochemical and phylogenetic approaches
allowed me to establish that amphioxus produces various THs through metabolic
pathways homologous to vertebrate ones. Then I showed that TH-dependent
TR activation is essential for metamorphosis induction in amphioxus, like in
vertebrates, with the slight difference that the active TH is not T3, the classical
vertebrate TH, but possibly its derivative TRIAC. Consequently the homology
of metamorphosis in chordates is revealed by the conservation of its triggering
mechanism. This suggests that the evolution of metamorphosis in chordates is
marked by the conservation of the couple TH/TR whereas other parts of the
regulatory network may change to underlie the morphological diversity observed

nowadays.



RESUME

Un des principaux objectifs de ma these a été de comprendre comment les pro-
cessus du développement évoluent. Dans ce contexte, les facteurs de transcription
sont importants car ils régulent ’expression génique au cours du développement.
Parmi les facteurs de transcription, les récepteurs nucléaires (RNs) ont un statut
particulier car leur activité est régulée par un ligand. Le role qu’ils jouent dans
I’évolution du développement et plus généralement leur évolution (leur fonction,
leur capacité a lier un ligand...) sont mal compris. Durant ma these, je me suis
intéressée a 1’évolution des RNs chez les chordés (comprenant les vertébrés, les
urochordés tels que les tuniciés et les céphalochordés tels que I'amphioxus) en
étudiant deux RNs particuliers : le récepteurs aux oestrogenes (ER) et le récepteur
aux hormones thyroidiennes (TR). Les études que j’ai menées ont été réalisées en
particulier chez I'amphioxus Branchiostoma floridae.

J’ai montré que I’'ER d’amphioxus ne lie pas les oestrogénes, suggérant que
cette capacité est apparue chez les vertébrés. La majeure partie de ma these a
été dédiée a I'étude de l'évolution de la métamorphose chez les chordés. Bien
que la plupart des chordés métamorphosent, les modifications morphologiques
caractéristiques du passage d'une forme larvaire a une forme juvénile sont tres
variables d’une espece a l'autre. Cette variabilité morphologique se reflete-telle
dans le déterminisme moléculaire de la métamorphose ? Ce dernier est encore mal
connu en dehors des modeéles vertébrés classiques chez qui la métamorphose est
induite par la fixation des hormones thyroidiennes (HTs) sur TR. Afin de combler
ce manque, je me suis intéressée au protochordé amphioxus. Par des approches
bioinformatiques et biochimiques, j’ai établi que I'amphioxus produit des HTs
par une voie métabolique homologue a celle des vertébrés. ]J’ai alors montré que
les HTs régulent la métamorphose de I'amphioxus, en modulant l’activité de TR,
comme chez les vertébrés. Une différence notable est la nature de 1'HT active :
T3 chez les vertébrés contre TRIAC, un dérivé de T3, chez 'amphioxus. ]’ai ainsi
proposé que I’'homologie de la métamorphose chez les chordés est soutenue par la
conservation du déterminisme moléculaire de ce processus du développement (le
couple HT/TR) alors que les autre parties de la voie de régulation ont été moins
conservées au cours de 1’évolution et expliquent la diversité morphologique que

I'on observe de nos jours.
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PREFACE

AS TIME GOES BY

In this preface, intended for a lay audience (and especially my family), I will intro-
duce my PhD work and briefly situate it in a general context, in order to explain
why I chose to work on this subject. More precisely, I will first try to broadly
present evolutionary biology (or at least why it interests me), then I will present
the field of evolution of development, and I will finally introduce metamorphosis
in the context of evolutionary developmental biology. The last paragraph of the

preface describes the content of this manuscript.

One of the main aims of my PhD has been to discuss how metamorphosis
evolved in the chordate lineage. There are two questions that one may ask: why
metamorphosis and why evolution? Let’s answer the second one first.

Although the famous quote of Theodosius Dobzhansky ?: "Nothing in biology
makes sense except in the light of evolution" may sound commonplace for some people,
it does nonetheless well summarize my motivation to study evolution. Indeed, in
the attempt to find mechanistic models that explain biological diversity, the time
parameter is of special importance since it explains why distantly related species
are more different than closely related species, the way cousins look less alike
than brothers and sisters. More generally, as all living organisms share a common
ancestry, going from close relatedness, like humans and chimpanzees, to deep
ancestry, forming a tree of life (Figure ??), and as all living organisms differ at
some point, then they necessarily evolved through time from this common ancestor
to extant biodiversity. Consequently many characteristics of any organism find
an explanation in the evolutionary pathway that has been taken from its origins
to current days. For instance, why do so many people get backaches and more
generally why is our skeleton not that well suited for straight position? The recent
origins of mankind from quadrupedal ancestors well explain the resulting bad

back that evolution tinkered from an horizontal position (?). In other words,

There is not a single question in biology that can be answered adequately

without a consideration of evolution (?).
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Figure 1: Universal phylogenetic tree, based on SSU rRNA sequences (?). This tree illustrates
the common ancestry of all living organisms, more than 3 billion years ago. Three
kingdoms are clearly visible: the archaeal, eukaryotic and bacterial kingdoms. This
tree is presented unrooted because the position of the root is still controversial,
although in the bacterial branch is the most admitted hypothesis (for a discussion,
see (?)).



Preface

Evolution is implicit in any subfield of biology. For instance, medicine posits
that all organisms of the same species have a similar functioning, and a physician
who uses an animal model to test a particular drug implicitly accepts the common
ancestry of the animal model with human, evolution from this common ancestor
and more specifically inherited similarity (this is homology, see section ??) of the
processes that are scrutinized. Otherwise it would be at the very least immoderate
to consider that an efficient medicine in a mouse may be of any potential interest
for a human being. In other words, people count on conserved physiological
and molecular biological processes between species from a common ancestor to
extrapolate rules applicable to humans from their animal model. Evolution makes
these similarities decrease with time, explaining why mice are less faithful stand-ins
for us than chimpanzees.

While evolutionary concepts are underlying most of biology, the discipline of
evolutionary biology is all about understanding the processes by which the living
world has changed since the origin of life (?). It is this mechanistic approach that
gives an explanation to "how" the biodiversity that we have today arose. And to
understand the evolution of the shapes of organisms, it is important to study the

evolution of development.

EVO-DEVO, A SUBFIELD OF EVOLUTIONARY BIOLOGY

Because evolution unifies all living forms, it can be investigated from virtually
all biological areas of studies. Historically, evolution has been associated with
systematics (in which species are classified following relevant criteria, see section
??), paleontology (to study the evolution of forms from the fossil record) and
population genetics (to study the dynamics of the evolution of mutations in
populations of organisms). Although a joint interest in development and evolution
dates back to the nineteenth century, it got lost in the first half of the twentieth
century, with the building of the modern synthesis. Molecular biology brought
evolution and development back together twenty years ago as a new edge of
evolutionary biology, called evo-devo, in which evolution is scrutinized in the light
of development, and vice-versa. Indeed, an individual does not appear already
shaped (figure ??), but comes from a unique cell that develops into a larva or an
adult through a very precisely regulated developmental process. Then alterations
of development should impact the shape and more generally the phenotype of an
organism (e.g. differences in expression of some genes may cause the anterior limb

of a mammal to get longer, from mouse-like to bat-like (?)). So overall, because the
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phenotype is the result of a developmental process, evolution of development is

central to understanding the diversity of forms. To cite Hans Spemann (?):

"We no longer believe, that we first can establish the phylogenetic relations
between animals in order to subsequently derive developmental laws. Rather
we begin to realize, that we first have to determine these laws, before we can
understand or even establish the morphological series that we use to classify

organisms.”

Functional approaches are more and more chosen to study issues related to the
evolution of development, to unveil genetic mechanisms underlying the evolution
of species. This makes evo-devo a very powerful tool to understand the “what”

and “how” of multicellular life (?).

Figure 2: Reproduction of a homonculus by Nicolas Hart-
soecker (1695). It illustrates the "spermid the-
ory" of the origin of babies. According to this
theory, individuals contain in their gametes pre-
formed "miniatures” of their descendants, like
Russian dolls. The picture represents a "little
man" already preformed in the head of a sper-
matozoid, that simply needs to be deposited in
the mother’s uterus to further grow. This the-
ory implies that offsprings come from only the
father, that there is no fertilization and no sub-
sequent development.

WHY STUDYING THE EVOLUTION OF METAMORPHOSIS?

During my PhD, I have studied the evolution of metamorphosis in chordates (a
group containing vertebrates, see section ??). In this study I define metamorphosis
as the larva-to-juvenile transformation like tadpole-to-frog or caterpillar-to-butterfly
transitions. More precisely it is a post-embryonic developmental stage allowing
a larva to become a juvenile, and which is characterized by drastic ecological,
morphological, metabolic and behavioral modifications.

Metamorphosis will be considered in this manuscript in two different and com-
plementary ways: (i) for itself and (ii) as a paradigm for developmental processes.

(i) It is a spectacular developmental process that whets imagination: there is some
sort of magic in the abrupt transformation of a tadpole into a frog, or of a maggot

into a fly, and indeed this developmental process does trigger interest among
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children (the macroscopic scale at which metamorphosis occurs compared to the
microscopic scale of most other developmental processes may help). Moreover
metamorphosis is so widespread among animals (see chapter ??) that the evolution
of this dramatic event of larva-to-juvenile transition is especially intriguing, consid-
ering the theoretical strong obstacles to such a non-linear developmental strategy.
In addition, and as will be detailed in later chapters, metamorphosis is hormonally
regulated (thyroid hormones in the case of amphibians), which makes it an ideal
model to study the role of endocrine systems during development. Overall, how
the tadpole-to-frog transformation evolved has remained unclear and therefore
deserves more insight.

(if) Metamorphosis is highly variable among chordates: it is thus difficult to
decipher whether it appeared several times independently during chordate evolu-
tion or was present in the chordate ancestor (chordate metamorphoses would be
homologous) and subsequently diverged widely between species. Metamorphosis
can then be studied as an illustration of difficulties in determining homology and
more generally it can be considered as an example used to decipher the general
rules that constrain the evolution of developmental processes. As explained in the
previous section, the mechanisms through which development evolves and impacts
species phenotypes are getting increasing attention from evolutionary biologists.
My work is a small contribution to this field of evolutionary biology.

During my PhD I have studied the evolution of the genetic network regulating
metamorphosis in chordates. This work led me to propose a model in which the
evolution of metamorphosis at the phenotypic level is underlain by the evolution of
the corresponding genetic network. Before presenting my thesis from the above two
axes, I will first present the evolutionary context of my work (chapter ??). Then I will
briefly introduce the notion of metamorphosis in both broad and developmental
senses (chapter ??), with a special focus on chordates and amphioxus. I will then
describe the regulatory network of metamorphosis in chordates (and especially
amphibians) with an emphasis on the thyroid hormone receptor (chapters ?? and
??) (pieces of these chapters were modified from ?).

After this introduction, I will present my PhD work in the form of articles
recently published: the main part of my work was dedicated to understanding
metamorphosis in amphioxus and especially its molecular determinism. For this
purpose, I have sought into the thyroid hormone signaling pathway in amphioxus
(chapter ??), and its role in the regulation of metamorphosis (chapter 2?). To com-
plete this work, unpublished additional experiments were done and are presented
in chapter ??. These articles allowed me to propose a model of the evolution of

metamorphosis in chordates, based on alterations of its molecular determinism
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(this model is discussed in chapter ??, and uses modified parts of (?)). Contempora-
neously I have also studied the evolution of the estrogen receptor in amphioxus, a
gene closely related to the thyroid hormone receptor (chapters ?? and ??. In chapter

??, the evolution of NRs will also be discussed).
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HOMOLOGY AND CHORDATE
PHYLOGENY

1.1 DESCENT WITH MODIFICATION AND HOMOLOGY

As briefly stated in the preface, all living organisms share a common ancestry, 3.8
billion year ago. Then the evolutionist’s job is to understand how the subsequent
3.8 billion years of evolution gave rise to the extant diversity from the common

ancestor. How to determine what criteria to look for in a given set of species?

111 "All true classification is genealogical”

During evolution, characteristics of organisms change, sometimes leaving a more
or less easy-to-follow track of their common ancestry (or even no track at all).
One of the most famous examples is the vertebrate anterior limb: the human
arm, the chicken wing, the dolphin flipper, or the amphibian anterior leg (figure
??), evolved from the same structure in their common ancestor, to become a
grasping, flying, swimming or running organ. Even before evolutionary theories
were available, the morphological similitude between body parts had already been
noticed by the French naturalist Geoffroy Saint-Hilaire and reformulated by the
morphologist Richard Owen who proposed that such structures are homologous, i.e.

they corresponded to:
the same organ in different animals under every variety of form and function
(2, p379).
Charles Darwin added the evolutionary (temporal) dimension to the notion of
homology (2, p413):

[...] I believe that something more is included [in our classification, than
mere resemblance]; and that propinquity of descent,—the only known cause
of the similarity of organic beings,—is the bond, hidden as it is by various

degrees of modification, which is partially revealed to us by our classifications.
So two characters are considered homologous if they are:

derived from the same or equivalent feature of their nearest common ancestor

(?).
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Sometimes the "degrees of modification" are such that the common origin may
be difficult to reveal. How to ensure that the structures considered in several
animals are homologous, and did not appear several times independently in each
species during evolution? Homology is difficult to prove (although statistics can
help). In practice, it is inferred based on a concurring set of criteria: for instance a
similar position in the organism, same internal structures, similar developments
are indications of a common origin. Whereas the existence of only one common
criterion suggests homology but does not rule out convergence, the accumulation
of common points rules out convergence of the character, because it would be
very unlikely that all characters independently appeared several times in each
lineage. In the case of the tetrapod anterior limb, the human arm, the chicken wing,
the dolphin flipper are located in the same position, they are constituted of the
same bones (figure ??), they harbor the same regulatory gene expression during
development (?). Thus this body of indices strongly supports the homology of

vertebrate anterior limbs.
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Figure 3: Bone structure of the anterior limb from various tetrapods. They are constituted
of the same internal structures, such as bones which are clearly visible on the
figure (e.g. carpal, humerus, radius...). They constitute a text-book example of
homologous structures. In contrast, the bat and bird wings, drawn in red, are not
homologous structures and appeared twice independently during evolution. So
although the bat and bird limbs are homologous, their wing structures are not.
Modified from (?)).
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1.1.2  Convergence

When comparing a character in different species using a large body of criteria (like
position, shape, internal structure, development...), one should be able to detect
cases of convergence, for which similar and functionnally redundant structures ap-
peared independently during evolution. If we go back to the example of vertebrate
anterior limbs, the bird and bat wings are not considered as homologous. Indeed
the flying surface in bird consists of feathers extending all along the arm whereas
the flight surface in bats consists of a membrane stretched between the bones of
the elongated fingers and the arm (figure ??, highlighted in red). Accordingly, the
300 million year old reptile-like common ancestor from birds and mammals was

most probably non-winged (which is confirmed by fossil record (?)).

1.1.3 Development and homology

Although homology was originally established for morphological structures, dur-
ing my PhD, I have studied the homology of developmental processes. Homologous
structures are not directly inherited but are recreated anew in each generation from
a single cell, through a series of steps during the development of the organism.
Then one would guess that the developments of these homologous structures as
well as their genetic regulation are homologous as well. This is most often the case.
Sometimes, though, the function of some genes involved in the regulation of a
developmental process may not have been conserved whereas the genetic network
has been. For instance, all insects are organized following an anterio-posterior
(A-P) polarity (with the head on one end and the abdomen on the other). However,
the Drosophila bicoid gene, which is at the top of the genetic hierarchy controlling
anterior-posterior (A-P) patterning, is present only in some flies, replacing the func-
tion of Orthodenticle in other insects, whereas downstream parts of the regulatory
network are homologous.

Segmentation (during which the early embryo is divided into a repeating series
of segmental structures along the A-P axis) is another example of homologous
developmental processes regulated by non-homologous genes. Indeed, although
segmentation is ancestral in the insect lineage, the segmental function of the genes
fushi tarazu (ftz) and even-skipped (eve) appeared in some dipterans (like Drosophila),
the genes did not have this function in the ancestral insects (as illustrated for
Schistocerca) (2?).

Not only can the development of homologous morphological characters be

regulated by non-homologous genes, but conversely homologous genes may have
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different functions during development. For instance ftz mentioned above, is a
homeobox gene (the protein contains a homeobox that allows it to bind DNA
on specific sequences). As said before, it regulates segmentation in Drosophila
melanogaster. However, this gene is thought to have displayed a homeotic activity in
the arthropod ancestor, i.e. it could specify regional identity during development.
During insect development, it gained its role in segmentation but also lost its
homeotic activity (?).

Overall, the homology of development, developmental genes and morphology
is not straightforward (??). Some have proposed that homology can be better
understood by considering the evolution of the whole network regulating a de-
velopmental process, rather than considering isolated genes. Then, all parts of
the developmental regulatory network do not encounter the same evolutionary
dynamics and alterations preferentially affect a subset of a network. From the
above example, genes involved in early A-P patterning (bicoid, ftz or eve) are more
prone to evolutionary changes than genes involved in later A-P patterning, like
engrailed which harbors a more conserved expression pattern in all arthropods (?).

Similarly, I have investigated during my thesis whether some parts of the molecu-
lar determinism of metamorphosis in chordates were better conserved than others,
this way revealing a homology of metamorphoses. I focused on the amphioxus
and my results are given in chapters ?? and ??. In chapter ??, a model of chordate
metamorphosis is proposed, based on the differential evolution of parts of the
genetic network regulating metamorphosis, with conserved and more rapidly

evolving modules (?).

1.2 AMPHIOXUS AND CHORDATES IN THE PHYLOGE-
NETIC CONTEXT OF MY PHD

Chordate phylogeny has significantly changed during my thesis. Before summa-
rizing these changes and their impact on my work, I will first briefly introduce

phylogenetic concepts and techniques.

1.2.1  Phylogenetic reconstructions

The essence of phylogenetic reconstruction is as follows: "relevant" characters
are compared between different species; if two species look especially alike (if
they share a similar character repertoire), they are probably “close cousins” that

diverged quite recently. In contrast, if the "likeness" is less pronounced, then the
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species are probably more distantly related. Several parameters come into play:

the finding of "relevant” characters and a way of measuring "likeness".

Evolutionary documents

Characters are considered as "relevant” if they are homologous (see section ?? for
further details), i.e. they were inherited from a common ancestor. This criterion is
essential in phylogenetic reconstructions that infer the evolutionary path taken by
characters from a common ancestry.

Historically, morphological traits (like the number and position of appendages,
their position...) were first compared and used to build phylogenies. At least some
of them have the advantage of being found in fossils of extinct species that can
be compared to extant ones. However, their number is rather limited and the ho-
mology of morphological characters may be difficult to assess. Nowadays, another
biological material is available and greatly informative regarding phylogeny: the

genome. This source of evolutionary information presents several advantages:

* genes are directly and vertically inherited from parents to offspring (except
in the case of horizontal gene transfer, frequent in prokaryotes but rare in

Eukaryotes)

* genes and genomes are very rich in information (in some species, up to

billions of sites can be considered as characters to approach some questions).

* Several kinds of characters can be used, depending on the question that is

asked:

the genetic alphabet (A, T, C, G) of nucleic acid

— the amino acid alphabet of proteins

the gene content of a genome

the genomic structure (e.g. gene order, exon-intron structure, gaps)

¢ In our "post-genomic" era, high throughput collection of this genomic mate-

rial is becoming fast and affordable.

* Accurate models of gene, genome and protein evolution are available.
All these reasons make DNA a valuable evolutionary document (?).

Models of phylogenetic recontructions

What about the way of measuring "likeness"? When using morphological char-
acters, the comparative algorithm is usually based on parsimonious reasoning: a

phylogenetic tree is constructed that minimizes the number of evolutionary events.
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This “parsimonious” tree is considered to be the closest to the real one. This is
the reasonning that was used for the inference of the wing-status of the tetrapod
ancestor in figure ??. There are also other more realistic phylogenetic reconstruc-
tion algorithms, based on statistical models of character evolution (especially for
molecular markers). For instance, likelihood and bayesian methods (??) infer the
evolution of sequences by estimating the most likely tree or a distribution of the
most likely trees of protein or DNA sequences.These methods take into account the
properties of the molecular marker (for instance, some site substitutions have more
drastic consequences than others) and are thus more accurate than parsimonious
methods (?). These phylogenetic methods also allow one to infer the sequence
of ancestral sequences, this way "resurrecting" sequences, that otherwise are not
available to extant evolutionary biologists (?).

In order to study the evolution of genes involved in thyroid hormone signaling
pathway in chordates (chapters ?? and ??) and the evolution of the estrogen hor-
mone receptors (chapter ??), I have used maximum likelihood methods. Moreover,
I have also discussed the relevance of ancestral reconstructions, in the particular

case of the evolutionary study of steroid hormone receptors ( chapter ??).

1.2.2  Chordate phylogeny

Chordate characteristics

The chordate lineage comprises cephalochordates (such as the amphioxus Bran-
chiostoma lanceolatum), urochordates (such as the tunicate Ciona intestinalis) and
vertebrates. The vertebrate group comprises notably agnathans (like lamprey and
hagfish), actinopterygian fishes (like Danio rerio), mammals (like us), sauropsids
(including birds) and amphibians (including anurans like Xenopus laevis) (figure
72).

Chordates are united by several characters:

* anotochord, at least at one stage of their development (hence their name). It is
a mesendoderm derivative that stretches along the body between the gut and
the nerve tube. The notochord persists for the entire life in cephalochordates

and only during larval period in some urochordates.
¢ a hollow dorsal neural tube.
* a postanal tail

* segmented muscles, at least at one stage.
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Figure 4: Simplified phylogenetic tree of deuterostomes. Groups where a metamorphosis
stage is usually described are underlined. From Paris et al., 2008).

¢ a thyroid hormone producing gland, called thyroid gland in vertebrates and
endostyle in non-vertebrate chordates (I will come back to the endostyle in

next chapter, as well as in chapter ?? and in the discussion).

As will be detailed later, there are few cephalochordate species, that have a
very similar morphology although having diverged a long time ago (e.g. Branchios-
toma floridae and Branchiostoma lanceolatum diverged 200 million years ago, when
the Atlantic ocean opened). In contrast, Urochordates, that comprise more than
2500 species (?), display a very large diversity in morphologies, ecological niches,
developments, genome sizes... There are 3 major urochordate groups, ascidians,
thaliaceans and appendicularians. The major group of ascidians has a biphasic life
style with a pelagic and free-swimming "tadpole-like" larva and a benthic "sac-like"
adult. Appendicularians (also called larvaceans) retain tadpole structures and
stay free-swimming as adults (see section ?? for further details) while thaliaceans
have a pelagic lifestyle as adults. This extensive diversity has made urochordate
phylogeny rather unclear although appendicularians are considered as most basal
(?).

Vertebrates are the most successful chordate group, in terms of species numbers
(about 45,000 (?)). They comprise the gnathostomes and the agnathans, although the
monophyly of the latter is still debated (?). Vertebrates exploit much more ecological

niches than other chordates: fresh and marine waters, terrestrial habitats (that they
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are the only animals to have colonized, with insects), air, all in a wide range of
temperatures, latitudes, etc. Accordingly, many adaptations to specific ecological
niches have evolved (from wings to amphibious life-style through regulation
of internal temperature, etc.). What contributed to the success of Vertebrates is
thought to be neural crest cells, at the origin of head structures (e.g. advanced
sense organs) that enabled vertebrates to become more active predators (?) (see

next section).

Vagaries of chordate phylogeny

All the shared characters above are widely accepted and help establish chordate
monophyly. However, and this is of special interest here, the nature of the most
basal chordate has recently caused an intense debate. At the beginning of my PhD,
urochordates were considered as sister group to all other chordates and cephalo-
chordates were considered as sister groups to vertebrates (e.g. (2?)) (figure ??a).
This was supported both by morphology (e.g. segmented musculature) and molec-
ular phylogeny (? and references therein)). ?, soon followed by ?, contributed to the
first phylogenomic support of the basal branching of amphioxus within chordates.
Using the recently released genome sequence of the urochordate Oikopleura dioica
(?) (in addition to C.Intestinalis genome (?)), they suggested that urochordates are
the sister group to vertebrates (forming the "olfactores" group (??) (figure ??b). The
recent release of the amphioxus genome (?), as well as all subsequent independent

phylogenomic studies (e.g. (2?)) supported this topology.

a — Vertebrates b — Vertebrates
—— Cephalochordates e Urochordates
| Urochordates _ e Cephalochordates
— Hemichordates — Hemichordates
—— Echinoderms —— Echinoderms

Figure 5: Ancient (a) and recent (b) views of chordate phylogeny.

The erroneous phylogeny, placing amphioxus at the base of the vertebrate
tree, was mainly due to the fast evolution of urochordates, Because of this fast
rate of evolution, urochordate sequences harbor high rates of evolution, which
biases phylogenetic recontructions (?) by the so-called long branch attraction bias:

sequences harboring a long branch are artificially grouped together at the base of a
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phylogenetic tree. Because of their long branch, urochordate sequences are pushed
to the base of the chordate tree whereas slowly-evolving amphioxus and vertebrate
sequences are grouped together. Then the increase in the number of available
sequences and the improvement of phylogenetic methods allowed to select only
slowly evolving genes (that are thus less prone to long branch attraction) and to
accurately take into account fast evolving sequences (e.g. (??)). In accordance with
their fast evolving genome, urochordates have a derived development and body
plan (e.g. the larva has no gut, the Hox gene clustering was lost (?)), and, as depicted
before, display various body shapes. As will be developed later urochordates are
thus considered as a highly derived animal model (?) whereas cephalochordates
are considered as having kept more ancestral features (?).

This new phylogeny sheds light on the evolution of some vertebrate-specific
structures: the placodes. These structures are supposed to have largely contributed
to the evolutionary novelties of the vertebrate head that allowed vertebrates (and
especially jawed vertebrates) to adapt to a predator life style, from a filter feeding
ancestor (?). Placodes are ectodermic cell types that give rise to components of
several vertebrate-specific cranial structures like the otic vesicles, adenohypophysis
or lens. All placodal cells derive from a primordium located at the neural plate
border, as exemplified by the expression pattern of genes involved in placode
formation (e.g. Six1/2 or Eyaz). Cells with placodal characteristics have been re-
ported in several urochordate species and have been proposed to be homologous
to vertebrate olfactory, otic and pituitary placodes: they are sensory cells located
at the same position, they are marked by the expression of similar developmental
genes like eya, pitx and six (2??). However urochordate placode-like structures are
not migratory. In addition, the developmental control by several genes appeared
specifically in vertebrates (?). Then it is generally thought that placodes and neural
crest cells evolved from pre-existing sensory cells present in the chordate ancestor
and were recruited in vertebrate and in urochordates to form specific structures:
e.g. the atrial siphons, used to filter-feed in urochordates, and the different neural
crest and placodal derivatives in vertebrates (??).

Neural crest cells are multipotent ectoderm derivatives and migratory cells that
arise at the border of the neural plate and that are at the origin of many vertebrate-
specific head structures like cephalic sensory ganglia or part of the cranium. While
no migrating neural crest cells have been discovered in amphioxus (?), neural
crest-like cells were reported in the ascidian tunicate Ecteinascidia turbinate: they
are migratory cells forming at the border of the neural plate, expressing some
neural crest markers and giving rise to pigment cells, like some vertebrate neural

crest cells (?). These data suggested a more ancient origin of neural crest cells than
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previously thought, at the origin of urochordates and vertebrates. However, these
cells are not considered as neural crest cells per se because they do not display
the full multipotency of vertebrate structures and because they do not express
the complete genetic regulatory network (?). Rather, it is thought that neural crest
cells did not suddenly appear in the vertebrate ancestor but rather evolved form
preexisting "rudiment" structures present in the chordate ancestor, and that can be
found in non-vertebrate chordates, that gained a sub-set of neural crest properties
(like migration) in the common ancestor of vertebrates and urochordates (?), and

was further elaborated during vertebrate evolution by gene co-option (?).

Whole genome duplications at the base of the vertebrate clade

It was proposed decades ago that whole genome duplications appeared at the base
of the vertebrate clade (?). Duplication would be a generous source of genetic ma-
terial “ready to use”, i.e. complete functional genes with their open reading frame,
regulatory regions and biochemical context. One copy of a duplicated gene could
keep the function of the original gene when the other one, freed from any selection
pressure linked to the original gene function, could experience another fate by
rapidly accumulating mutations and maybe acquire new functions (?). In contrast,
it seems more difficult for an already functional single-copy gene to acquire a new
function without altering its present one. To quote Ohno "natural selection merely
modified, while redundancy created" and he imagined that gene duplications played
an important role in major evolutionary transitions whereas classical Darwinian
gradualism was restricted to microevolutionary events. It comes as no surprise that
such a model induced a lot of debates and that many authors tried to challenge it,
especially when complete genome sequence provided for the first time the data to
tackle this issue.

Known as “2R” for “2 Rounds of whole genome duplications”, Ohno’s hy-
pothesis postulates that 2 events of genome duplication occurred at the origin of
Vertebrates. Ohno’s theory was ignored by many biologists for two decades until
genome sequencing and the appearance of new computational methods allowed
confirming this hypothesis (??). The exact dating of the duplication events during
vertebrate evolution is still unclear: did the two duplications occur before lamprey
split (?), or one before and one after (?)? The upcoming release of the lamprey
genome should help solve this issue. One central question is still to know if gene
duplications were instrumental in the appearance of the new morphological traits
of vertebrates. The split of amphioxus and tunicates before genome duplication
surely make both of them interesting models to study the effect of duplication in

the evolution of gene function (?).



1.3 PALEONTOLOGICAL CONTEXT OF CHORDATE ORIGINS

1.2.3 Deuterostome phylogeny

Together with Xenoturbellida (like Xenoturbella bocki) and the ambulacraria, com-
posed of the echinoderms (like the sea urchin Strongylocentrotys purpuratus) and
the hemichordates (like Saccoglossus kowalevskii), chordates constitute the deuteros-
tomes group (?) (figure ??). Synapomorphic developmental features are for instance
the enterocoelous formation of the body cavity or the secondary emergence of
the mouth, after the anus. However, the chordate mouth was also proposed to
have either independently appeared or to have shifted (?) or to have independently
evolved (??).

The monophyly of echinoderms and hemichordates has important consequences
for our understanding of deuterostome evolution. Indeed, hemichordates share
some characteristics (like gill slits) with chordates (hence their name). Consequently
the structures, previously thought to be derived in hemichordates and chordates,
are ancestral in deuterostomes and were secondarily lost in echinoderms. In addi-
tion, the inferred deuterostome ancestor is more "amphioxus-like" than previously
expected.

The deuterostome monophyly has recently been challenged by a phylogenetic
study that proposed that ambulacraria and Xenoturbellida were more closely
related to protostomes than to chordates (??). Although these results were not
statistically supported and need further confirmation, they may lead to interesting
conclusions regarding the evolution of bilaterians because they place chordates at
the base of bilaterians (with amphioxus at the base of chordates). This would then
suggest that the characters common to chordates and hemichordates are basal in
bilaterians, which would lead to the conclusion that the very bilaterian ancestor is
more "amphioxus-like" than previously expected. Although this hypothesis is very
elusive, it once more contradicts that the rampant gradualist view of the evolution

of chordates and vertebrates.

1.3 PALEONTOLOGICAL CONTEXT OF CHORDATE ORI-

GINS

Pikaia gracilens (figure ??a) may be the most famous proposed fossil of a basal
chordate. It is an elongated, amphioxus-like animal, like most fossils of early
chordates, and the most important discovery of the Burgess shales according to ?.
It used to be the oldest chordate fossil (about 505 million years old, in the middle
Cambrian) (?). Although it possesses important chordate characteristics (e.g. a

notochord), it is considered to belong to a stem chordate group (i.e. an extinct
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group of animals more closely related to chordates than to any other extant group),
since for instance its pharynx is located in the dorsal position, and not the ventral
position, as in all other chordates (?). Some paleontologists even consider Pikaia
as being a protostome-like fossil (?). More ancient and better admitted chordate
specimen, like Cathaymyrus diadexus (about 10 million years older) (?) or the 520
million year old urochordate Shankouclava (?) have stolen some of Pikaia’s superb.
More importantly, the discovery of older vertebrate fossils (see below), necessarily
pushed earlier the origins of chordates from Early Cambrian.

Although the Lower Cambrian animal Haikouella (figure ??b), from Chengjiang,
has previously been interpreted as a basal deuterostome (?), it is more probably
related to vertebrates since it displays clear vertebrate structures like an eye, gills or
possibly sensor capsules (??). The Agnathan-like 530 million year old Haikouichthys
and Myllokunmingia are less polemic basal vertebrates, as they exhibit neural crest
cell derivatives such as visceral arch skeletons (and maybe a cartilaginous skull).
They display an elongated body shape, gills, segmented muscle blocks and a
notochord (figure ??c).

Some particular fossils, that do not display an "amphioxus-like" shape, have
also been proposed to be ancestral chordates. The stylophorans are small calcite-
plate invertebrate fossils that extend from middle cambrian (~510 million years
ago) to upper carboniferous (~ 300 million years ago) (figure ??). According to
the calcichordate theory, some of these fossils exhibit structures interpreted as
chordate-specific characters. In particular a series of openings have been interpreted
as gill slits (e.g. (?)). The calcichordate theory posits that the deuterostome ancestor
displayed a bilateral symmetry. During evolution it began to lay down on its right
side, which gave rise to an asymmetric ancestral chordate, in which most of the
structures located on the right side (especially gill slits) had degenerated (this
change of orientation is called dexhiothetism). Accordingly, some stylophoran
fossils, the cornutes, that would have descended from this chordate ancestor,
display several asymmetries, among which "gill slits" only on the left side. The
subsequent chordate descendants would have regained symmetry (giving rise to
stylophoran mitrates), some of which would have been at the origin of vertebrates,
urochordates and cephalochordates. Amphioxus larvae (see section ??) would
have kept this ancestral asymmetry. However, this evolutionary scenario is very
hypothetical for several reasons, notably the interpretation of the chordate-like
structures (among which gill slits) is very controversial. An alternative and well
accepted scenario proposes that stylophorans are derived echinoderms (?). The

stylophoran fossils will be further (and briefly) discussed in chapter ?2.
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Figure 6: Comparative drawings of some chordates fossils. a. Comparative drawing of larvae
and juveniles from diverse Chordate groups. a. Pikaia gracilens, from the Burgess
shales. The presence of a notochord clearly indicates a chordate origin. From
(?). b. Haikouella lanceolatum, from Chengjiang, has a large compressed body as
well as several vertebrate-specific characters, such as eyes, muscle fibers in the

myomeres, and a notochord extending into a postanal tail. Modified from (?). c.

Fossil Myllokunmingia fengjiaoa from Chengjiang. Different chordate and vertebrate
specific organs are indicated. The upper view corresponds to the interpretation of
the fossil (lower view).
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1.4 THE ANIMAL MODEL AMPHIOXUS

A large part of my PhD was dedicated to understanding amphioxus post-embryonic
development. As explained in section ??, amphioxus is now considered to branch

at the base of the chordate tree (figure ??).

Introduction to the amphioxus

Amphioxus is a ~ 5 cm long marine benthic animal (figure ??) with a fish-like
shape. It can be found in tempered and tropical shallow seas all over the world.
As an adult, this filter feeder lives for a few years buried in the sand most of the
time (figure ??a), except at night fall, on a spawning night, when it swims towards
the surface, spreads its seeds before passively settling back down to the sand. The

larva, on the contrary, is planktonic (figure ?? illustrates development).
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Figure 9: Pictures of adult amphioxus. a. The

1.4 THE ANIMAL MODEL AMPHIOXUS

The term amphioxus refers to the cephalochordates that comprise only about 30
species, with very close morphologies. The term "cephalochordate" indicates that
the notochord (a chordate synapomorphy, see section ??) goes from head (=cephalon)
to tail (figure ??b). Whereas the notochord disappears during mammalian devel-
opment, it is permanent in both larvae and adults. Three genera consitute the

cephalochordates: Branchiostoma, Epigonichthys and Asymmetron.

amphioxus is buried in the sand, except
the most anterior part, in which the
mouth is free to filter water to catch
plankton. Courtesy of Hector Escriva.
b. Lateral view of an amphioxus adult.
The series of gonads on each side of
the body are clearly visible. Modified
from http://www.bioportal.jp/blog/mt-
static/FileUpload/pics/amphioxus.jpg.

/

anus gonopore gonads mouth

Amphioxus phylogeny

Branchiostoma is the largest group and comprise all the amphioxus species that are
studied on a regular basis. There are mainly 3 model species, the Japanese species
Branchiostoma belcheri, the European species Branchiostoma lanceolatum and the East
American species Branchiostoma floridae. The European species is the historical
model (?), whereas the East American species is the current most advanced model,
whose genome was recently sequenced (??). Although Branchiostoma species di-
verged a long time ago (between 100 and 200 millions years ago (??)), they have
conserved a very similar morphology. During my thesis I have mostly worked on
the species from Florida, and to a lesser extent on the European species. In the
manuscript, I will use the term amphioxus to refer to Branchiostoma.

The main morphological difference between Branchiostoma and other groups
is the gonadal arrangement: there are two series of gonads on each side of the
body in Branchiostoma (figure ??b), whereas there is only one on the right side of
Epigonichthys and Asymmetron. From morphology, Epigonichthys and Asymmetron
were considered as a unique group and named Epigonichthys (with Asymmetron as a

synonym). The sequencing of the mitochondrial genome from several cephalochor-
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Epigonichthys and Asymmetron are —Branchiostoma belcheri
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date species brought new insight into the evolution of cephalochordates. Indeed,
molecular phylogenetic studies have confirmed the monophyly of Branchiostoma
and have proposed the paraphyly of the asymmetric species: Branchiostoma would
be closely related to Epigonichthys, with Asymmetron as an outgroup (??). This is
interesting regarding the evolution of amphioxus metamorphosis because Bran-
chiostoma larvae are asymmetric like Epigonichthys or Asymmetron and become more
symmetric during metamorphosis. Considering the phylogenetic position of Bran-
chiostoma in the cephalochordate tree, parsimony suggests that adult asymmetry
was ancestral in the Cephalochordata and secondarily lost in the Branchiostoma
genera, whereas larval asymmetry would have been conserved. However, data are
too scarce data for asymmetric species to negate or confirm this hypothesis (for
instance, development has been described only in Branchiostoma). This point will

be discussed in chapter ??.

Amphioxus as an animal model of evo-devo

Amphioxus is a rather young animal model for developmental genetics. Although
the European species used to be the most studied one in zoological experiments
(??), the East American species was promoted by Linda and Nicholas Holland about
15 years ago (?), as an ideal model to study the early evolution of chordates and
vertebrates (see below). However, the European species, from the input of Hector
Escriva, is making a comeback because of its technical advantages (the animal, and
especially the spawning habits, are easier to deal in this species (??)). Amphioxus
used to be promoted for its previously thought phylogenetic position, as the sister
group to vertebrates. However, its current position, as a basal chordate (see previous
section ?? for further details) makes it also very interesting because its study
allows to get insights into chordate origins. Moreover, amphioxus displays other
characteristics which make it a unique model to study the evolution of chordates,
and even vertebrates. Its morphology has not changed much since chordates origins

about 550 million years ago. Indeed, fossils of primitive chordates like Pikaia are
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"amphioxus-like" (see section ?? for further details) and amphioxus genome has
a slow evolving rate (?). In contrast and as explained earlier, the vertebrate sister-
group urochordates are morphologically and developmentally much derived (even
within the urochordate subphylum, the numerous genera of Urochordates display
extensive morphological and developmental differences). So all things considered,
this special phylogenetic situation makes amphioxus interesting in two aspects: it
is basal and slowly evolving (especially morphologically, see section ??) (?). This
makes amphioxus a relevant model to study the evolution of chordates (??).
Notably, the current phylogenetic position of amphioxus supposes that many
conserved features that it shares with vertebrates are ancestral within chordates
and that the chordate ancestor was more "vertebrate-like" than previously ex-
pected. This will be discussed in this manuscript in the context of the evolution of

metamorphosis.
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INTRODUCTION TO METAMORPHOSIS

The inaugural use of the Greek word “metamorphosis” is attributed to the Latin
Ovide (?). It is generally associated with the notion of shape change (“meta”
meaning change and “morphe” form) of an individual. In biology it refers to
the larva-to-juvenile transformation like tadpole-to-frog or caterpillar-to-butterfly
transitions (see the following section ??) whereas the lay audience has applied the

term to fantasy or litterature.

2.1 METAMORPHOSIS FOR THE LAY AUDIENCE

Although metamorphosis refers to a transformation, the drastic changes that occur
at metamorphosis and also the sudden and seemingly magical origin of the modifi-
cations make it more than a simple transformation: the association between the pre-
and post-metamorphic forms is not straightforward and the extensiveness of the
modifications renders mechanisms underlying these changes difficult to conceive.
Then supernatural causes are more appealing, but also more convenient because
they shrug off the explanation problem to focus on the result of the metamorphosis:
two different organisms in one. This concept has also been extensively used for less
realistic transformations, sometimes physical, sometimes metaphorical, some of
which are briefly introduced below.

The very evocative potential of metamorphosis was amply illustrated in countless
films and books. Horror or Sci Fi movies have overused the concept to feed
audiences with the inexhaustible stories of gentle people transforming into horrible
monsters or ugly monsters transforming into even more atrocious other monsters.
The notion of metamorphosis has also been illustrated less "literally". Often below
the surface of morphological alterations, it can also be a metaphor for inexplicable
and important changes that reunite two apparently separate parts of the same
individual. Among the plethora of examples, one of the most famous films dealing
with metamorphosis, called The fly directed by David Cronenberg, tells the story
of a man slowly transforming into a fly. The film is as much about slimy and
disgusting flesh exhibition as about internal duality of a man, transfigured into
his physical appearance. Among books, The Strange case of Dr Jekyll and Mr. Hyde

by R.L. Stevenson again uses the metaphor of metamorphosis to discuss the
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conflict between two irreconcilable parts of a person. Similarly, Kafka centers
his novel "Die Verwandlung" ("The Metamorphosis") around the metamorphosis of
a typical average man called Gregor into a giant cockroach. First physical, the
transformations slowly reaches his mind and Gregor gradually loses his humanity
(especially his dignity) until death. A notable difference with Stevenson’s novel
is the irreversibility of the metamorphosis: Gregor never goes back to the way
he used to be, like metamorphosed animals never "re-metamorphose"” to their
larval form. Kafka’s Metamorphosis is not about internal conflict of a person, but
rather about how a person reacts to the changes in his relatives’ look. Overall each
time, metamorphosis does not "distort" a person, but rather "develops" the true
and hidden personality, which is hard to accept for both him/her and the others.
This notion of “transformation”, this denial of permanence is central in the book
Metamorphosis by Ovid, in which a series of independent short stories tell the
story of different event more or less dealing with metamorphosis. This notion may
remind of one of the ecological advantages of animal metamorphosis, that allows
one individual to colonize different niches by adapting each time to their particular
environmental characteristics (e.g. water for an amphibian tadpole and earth for
adult frog).

Even in the geological vocabulary, metamorphosis is used to designate important
changes in the rock structure, due to gigantic forces (the term metamorphism
is rather used). This notion of super-powerful force that cannot be controled
is always underlying when talking about metamorphosis. Even in biology, as
will be discussed in chapter ??, genetic parameters "program" the occurrence of
metamorphosis (it has to happen), as well as external conditions influence the onset
and unfolding of metamorphosis (see chapter ??), like the moon triggers werewolf

transformation.

2.2 METAMORPHOSIS FOR A BIOLOGIST
2.2.1 Definition

In biology, metamorphosis has a more restricted definition, based on developmental
considerations. Although there are still debates about the exact definition of
metamorphosis (?), a consensus embraces the notion of drastic morphological
changes associated with an ecological transition. In the following chapters, I will
define metamorphosis as a short post-embryonic developmental stage allowing
a larva to become a juvenile/adult and during which important morphological,

ecological and metabolic modifications occur. This definition will be applied to
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animals (figure ??). Plant development won’t be discussed here. Metamorphosis
is not applicable to unicellular organisms like Bacteria (and even multicellular
Bacteria) or Archaea, for which there is no development.

A direct corollary to the occurrence of a metamorphosis stage during develop-
ment is the existence of larval and juvenile/adult stages. Between the juvenile and
the adult occurs sexual maturation (for instance in amphibians, amphioxus, sea
urchin, oyster). The latter, during which morphological changes can also occur,
should not be confused with metamorphosis because it is not triggered by the
same molecular mechanism (see chapter ??) and most often does not involve an
ecological transformation. However, in some species and especially in insects, the

post-metamorphic individual is already mature (thus there is no juvenile stage).

222 Metamorphosis is widespread among metazoans.

If one were to pick up any animal and guess whether it metamorphoses during
its life time, one should bet on the affirmative answer. Indeed, most species
metamorphose, including many insects, mollusks, annelids, cnidarians, sea urchins,
some fishes, frogs or sea squirts (of course this list is not exhaustive). The plankton
is basically filled with small aquatic larvae from non-insect invertebrates (??). The
diversity of larval forms can compare to the diversity of names given to the different
larvae: e.g. planula larva in some cnidarians, pluteus larva in some echinoderms,
caterpillar in some insects, maggot in others, trochophor larva in some mollusks
and annelids, tadpole in some amphibians and urochordates, ammocoete in some
lampreys, nauplius larva in some crustaceans...

This diversity in metamorphoses extends from full metamorphosis (with exten-
sive remodeling) to no metamorphosis. Indeed, some animals (like us) directly
develop into an individual that looks like the adult and apparently do not go
through the morphological, ecological and metabolic modifications characteristic
of metamorphosis. Actually, there are many ecological strategies among animals,
with a morphological remodeling more or less pronounced, ecological shifts more
or less drastic, feeding or non feeding larvae... depending on each species situ-
ation (see following section). Some species also undergo several morphological
and ecological metamorphic transitions (like insects or crustaceans), although the
last transition is usually the most dramatic one, in addition to leading to settle-
ment before transformation into the pre-reproductive form (juvenile). Figure ??
summarizes some typical life cycles.

As can be seen on figure ??, life cycles of metazoans are very diverse. They

can be rather "simple" as it is the case for the amphioxus B.floridae or the sea
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urchin Plividus: a small egg (from the fertilization of gametes released in water)
develops into a larva that grows until metamorphosis to the juvenile stage (figure
??). The latter grows until sexual maturation, reproduces and cycle starts again
with another individual.

Other life cycles are more complicated. For instance, cnidarians display a wide
diversity of life cycles (figure ??), with, for instance, the addition of the medusa
phase in scyphozoans (the strobilation phase has been sometimes considered
as a metamorphosis in some articles, although it is more a phase of asexual
reproduction than a metamorphic phase (??).

Crustaceans also have a large diversity of life cycles. Some species have a direct
development while others harbor very diverse larval forms that follow one another
through transitions much like metamorphoses (e.g. with nauplius, zoea, cypris
larvae that may hardly look like the adult).

Insects, for which the molecular determinism of metamorphosis has been espe-
cially well studied, exhibit a large diversity of postembryonic development strate-
gies. Apterygotes have a direct development whereas the development of all ptery-
gotes is indirect, with a more or less drastic metamorphose. The hemimetabolous
species (like the grasshopper) hatch as larvae that resemble the adults and develop
through a series of gradual changes until adult condition. On the other hand
holometalous insects (like flies, beatles or butterflies) go through much a single
more drastic and abrupt changes (see figure ??). Although the successive moltings
that occur during insect growth may be seen as morphological and ecological
transitions, according to our definition, only the last one leading to the juvenile
stage may be considered as a bona fide metamorphosis (figure ??).

The parasitic life style can also complicate life cycles. For instance the life cyle of
Platyhelminthes depends on the different hosts that will be infected. Shistosoma
mansoni infects human at a sexually mature stage, where it spawns. Early embryos
are discharged out of the host and hatch in water as free-swimming later embryos.
Then they penetrate a second host (a snail) in which they asexually proliferate and
are relased into water. They can also infect another intermediate host or infect the
final one in which they spawn (figure ??).

Differences of postembryonic developmental phases can be highlighted by com-
paring distantly related species. For instance, both life cycles in amphioxus and sea
urchin are rather simple, with a premetamorphic larva grown from the egg and a
postmetamorphic juvenile, like-looking the adult. However the morphological mod-
ifications have nothing in common. As will be detailed in section ??, amphioxus
metamorphosis is rather mild with the modification of left-right asymmetry in the

anterior part of the animal. On the contrary, during sea urchin only a few larval
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cells give rise to the adult during metamorphosis whereas all other larval tissues
degenerate. The very bauplan of the animal changes (from bilateral symmetry to
pentaradial symmetry).

This variability of metamorphic strategies is also conspicuous between more
closely related species: even within the amphibian lineage, anurans go through an
extensive remodelling while urodeles have a much milder, or even no apparent
metamorphosis (?). Even animals from the same species (also amphibians) may
follow different developmental strategies (?). More generally, there are many
amphibian as well as many insect species, qualified as paedomorphic, that have
lost an indirect development and reproduce as larvae. This change in the timing
of development, and more precisely on the relative time of appearance and rate
of development for characters already present in ancestors (heterochrony (?)) has
been proposed to be of significant importance in the course of the evolution of
phenotypes. Different types of amphibian paedomorphy will be described in
chapter ?? Moreover, how neoteny may evolve in amphibians will be discussed in

chapter ?2.

2.2.3 Selective advantage of indirect development

The frequent occurrence of larval stages raises the question of the selective advan-
tage of going through the fragile and energetically costly metamorphosis stage. In
other words, why has metamorphosis been retained during evolution? In addition
to the fact that it may have been evolutionary difficult to lose an indirect life style
once it appeared, a multiphasic life cycle offers several advantages, all of which
are related to ecological shifts: lowering of competition, better dispersal, allocation
of life tasks to different life phases.

The division of the animal life style into the larval and adult ones minimizes intra-
specific competition (different location, food...). Most frequently in aquatic species,
the larva is pelagic whereas the adult is benthic (like echinoderms, amphioxus, sea
squirts, crustaceans or teleost fishes) but the animals may also live in fresh vs marine
water like lampreys, aquatic vs terrestrial environments like some amphibians or
dragonflies, or also in two different terrestrial ecosystems like butterflies (whose
larva is herbivorous and whose adult is nectarivorous).

In parallel to lowering ecological competition by living in a different environ-
ment than adults, larvae may be seen as dispersal tools, especially in the aquatic
environment (?), whereas the adult harbors a reproduction apparatus. Indeed,
they are often free-swimming pelagic microscopic individuals that are produced

in large quantities, released in the environment and passively transported over



2.3 METAMORPHOSIS IN CHORDATES

the course of water currents, so that they can explore an extended area. On the
opposite, the adult is bigger (a few centimeters), benthic and has limited ability to
scatter (e.g. in ascidians, amphioxus, crustaceans or echinoderms). For instance,
the larval amphioxus is covered with cilia and swims continuously towards the
light whereas, although the adult is mobile, it lives for several years buried in
sand most of the time (only post-metamorphic animals have been reported in sand
samples (?)).

The larval stage can also be a feeding period, during which the larva grows
and accumulates energy. For example, the basal vertebrate lamprey grows as a
larva for months until it has reached a certain size. Only then, and under favorable
environmental conditions will it metamorphose (?).

Among all these briefly described but diverse metamorphoses, I have focused

on chordates.

2.3 METAMORPHOSIS IN CHORDATES

Metamorphosis is widespread among chordates (figure ??). The most classic exam-
ple is the common frog (like Rana catesbeiana), on which an aquatic and herbivore
tadpole is transformed into a terrestrial and carnivorous juvenile. In this respect,
larvae and adults display specific structures adapted to their environment: for in-
stance the tadpole has gill slits, a swimming tail, a lateral line (for motion detection
under water), eyes (and corresponding pigment) adapted for aquatic vision or a
cement gland which secretes a mucus that allows the larva to adhere on a support.
Loss of the gill slits, shrinkage and disappearance of the tail, development of limbs
and lungs, intestine and eye modifications but also switch from larval to adult
haemoglobin type are among the most obvious events that can be described (for
reviews, see (????)). Although a classical textbook example, the tadpole to frog
transition is not representative of the variety of metamorphoses one can observe in
chordates (figure ??). In the next paragraphs, I will briefly introduce metamorphic
strategies adopted by some chordate species, as illustrations of the morphological
and ecological variability that one can found in this group.

The other tetrapods (mammals and sauropsids) are generally considered not to
metamorphose. Most actinopterygian fishes have a metamorphosis characterized by
an ecological shift crucial for the geographic dispersal of the species and therefore
have been very intensively investigated for economic purposes (?). For example,
most marine fish larvae (such as the flatfishes discussed above) are planktonic and
transform into juveniles that either swim in the water column or are benthic (Leis

et al., 2006). In freshwater populations, metamorphosis is also morphologically
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Figure 12: Comparative drawing of larvae and juveniles from diverse Chordate groups. a.
Among remarkable events, the Ciona intestinalis larva changes its body plan. The
two arrows indicate the water flow through the two siphons in the adult. b. The
amphioxus larva displays asymmetric features (e.g. the mouth is located on the
left side of the body and the round gill slits are only on the sight side of the
body) and gets more symmetric during metamorphosis (e.g. the mouth migrates
to a more ventral part and the gill slits get a U shape and migrate to be on both
sides). The amphioxus larva is presented from both right and left views. ¢. The
tail of Xenopus laevis regresses when limbs develop. (d) In the flatfish Paralichthys
dentratus, the left eye of the symmetric flatfish larva migrates to the right side of
the body. The larva and the adult are represented from two angles (front view
+ left view). The dashed line represents the larval plan of symmetry. An arrow
indicates the migration itinerary of the right eye. gs: gill slits, m: mouth. From (?).
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obvious, as seen in the alteration of the zebrafish fins and gut (?), or salmonid
smoltification (?).

The larva from the basal vertebrate lamprey dwells in the silt of freshwater
streams and filter feeds on primary detritus. Larval period lasts several years
after which lampreys metamorphose into adults, some of which are (sometimes
parasitic) predators. During metamorphosis, several structures are remodeled: the
eyes and the gut epithelium are modified, the larval kidney is replaced with a
juvenile one, the mouth develops into a specific sucker apparatus and the endostyle
is profoundly remodeled into a thyroid gland (?). The members of the sister group
hagfish apparently have a direct development, although their post-embryonic
development remains to be fully studied (?).

Outside vertebrates, dramatic morphological remodeling occurs in some uro-
chordates where the very bauplan of the organism is modified between larvae
and adults, like in ascidians (figure ??). Ascidians are the most studied and the
largest taxonomic group in urochordates, with Ciona intestinalis as a genomic and
developmental model system. The larva is pelagic and “tadpole-like” with a typical
chordate body plan (a tail -“uro”- with a notochord, a dorsal nerve tube, striated
bilateral segmented musculature), whereas the adult is sessile with a different body
plan. Ciona intestinalis, for instance, has a “sac-like” body with no tail, an hypertro-
phied pharynx and two siphons allowing water flux (figure ??). This remodeling
is so drastic that some zoologists, including Linnaeus, did not relate the adult to
the larva and classified the former as a mollusk. Notably, other ascidian species
undergo a slightly less dramatic transition as they do not lose their tails during
metamorphosis (?). The other two classes of tunicates, Larvacea and Thaliacea, are
both planktonic in the adult stage. In addition, in Larvaceans, the adult keeps a
tadpole-like body plan and can thus be viewed as paedomorphic. In Thaliacea,
the larva does not settle before rapidly metamorphosing into a planktonic sac-like

adult (?).

Amphioxus metamorphosis

Amphioxus (and more precisely Branchiostoma) was described at metamorphosis by
?in very precise detail more than a century ago. The animal goes into an ecological
transition from pelagos to benthos. Accordingly, the larval body is covered with
cilia that are used for locomotion and are replaced by muscular swimming at
metamorphosis (??). However, the most conspicuous change is the transition from
an asymmetric larva to a more symmetric juvenile. Indeed the larval pharynx is
highly asymmetric: the mouth is on the left side whereas the single gill slit row is

located on the right side (figure ??a). During metamorphosis, the animal will get
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more symmetric: in parallel to the appearance of two metapleural folds on each
side of the body, that will recover the pharynx and gill slits in the juvenile, a second
gill slit appears above the first row (figure ??b). Soon after, all initially round gills
slits get a U shape (figure ??b) and the first gill slit row migrates towards the left
side of the pharynx while the mouth migrates in opposite direction towards a more
ventral and anterior position (figures ??b and c. A close-up of the pharynx from
the figure ??b is given figure ??). Cirris develop around the mouth that migrates
from the left side to an antero-ventral part (figure ??) (??). The gut also changes,
with the appearance of a protuberance just posterior to the pharynx (figure ??c),
called gut diverticulum (?). All these morphological modifications have been taken
into account during the experiments I conducted and participated to, and that are
reported in chapters ??, ?? and in the article reported in the annexe (page ??).

This asymmetric organization of gill slit development has been proposed to
support the calcichordate theory (see section ??), according to which the ances-
tral chordate (that would have looked like cornute fossils) was asymmetric and
contained gill slits only on one side of the body. Amphioxus larvae would then
have kept the ancestral asymmetry. During evolution, symmetry would have been
regained, the way amphioxus larvae become symmetric during metamorphosis
(e.g. (?), discussed in (?)). The cornute fossils are briefly discussed in chapter ??.

Morphologically less conspicuously, the organ endostyle also undergoes pro-
found remodeling from an anterior position and a rather compact shape (figure ??a)
to a ventral position and an elongated shape (figure ?2c). Moreover, an amphioxus-
specific organ, called the club-shaped gland, located posteriorly to the endostyle,
disappears. The fate of this organ has been debated for decades (does it really
disappear? Is it reincorporated into surrounding tissues?) and will be discussed
in page ?? (article included in the annexe). There are probably also metabolic
and physiological modifications (for instance, is endostyle activity changing dur-
ing its metamorphosis?) but they have not been looked for yet. At the end of
metamorphosis, a much more symmetric juvenile starts its benthic life buried in
sand.

Some other amphioxus species from the genus Asymmetron and Epygonichthys (?)
stay asymmetric even as adults. As mentioned at the end of the previous section,
the post-embryonic development of these species is still unresolved yet, although
some modifications of the symmetry may occur between larval adult stages (for
instance, the adult mouth is in the midline).

During my PhD, I have sought into the regulatory mechanisms underlying the
evolution of metamorphosis in chordates. Metamorphosis has been molecularly

well characterized only in amphibians and more precisely in anurans, and to a
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Figure 13: Pictures of amphioxus larvae before (a), in the middle of (b), and after metamor-
phosis (c). a. The premetamorphic amphioxus larva is asymmetric: its mouth
is on the left side of the pharynx and the single gill slit row on the right side.
The endostyle is clearly visible. b. During metamorphosis the animal gets more
symmetric. The details of morphological remodelings are given in the main text.
c. A fully metamorphosed juvenile. Anterior extremity is orientated towards the
right. The pictures are not scaled one to the other. This picture appeared in (??).
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Figure 14: Close-up of the amphioxus pharynx during metamorphosis from figures ??b (a)
and ??c (b). The large opening of the mouth, behind the endostyle, is indicated
with a dashed line. The pictures are not scaled one to the other.
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lesser extent in teleost fishes. The knowledge about the molecular determinism of

metamorphosis will be briefly presented in the next chapter of this manuscript.
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Vertebrate metamorphosis has been molecularly well characterized only in anu-
rans, probably for reasons that are historical (?), anthropocentric (anurans are the
metamorphosing animals closest to humans), epistemological (amphibian meta-
morphosis is quite spectacular and appealing for the biologist), as well as technical
(tadpoles are big and easy to breed in a lab). Thus I will briefly present the knowl-
edge accumulated in anurans, and to a lesser extent in actinopterygian fishes, since
most of the experiments dissecting the molecular determinism of metamorphosis

have been performed in these groups.

3.1 REGULATION OF AMPHIBIAN METAMORPHOSIS

3.1.1  Amphibian metamorphosis is triggered by thyroid hor-
mones

How a horse can transform a tadpole into a frog.

In anurans the main trigger of metamorphosis is known to be endocrine, through
production of the precursor thyroid hormone (TH) T4 (thyroxine) in the thyroid
gland and its subsequent transformation into the more active derivative T3 (tri-
iodothyronine) (figure ??), although some T3 is also produced in the thyroid gland.
T3 and T4 are iodinated tyrosine derivatives: basically they consist of 2 tyrosines

coupled and iodinated 3 and 4 times, respectively.

T3 o . T4 .
| O NH, | o NH,
! |

Figure 15: T3 and T4 are iodinated tyrosine derivatives

55



56

REGULATION OF METAMORPHOSIS IN CHORDATES

The discovery that THs induce metamorphosis was done by J.F. Gudernatsch
almost a century ago. He was studying "the influence of various organic extracts
on the development of fish (Belone, Gobius etc.) and amphibian (Rana) eggs" (?).
Although his experiments on fish did not give conclusive results (because boats
could not deliver fresh eggs fast enough), he was more satisfied with the results
obtained from frogs. Indeed, as he was feeding tadpoles of Rana temporaria and
Rana esculenta with pieces of horse, calf, rabbit, pigs or even cats, he noticed that
tadpoles fed with thyroid extracts metamorphosed earlier and gave rise to "fully
developed frogs, though dwarfs in size". So exogenous thyroid extracts prematurely
induced metamorphosis (?). But was this effect of any biological significance or
artificial? In other words, is the active compound of horse thyroid necessary for
frog metamorphosis?

The answer came a few years after Gudernatch’s discovery, when metamorpho-
sis was reported to be inhibited upon thyroid removal (?) and recovered upon
subsequent feeding of the larvae with thyroid preparations. These experiments
showed that thyroid gland activity is necessary and sufficient to induce frog meta-
morphosis. Chemical inhibition of TH production by various compounds has
also demonstrated its efficiency in preventing metamorphosis and creating giant
tadpoles (e.g. (?)).

The active molecule present in the thyroid was isolated at the end of the same
decade (?) from hog thyroid extracts (figure ??) and identified as an "iodine-
containing compound", which was originally called thyroxin (T4). Much later its

more active but less abundant derivative T3 was identified (2??).

Tissue-specific metamorphic response to TH induction

Making a tadpole into a frog requires an extensive remodelling mostly related to
the water-to-land ecological shift: from loss of the tail to development of limbs,
through repositionning of the eyes, remodeling of the intestine, keratinization of
the skin, modifications of the central nervous signal, ossification of the previously
cartilaginous skull, adaptation of the visual system to fit new light dispersion
properties. Then, the range of the molecular response to TH signal is as wide as
de novo morphogenesis, apoptosis, switching of the hemoglobin subtype, of the
visual pigment (from porphyropsin to thodopsin), production of keratin...
Consequently, the response to the hormone is local, tissue-specific and tissue-
autonomous. For instance a limited and localized application of TH to a tadpole
will induce only the surrouding tisues to undergo metamorphosis (?). Moreover
exposition of exogenous T3 to isolated larval tissues will induce the resorption

of the tail and the morphogenesis of the hind limb bud. Convincingly, if a larval
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Figure 16: The three tanks in which about 3000 kilograms of hog thyroid glands were treated
for the isolation of thyroxin (?).

organ (for instance an eye) is transplanted in another part of the organism, whose
metamorphic fate is different from the grafted organ (for instance the tail), both
structures will "normally" metamorphose (the larval eye will become an adult one

whereas the tail will resorb) (reported in (?).

3.1.2 A rapid overview of the TH signalling pathway

A peak of TH production induces metamorphosis

Experiments on metamorphic effects of exogenous THs have their biological justifi-
cation in the occurrence of a peak of TH production at the beginning of metamor-
phosis, which is the key physiological trigger (figure ??)((?) for a review, see (?)).
TH levels reach a maximum during the climax i.e. when the major morphological
changes (e.g. tail regression) occur. If the highest TH levels are prevented, late

metamorphic events will be prevented (?).

THs induce modifications of transcription, through the activation of their
receptor TR

What are the molecular consequences of TH signal and how do they lead to

metamorphosis? More than 40 years ago, Jamshed Tata proposed that THs induce
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Figure 17: There is a singe transition form larval to adult form in amphibian metamorphosis.
The idealized dashed curve depicts the single burst of T3 (ng/ml) just before
the transition from the larval to the adult state in Xenopus laevis (red curve).
Developmental stages on the abscissa (NF) refer to (?). Metamorphic index is
ratio of hind limb: tail length. Adapted from (Tata, livre).

mRNA expression (??). It is now well established that the signal represented by
a peak of TH production is mediated by its two receptors, the thyroid hormone
receptors (TRs) TR« and TRf3, issued from a vertebrate duplication. More precisely,
they are TH-regulated transcription factor that will modulate the expression of
target genes upon activation by TH binding, subsequently leading to the mor-
phological remodeling characteristic of metamorphosis. Notably, TR is the main
mediator of TH signal, at the onset of metamorphosis, while TR« is involved in
earlier development (see section ??. Chapter ?? will be dedicated to the more of

action of TRs).

TH metabolism

TH synthesis in the thyroid gland takes place in the follicular cells called thyrocytes
and in the lumen enclosed by the thyrocytes. This lumen is full of the protein
thyroglobulin. As previously stated (figure ??), THs are not gene-encoded peptides
but iodinated tyrosine derivatives produced through a metabolic pathway. T4 is
the most abundant precursor that will be subsequently degraded into other THs.
Thus TH production can be schematized into iodine fixation of tyrosine that are
subsequently to produce T4 and subsequent degradation into TH derivatives. More
precisely, TH production can be decomposed into several intermediate steps, each

of them illustrated in figure ?? and briefly depicted hereafter (a more complete
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description of TH signalling pathway is given in chapter ??): (1) lodine first needs
to be concentrated by the specific transmembrane Sodium/Iodine Symporter (SIS),
(2) then it is added to tyrosines from the matrix protein thyroglobulin by the
Thyroid Peroxidase (TPO) to form monoiodotyrosines or diiodotyrosines (if one
or two iodines have been added to a tyrosine, respectively). (3) The iodinated
tyrosines are coupled by the TPO to form a TH (mostly T4 but also T3). (4)
The newly synthesized TH is then separated from the matrix protein, (5) and
transported in the blood by various carriers such as TBG (thyroid binding globulin)
or TTR (transthyretin). (6) In peripheral tissues, T4 is deiodinated into the more
active form T3. (7) Both THs can be converted into less active forms, that will be
subsequently degraded. (8) There are also alternative TH pathways, like sulfatation
and glucuronidation, mostly resulting in production of inactive T3 derivatives,
targeted for degradation. (9) However, some alternative active forms are also
produced, like the deaminated form of T3, TRIAC, which is a very potent, but
very unstable TH derivative (see (?) (figures ?? and ??). (10) Finally, within the cell,
upon thyroactive compound binding, TR will modulate the expression of target
genes. The direct synthesis of T3 in the thyroid gland, along with the peripheral
deiodination of T4, is an important source of active hormone since cellular uptake

is faster for T3 than for T4 (?).
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Figure 18: Thyroid hormone signaling pathway. The different steps from iodine concentra-
tion to TH binding to TR are indicated. Numbers located between brackets refer
to the main text. From (?).

3.1.3 Diversity of TH derivatives

THs and other iodinated tyrosine derivatives were discovered as thyroid gland

products (hence their name). They have been detected in the plasma of all verte-
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brates that have been tested (for detailed values, see (?)). In mammals and am-
phibians the two main thyroid products are the stock hormone T4, or I-thyroxine,
and the more active T3, or 3,3’,5-triiodo-I-thyronine (iodinated 4 and 3 times re-
spectively) (figure ??). However, other kinds of related molecules exist depending
on the number and positions of the iodines. Among such compounds, 3,5-T2,
3,3"-T2 or 3,3/,5'-triiodo-1-thyronine (Reverse-T3, see figure ??) are mildly active
TH derivatives in mouse (?) (see table ??).

Decarboxylated or deaminated analogues, like TRIAC (triiodothyroacetic acid)
or TETRAC (tetraiodothyroacetic acid) have also been described in mammals and
in anurans (figure ??) (?). Notably TRIAC, the T3 deaminated derivative, displays
strong thermogenic effects and has a higher affinity for TR than T3 (?). A few
decades ago, when TH signaling was not as well characterized as nowadays,
TRIAC was even proposed to be the active compound in amphibians, with T3 as
a precursor, like T4 is the T3 precursor (?). However this hypothesis was rapidly
abandoned because TRIAC and TETRAC are kept at low levels (levels of circulating
TETRAC are less than 1 % of T4 ones levels whereas TRIAC levels are about 1/20
of T3 ones). The low TRIAC and TETRAC levels are due to their high affinity for
degradation enzymes like deiodinases (?7?).

Recently, the potential importance of deaminated TH derivatives has been pro-
posed. Indeed, the deiodinased and deaminated T3 derivative 3-iodothyronamine
(T1AM) was detected in mice and shown to induce rapid and non-genomic effects
on metabolism and cardiac rhythm (?), by binding to the G protein-coupled trace
amine receptor (see section ?7?).

Overall, the general biological action of TH derivatives remains vague. In other
chordates no exhaustive repertoire is available. This is mainly explained by anthro-
pocentric reasons - and the tendency to look for what is similar/different compared
to us; see (?) for a discussion of this aspect - but also by the fact that such compre-
hensive analyses are much more demanding than simple two-by-two comparisons
with vertebrates. The evolutionary relevance of an expanded iodinated tyrosine
derivatives repertoire, larger than simply the THs T3 and T4 in chordates, should

not be neglected.

3.1.4 Modulations of TH action: how to find solutions to the
problem of a fluctuating environment?

Interactions of the TH signalling pathway with the environment

Although THs are the obligate signal for initiating and completing metamorphosis,

other hormones and factors, like environmental signals, can influence the onset and
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Figure 19: Schematic representation of various TH derivatives. The dashed lines indicate
the different alterations to Ty.).

progression of metamorphosis. For instance tadpoles put in a stressful situation
(like reduction of water volumes or proximity to a predator) will metamorphose
faster (?). This ability to respond adequately to variable external stimuli has
probably been selected in amphibians living in unstable environment, so that they
adapt efficiently to unfavorable conditions: for instance, a tadpole may escape more
easily from a drying pond.

The link between the environment and the initiation of metamorphosis could be
traced back to the tadpole’s neuroendocrine system (hypothalamus and pituitary
gland) through the intermediate of hypothalamic TRH (thyrotropin releasing
hormone), CRF (corticotropin releasing hormone) and the TSH (thyroid stimulating
hormone) from the pituitary (figure ??. The role of TRH in the regulation of
metamorphosis is still unclear). For water volume reduction, increases in levels of
the hypothalamus-product CRH (corticotropin-releasing hormone) were shown to
occur and to be necessary for precocious metamorphosis (?).

Overall, when environmental parameters (e.g. water volume or food availability)
modulate the triggering of metamorphosis, it is always through alteration of the

TH production which can thus be viewed as the key endogenous inducer of the

may then be seen as a monitoring system that can transduce environmental signals
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Upstream part in the TH

Downstream part in the TH

Figure 20: Schematic structure of TH cascade in the anuran organism during metamorphosis.
Three parts are highlighted: the couple TR / TH at the center of the pathway
is upregulated at the onset of metamorphosis. More upstream in the pathway
TH synthesis takes place, and more downstream, the expression of TR target
genes is modified upon TR activation. Since TR (more precisely the gene TR3)
itself is one of its own target genes, its autoactivation is critical for the triggering
of the climax of metamorphosis. TR also regulates the production of TH, thus
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into a physiological response that will adapt the developmental course to the

environmental stimulus.

Competence

As ? first reported, metamorphosis can be shifted earlier in time by adding exoge-
nous T3, which boils down to simulating a precocious TH rise (figure 2?). This
responsiveness to hormonal information, called competency, is acquired early
during development, when TR expression starts (figure ??), much earlier than the
actual beginning of metamorphosis (?), when circulating TH levels rise (starting
at stage 44-45). At stages 47-48, competency is better acquired, figure ??). Thus
the competency phase is correlated with TR expression (figure ??): in the absence
of TRs, TH signal cannot be mediated and only when the main mediators of TH
signals are expressed can THs induce metamorphosis (see (?) for an exhaustive

discussion of the significance of TH/TR expression at the onset of metamorphosis).
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Figure 21: T3 and TR levels during Xenopus laevis development. For clarity, T3 and mRNA
levels are plotted as arbitrary units on different scales. Modified from (?)

3.1.5 A role of TH signalling pathway before metamorphosis?

As stated above, TR expression starts before THs are produced. This raises the
question of the functional role of unliganded TR. As will be detailed in chapter
??, TRP is needed for a proper early development, especially for X. laevis eye
formation (?). In addition, THs and TH metabolism (deiodinase activity) were

recently detected in X. laevis eggs and early embryos (?), suggesting a possible
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role of THs during early development in X. laevis, although not resolved yet.
Overall, several labs (e.g. the Demeneix, Sachs and Brown labs) have recently
gotten interested in possible roles of TR and/or THs during early development

and the understanding of their relative roles is improving.

3.2 TH SIGNALLING PATHWAY IN OTHER CHORDATES

The analysis of species other than X. laevis or other anuran amphibians should
bring interesting comparative insight into the evolutionary link between THs and
metamorphosis in chordates. Several questions then need to be asked: are THs

endogenously produced? What is their action on metamorphosis?

3.2.1  In chordates TH production takes place in the specialized
organ thyroid/endostyle.

All chordates harbor a TH-producing gland, that is found in no other taxon, and
which thus constitutes a chordate synapomorphy (see section ??). It is an endoderm
(gut) derivative located in the pharyngeal region, called thyroid in vertebrates
and endostyle in invertebrate chordates. The main difference between the thyroid
and the endostyle (which justifies the use of different names) is the follicular
organization of the TH-producing cells in the thyroid and not in the endostyle
(?). Some morphological discrepancies exist between the thyroids of different
vertebrate groups, due to differential clustering of the numerous follicular units:
for example, the thyroid is in one piece in mammals but birds and amphibians
have two fully separated lobes on each side of the trachea. In most fishes and
in agnathans, the follicles are not aggregated in an organized thyroid and are
scattered in the pharyngeal region (figure ??) (?). However, as the functional unit
of the thyroid is the follicle, the macroscopic shape of the organ is probably not of
fundamental functional and evolutionary significance.

Only recently has the homology between the thyroid and the endostyle been
greatly strenghtened. More precisely, only pieces of the endostyle are thought to
be homologous to the thyroid follicles ((?), p8). Indeed, some parts of the endostyle
secrete a mucoprotein that helps gathering food particles from water and are
specific to endostyles while others are able to fix radioactive iodine (??). It is the
smallest, most dorsal and posterior part that does not produce mucus and that is
thought to be the homologue of the thyroid follicles. This hypothesis was based on
several arguments: (i) the endostyle and the thyroid are located in a similar position

in the body plan, (ii) some endostyle cells have thyroid-producing properties such
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Figure 22: Pitcures of thyroid glands (a.) and endostyles (b.) from various chordates. In the
endostyles, the thyroid-producing regions (black) are always situated dorsal to
the glandular regions (grey). Modified from (?) and (?).

as iodine uptake (???) and TH metabolism (????), (iii) several thyroid-specific genes
are expressed during endostyle formation (Ttf1 in lamprey (?)) and (iv) in lamprey,
some cells of the endostyle transform into thyroidal follicles during metamorphosis
(?).

It has been proposed several times (??) and recently re-actualized (see chapter ??)
that the common ancestor of chordates had an endostyle, quite like the extant ones:
this endostyle had two functions: (i) the production of mucus for food collecting,
and (ii) TH synthesis (?). The ancestor of all chordates lived in seawater and was
most probably filter feeding. Among the species that derived from this ancestor,
some became non-filter-feeding animals and thus did not need mucus production
anymore. This latter function subsequently degenerated and the endocrine function
only was kept in vertebrates (?). Lamprey development provides a nice living
illustration of this scenario since, at metamorphosis, lamprey switches its mode
of feeding from filter feeding to macrophagy - or non-feeding - in parallel to
the disappearance of the endostyle and the formation of a thyroid with a typical

vertebrate organization (?).
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3.2.2  TH metabolism in other chordates

TH synthesis in other chordates

In mammals and fishes, TH metabolism is very similar to the one in amphibians (for
a review, see (?)). The "thyroidal" picture in other chordates has been investigated
much less thoroughly.

The search for TH derivatives in a wide variety of chordates was intense during
the 50’s and 60’s and significantly calmed down afterwards (?????). These experi-
ments were facilitated by the fact that TH synthesis is dependent on exogenous
iodide, which has the great advantage of being very specific to THs. Consequently
the detection of iradio-labelled odine characterizes and localizes TH synthesis.

THs were found in all chordate animals that were searched for them. T3 and
T4 (as well as their precursors MIT and DIT) were detected in amphioxus (??),
Ciona intestinalis (??), lampreys (?), sharks (?) and lungfishes (reported in (?)). TH
metabolism was also found in all chordates examined: peroxidase-dependent iodine
fixation (??), peroxidase activity (???), deiodinase activity (???), and a thyroglobulin-
like protein were reported in lamprey, hagfish and amphioxus (???). More generally,
the evolution of the TH signaling pathway within chordates will be discussed in
chapter ?2. It is important to keep in mind that TH metabolism is not limited to
T3 and T4 in mammals or amphibians: other TH derivatives are produced, like
deiodinated, decarboxylated or deaminated derivatives, as well as sulfated and
glucuronidated conjugates (?) (figures ?? and ??). Similarly, it is most probable that
other chordates have a richer iodinated tyrosine derivatives repertoire than just T3
and T4. As already mentioned in section ??, this variability can be of significant

evolutionary importance and should not be dismissed.

TH and TH derivative transport in chordates

After synthesis, T4 needs to reach target organs from the production site (the
thyroid gland). The tissue- and cellular-specific expressions of the genes involved
in TH transport as well as deiodinases can influence the timing and localization of
TH action and therefore modulate the tissue-specific response to TH. Generally in
vertebrates, TH plasma transport is similar, although the relative importance of the
different carriers varies between species - for example TBG is the main T4 carrier
in human instead of TTR in rodents) (?). In lamprey, one TTR was recently cloned
from two species, P. marinus and L. appendix (?), and its expression was found to
be correlated with metamorphosis. In amphioxus and in C.intestinalis, virtually

nothing is known about TH transport.
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Intracellular transporters contribute to the fine regulation of TH availability to
each cell. Unfortunately, due to the relative youth of this field, virtually nothing
is known about cellular transport outside mammals. Moreover the molecules are
apparently not specific to THs and can also transport other amino-acid derivatives.
Inside the cell, free TH levels are also controlled. For instance, CTHBP (Cytosolic
Thyroid Hormone Binding Protein) is a cytosolic protein that binds T3 and thus is

likely to modulate the availability of T3 to TR in the nucleus (?).
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PHIBIANS
3.3.1  Urodeles and amphibians paedomorphosis

Studies on amphibian metamorphosis, as described in the previous sections, have
been done on anuran amphibians like Xenopus laevis. However, not all amphibian
species have a similar post-embryonic development. For instance, urodeles are a
group of amphibians in which some species, called paedomorphic, are sexually
mature at the larval stage. There are several sorts of paedomorphosis. Some
species, called facultative paedomorphs, like Ambystoma tigrinum, may facultatively
metamorphose in nature and may be induced to metamorphose by exogenous THs
or even stressful conditions. The defects in the natural triggering of metamorphosis
have been attributed, not to TR mutations, but to problems in TSH production
e.g. (?). Other paedomorphs that never metamorphose in nature can be induced
to do so under TH stimulation, again suggesting problems in TH production.
On the contrary, permanent paedomorphs (like Necturus) cannot be induced
to metamorphose, even after TH stimulation. A scenario for the evolution of

paedomorphosis is detailed in the discussion (see chapter ??).

3.3.2 Metamorphosis in fishes is triggered by THs

After amphibians, actinopterygian fishes have been best studied for the role of
TH in the regulation of metamorphosis. More precisely, the molecular pathway
controlling metamorphosis has been mainly elucidated in flatfishes (pleuronec-
tiformes) such as flounders and turbot in which metamorphosis is spectacular,
as in anurans. In these fishes a symmetrical planktonic larva transforms into an
asymmetric benthic adult which has the two eyes on the same side of the body
((?), p442) (figure ??). The data obtained from these species took advantage of the

knowledge accumulated in anurans as a starting point and confirmed the central
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role of THs and TR« in the early regulation of metamorphosis (?2?). A schematic
structure of the TH signaling pathway involved in metamorphosis can be drawn
from those studies in which the TH / TR couple appears to be the key component
triggering metamorphosis in anurans and flat fishes (figure ??). Upstream TH
metabolism regulates TH production and availability, therefore TR activity; more
downstream target genes whose expression is regulated by the coupled TH/TR
control the morphological remodeling leading to metamorphosis (figure 2?).

The role of THs in post-embryonic development has also been documented
in other groups. In zebrafish, THs were shown to be important for the larva-
to-juvenile transition: exogenous THs induce differentiation of the pectoral fin
precociously, in contrast the inhibition of TH synthesis blocks it (?). Smoltification
in salmonid fishes corresponds to physiological, morphological, metabolic and
behavioral modifications prior to migration from freshwater to sea water. It is
considered to correspond to metamorphosis: it is a period of high T4 and T3
levels (??) involving a morphological, physiological and behavioral switch from a
freshwater-adapted form to a salt-water-adapted form. At least some of the former

modifications were shown to be TH-sensitive (2?).

3.3.3 TH in mammal development

A noticeable difference with amphibians is the apparent lack of metamorphosis in
mammals. Nonetheless, THs play central roles during mammalian development.
Deficiency in TH production after birth causes severe developmental problems and
especially mental retardation in humans. For instance, cretinism is due to problems
in TH production (and the huge goiter in cretins’ necks is caused by the swelling
of the thyroid gland). Similarly, people living in remote mountains, used to have
iodine supply deficiencies and mental development problems.

In mouse by suppressing THs or TR, it was shown that the alteration of the TH
signalling pathway leads to several defects in eye, bone and intestine developments
(for a review, see ?). For instance mice exhibited delayed maturation of bone and
intestine (?).

THs were shown to be especially important during weaning in mouse. Suppres-
sion of the thyroid gland (by the mutation of the pax8 gene, involved in thyroid
follicles formation (?)), causes severe malformation and death at weaning. Indeed,
several vital morphological and metabolic modifications occur during that period.
It is an ecological shift that is characterized by modifications like neural matura-
tion, intestine remodeling or chondrogenesis that are reminiscent of similar events

during amphibian metamorphosis. These modifications occur in correlation with
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a peak of TH production (both T3 and T4) (?) and were shown to be under the
control of TH and TR (2??).

3.3.4 TH and metamorphosis in other chordates

Metamorphosis in lamprey

In lamprey, although several factors like temperature and growth advancement
(indicated by length and weight, for instance) modulate metamorphosis (?), it is
now well established that TH endogenous synthesis needs to be tightly regulated
for the proper metamorphosis. Interestingly, the role of TH displays a remarkable
difference compared to amphibians and teleost fishes: several reports clearly show
that it is a drop, instead of an increase, in circulating TH that ends the larval
period. This was shown by several means: circulating TH levels were shown to
drop at the onset of metamorphosis, exogenous THs blocked metamorphosis
and the inhibition of TH signaling with chemical compounds induced premature
metamorphosis (???????). However, the molecular pathway that mediates TH action
has been poorly investigated. T3 binding was demonstrated in lamprey nucleus
(?). There are two TRs in lamprey, from a lamprey-specific duplication (?), whose
function was unknown before my PhD. In chapter ??, I will present the molecular
characterization that I have done for these receptors, in which I show that both
receptors are functional (they bind TR DNA response elements, bind T3 and
activate transcription upon T3 binding), suggesting interesting differences in the

molecular events that regulate metamorphosis.

Metamorphosis in urochordates

Another interesting case of divergence of the TH signaling pathway is provided by
urochordates. Metamorphosis of Ciona intestinalis can be induced by exogenous
THs and inhibited by goitrogens known to block TH synthesis in vertebrates
(??). However, the molecular pathways triggered by THs remain elusive since the
only Ciona intestinalis TR does not bind T3 (?). Chapter ?? will describe some
of the work that I have done on this issue. The urochordates are particularly
interesting regarding the evolution of metamorphosis because of the diversity of
their post-embryonic developmental strategies. The elucidation of the role of THs
and iodinated tyrosine derivatives in general in late development in other species,
and in particular in larvaceans should generate interesting data for comparative

analysis.
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THs and metamorphosis in amphioxus

Chapter ?? presented the animal model amphioxus and chapter ?? described
amphioxus metamorphosis, on which most of my work was focused.

Although amphioxus metamorphosis has been known for more than a century
(?), its molecular basis has remained quite elusive until now. To my knowledge, the
only attempt to decipher whether THs are involved in amphioxus metamorphosis
was performed by ?: the author treated premetamorphic larvae of Branchiostoma
lanceolatum collected from plankton with T3, T4 and a TH synthesis inhibitor.
He noticed a slight acceleration of metamorphosis by THs and no effect by the
inhibitor. However, as the author confessed himself, few and rather old animals
were used for the experiment: "All the larvae were at a late stage of development, mostly
with 12-14 gill slits". Although "not one was metamorphosing”, the larvae were already
advanced in their larval life and were about to metamorphose (starting when the
larva have about 12-13 gills, H.Escriva, personnal observation). As hormonal action
occurs during an extended period of time, I conducted experiments with younger
larvae to elucidate the possible role of THs during amphioxus metamorphosis
(chapters ?? and ??).

As explained in the next chapter, TR is the mediator of TH signal. In order to
better understand the evolution of TH signaling pathway in chordates, I focused
on TR action in amphioxus. The following chapter will introduce the molecular

basis of TR action.



TR IS A TH-DEPENDENT
TRANSCRIPTION FACTOR

Nuclear hormone receptors (NRs) constitute a rather large family of ligand-
dependent transcription factors (figure ??). Two properties of NRs make them
of particular interest: (i) they play a central role in various physiological and
pathophysiological processes as diverse as reproduction, development, and the
control of homeostasis (???) and (ii) their activity is regulated upon ligand binding,
and thereby may be manipulated with synthetic compounds, for therapeutical
purposes. Because NRs are both intracellular receptors of non-protein compounds
and ligand-dependent transcription factors, they have been a burning subject in
molecular biology. Moreover, their dependency on ligand makes them convenient
to study fundamental mechanisms of transcription. There are 48 NRs in human
and 33 in amphioxus (?). Among NRs, TRs belong to the subfamily NR1 (boxed
in orange in figure ??) that regroups some of the best studied NRs (e.g. RAR, TR,
PPAR).

This chapter does not intend to be exhaustive on TR molecular mechanism and
will focus on notions that are relevant for the understanding of the experiments

reported in this manuscript.

4.1 TR STRUCTURE / FUNCTION

TRs are nuclear proteins and ligand-dependent transcription factors. In the absence
of a ligand, the receptor can bind DNA, interacts specifically with response ele-
ments in the regulatory regions of target genes, and actively inhibits transcription.
Inhibition results because receptor conformation favors interactions with core-
pressors that recruit deacetylases able to block transcription (figure ??). Ligand
binding induces a conformational changes that results in the recruitment of coacti-
vators which in turn alter chromatin structure and influence the recruitment of the
transcription machinery (figure ??) (?). This recruitment leads to activation of the
expression of target genes, subsequently triggering specific biological processes
such as metamorphosis (?). There are two TRs in vertebrates, TRx and TR that

play different role in TH signaling and that were issued form a vertebrate specific
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Figure 23: Phylogeny of the nuclear hormone receptor (NR) superfamily. The maximum
likelihood tree is based on NRs from humans (Homo sapiens), sea squirts (Ciona
intestinalis), fruit flies (Drosophila melanogaster) and amphioxus (Branchiostoma
floridae). Human NRs are shown in black, sea squirt NRs in green, fruit fly NRs
in blue and amphioxus NRs in red. TRs are boxed. Bootstrap support values are

given for each branch. Modified from (?).
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duplication (there have been independent supplementary duplications in fishes
and in X.laevis (?), see section ?? for further details)

Like all NRs, TR displays a modular organization in functional domains (figure
??): the DNA binding domain (DBD), the ligand binding domain (LBD), the N-
terminal A/B domain, the hinge between the DBD and the LBD and the C-terminal
F-domain. Only the DBD and the LBD are highly conserved between NRs, even
within TRs (?) and will focus the attention of this chapter.

411 A/B domain

The A/B domain, at the N-terminal end, contains an activation function (AF-1)
in TRx1 and TRP1 isoforms (?). This domain is dependent on cellular context
(ref cf Germain) and can also be submitted to post-translational modifications,
like phosphorylation, that can alter transcriptional properties (e.g. DNA binding
properties, AF-1-dependent activation) (?). The AF-1 is highly variable in both
length and sequence. This domain displays a especially fast rate of substitution,
potentially reflecting a minor evolutionary importance and has been the subject of

virtually no evolutionary study.

412 C domain: DNA binding domain

TRs recognize specific sequences (figure ??a), called thyroid hormone response
elements (TREs). The consensus TRE is composed of two (AGGTCA) motifs in
different configurations, the consensus binding site being constituted of 2 motifs
in the same orientation and separated by 4 nucleotides (DRy, figure ??a). There
are however numerous alternative sites. For instance, an imperfect DR4 in the
promoter of TR in Xenopus laevis (xXDR4 in figure ??a), is responsible for TR
expression autoregulation (figure ?? in the previous chapter) (?). TRs may also
bind inverted palindromes of the (AGGTCA) motif (figure ??a). Whether all TREs
contain (AGGTCA) motifs is still to be determined On the other hand, many
potential sequences are not bona fide TREs, as exemplified in the genome-wide
determination of binding sites of the estrogen receptor, another NR (?).

The DNA binding domain (DBD) is a highly conserved short 66-residue long
core. 3D structures of the TR DBD show the same modular organization as other

NRs (?):

¢ Two cysteine-rich zinc fingers (figure ??b) interact with DNA on TREs (figure

220).
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Figure 24: Molecular basis of NR-dependent transcriptional regulation. In absence of a
ligand, NRs are bound to DNA to response elements located in the promoter
regions of target genes and are associated with a complex containing histone
deacetylases (HDACs) and corepressors (NCOR/SMRT) that repress transcription
(upper panel). Binding of a ligand induces a conformational change in the LBD
resulting in dissociation of corepressors and recruitment of coactivators (NCOA,
CBP and P300 and PGC1) that are associated with histone acetyltransferases
(HATSs), histone methyltransferases (HMTs), kinases and an ATP-dependent chro-
matin remodeling complex (SWI/SNF), which together decompact and unfold
the condensed chromatin (middle panel). Finally, the coactivators dissociate from
the NRs and the mediator complex (including MED1/TRAP220) is assembled on
the DNA locus. This mediator complex recruits transcription factors of the basal
transcription machinery and RNA polymerase II (RNA Pol.II) to the promoter
resulting in initiation of transcription (lower panel). Courtesy of Gérard Benoit,
adapted from (?).
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Ligand binding
AF-1 DNA binding Hinge Dimerization AF-2

AB C D E D F -c

DBD LBD

Figure 25: Schematic modular NR organization. Receptors are organized into the A-B do-
main, displaying a ligand independent activity (AF-1 domain), a DNA binding
domain (DBD), a ligand binding domain (LBD), that also plays a role in dimeriza-
tion and displaying a ligand dependent activity (AF-2 domain), a hinge between
the DBD and the LBD, as well as a C-terminal domain.

¢ Between the two zinc-fingers, the P-box forms an « helix and makes direct

contacts with DNA. It is responsible for DNA-binding specificity (?).

* The A-box, organized as an « helix, makes contacts with the minor groove of

DNA (figure ??c) with the T-box forming a connexion loop.

TRs can bind TREs as monomers (on one motif), homodimers or heterodimers with
another NR, e.g. with VDR (vitamin D receptor) or RAR (retinoic acid receptor),
but predominantly with RXR (retinoic X receptor, boxed in green on figure ??), as
illustrated in figure ??c. Heterodimerization increases the affinity and specificity
of binding site (?). For instance, the heterodimer TR-RXR binds the DRj4 site,
whereas VDR-RXR and RAR-RXR bind DR3 and DR5, respectively, although the
heterodimer TR-RXR is the most important one (?, and references therein). The

DBD also encompasses a minor dimerization interface (?).

41.3 D domain: hinge

This region is less conserved than the surrounding DBD and LBD and seems
to serve as a "hinge" between the functionally more important regions. It leaves
some conformational flexibility to the receptor and allows the DBD and the LBD
to adopt different conformations and bind to different TREs (e.g. a DR4, which
implies different orientations of the receptor binding the C-terminal half-site
(?)). It was recently proposed that the D domain (?) is more structured (and so
more rigid) than previously thought, with o helices (e.g. Ho in figure ??). The D

domain may then adopt in turn more or less rigid conformations and influence
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Figure 26: Structure / function of the TR DBD. a. DNA sequences of 3 TR response elements:
the consensus DR, the xDR4 site, with one divergent site with DR4, a palindromic
binding site (?). b. Schematic illustration of the TR DBD. Boxes highlight regions
involved in response element binding: the P-box, the T-box and the A-box, as
seen in c. The 8 cysteine residues that direct bonds with zinc atoms have been
highlighted. c. Structure of the 5'-RXR-TR-3” heterodimer on a cognate direct
repeat response element spaced by four base pairs (DR4). The two Zinc atoms in
each DBD are visible. The different modules of the TR DBD are indicated on the
right: the two zinc fingers surrounding the Zinc atoms, the P-box (structured as
an «-helix) making direct contact with the DNA major groove and responsible for
the binding motif specificity, the T-box and the A-box (structured as an «-helix)
making minor groove contact. . Based on (?).
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co-activator recruitment and DNA recognition. This was recently confirmed by
the first determination of the 3D structure of the intact heterodimer PPAR/RXR,
comprising both the DBD and the LBD (?). Indeed, the PPAR hinge was showed to
be organized into several helices and to interact with DNA, 5" to the (AGGTCA)
motif. Interestingly, the hinge domain of RXR is devoid of secondary structure and
seems to be more flexible than the PPAR hinge, which may help RXR to adapt to
the different partners it may have (e.g. TR, RAR) (?). The hinge also contains a

nuclear localization signal that addresses TR to the nuclear compartment (?).

41.4 E domain: ligand binding domain

Conserved structure of NR LBDs

Although more divergent than the DBD, the LBD is rather well conserved among
TRs (?). It is about 200 amino acids long and is responsible for both dimerization
and ligand binding and also bears the main activation domain (AF-2). Crystal
structures of numerous NR LBDs show a much better conservation of 3D structure
than sequence. A typical LBD is constituted of 12 « helices organized in 3 layers
(figure ??a and ??b). A hydrophobic pocket, surrounded by helices 3, 6 and (3 sheets,
is called the ligand binding pocket (LBP) because the ligand can fit in (figure ??a

and ??b) and interact with the receptor to stabilize an active conformation.

The unliganded TR is a transcriptional repressor

In the absence of a ligand in the LBP, TR is in the so-called "apo" form, i.e. it is not
in the stabilized conformation in which the helix 12 (red in the figure ??) would
be close to helix 3, as described in section ?? (figure ??b, upper panel, and more
generally ??, left panel). In this conformation, TR interacts with co-repressors, like
N-COR (nuclear receptor corepressor) or SMRT (silencing mediator of retinoid
and thyroid receptor) (??) (figures ??a and ??b, upper panels). More precisely,
hydrophobic motifs (I/LXXII) in the corepressor can directly interact with a surface
constituted by TR amino acids from the helices 3 and 5. This interface (site 1 in
figure ??) seems to be the principal interaction surface. Several other ones have
been identified, in the helix 1 and above the helix 11 (sites 2 and 3 in figure ??)
(?). Both N-CoR and SMRT recruit in turn a large complex containing histone
deacetylases (???) that will compact chromatin and block transcription (figure ??a).

So TR actively represses transcription in the absence of TH.
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Figure 27: Structure / ligand binding of the TR LBD. a. and b. 2 perspectives of the same
3D structure of the human TR. The 12 « helices have been indicated, plus the
helix HO at the C-terminal en of the hinge. The ligand T3 is also indicated in
the ligand binding pocket (LBP). c. Detail of interactions between TR LBD with
T3. Individual atoms of the side chains of residues arginine (at position 282) in
the helix 3, asparagine (at position 331) in the 3 sheet and histidine (at position
435) in the helix 11, as well as T3 are shown, plus the surrounding amino acids
(represented as helices). Hydrogen bonds are indicated by green dashed lines.
[PDB: 2h6w]. Illustrations built with the software SwissPDB-viewer.
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Ligand Affinity (nM)
NAME NATURE TRX  TRf
T3 Agonist 0.058  0.081
Ta ! 14 3
Reverse-T3 " 0.11 46
TRIAC ) 154 0.02
GC-1 " 0.44  0.067
NH3 Antagonist 20 93

Table 1: Affinities of human TR« and TR to some of their ligands (?).

Ligands

TR has a high affinity for T3, as well as other TH derivatives, like the deaminated T3
derivative TRIAC or the T3 precursor T4, as well as synthetic compounds like GC-1.
Actually many compounds can interact with TR, with varying affinities. Relative
affinities of TH derivatives for human TR are TRIAC > T3 > T4 > Reverse-T3 >
T, (table ??, see figure ?? in chapter ?? for a description of the diverse compounds).
These ligands just fit in the LBP (?) and stabilize the "bound" conformation by
making direct hydrogen bonds with some amino acids of the pocket (e.g. T3 in
figure ??). In this conformation, the ligand is then buried within the center of the

LBD, in which it forms the hydrophobic core (?).

Conformational changes induced by ligand binding

Crystallography and directed mutagenesis reveal how TH binding leads to a se-
ries of changes in TR structure and transactivation potential. Indeed, TH binding
induces a conformational change of the LBD, with a shift of the helix 12 towards
helices 3, 4 and 5 (figure ??b, middle panel, as exemplified for RXR on figure
??), leading to the formation of an hydrophobic cleft composed of amino acids
of helices 3, 5 and 12. This hydrophobic cleft can interact with a LXXLL motif
present in coactivators, such as TIF2, ACTR or SRC-1,members the p16o family
(figure ??a, middle panel) (?). In turn, the p160s recruit other coactivators like
histone-methyltransferases or histone acetyltransferases like CBP/p300 (REF). Af-
ter chromatin remodeling by the coactivators, the transcriptional complex may be
recruited by the coactivator TRAP220 (figure ??a). Interestingly, a supplementary
regulatory layer may be added, by altering the above complex formation in a
cell-context dependent manner. For example, phosphorylation or methylation of
complex subunits may lead to modifications of the complex integrity or specificity
(??). In addition to mRNA transcription initiation, depicted above, some coactiva-

tors are thought to have other functions such as mRNA splicing, export from the
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nucleus, translation, and posttranslational modifications of the synthesized protein

or targeting to the proteasome (?).

holo-RXRa / 9-cis RA holo-RXRa. / oleat
agonist antagonist

Figure 29: Structure of the RXRo LBD (a) in the apo form (i.e. in the absence of a ligand)
(), (b) in the holo form in complex the agonist 9-cis reinoic acid and (?) (c) (?)
in complex with the antagonist oleat (?). The 12 « helices have been indicated.
Ligand binding induces a conformational change of the LBD. Notably, the helix
12 (highlighted in red) displays different positions.

Coactivator recruitment is realized to the expense of corepressors. Indeed, the
main corepressor interface (site 1 in figure ??), which was available in the absence
of T3, becomes hidden by helix 12 in the liganded conformation. This refolding
pattern (compared to a "mouse-trap" system) explains most NR ligand-dependent
activity but is especially pronounced for RARs and RXRs (figure ??), whereas the
complete extension of the helix 12 in the "apo" conformation does not seem to be
the rule for TRs (?).

It should be noticed that for other NRs, like ER, ligand binding induces releasing

of the chaperone protein HSP and relocalization towards the nucleus (see chapter

22).

NH3 is an antagonist of TR action

The above ligands, that induce conformational changes and TR transcriptional
activation, are called agonists. So for instance, T3, T4, TRIAC or GC-1 are more
or less potent agonists, with TRIAC and GC-1 as better agonists for TR than for
TR« (table ??). However, there are other kinds of ligands, called antagonists, that

also fit in the LBP and interact with TR, but that do not induce the same conforma-
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tional change (this alternative conformational change induced by antagonists is
clearly visible for RXR in figure ??, right panel). These compounds are intensely
investigated for their medical potential (e.g. (?)).

Among TR antagonists, NH3 was designed to prevent a proper refolding of the
helix 12 (figure ??) to prevent coactivator recruitment (?). Accordingly NH3 does
blocks TR activation, and the subsequent biological processes regulated by TR (e.g.
amphibian metamorphosis). However, this compound also acts as a partial agonist
because it induces the releasing of corepressors as well (?). So both activating
and repressive potentials of TR are blocked by NH3. During my thesis, I have
investigated the effects of NH3 on TR action and metamorphosis in amphioxus.

Corresponding results are discussed in chapter ??2.

Figure 30: Prediction of the 3D structure of the human

81

TR in complex with a designed antagonist
docked into the ligand binding domain of TR.
The backbone of the protein is displayed as a
green tube (except the loop between Hi1 and
Hi2, which is colored cyan, and antagonist con-
formation of H12 as magenta, and the agonist
conformation of Hi2 as red). The side chains
of residues Arg228, Arg266, and His381 are dis-
played as green capped sticks, and the ligand is
displayed as capped sticks (white = carbon, red
= oxygen, blue = nitrogen, green = bromine).
Hydrogen bonds between the ligand and pro-
tein are represented by dashed yellow lines,
and the surface of the ligand binding cavity is
represented as a yellow mesh. There is a severe
steric clash between the 5'-substituent of 6 and
the agonist conformation of H12, which forces
Hi2 into the antagonist conformation. From (?).

4.1.5 Non-genomic effects of THs

From experiments conducted in mammals, alternative mechanisms may also un-
derlie TH action: upon ligand binding, cytoplasmic TR can interact with members
of the phosphatidylinositol 3-kinase pathway (e.g. (?)). On the other hand, other
pathways involve receptors different from TR, like some integrins (?) or the TAAR
(trace-amine associated receptor) (?). Although these alternative pathways have
a mechanism still unclear yet (??), they are probably marginal compared to the
genomic pathway (as illustrated by the drastic reductions of TH effects in TR
knock-out experiments (?). Metamorphosis in particular, which is of special interest

here, depends on TR (see below). Moreover, receptor families, like TAARSs, seem
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to have a fast evolution (?) It is therefore still very difficult to extrapolate on the

function of those genes outside mammals and even outside mouse and human.
However, non-genomic effects of THs stay marginal compared to TR-mediated

effects since mice deprived of TH have comparable phenotypes than mice deprived

of TR, although quantitative differences exist (see following sections) (?).

4.2 THE ROLE OF TR DURING DEVELOPMENT
42.1 TR function during metamorphosis

As explained earlier, TR is the main mediator of TH signal. Importance of TR
during metamorphosis was evidenced by transgenic tadpoles in which a dominant
negative form of TR was expressed and which failed to manifest major metamor-
phic events, like tail and gill slit resorption, intestinal remodeling or limb bud
growth did not occur (?). The ability of TR to release corepressors and to recruit
coactivators upon ligand binding was also demonstrated by several means: (i)
metamorphosis was inhibited by TR antagonists (see above) and (ii) transgenesis
with mutated TRs unable to release corepressors or mutated coactivators unable to
interact with TR inhibited metamorphosis (?).

TR activation initiates an extensive transcriptional cascade (??). Many transcrip-
tion factors are regulated early after TR activation, and some have been shown
to contain a TRE in their promoter and to be direct TR targets - e.g. TH/bZIP
(TH-induced basic leucine zipper transcription factor), BTEP (basic transcription
element-binding protein) or TR itself (???) - that will in turn modulate the expres-
sion of their target genes... leading to metamorphosis.

TRo and TR have specific roles in the process of amphibian metamorphosis:
TRp is mainly implicated as a molecular switch triggered by the rise of TH levels
whereas TR« is instrumental in blocking the metamorphosis program before TH
levels increase (??). More precisely, TR« is expressed very early, even before TH
synthesis, whereas TRf3 expression is controlled by and thus correlates with TH
levels (see figure ?? in chapter ??) (??). This peak of TRf3 expression at the onset
of metamorphosis is particularly important because it transmits the signal of the
peak of TH: as TRf is one of its own target genes, the peak of TH production
activates a positive loop of TR transcription and activation characteristic of the

metamorphosis climax (?).



4.2 THE ROLE OF TR DURING DEVELOPMENT
422 TR and early development

In amphibians

Attention was long concentrated on the role of TR during metamorphosis because
TR was thought to have no major roles when virtually no TH is produced, as during
early development (figure ?? in section ??). Recently however, TR was shown to
be important during amphibian premetamorphic development by inhibiting the
expression of specific target genes. Accordingly, chromatin immunoprecipitation
(ChIP) experiments showed that TR binds DNA on the promoter of target genes
in premetamorphic tadpole larvae (?), when TH levels are undetectable, and is
in a repressive state (?). A possible role of TR may then be to actively repress the
initiation of metamorphosis. Indeed, in transgenic tadpoles expressing a dominant
negative form of the corepressor N-COR, TR was not repressing gene expression,
leading to an increase in the expression of its target genes as well as a faster
development (?). However, TR inhibitory action during early development has more
important effects than just preventing metamorphosis. The reciprocal transgenesis
of mutated TRs unable to recruit N-COR showed a more drastic phenotype with
embryonic lethality for 75 % of the tadpoles and with string defects in cranial and
especially eye development for the remaining 25 % (?), demonstrating the function

of TR before metamorphosis, for instance as a regulator of eye formation.

In mammals

TR activation mechanism, as TH-dependent transcription factor is very similar in
mammals and in amphibians. As in amphibians, a role during development has
been well documented, mostly through the use of transgenic mice. Comparative ex-
periments were done between mice devoid of TR, TR (e.g. (??)) and/or TH (mice
KO for the gene Pax8 do not develop a thyroid gland, (?)), with complementary
results. From these experiments, TRx seems to mainly regulate early development,
before weaning (about 3 weeks after birth). More precisely, the post-natal and
pre-weaning period is characterized by important morphological and metabolic
modifications like neural maturation, intestine remodeling, or chondrogenesis.
These modifications occur in correlation with a peak of TH production (both T3
and T4) (?), and were shown to be under the control of TH and TR«fl (?2?).

The importance of TR action prior to weaning was exemplified by the severe
developmental damages caused by both suppression of TH production or knock-in
of a dominant negative TR« (?), leading in both cases to death at weaning. On the
other hand, mice devoid of TR« suffered from much less severe defects and did not

die at weaning. This effect was attributed to the transcriptional inhibitory role of
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TR« before TH levels increase: not lifting the transcriptional repression exerted by
TR at the appropriate developmental moment (weaning), is more harmful than
lifting TR« transcriptional inhibition during early development (?). Accordingly,

the suppression of both TH and TR« causes a less severe phenotype (?).

4.3 TR PHYLOGENY

TRs were originally described in chicken (?) and soon thereafter in mammals (??)
and in other gnathostomes (e.g. (?)). As mentioned above, there are two TRs in
gnathostomes (TR« and TR{3) from a vertebrate-specific genome duplication (??)
(actually there are two TRo and two TRp in Xenopus laevis from a recent species-
specific genome duplication (?) but the duplicates are functionally redundant).
TRs were long thought to be vertebrate-specific, which turned out to be erroneous.
Instead TRs have been found in both deuterostomes and protostomes: there are
two TRs in lamprey from a lamprey-specific duplication (?), there is one TR
in Ciona intestinalis (?), in amphioxus (?) (see chapter ?? for further details), in
the echinoderm Strongylocentrotus purpuratus (?). TRs were also found in the
platyhelminths Schistosoma mansoni, S. japonium and Schmidtea mediterranea, in a
mollusc Lottia gigantean, in an arthropod Daphnia pulex (?) as well as in the annelid
Capitella sp.. In contrast, TR was lost in ecdysozoans (no TR has been found in
Ecdysozoan species whose genome has been sequenced so far) (?).

For a long time, attention was focused on vertebrate TRs, which all showed
similar properties. Indeed, all vertebrate (and even gnathostome) TRs characterized
so far display the same modular organization, the same 3D structure and the
same activation process (excluding isoform-specific peculiarities, like mouse TR«;).
The only exception, so far, is the TR from Ciona intestinalis, in which a 200-amino
acid long insertion in the C-terminal end may be at the origin of T3 binding
impairments (?).

As will be considered in the discussion of this manuscript (see chapter ?? in
the discussion), the ancient origin of TRs in bilaterians raises the question of the
ancestral function of this NR, especially in species where no clear TH signaling

has been described.

4.4 NR EVOLUTION

The evolution of TR ligand binding can be considered in the perspective of the
evolution of NR evolution. Indeed, NRs display various ligand binding properties

that seem difficult to reconcile. Several NRs like TR are high-affinity ligand-
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dependant transcription factors whereas others like PPAR are low affinity receptors
(?). However many other (about half of human NRs) are called orphan because
they either have an unknown ligand or they do not have any and their activity is
regulated by alternative mechanisms (?). Moreover NRs closely related bind very
different ligands (e.g. TR binds a tyrosine derivative whereas RAR binds a vitamin
A derivative).

This disparity in ligand binding properties raises the question of the evolution of
NR ligand binding ability evolved (?2??). What was the ligand binding properties
of NR ancestors? How did it evolve? These questions raise more general ones about
the evolution of endocrine systems. In the chapter ?? and the general discussion
(chapter ??), I will go further into this debate, to which I contributed additional

insights on the evolution of the estrogen receptor.
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ORGANISATION OF THE MANUSCRIPT

My thesis work focused on the evolution of a late developmental process named
metamorphosis. In this respect I have explored to what extent the evolution of the
thyroid hormone signaling pathway may underlie the evolution of metamorphosis
in chordates. The work I am presenting will highlight metamorphosis as a triptych
in which endocrinology (TH availability), transcriptomics (TR regulation of gene
expression) and morphology (remodeling characteristic of metamorphosis) are
intricately linked. During my thesis I have investigated through the scope of these
different aspects whether chordate metamorphoses were homologous and how
they evolved from a common ancestor to reach extant diversity. I have also studied
the evolution of the nuclear receptor by focusing on the estrogen receptor. In the

rest of this manuscript, I will follow the following organization:

¢ In chapter ?? (?), I have studied whether amphioxus is able to produce THs in
the first place and through what metabolic pathway. Using an in silico strategy,
I searched in the amphioxus Branchiostoma floridae genome for orthologous

sequences to vertebrate genes encoding proteins involved in TH metabolism.

¢ In chapter ??, I showed that the T3 derivative TRIAC induces metamorphosis
in amphioxus through a molecular mechanism probably homologous to the
vertebrate one. Both In vivo and in vitro experiments allowed me to show
that TR function during metamorphosis was similar in amphioxus and in
vertebrates, suggesting an ancestral role of TR as the mediator of TH signal

(?).

¢ The previous work on TH amphioxus thyroid signaling pathway during
metamorphosis was complemented by unpublished experiments described
in chapter ??. First, an in vivo analysis of TH metabolism in amphioxus was
realized in collaboration with J.P. Cravedi (Toulouse) and H. Escriva. It al-
lowed us to demonstrated that TRIAC is a natural TH product in amphioxus
(at least in adults). Second, I also completed the analysis of the importance
of THs during metamorphosis by studying the effects of TH synthesis inhibi-
tion on amphioxus metamorphosis. Finally, in collaboration with the AliX
company, the 3D structure of the amphioxus TR in complex with TRIAC was
obtained and allowed us to understand the structural basis of TR activity in

amphioxus.
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* A last article, described in chapter ??, was dedicated to the understanding of
the evolution of the estrogen receptor, a transcription factor closely related to

thyroid hormone recepors (?).

* The final part of this manuscript (chapters ?? and ??) discuss the evolution
of NR ligand binding ability, in the light of my thesis work (chapter ??). In
chapter ??, I will more thoroughly discuss the evolution of metamorphosis
in chordates: the conservation of the molecular determinism of chordate
metamorphosis as opposed to the intensive variability in tissue remodeling
made us propose a model for the evolution of metamorphosis in amphioxus,
according to which TH-regulated metamorphosis in chordates is ancestral. I
will particularly discuss how my results relate to the current debate on the

evolution of developmental regulation.
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THE AMPHIOXUS GENOME ENLIGHTENS
THE EVOLUTION OF THE THYROID
HORMONE SIGNALING PATHWAY

Before discussing whether THs regulate metamorphosis in amphioxus in chapter ??,
a first issue relates to the origin and evolution of TH signaling itself: is amphioxus
able to produce THs? If yes, how?

TH signaling roughly comprises three modules: TH production (and degrada-
tion), TH action through TR binding, and TH target genes whose expression is
regulated upon TR activation. An important feature of TH signaling is that THs
are not proteins encoded by genes but instead are tyrosine derivatives produced
through a metabolic pathway (described in section ??). Although TH production
has been previously demonstrated i1 vivo in amphioxus, it is not clear whether
this production is homologous to the vertebrate one, and thus is ancestral in the
chordate lineage.

The following article deals with this issue, namely the evolution of the TH
signaling pathway in chordate. More precisely it is a phylogenetic study of the
different members of the TH signaling pathway, utilizing species whose genomes
have been sequenced. Notably I will focus on amphioxus, whose genome was
recently sequenced (??). The evolution of the genes encoding the different proteins
of the TH signaling pathway is studied using phylgenetic reconstructions made
from maximum likelihood models of sequence evolution. This article will propose
that THs are produced in amphioxus through a signaling pathway homologous to

the vertebrate one, suggesting an ancestral origin of TH action.

This article was published in the journal Development, Genetics and Evolution,
in the special edition about the annotation of the amphioxus genome.

Please notice that I am not presenting this article and the following one (chap-
ter ??) in the same chronologic order as the publication order (this article was
published after the one described in chapter ??, which it refers to). I chose this
non-chronological order because I it was more logical to first present the study of

TH production first and the one on TH effects in vivo second.
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Abstract Thyroid hormones (THs) have pleiotropic effects
on vertebrate development, with amphibian metamorphosis
as the most spectacular example. However, developmental
functions of THs in non-vertebrate chordates are largely
hypothetical and even TH endogenous production has been
poorly investigated. In order to get better insight into the
evolution of the thyroid hormone signaling pathway in
chordates, we have taken advantage of the recent release of
the amphioxus genome. We found amphioxus homologous
sequences to most of the genes encoding proteins involved
in thyroid hormone signaling in vertebrates, except the fast-
evolving thyroglobulin: sodium iodide symporter, thyroid
peroxidase, deiodinases, thyroid hormone receptor, TBG,
and CTHBP. As only some genes encoding proteins
involved in TH synthesis regulation were retrieved (TRH,
TSH receptor, and CRH receptor but not their
corresponding receptors and ligands), there may be another
mode of upstream regulation of TH synthesis in amphioxus.
In accord with the notion that two whole genome
duplications took place at the base of the vertebrate tree,
one amphioxus gene often corresponded to several verte-
brate homologs. However, some amphioxus specific dupli-
cations occurred, suggesting that several steps of the TH
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pathway were independently elaborated in the cephalochor-
date and vertebrate lineages. The present results therefore
indicate that amphioxus is capable of producing THs. As
several genes of the TH signaling pathway were also found
in the sea urchin genome, we propose that the thyroid
hormone signaling pathway is of ancestral origin in
chordates, if not in deuterostomes, with specific elabo-
rations in each lineage, including amphioxus.

Keywords Branchiostoma floridae - Cephalochordate -
Chordate - Development - Evolution - Thyroid hormone -
Endostyle

Introduction

In isolated human populations, usually located far from the
sea, goiter and mental retardation are efficiently prevented
by using iodized table salt. lodine is mainly used in
mammals to synthesize thyroid hormones (THs), so the
mental impairments observed among “cretins” indicate the
important role that THs play as regulators of development
(Flamant and Samarut 2003). Outside mammals, THs can
have more drastic effects on development and, for instance,
THs are also responsible for the regulation of metamorpho-
sis in amphibians (Shi 2000). In this case again, the main
source of TH is endogenous, since inhibition of TH
synthesis by chemical means (using goitrogens such as
PTU) blocks metamorphosis. The metabolism of TH has
been extensively studied in mammals and amphibians, and
was found to be very similar. In both cases, the most active
form is T; (3,3',5-triiodo-L-thyronine), which can be
produced from its precursor T, (L-thyroxine). T, is an
iodinated tyrosine derivative: it is formed by two tyrosines,
coupled each with two iodines whereas in T the external
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tyrosine lacks an iodine (Fig. la). In vertebrates, TH
synthesis takes place in the thyroid gland, a gut derivative,
which is organized in follicles constituted of single layered
epithelial cells called thyrocytes, enclosing a lumen filled
with the matrix protein thyroglobulin. The main steps of
TH signaling pathway are indicated in Fig. 1b. The first
event in TH synthesis involves increasing the concentration
of iodine in thyrocytes, through the sodium/iodine sym-
porter (SIS) in their basal membrane. This is an important
step, since iodine is present at very low concentrations in

Fig. 1 TH signaling pathway, a
as it is known in vertebrates. a
Molecular structure of T, and

T;. b The different steps of the

TH signaling pathway, as it is

known in vertebrates, are indi-

cated. The steps of TH produc-

food, as well as in blood. In the lumen of the follicles,
iodine gets oxidized and transferred to a few specific
tyrosine residues on thyroglobulin to form monoiodotyr-
osine—MIT—if only one iodine is transferred to a tyrosine,
or diiodotyrosine—DIT, if two iodines are transferred to a
tyrosine. lodinated tyrosines are further coupled, under the
catalysis of the thyroid hormone peroxidase (PERT).
The iodinated thyroglobulin is then incorporated back into
the thyrocytes and hydrolyzed in lysosomes, allowing the
release of T, (if two DITs have been coupled), and, to a

tion and action have been
separated from the hypothal- b
amo-pituitary regulation of TH
production (see the boxes). The
neuroendocrine regulation of
TH production is indicated with
a “+”. The negative feedback
loop by TR on this upper regu-
lation is also indicated. The
genes encoding members of the
TH signaling pathway and stud-

Thyroidal cell

ied here are highlighted as fol-
lows: (1) the genes for which
orthologous sequences were
found in the amphioxus genome
are boxed in red and (2) the
genes for which no orthologous
sequence was found are indicat-
ed with a cross. The case of -| =
thyroglobulin remains unclear.
Given the uncertainty of the
carrier (TBG being the only one
found) and CTHBP proteins
(see the text), the amphioxus
sequences are indicated with
dashed lines
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lesser extent, T5 (if a MIT and a DIT tyrosines have been
coupled) (for a review, see Hulbert 2000).

Although THs are produced only in the vertebrate
thyroid gland, they are found everywhere in the
organism, transported through blood circulation. The
hydrophobic benzene rings of TH increase the tendency
of THs to partition in plasma membranes (Schreiber and
Richardson 1997), so that only a small fraction of T, and
T; is “freely” transported and most of it travels bound to a
“carrier” protein, like thyroxine-binding globulin (TBG),
transthyretin (TTR), or albumin in mammals. In peripheral
tissues, T4 is deiodinated into the active form T; by
specific proteins called deiodinases. These enzymes
remove iodines from the inner or outer ring of the tyrosine
skeleton. There are three different deiodinases in tetrapods
(D1, D2, and D3), which have different affinities for the
various THs and are responsible for fine-tuning thyroid
hormone action jointly with a few alternative TH path-
ways (like sulfatation and glucoronidation) that produce
mostly inactive Ts derivatives, targeted for fast degrada-
tion (Wu et al. 2005). In each target cell, T; binds to its
receptor, the thyroid hormone receptor (TR), which
belongs to the superfamily of nuclear hormone receptors
(NRs) (Flamant et al. 2006). As many members of the NR
superfamily, TR is a ligand-dependent transcription factor:
in the absence of Tz, TR is most often bound to DNA on
specific sequences in the promoter of target genes whose
expression it inhibits, through the recruitment of tran-
scriptional corepressors. Upon T3 binding, TR recruits co-
activator proteins and activates the expression of target
genes that will lead to the biological effects induced by
THs (Fig. 1b).

In mammals, whereas deiodinases constitute a peripheral
system for controlling TH production, the hypothalamic
pituitary thyroid axis allows a central control of TH
production by the thyroid. In this axis, the hypothalamus
produces TSH-releasing hormone (TRH) that stimulates the
secretion by the pituitary of thyroid-stimulating hormone
(TSH), which in turn stimulates TH production by TH-
producing cells in the thyroid (Fig. 1b). An important
aspect of this regulation is the negative feedback loop,
through which THs are negatively regulating their own
production through the inhibition of TRH and TSH
production (Fig. 1b). This TH-dependent axis is a paradigm
of integrated exquisite endocrine regulation of hormone
production at the level of the organism, because it can
integrate external signals (e.g. food, population density),
therefore allowing a link between the environment and the
endocrine production of THs (Yen 2001). In amphibians,
up-regulation of TSH secretion is taken care of by the
corticotropin-releasing hormone (CRH), a primary regulator
of stress response that can stimulate TSH production. Thus,
the production of the CRH peptide by the hypothalamus is

dependent on environmental stimuli and integrates stress
information that can be transmitted down to the thyroid
gland (Denver 1997) (Fig. 1b).

The evolution of this rather complex signaling pathway
has been investigated mainly in gnathostomes, where it was
found to be well conserved (Hulbert 2000). However, it is
still unknown how the capacity to produce THs and their
function evolved in the first place. In the basal vertebrate
lamprey, THs are produced through a pathway probably
homologous to the mammalian one (for instance Manzon
et al. 2007) and regulate metamorphosis, as in amphibians,
with the difference that it is a drop, and not a peak of TH,
that triggers metamorphosis (Manzon et al. 2001). Not
much is known about the TH pathways of non-vertebrate
chordates (the vertebrate sister group urochordates like the
sea squirt Ciona intestinalis, and the cephalochordates like
amphioxus), except that they possess an organ homologous
to the thyroid gland, which is named endostyle, and can
produce THs (see Paris and Laudet 2008 for a review).
However, biological effects of THs outside vertebrates have
been reported several times, and THs have been linked with
metamorphosis in urochordates (Patricolo et al. 2001),
amphioxus (Paris et al. 2008), and in echinoderms (Heyland
and Hodin 2004).

Several lines of evidence, including biochemical studies,
demonstrated that there is an active TH metabolism similar
to vertebrates in the most basal chordate: amphioxus
(reviewed in Eales 1997). First, the endostyle is an
amphioxus organ that is widely accepted as being homol-
ogous to the follicles of the vertebrate thyroid gland
(Ogasawara 2000). Secondly, both T; and T, have been
detected in amphioxus (Covelli et al. 1960). Thirdly,
fixation of iodine was reported in the endostyle of
amphioxus (Fredriksson et al. 1985) and was shown to be
dependent on peroxidase activity. Fourthly, a protein with
biochemical properties similar to thyroglobulin has been
described in amphioxus (Monaco et al. 1981). Fifthly,
deiodinase activity has been indirectly demonstrated by
showing that inhibition of T, deiodination by chemical
means inhibits metamorphosis. Lastly, there is an active TR
in amphioxus, that is involved in metamorphosis (Paris et
al. 2008). Taken together, these results strongly suggest that
there is production of T; and T, and more generally an
active TH signaling pathway in amphioxus. However, only
very few members of this signaling pathway have been
identified so far in amphioxus. Here we take advantage of
the recent release of the amphioxus (Branchiostoma
floridae) genome (Holland et al. 2008; Putnam et al.
2008) and describe orthologs of the main genes involved
in the TH signaling pathway. We propose that in amphioxus
THs are produced the same way as in vertebrates, which
suggests an ancient origin of the TH signaling pathway
within the chordate lineage. Several lines of evidence from
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echinoderms suggest an even more ancient origin of TH
signaling within deuterostomes.

Materials and methods

Sequence retrieval We used zebrafish or human protein
sequences to retrieve Ensembl families (version 45 as of
June 2007) of our sequences of interest. Ensembl families
are made of genomic sequences as well as Swiss-Prot and
TrEMBL data. We subsequently blasted (blastp) the protein
sequences of interest (usually a human sequence) against
the amphioxus genome (Putnam et al. 2008). Orthologous
sequences from other species (e.g. the sea urchin Strong-
ylocentrotus purpuratus, the sea anemone Nematostella
vectensis, and the bee Apis mellifera), used as outgroups,
were retrieved by blast searches with the amphioxus
sequences carried out on the NCBI site (www.ncbi.nlm.
nih.gov/). Protein sequences from the lamprey Petromyzon
marinus were obtained from protein, EST or genomic
databases. Protein sequences from the elephant shark
Callorhinchus milii were obtained from genomic databases
(after protein sequence prediction using Genscan). A
complete list of retrieved sequences is given Fig. S2. We
also did a reverse blast (blastp) onto all Metazoa non-
redundant sequences available both at the Swiss-prot group
(expasy.org/sprot/) and NCBI (ncbi.nlm.nih.gov/) and con-
structed phylogenetic trees using selected sites of the
sequences. Closely related genes were used as outgroups.
Alignments were made using Muscle (Edgar 2004), allelic
sequences were removed from the alignments after compar-
isons of the nucleotide sequences and best conserved sites
were selected using GBlock (Castresana 2000) for further
phylogenetic analysis.

Phylogenetic analysis For each family, we performed first a
neighbor-joining (NJ) analysis, with Poisson law correction
and pairwise gap-removal, as implemented in PhyloWin
(Galtier et al. 1996) (the relevant data are available upon
request to FB), and subsequently we performed a maximum
likelihood (ML) phylogenetic analysis using PhyML v2.4.4
(Guindon and Gascuel 2003). For the ML analyses, JTT
model with eight rate categories and an estimated gamma
shape parameter were used. Robustness was assessed by
bootstrap analysis (1,000 repetitions).

Evolutionary rate comparison between vertebrate perox-
idases Two urochordate sequences (one—PERT1—from
C. intestinalis and the other from Halocynthia roretzi) were
used as outgroups. The sequence Q6NUY7 BRARE,
Q640K8 XENLA, and Q9YH34 XENLA were excluded
from the analysis because their phylogenetic position does
not fall into one of the four peroxidase groups PERT,
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PERE, PERL, and PERM. The input tree corresponded to
the topology described in Fig. 3.

Results

Our strategy was to search for amphioxus sequences from
the B. floridae genome, that are homologous to vertebrate
proteins involved in TH signaling. When possible, sequen-
ces from basal vertebrates, urochordates, and sea urchin
were also studied for comparative purposes. Our search
identified a total of 24 genes in amphioxus (Holland et al.
2008; Putnam et al. 2008; Schubert et al. 2008) plus RXR
and TR that were previously identified. For almost all gene
families, several orthologs were found, arising from lineage
specific duplications. In most cases, the amphioxus genes
were not direct orthologs of each vertebrate paralogous
gene, but rather branched at the base of a tree of closely
related vertebrate genes. The complete list of identified
genes, with their corresponding accession numbers
assigned by the JGI consortium, is given in Table S1.

SIS

Blast searches allowed us to identify eight predicted genes,
for which orthology was tested by a phylogenetic analysis
(Fig. 2). We found three groups of closely related vertebrate
genes, including SIS, each time with 100% bootstrap (the
sodium-iodide symporter SIS, the apical iodide transporter,
and the sodium-lactate cotransporter). Two out of the three
groups contain genes encoding proteins characterized as
sodium-iodine symporters located either on the basolateral
membrane (SIS) or on the apical membrane of thyrocytes
(apical iodide transporter) in human (Rodriguez et al. 2002)
(shown in brackets in Fig. 2). The genes of the third
vertebrate group encode proteins identified as sodium-
lactate cotransporters (Gopal et al. 2007). Notably, three sea
urchin (S. purpuratus) genes cluster together at the base of
the vertebrate groups (with a bootstrap support of 71%).
When going deeper in the tree, eight amphioxus genes
cluster together (96% bootstrap support) at the base of this
cluster of paralogous genes (with a bootstrap support of
75%). These topologies suggest three independent series of
duplication, one at the base of the sea urchin lineage, one in
the amphioxus lineage, and the other at the base of the
vertebrate lineage, giving rise to the three vertebrate-
specific groups. As a sequence from the elephant shark C.
milii genome was found in all three vertebrate groups (with
low bootstrap support, though, Fig. S1), the vertebrate
duplications occurred before C. milii split, probably during
the two rounds of whole genome duplication that occurred
at the base of the vertebrate group (Dehal and Boore 2005).
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Fig. 2 Phylogenetic tree of SIS
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The structures of the amphioxus proteins were then
predicted in silico, in order to determine if one of them was
more likely to be a sodium-iodine symporter. From the
TMpred program (http://www.ch.embnet.org/software/
TMPRED form.html), the eight sequences were predicted
to harbor 12 to 13 transmembrane domains like the already
characterized vertebrate SIS, except the sequence Bf 68831
(Fig. 2), for which 12 supplementary transmembrane
domains were predicted in its 200 amino acid longer C-
terminal region (data not shown). Moreover, several sites
that are known to be important for the general integrity of
the function of the transporter and are found to be
conserved within sodium symporters, are conserved in the
amphioxus sequences (Dohan et al. 2003).

PERT

PERTSs are part of a big family of peroxidases that catalyze
oxidation of various substrates with hydrogen peroxide

(including myeloperoxidase (PERM), eosinophil peroxi-
dase (PERE), thyroid peroxidase (PERT), and lactoperox-
idase, (PERL) (Daiyasu and Toh 2000)). Paralogous
sequences have been described in urochordates and in the
Japanese amphioxus species Branchiostoma belcheri
(Ogasawara 2000; Ogasawara et al. 1999).

Blast searches allowed us to identify seven predicted genes,
for which orthology was tested by phylogenetic analysis
(Fig. 3). From our analysis, two groups consisting of three
and four amphioxus sequences respectively branch together
with high bootstrap support (100%) each. The group of three
genes is distantly related to PERTSs but still branches within
peroxidase-like proteins (and the corresponding proteins may
thus display peroxidase activity). The four other amphioxus
sequences (red box, Fig. 3), with which the known B.
belcheri sequence branches (Ogasawara 2000), are more
closely related to PERTs and are located at the base of the
tree constituted of the vertebrate-specific subgroup and
urochordate sequences with a good bootstrap support
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Fig. 3 Phylogenetic tree of
PERT and related protein
sequences. A maximum likeli-
hood (ML) tree was obtained

from analysis of peroxidase 100

PERT
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PGH2 H.sapiens

amino acid sequences. Bootstrap
percentages obtained after 1,000

100

L__PGH1 H.sapiens

——Peroxidase-like P.alcaligenes
L

Peroxidase N.tabacum

replicates are shown. The am-
phioxus PERT-like sequences
have been boxed in red. PGH:
Prostaglandin G/H synthase.
The scale bar indicates the

number of changes per site. A 100

Peroxidase-like A.californica

similar tree including sequences
from basal vertebrates is given
in Fig. S2

100

100

98

(88%). Amphioxus sequences have very short branches,
suggesting a low evolutionary rate and a rapid duplication
burst. Similarly, PERT genes seem to evolve at a slower rate
than the three closely related peroxidases PERM, PERL, and
PERE. To test this hypothesis, we compared the evolutionary
rates between the different vertebrate peroxidase families,
using the relative-rate test on available sequences (Robinson
et al. 1998). Results are shown in Table S3, as differences of
substitution rate between groups of species. From these
analyses, it appears that PERTs have effectively evolved at
significantly lower rates than the three other peroxidase
groups. This common slow evolutionary rate in amphioxus
and vertebrate PERTs may reflect that these proteins have
kept an ancestral function (see Discussion).

Thyroglobulin

Thyroglobulin is a large protein (more than 2,700 amino
acids in humans) that contains an esterase domain extend-
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ing to the 500 most C-terminal amino acids, whereas the N-
terminal domain houses thyroglobulin type I repeats (TY
repeats), in which many PERT-targeted tyrosines have been
located. Many hits are retrieved from blasting the human
thyroglobulin sequence against the amphioxus genome.
However, when they are aligned with esterase domain
of thyroglobulins, they branch with esterases and not
thyroglobulins in a phylogenetic tree (data not shown)
and lack a N-terminal part homologous to the thyro-
globulin one. Conversely, TY repeats were recognized
in some predicted genes. However, these repeats,
although first discovered in thyroglobulins (hence their
name), are found in many different proteins (Novinec et
al. 2006). Among the amphioxus retrieved sequences, the
best hit (Bf 123169) is a very long protein (about 2,400
amino acids). However, nothing else but the TY repeats is
homologous to the thyroglobulin (data not shown) and the
C-terminal part is not an esterase sequence. Overall, up to
now, no unambiguous thyroglobulin sequence was found
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in the amphioxus genome or outside vertebrates, although
one rather short sea urchin (S. purpuratus) sequence (137
amino acids, accession number 115921343) clusters with
vertebrate thyroglobulins.

Transport proteins

Several carriers for THs have been identified in vertebrates,
like thyroxine-binding globulin (TBG), transthyretin (TTR),
and albumin (with a rather low affinity). Although present
in lampreys (Schreiber and Richardson 1997) and sea
urchins (S. purpuratus) (data not shown), no gene encoding
albumin (that is not specific to TH transport) and no TTR
gene were found in the amphioxus genome. One gene
related to TBG was found but it is not a direct ortholog
(Fig. S4). Once in the cell, THs can also bind to cytosolic
proteins, like the cytosolic thyroid hormone-binding protein
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(CTHBP). A gene made of the concatenation of two
predicted genes from the genome (Bf 267438 and
Bf 110402) branches at the base of a subtree constituted
of two vertebrate gene families including CTHBP (Fig. S5).
Further studies will be required to assess, which proteins
mediate TH transport in amphioxus.

Deiodinases

We retrieved five sequences from the amphioxus genome
that cluster with previously described deiodinase sequences
(data not shown). However, only one amphioxus sequence
(Bf 123596 called IODf in Fig. 4a) includes a domain
known to be important for vertebrate deiodinase function
(Bianco et al. 2002) (Fig. 4b). All other predicted sequences
were truncated at those positions. Notably, in this activation
domain, all vertebrate deiodinases, which are selenopro-
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Fig. 4 Phylogenetic and structural analyses of putative deiodinases in
amphioxus. a A maximum likelihood (ML) tree was obtained from
analysis of deiodinase amino acid sequences. As no outgroup was
found for deiodinases, the tree presented is unrooted. Bootstrap
percentages obtained after 1,000 replicates are shown. Nodes with
bootstrap support below 50% were collapsed. The amphioxus
sequences have been circled in red. The scale bar indicates the
number of changes per site. A similar tree including sequences from
basal vertebrates is given in Fig. S3a. b Amino acid sequence
alignment of the active catalytic domain of the deduced amino acid
sequences for the human deiodinases as well as the sequences found
in invertebrates. The site, where a selenocysteine is located, is shown
in red. In humans and H. roretzi, the translation of the TGA codon

into a selenocysteine has been experimentally verified and is shown in
bold (Berry et al. 1991; Curcio et al. 2001; Baqui et al. 2003). In the
amphioxus and sea urchin sequences, the homologous TGA is
proposed to be translated into a selenocysteine as well (italicized).
c—e SECIS elements in the putative 3'UTR of amphioxus 10D« (c),
IODy (d), and I0De (e), as predicted by SECISearch analysis
(Kryukov et al. 2003). The characteristic adenosine that precedes the
quartet of non-Watson-Crick base pairs, a TGA GA motif in the
quartet and two adenosines or cytosines in the apical loop, are
highlighted in bold (Kryukov et al. 2003). f The position of the CDS
in shotgun sequences used for retrieving amphioxus I0Ds as predicted
by Genscan are indicated as well as the positions of the SECIS
elements and their scores as given by SECISearch

@ Springer



Dev Genes Evol

teins (Bianco et al. 2002), have a selenocysteine, encoded
by a TGA codon, which is key to the activity of the protein
(Bianco et al. 2002) (hence the name selenoprotein). In the
amphioxus sequence Bf 123596, a cysteine encoded by a
TGC codon is located at the homologous position to the
selenocysteine of vertebrates. This is unlikely to be due to
sequencing error as the same codon was found in a
sequence obtained from an independent cDNA library
(accession number BW699364). This difference casts
doubts on the functionality of the Bf 123596 protein as
an amphioxus deiodinase.

As the TGA codon encoding the selenoprotein is
predicted as a stop codon and not a selenocysteine by gene
prediction software, genes encoding selenoproteins would
be inappropriately predicted as pseudogenes (with a
precocious stop codon) or the protein would be predicted
as truncated of the part around the amino acid (with the
TGA codon predicted as intronic). In order to test this
hypothesis, we performed a tblastn search on the shotgun
sequence of the amphioxus genome, using the amino acid
sequence of the rat IOD2 as a query to avoid the gene
prediction problem. Using this method, we retrieved several
genes, some of which included a TGA codon at the position
corresponding to the selenocysteine in the query sequence.
We were able to attribute all of the new sequences to
previously found truncated amphioxus sequences (Fig. 4a,
the sequences were renamed IOD«x to I0De ). All newly
identified sequences have an activation domain that is very
well conserved with the activation domains of vertebrate
sequences (Fig. 4b). In particular, all but the sequence
Bf 123596 (corresponding to IODf in Fig. 4) have a TGA
codon at the “selenocysteine position”. To confirm our
hypothesis that at least some of the amphioxus sequences
are selenoproteins, we searched for selenocysteine insertion
sites (SECIS) known to be required for proper translation of
the TGA codon into a selenocysteine (Bianco et al. 2002).
SECIS were predicted in the putative 3'UTRs of 10D«,
10Dy, and I0De using the SECISearch program (Kryukov
et al. 2003) (Fig. 4c—f). A histidine residue also important
for deiodinase activity (Bianco et al. 2002) is conserved in
all sequences. We hence predict that IOD«x, 10Dy, and
IODe¢ are selenoproteins, and, taken together, these data
strongly suggest that there are several active deiodinases in
amphioxus.

A similar analysis was performed with the sea urchin
genome (S. purpuratus) and one sequence was found
containing both the activation domain with a putative
senelocysteine and another partial sequence, for which the
sequence corresponding to the activation domain was not
available (Fig. 4a,b). The corresponding 3'UTR sequence
was not available. A single gene has previously been
described in the urochordate species H. roretzi as being a
functional deiodinase (Shepherdley et al. 2004).
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The monophyly of the three vertebrate deiodinases was
recovered in our phylogenetic analysis (Fig. 4a). However,
none of the non-vertebrate sequences could be precisely
located in the phylogenetic tree with high bootstrap
support. They branched at the base of the three vertebrate
deiodinase families (IOD1, 10D2, and 10D3), suggesting
that at the origin of deuterostomes, there was only one
deiodinase that was duplicated independently in the sea
urchin, amphioxus, and vertebrate lineages (Fig. 4a).

Genes involved in TH synthesis regulation

We searched the amphioxus genome for genes orthologous
to CRF, TRH, TSH, and their respective receptors.
Homologs to vertebrate CRFR, TSHR were found (Figs.
S7 and S8). An orthologous sequence to the preproTRH
was also found (Fig. S9). Interestingly, it contains only one
canonical progenitor sequence (Glu-His-Pro-Gly) (in com-
parison to about five in mammals and birds, Vandenborne
et al. 2005 and references therein), but also 21 sequences
with the His replaced with a Ser (Glu-Ser-Pro-Gly). The
flanking sequence (Lys-Arg) is conserved. No orthologs to
TRH receptor, CRF, and TSH were found in the amphioxus
genome. As a gene orthologous to CRH was found in
insects and since the corresponding protein is rather small,
it is likely that CRF is present in amphioxus, but not in the
genome sequence.

Protein sequences involved in TH signaling in basal
vertebrates

In order to gain insights into the evolution of the genes
encoding proteins implicated in TH signaling and as these
genes are mostly known from classical vertebrate models
(human, mouse, zebrafish, and Xenopus), we searched for
them in databases of basal vertebrates (e.g. lamprey and
cartilaginous fishes). The sequences of two relevant
genomes are publicly available and sufficiently annotated
to allow a systematic search: the lamprey P. marinus (http:/
genome.ucsc.edu/cgi-bin/hgGateway?clade=other&
org=Lamprey&db=) and the elephant shark C. milii (http://
esharkgenome.imcb.a-star.edu.sg/). The dataset was com-
pleted with EST databases. The gene families we found in
amphioxus are also present in cartilaginous fishes: SIS
(Fig. S1), PERT (Fig. S2), IOD (Fig. S3), TBG (Fig. S4b),
CTHBP (Fig. S5b), CRFR (Fig. S7b), TSHR (Fig. S8b),
and TRH (Fig. S9). With the exception of IOD and TRH
(which is a short protein), we also found representatives of
each gene family in P. marinus. In addition, TR and RXR
have previously been identified in both P. marinus and in
the shark Scyliorhinus canicula (dogfish) (Escriva et al.
2002; Paris et al. 2008). As in amphioxus, we did not find
TG in these genomes.
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The predicted protein sequences could not be placed
reliably in the context of phylogenetic trees. Given the low
coverage of the two genomes (1.4 and 5.9, respectively, for
C. milii and P. marinus) and the small size of DNA
fragments in the EST and genome databases (less than 3 kb
on average), only partial sequences could be retrieved and
probably did not provide enough signal to be well
positioned in our phylogenetic trees. Nevertheless, these
data confirm the presence of the TH signaling pathway in
basal vertebrates.

Discussion
An ancestral origin of TH signaling pathway in chordates

In this analysis, we have shown that the genome of the
amphioxus B. floridae contains genes coding for proteins
homologous to most of the genetic equipment necessary to
endogenously produce thyroid hormones. SIS, PERT,
deiodinases, cytosolic binding proteins and specific nuclear
receptors are present in the genome (Fig. 1b). In addition,
biochemical reactions necessary for TH synthesis are
apparently similar in amphioxus and vertebrates (see the
Introduction for more details). Many genes were also found
in cartilaginous fishes, lampreys, and urochordates. Conse-
quently, we propose that the TH signaling cascades of
extant chordates are homologous, i.e. they evolved from an
ancestral cascade that was present in the common ancestor
of all chordates. Nevertheless, several key components of
the pathway are missing (e.g. thyroglobulin) or are different
(e.g. independent duplications) in amphioxus when com-
pared to vertebrates.

In all chordates studied so far, THs were shown to
regulate some features of post-embryonic development, the
most spectacular example being metamorphosis (in
amphibians (Tata 2006), in mammals (Flamant and Samarut
2003), in teleost fishes (Power et al. 2001), in lamprey
(Manzon et al. 2001), in urochordates (Patricolo et al.
2001), and also in amphioxus (Paris et al. 2008)). The
ancestry of the TH signaling pathway suggests that already
in the chordate ancestor, metamorphosis was regulated by
THs, which were synthesized endogenously. Interestingly,
lamprey metamorphosis is inhibited by THs suggesting a
specific elaboration of the TH signaling pathway in
lampreys when compared to other chordates (Youson
1997).

Evolution of members of the TH signaling pathway
In most cases, several amphioxus sequences branch at the

base of a group of several vertebrate sequences. The
topology, where an amphioxus group corresponds to

several vertebrate paralogs points to gene duplications at
the base of the vertebrate lineage, probably due to the two
rounds of whole genome duplication (WGD) events that
occurred at the base of the vertebrate clade (Dehal and
Boore 2005; Putnam et al. 2008). This pattern was
observed repeatedly throughout the analysis of the amphi-
oxus genome (about 25% of chordate gene families follow
this scenario (Holland et al. 2008; Putnam et al. 2008), the
other gene families having most probably undergone loss
(Lynch and Conery 2000)). Accordingly, several paralo-
gous genes were found for basal vertebrates (Figs. S1-S9).
However, because of the limited genomic resources at this
taxonomic position, only partial sequences were retrieved.
Therefore, they could not be reliably placed in our
phylogenetic trees.

Gene and genome duplications have been proposed to be
substantial sources of new genes (Ohno 1970). After
duplication, two identical genes would encode proteins
able to perform the same function. This functional
redundancy would free one of the two copies that could
increase its mutation rate (Force et al. 1999). Several
scenarios have been proposed: proteins encoded 