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ABSTRACT

The evolution of the tetrapod limb from paired fish fins involved drastic changes to the
appendicular dermal and endochondral skeleton. Fish fin rays were lost, and the endochondral
bone was modified and elaborated to form three distinct segments common to all tetrapod limbs:
the stylopod, the zeugopod, and the autopod. Identifying the molecular mechanisms that
contributed to these morphological changes presents a unique insight into our own evolutionary
history. Chapter Il of this thesis focuses on the actinodin gene family and how their disappearance
from the tetrapod genome during the fin-to-limb transition may have contributed to the loss of
dermal fin rays. The actinodin genes code for structural proteins in the actinotrichia, rigid fibers
being the first exoskeletal elements formed during zebrafish fin development. We have identified
tisse-specific cis-acting regulatory elements responsible for actinodinl activation in the fin fold
ectoderm and mesenchyme. These elements are only partially functional in transgenic reporter
mouse limbs. We therefore propose that changes to actinodin gene regulation contributed to the
loss of the actinodin genes during limb evolution. The actinotrichia also serve as a scaffold for the
migration of cells from the distal fin mesenchyme, which has been shown to differentiate into fin
ray osteoblasts. In fact, both actinotrichia and distal fin mesenchyme migration defects have been
proposed as events that may lead to the loss of dermal bone during the fin-to-limb transition.
Chapter 111 of this thesis tests the effects of distal fin mesenchyme ablation on larval and adult
zebrafish fin development. Following the chemo/genetic ablation of these cells, zebrafish display
actinotrichia, fin fold, and fin ray defects supporting the hypothesis the defects in distal fin
mesenchyme may have contributed to the loss of dermal fin rays during tetrapod evolution.
Previous research has shown that changes in the regulation of the 5’HoxA/D genes may have had

consequences for both actinodin regulation and the migration of distal fin fold mesenchyme.



Chapter 1V of this thesis examines the contributions of Hoxall regulatory changes to the
evolution of the pentadactyl, or five-digit state, in tetrapods. Through a novel tetrapod-specific
enhancer, Hoxall is repressed from the presumptive limb autopod region in mice. In fish,
hoxallb is expressed distally and ectopic expression of Hoxall in the distal limb bud produces
mice with polydactyly (extra digits), an ancestral tetrapod character state.

In conclusion, we have provided evidence that actinotrichia defects (potentially though
changes in actinodin regulation) and fin fold mesenchyme defects may have contributed to the
loss of fin dermal bone during the fin-to-limb transition. Our data also shows these two events
may have been linked as fin fold mesenchyme require actinotrichia to migrate correctly, while
actinotrichia maintenance relies on Actinodin secretion from fin fold mesenchyme. Furthermore,
we have also contributed to the growing body of evidence that proposes changes in 5 HoxA/D
regulation during the fin-to-limb transition underlie changes in appendicular dermal and
endochondral bone. Therefore, it is possible that modifications in shared gene regulatory networks

underlie both dermal and endochondral bone evolution during the fin-to-limb transition.



RESUME

L’évolution des membres des tétrapodes a partir des nageoires des poissons a impliqué
des changements drastiques du squelette appendiculaire dermique et endochondral. Les rayons des
nageoires ont été perdus et les os endochondraux ont été modifies puis sont devenus plus élaborés
pour former trois segments osseux distincts communs aux membres de chaque espece de
tétrapode : le stylopode, le zeugopode et I’autopode. L’identification des mécanismes
moléculaires qui ont contribué a ces changements morphologiques présente une unique
perspective dans notre propre histoire évolutive. Le Chapitre Il de cette thése se concentre sur la
famille de genes actinodine et comment la disparition de cette famille du génome des tétrapodes
au cours de la transition nageoire-a-membre a pu contribuer a la perte des rayons. Les genes
actinodine codent pour des protéines structurales des actinotriches, fibres rigides, qui constituent
les premiers éléments de 1’exosquelette a se former au cours du développement embryonnaire des
nageoires du poisson zébre. Nous avons identifié des éléments de régulation agissant en cis
responsables pour I’activation de I’expression tissu-spécifique du gene actinodinel dans
I’ectoderme et les cellules mésenchymateuses du repli distal de la nageoire. Ces ¢éléments sont
partiellement fonctionnels dans les membres de souris transgéniques.

Nous proposons que les changements de la régulation des génes actinodine ont pu contribuer a la
disparition de ces génes au cours de I’évolution des membres. Les actinotriches servent aussi de
guide pour la migration du mésenchyme distal des nageoires, qui va se différencier en ostéoblastes
des rayons osseux. Par conséquent, I’ensemble des défauts des actinotriches et de la migration des
cellules mésenchymateuses distales a été proposé comme ayant contribué a la perte des os
dermiques durant la transition nageoire-a-membre. Dans le Chapitre Ill, j’ai testé I’effet de
I’ablation des cellules mésenchymateuses distales sur le développement des nageoires du poisson

zebre au stade larvaire et adulte. Apres I’ablation de ces cellules a I’aide d’une méthode



chimio/génétique, les poissons zébres présentent des défauts au niveau des actinotriches, du repli
de la nageoire et des rayons qui supportent I’hypothése que des défauts dans les cellules
mésenchymateuses distales ont peut-étre contribué a la perte des rayons durant 1’évolution des
tétrapodes. Des études antérieures ont montré que des changements dans la régulation des géenes
5’HoxA/D ont eu des conséquences sur la régulation des génes actinodin et sur la migration des
cellules mésenchymateuses distales. Dans le Chapitre 1V, j’ai examiné les contributions des
changements de la régulation du géne Hoxall a I’évolution de 1’état pentadactyl ou « cing-
doigts », observé dans les tétrapodes actuels. Un nouvel élément de régulation, unique aux
tétrapodes, cause la répression de I’expression d’Hoxall de la région distale de 1’autopode
présomptif chez I’embryon de souris. Chez les poissons, le géne hoxallb est exprimé dans la
région distale des nageoires et I’expression ectopique d’Hoxall dans les régions distales des
membres de souris cause la polydactylie (doigts supplémentaires), un caractere morphologique
des tétrapodes ancestraux.

En conclusion, nous avons montré que les défauts au niveau des actinotriches (peut-étre
dis a des changements de régulation des génes d’actinodine) et des défauts au niveau des cellules
mésenchymateuses distales de la nageoire ont pu contribuer a la perte des os dermiques de la
nageoire durant la transition nageoire-a-membre. Nos résultats montrent que ces deux évenements
sont peut-étre liés car la migration des cellules mésenchymateuses distales requiert les
actinotriches et, le maintien des actinotriches nécessite la sécrétion de 1’ Actinodine des cellules
mésenchymateuses distales. Nos résultats contribuent aussi au nombre grandissant de données qui
suggérent que les changements de régulation des genes 5°HoxA/D ont conduit & des modifications
des os appendiculaires de type dermique et endochondral durant la transition nageoire-au-

membre. Donc, il est possible que des modifications dans les réseaux de régulation en commun a



conduit & I’évolution des os dermiques et endochondraux pendant la transition nageoire-a-

membre.
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CHAPTER 1

General Introduction



1.1. Fin-to-limb transition

Four-limbed animals, also known as tetrapods, evolved from lobe-finned fish
(sarcopterygian) between 400 & 365 million years ago (Ahlberg et al. 2005; Clack 2007, 2009;
Daeschler et al. 2006). This major evolutionary transition facilitated the terrestrialization of
vertebrates leading to rapid rates of morphological diversification (Ruta et al. 2006). Fossils of
extinct lobe-finned fish and transitional tetrapod species such as eusthenopteron, panderichthys,
tiktaalik, acanthostega, and ichthyostega have provided us with amazing insight into some of the
physical characterics likely shared in the common ancestors of all tetrapods during their evolution
from fish (Boisvert et al. 2008; Clack 2009; Coates & Clack 1990; Coates & Clack 1991;
Daeschler et al. 2006; Shubin et al. 2006; Vorobyeva et al. 1991) (Fig. 1.1). One crucial
innovation during the transition onto land was the tetrapod limb, which evolved from paired fish
fins (pectoral & pelvic), an event described as the fin-to-limb transition (Shubin et al. 2006).
While the aquatic origins of tetrapods are still debated (marine or freshwater), it is generally
agreed that limbs evolved while these animals were still fully aquatic to help navigate and survive
in shallow underwater environments (Clack 2002; George & Blieck 2011; Romer 1958). Analysis
of fin morphology in the closest living tetrapod relatives (lobe-finned fish) has provided limited
information regarding this evolutionary event (Ahlberg 1992; Johanson et al. 2007; Jude et al.
2014; King et al. 2011; Nulens et al. 2010; Yano & Tamura 2012) (Fig. 1.1). Extant lobe-finned
fish consist of two groups: lungfish and coelacanths; however lungfish possess a highly derived
fin skeleton, and housing coelacanths is not possible as they live at great ocean depths (Ahlberg
1992; Johanson et al. 2007; Jude et al. 2014; King et al. 2011; Nulens et al. 2010; Yano & Tamura
20012). Instead we return to the fossil record where examination of extinct lobe-finned fish and

transitional tetrapod fossils has provided clues to the major appendicular bone modifications



required in producing a limb, as well as other skeletal changes necessary for terrestrial life
(reinforced pectoral and pelvic girdles, expanded rib cage, loss of neck bony elements, etc.)
(Ahlberg et al. 2005; Clack 2009; Daeschler et al. 2006; Shubin et al. 2006 ; Standen et al. 2014).
The evolution of the limb skeleton is characterized by a complete loss of fin exoskeletal elements,
including dermal fin rays and actinotrichia fibrils, and an expansion/elaboration of limb
endochondral bones to form three distinct segments: the stylopod, the zeugopod and the autopod
(from proximal to distal) (Shubin et al. 2004; Shubin et al. 2006; Shubin et al. 2014) (Fig. 1.1).
Shared traits in extinct transitional tetrapod species and extant tetrapods provide information on
when these traits evolved and whether they existed in their last common ancestor (Fig. 1.1). A
recognizable stylopod (single proximal bone of the limb) is proposed to have evolved prior to the
split of extant lobe-finned fish and tetrapods, as both the coelacanth and lungfish possess this trait
(Onimaru et al. 2015; Tanaka 2016). The evolution of digits and the loss of fin rays occurred prior
to the split of acanthostega, and modern tetapods (Fig. 1.1) (Clack 2009), with “early tetrapods”
displaying polydactyly. The evolution of the pentadactyl or five digit state evolved in the lineage
leading to extant tetrapods (Clack 2009; Kherdjemil et al. 2016) (Fig. 1.1). Coupled with limb
skeletal changes, were drastic changes to appendicular musculature, nervous and vasculature
systems (Cole & Currie 2012; Diogo et al. 2011; Murakami & Tanaka 2011; Standen et al. 2014).
Using genomic, molecular, and developmental data from a phylogenetically-broad range of fish
species, in comparison with existing tetrapod models, researchers are now focused on identifying
the molecular mechanisms that contributed to the evolution of limbs from fish fins (Fromental-
Ramain et al. 1996; Nakamura et al. 2016; Scotti et al. 2015; Shubin et al. 1997; Standen et al.
2014; Tulenko et al. 2017; Zakany & Duboule 2007). Using zebrafish and mouse models, this

thesis aims to explore some of the regulatory and morphological changes that contributed to fin



dermal bone loss and endochondral bone expansion during the fin-to-limb transition. Zebrafish are
members of the teleost family of ray finned fish (actinopterygii) which split from lobe-finned fish
around 450 million years ago (Braasch et al. 2016) (Fig. 1.1). Although more phylogenetically
distant to tetrapods than basal ray-finned fish such as the polypterus or spotted gar, zebrafish
remain a powerful fish model for fin-to-limb transition studies (Braasch et al. 2015) (Fig. 1.1).
This thesis will also discuss some advantages and disadvantages of working with zebrafish, while
highlighting how in certain cases limited conclusions can be drawn when working with such a
phylogenetic distant fish species. The next two sections of this introduction will provide a
morphological overview of zebrafish fin and tetrapod limb development to highlight early
developmental similarities which give rise to drastically diverged adult fin and limb morphologies
(Fig. 1.2.). The following sections will then provide an in depth description of the signalling
pathways during early fin and limb development.
1.2. Fin Skeletal Morphology and Development
Embryonic and Early Larval Development

Zebrafish pectoral fin development begins with the formation of a bud at 28 hours post
fertilization (hpf). The bud mesenchyme is derived from lateral plate mesoderm, and is covered by
an ectodermal layer (Grandel & Schulte-Merker 1998) (Fig. 1.2A). Specifcally, lineage-tracing
experiments have revealed lateral plate mesoderm adjacent to somites 1-4, but not somite 5,
contribute to the pectoral fin bud (Wyngaarden et al. 2010). At the distal most region of the bud
lies a thickening of ectoderm known as the apical ectodermal ridge (AER), which contributes to
proximal-distal (P-D) development through interactions with the underlying mesenchyme.
Morphologically similar to the tetrapod AER, functional homology was confirmed via expression

analysis and amputation experiments (Heude et al. 2014; Mercader 2007; Yano et al. 2012) (Fig.



1.2A, D). At the posterior margin of the bud mesenchyme lies the zone of polarizing activity
(ZPA), which contributes to anterior-posterior (A-P). An in-depth description of AER and ZPA
activity, along with the contributions of 5’hoxA/D expression to the maintenance of these fin/limb
signalling centres, will be provided in upcoming sections. Starting around 48-50hpf, the AER
begins to extend and fold, transitioning into a structure known as the apical fin fold (Grandel &
Schulte-Merker 1998) (Fig. 1.2A-B, 1.3A). The fin fold is supported by two rows of rigid fibrils
known as actinotrichia, which are visible beginning at 50-52hpf (Géraudie et al. 1977, 1985;
Zhang et al. 2010). Actinotrichia are considered the first exoskeletal elements formed during fin
development and are composed of collagen and structural proteins called Actinodins (Duran et al.
2011; Zhang et al. 2010) (Fig. 1.3B). Interestingly, antibodies raised again dogfish ceratotrichia, a
collagenous fin structure unique to cartilaginous fish, labels teleost actinotrichia highlighting
similarities in composition (Duran et al. 2011; Santamaria et al. 1996). At 52hpf, distal fin fold
mesenchyme will invade the fin fold, migrating distally using the existing actinotrichia as a
scaffold (Wood & Thorogood 1984; Lalonde et al. 2016) (Fig. 1.3B). This process has been
observed in vivo using time-lapse imaging in Killifish, and reveals that as the mesenchymeal cells
migrate, more cellular processes are formed and these processes become aligned with the
actinotrichia (Wood & Thorogood 1984). At around 56hpf, the mesenchyme in the proximal
region of the pectoral fin bud will condense and differentiate into chondrocytes, which will secrete
cartilage matrix and form the endoskeletal disc (Fig. 1.2B, 1.4A) (Grandel & Schulte-Merker
1998). The disc then grows by cellular expansion along all three axes (Grandel & Schulte-Merker
1998). Embryonic and larval zebrafish also possess a median fin, a structure which extends from

the 8" somite to the end of trunk. Initially visible at 18hpf, fin fold and actinotrichia formation,



followed by fin fold mesenchyme migration occurs in a manner similar to pectoral fin
development (Abe et al. 2007; Kimmel et al. 1995).
Late larval development to Adulthood

At around standard length (defined as the measurement from tip of snout to the posterior
end of the trunk) 7.5mm, the endoskeletal disc will separate into four distinct presumptive
proximal radials, a process known as cartilaginous decomposition (Dewitt et al. 2011; Grandel &
Schulte-Merker 1998) (Fig. 1.4B-C; 1.6D). This process is presumed to occur through
chondrocyte dedifferentiation, as no evidence of cell death has been detected (Dewitt et al. 2011).
Beginning at the anterior edge of the disc and then continuing posteriorly, de novo cartilaginous
condensations within the distal rim mesenchyme will become the distal radial bones (Dewitt et al.
2011; Grandel & Schulte-Merker 1998) (Fig. 1.4B; 1.6D). Initially composed of cartilage, the
proximal and distal radials will then undergo endochondral ossification to make up the proximal
skeleton of the pectoral fin. Simultaneously, the pectoral fin fold mesenchyme begins to condense,
forming the lepidotrichia adjacent to each presumptive distal radial bone (Fig. 1.4B-C).
Lepidotrichia are the bones of the fish fin rays. The lepidotrichia, which consist of two concave
symmetric hemirays underneath the epithelium, are then calcified through intramembranous
ossification (Fig. 1.2C, 1.4C). Briefly, the displacement of the mesenchyme causes the epidermal
basement membrane to bulge and form a semi-circular mold (one for each hemiray) for bony
matrix deposition (Grandel & Schulte-Merker 1998; Mari-Beffa & Murciano 2010). Fin fold
mesenchyme continues to reorganize and forms the connective tissue between the two hemirays.
At this stage, actinotrichia fibrils are now completely absent from the proximal regions of the fin
fold and are instead restricted distally to each lepidotrichia (Grandel & Schulte-Merker 1998;

Zhang et al. 2010) (Fig. 1.4C). The caudal fin, derived from the embryonic median fin, forms



lepidotrichia in a similar manner, starting ventrally and progressing dorsally. The caudal fin rays
are supported by hypural bones which are modified from the posterior-most vertebrae (Bird &
Mabee 2003; Doosey & Domke 2014; Wiley et al. 2015).
1.3. Limb Skeletal Development and Morphology

Mouse forelimb development starts with the formation of a bud at embryonic day 9.5
(E9.5). The bud contains mesenchymal cells derived from the lateral plate mesoderm and is
covered by the ectoderm (Fig. 1.2D, 1.5A). Mouse hindlimb development proceeds with a half
day delay (E10). Very similar to the zebrafish pectoral fin, early limb development is governed by
two signalling centres: the AER and the ZPA, which pattern the P-D and A-P axis, respectively
(Duboule 1994; Tickle & Eichele 1994) (Fig. 1.2D). In contrast to fin development, however,
where the AER transitions into the apical fin fold, the AER persists in the mouse forelimb until
E14 ultimately regressing to form a layer of flattened cuboidal cells (Lu et al. 2008; Martin 1990;
Wanek et al. 1989) (Fig. 1.5C). Limb bud outgrowth occurs through distal mesenchymal
proliferation, which underlies the AER, in a region known as the progress zone (PZ) (Dealy et al.
1997; Martin 1998; Summerbell et al. 1973). By embryonic day 11.5 (E11.5) cartilage elements
for the presumptive humerus bone (femur in hindlimb) are detected in the proximal core of the
limb bud (Fig. 1.2D, 1.5B). Cartilage elements are formed when mesenchymal cells condense and
differentiate into chondrocytes, cells that will secrete cartilage matrix (Kronenberg 2006). By
E12.5 cartilage condensations are observed for the stylopod (humerus), zeugopod (ulna & radius),
and proximal autopod (wrist & middle digits) (Martin 1990; Wanek et al. 1989). By E14.5 all
elements in the mouse forelimb are detected by cartilage staining, including the distal most
phalanges (Fig. 5D). Also around E14, separation of the digits occurs through interdigital

mesenchymal cell death, and retraction of the interdigital epithelium (Martin 1990) (Fig. 1.2E).



The bones of the stylopod, zeugopod, and autopod are formed through endochondral ossification
(Fig. 1.2E-F; 1.6A). In contrast to intramembranous ossification, endochondral bone begins with a
cartilaginous template (extracellular cartilage matrix) secereted from chondrocytes. Following
chondrocyte death, osteoclasts (bone-resorbing cells) and pre-osteoblasts (bone-forming cells)
invade and regulate matrix removal and bone deposition (Kronenberg 2006; Mackie et al. 2008;
Martin 1990; Ortega et al. 2004). Ossification begins around E15 in the stylopod, and zeugopod
and E17 in the autopod and finishes 2 weeks postnatal (Patton & Kaufman 1995).
1.4. Actinotrichia and actinodin genes

One of the earliest morphological differences between fin and limb development is the
transition of the AER into the apical fin fold in fish and the formation of actinotrichia supporting
the fold (Fig 1.2A-B). This section will first describe the composition and function of these
structures during fish fin development and regeneration. As these fibrils are crucial for proper fin
development and are absent in tetrapods, it was proposed their disappearance may in fact have
contributed to the fin-to-limb transition. This second part of this section will highlight the
structural component of the actinotrichia, Actinodin proteins, and the potential contributions of
both actinotrichia and Actinodin proteins to fin dermal bone loss during the fin-to-limb transition.
Actinotrichia formation during development and regeneration

Actinotrichia form as two arrays in the embryonic fin fold of fish (Bouvet 1974; Géraudie
et al. 1977, 1985). Importantly, these fibrils do not form during tetrapod limb development
(Martin 1990). Actinotrichia are composed of Collagen type | and Il, and Actinodin, a structural
protein that is secreted from both the fin fold ectoderm and fin fold mesenchyme (Duran et al.
2011; Zhang et al. 2010). Immunofluorescence of Collagen type | and Il label the actinotrichia

while collala and col2alb were both found to be expressed in actinotrichia forming cells (Duran



et al. 2011). During fin development, the actinotrichia support the fin fold and act as scaffold for
the distal migration of mesenchyme (Géraudie et al. 1977, 1985; Wood & Thorogood 1984;
Zhang et al. 2010). Morpholino-mediated knockdown of col2alb resulted in collaspsed embryonic
and larval fin folds, while collala knockdown showed a mild reduction in fin fold size (Duran et
al. 2011). Well formed actinotrichia are first visible in the pectoral fin around 50-52hpf, and the
median fin at 36hpf and are adjacent to the fin fold ectoderm (Duran et al. 2011). This observation
supports the hypothesis that actinotrichia have an ectodermal origin (Wood & Thorogood 1984).
As the fin mesenchyme invades the fin fold, the actinotrichia continue to grow despite being
physically separated from the ectoderm (Fig. 1.3). It is proposed the mesenchymal cells are now
contributing to the elongation and thickness of the actinotrichia during fin fold extension (Duran
et al. 2011). In adult zebrafish fins, the actinotrichia are restricted to the tip of each lepidotrichia,
and their role in intact fins is not fully understood (Duran et al. 2011; Konig et al. 2017; Zhang et
al. 2010). During zebrafish fin regeneration, actinotrichia assemble at the amputation plane prior
to lepidotrichia regeneration suggesting they may help to organize tissues during blastema
formation (Duran et al. 2011; Konig et al. 2017). The fibrils are distributed evenly in the newly
formed tissue including the interray regions and may recapitulate processes that occur during
larval fin development (Konig et al. 2017).
The actinodin gene family and the fin-to-limb transition

Along with collagen proteins, actinotrichia are also composed of actinodins. Antibodies
raised against actinodins have been shown to label the actinotrichia during fin regeneration (Konig
et al. 2017; Zhang et al. 2010). There are four actinodin-encoding genes in zebrafish actinodinl-4
(and1-4), two long paralogs and two short paralogs. During embryonic fin development, all four

actinodin genes are expressed in the fin fold ectoderm and the distal fin mesenchyme; an



important exception being the distal most ectodermal cells of the pectoral fin, and the cleft cells of
the median fin (Zhang et al. 2010). The expression of actinodin correlates with the formation of
actinotrichia in both the median and pectoral fin. Chapter 11 of this thesis focuses on actinodinl,
one of the long paralogs, which though sequence and syntenic analysis is more representative of
the single ancestral long actinodin gene. At 36hpf actinodinl expression begins in the ectoderm
that overlies the boundary between the proximal fin bud and the AER, where the future
actinotrichia will form (Zhang et al. 2010). At 52hpf, actinodin expression starts in the distal
mesenchyme that will migrate through the fin fold. In situ hybridization on pectoral fin cross
sections reveals timing of tissue-specific actinodin expression during development (Zhang et al.
2010). It has been proposed that Actinodins are the structural component of the actinotrichia,
serving as a crosslinking agent for the collagen fibres (Duran et al. 2011). The proteins encoded
by the actinodin genes contain a signal peptide, and two potential convertase cleavage sites,
providing evidence they are secreted and most likely processed. Additionally, the And1 and And2
proteins contain eight and ten repeats, respectively, of the nine-amino-acid motif
C(N/D)PXXDPXC with And3 and And4 proteins predicted to encode fewer repeats. It is
suggested that each repeat forms a loop and that the repeats stack to form an elongated domain
(Zhang et al. 2010). Lobe-finned fish (sarcopterygian) have two actinodin genes, one long and
one short paralog, and one incomplete and-like sequence has been identified in the chondricthyan
elephant shark genome (Amemiya et al. 2013; Nikaido et al. 2013; Zhang et al. 2010) (Fig. 1.1).
Actinotrichia are present in lobe-finned fish and their structure has been examined in lungfish and
coelacanth revealing similarities with teleost actinotrichia (Géraudie & Meunier 1980; Géraudie &
Meunier 1984; Geéraudie 1984). Cartilagenous fish possess collagenous structures known as

ceratotrichia which may be homologous to actinotrichia on the basis of composition and function
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(Géraudie 1985). The actinodin gene family is absent from all tetrapod genomes, however
syntenic analysis reveals surrounding gene organization is conserved (Moses unpublished). It is
therefore proposed that this gene family was lost during the fin-to-limb transition. Chapter 3 of
this thesis explores the hypothesis that changes in regulation of the actinodin genes contributed to
their loss from the tetrapod genome. In fish, transient knockdown of both andl1/2 using
morpholino oligonucleotides (MO) results in the absence of actinotrichia, fin fold collapse and
disrupted migration of fin fold mesenchyme, suggesting these genes are crucial for embryonic fin
development (Zhang et at. 2010). Knockdown of either and1 or and2 alone does not produce any
phenotypic effects, suggesting redundancy between paralogs. Furthermore, these experiments
reveal that functional short paralogs and3 and and4 are not sufficient to ensure proper
actinotrichia formation (Zhang et al. 2010). Due to the transient nature of MOs and the lack of
and1/2 mutants, the effects of and1/2 knockdown on adult fin development have not been
observed. It is predicted that disrupted fin fold mesenchyme migration, resulting from
actinotrichia defects, could lead to mispatterned fin rays, as it has been shown that fin fold
mesenchyme contribute to fin ray fibroblasts and osteoblasts (Lee et al. 2013; Nakamura et al.
2016). In fact, it has been proposed that actinotrichia defects may have contributed to the loss of
dermal bone during the fin-to-limb transition (Zhang et al. 2010).
1.5. Apical Ectodermal Ridge and FGF-signalling

As discussed in the morphological overview of fin and limb development (Section 1.2 and
1.3), the apical ectodermal ridge is conserved in early fin and limb development (Fig. 1.2A, D).
This section will first provide a detailed description of the functions of this signalling centre, with
an emphasis on limb development. The second part will then discuss the potential contributions of

AER-FGF signalling to endochondral bone expansion during the fin-to-limb transition.
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Contribution to appendicular development

The apical ectodermal ridge (AER) is a morphologically distinct thickening of ectoderm at
the distal most tip of the fin and limb bud. This signalling centre contributes to bud outgrowth,
proximal-distal patterning, and activation of the zone of polarizing activity. Manipulation
experiments in the chick have shown that the removal of the AER halts limb outgrowth (Saunders
1948; Summerbell 1974). AER function is carried out by FGF signalling, which provides
communication between the AER and the underlying mesenchyme, a region known as the
progress zone. FGF10 is initially secreted by the lateral plate mesoderm, and induces the
formation of the AER, which responds in turn by producing and secreting FGF8 (Heikinheimo et
al. 1994; Ohuchi et al. 1997) (Fig. 1.6). A positive feedback loop between these two proteins
maintains the AER, and the proliferative state in the progress zone, resulting in distal limb
outgrowth (Martin 1998; Tickle & Eichele 1994) (Fig. 1.6). As limb development continues, cells
in the more proximal regions of the limb will then leave the progress zone, leading to a halt in cell
proliferation (Martin 1998; Tickle & Eichele 1994). The implantation of FGF beads at the distal
limb bud in the chick can completely substitute for AER function and implantation along the flank
in chick embryos can produce an extra limb (Cohn et al. 1995; Niswander et al. 1993; Tanaka et
al. 1995). The AER expresses four other Fgfs (Fgf2, Fgf4, Fgf9, Fgf17), known collectively as
AER-FGFs; however each individual Fgf is not essential for normal limb development.
Homozygous mutant mice for Fgf2, Fgf9, and Fgf17 produce normal limbs (Mariani et al. 2008;
Martin 1998), providing the possibility of redundancy between the various FGF proteins. In the
absence of both FGF4 and FGF activity in the mouse, limb developmental fails (Sun et al. 2002).
Conditional AER-specific Fgf8 knockout mice show mild limb skeletal abnormalities, however in

combination, the loss of function of multiple Fgf genes leads to increasingly severe distal skeletal
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truncation (Mariani et al. 2008; Sun et al. 2002). FGF4 signalling from the AER is also required
for activation of the ZPA and the expression of Shh, forming another positive feedback loop that
contributes to AER maintenance (Hirashima et al. 2008; Niswander 2002; Martin 1998; Zeller et
al. 2009) (Fig. 1.6). Finally, FGF signalling has also been shown to be involved in early and late
phase 5°’HoxA/D expression (Sheth et al. 2013). Early HoxA/D expression is involved in the
maintenance of AER-FGF signalling, which then ensures the expression of FGF-dependent late
phase HoxA/D expression (Sheth et al. 2013) (Fig. 1.6). The contributions of ZPA activity and
5’HoxA/D expression to fin/limb development will be covered in the upcoming sections.
Contribution to the fin-to-limb transition

Based on the AER manipulation experiments performed in chicken embryos, there is
evidence of a correlation between AER signalling and the proportion of limb bone that forms. If
the AER is removed early in limb development, less bone will form compared to AER removal
later in limb development (Saunders 1948; Summerbell 1974). The removal of the AER results in
the disruption of FGF signalling to the mesenchyme in the progress zone, leading to a halt of
proliferation (Martin 1998). Based on this observation, it has been proposed that the persistence of
the AER during limb development may have been a contributor to increased endochondral bone
elements during limb evolution, a hypothesis termed the ‘Clock model’ (Thorogood 1991; Yano
& Tamura 2013). During zebrafish pectoral fin development, the AER transitions into the fin fold
early and therefore results in reduced endochondral bone elements. Lobe-finned fish & extinct
transitional tetrapod species are predicted to have/have had a delay in in the AER-fin fold
transition, resulting in prolonged FGF signalling and an intermediated amount of endochondral
bone. This model is supported by manipulation experiments in zebrafish that have shown the

repeated removal of the fin fold leads to AER persistence and expanded endoskeletal disc
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proportion (Yano et al. 2012). Contrastingly, recent developmental data from the paddlefish and
catshark show conserved transcriptional activity between the fin fold and the AER in tetrapods,
including FGF signalling (Tulenko et al. 2017). This suggests that during fin development “AER-
signalling” is maintained despite the transition into the fin fold, and therefore the expansion of
endochondral bone during limb evolution may not be linked to AER persistence in tetrapods
(Tulenko et al. 2017).
1.6. Zone of Polarising Activity and SHH-signalling

As discussed in the morphological overview of fin and limb development (Section 1.2 and
1.3), the zone of polarizing activity and SHH-signalling is conserved in early fin and limb
development. This section will first provide a detailed description of the functions of this
signalling centre, with an emphasis on limb development. The second part will then discuss the
potential contributions of ZPA-SHH signalling to the evolution of tetrapod stylopod during the
fin-to-limb transition.
Contribution to appendicular development

The zone of polarising activity (ZPA) is a region of mesoderm located at the posterior
edge of the early fin/limb bud (Tickle & Eichele 1994). The ZPA provides positional information
required for anterior-posterior patterning, digit identity, and also contributions to the maintenance
of the AER (Harfe et al. 2004; Harfe 2011; Suzuki 2013). Signalling from the ZPA is achieved
through the morphogen SHH (Riddle et al. 1993; Tickle & Eichele 1994) (Fig. 1.6).
Transplantation of an ectopic ZPA or a SHH bead to the anterior mesoderm of the chick limb bud
results in a mirror-image duplication of the autopod, supporting the role of the ZPA in digit
patterning (Anderson et al. 2012; Lopez-Martinez et al. 1995; MacCabe et al. 1973; Saunders

1972). A proposed model of digit identity states that digits 3, 4, and 5 are composed of Shh-
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expressing cells, with digit 5 (posterior-most) receiving the highest exposure to SHH signalling.
Digit 2 receives the lowest exposure to SHH signalling, and digit 1(anterior-most) is specified
independently of SHH (Baduga et al. 2012; Harfe et al. 2004; Riddle et al. 1993; Suzuki 2013).
Inhibition of SHH signalling in the chick using cyclopamine treatments results in anteriorization
of digit identity (Scherz et al. 2007), and Shh-/- mice only form digit 1 in the hindlimb (Kraus et
al. 2001). This initial contribution of SHH to digit identity is followed by a second phase of Shh
function that is responsible for promoting digit growth (Suzuki 2013). The downstream effector
proteins of SHH signalling are the transcriptional factors GLI1, 2, and 3, with GLI3 required for
digit identity. When SHH is bound to its receptor PTCH1, GLI3 is maintained in its active form,
GLI3A, and induces downstream target gene expression (Litingtung et al. 2002). When SHH is
absent, GLI3 is converted to its repressor form GLI3R (Wang et al. 2000) (Fig. 1.6). Interestingly,
neither Shh nor GIi3 are required for digit formation, as Shh-/-, Gli3 -/-double mutant mice show
polydactylous limbs with no observable digit identity (Litingtung et al. 2002). Instead, it is
proposed that the default state of the limb is to produce many digits, with Shh and Gli3 regulating
digit number and identity through the GLI3A:GLI3R ratio (Hill et al. 2009; Litingtung et al. 2002;
Robert & Lallemand 2006). The ZPA and Shh are induced and maintained by FGF4 from the
AER (Zeller et al. 2009) (Fig. 1.6). SHH signalling then in turn contributes to AER maintenance
through a feedback loop involving Gremlin and BMP proteins, and to the maintenance of
5’HoxA/D expression, through the action of the GLI3A transcriptional activator (Litingtung et al.
2002; Hirashima et al. 2008; Sheth et al. 2013) (Fig. 1.6).
Contribution to the fin-to-limb transition

Much of current research focuses on the distal expansion and elaboration of endoskeletal

bone during limb evolution, however molecular and fossil data propose there was also a reduction

15



in endoskeletal bone in the proximal region of the limb along the anterior-posterior axis (Tanaka
2016). Several chondricthyan and basal actinopterygian species have at least three proximal bones
at the base of their fins, named pro-, meso-, and metapterygium (from anterior to posterior
(Coates 2003; Tanaka 2016) (Fig. 1.7A). Comparatively, the tetrapod stylopod consists of a
single bone, thought to be derived from the ancestral metapterygium (Fig. 1.7B). It has been
proposed that during the fin-to-limb transition, the pro- and mesopterygium were lost due to shifts
in anterior-posterior polarity. Several anterior-posterior patterning genes in the SHH-GLI3
pathway were compared between catshark (chondricthyes) fins and mouse limbs: Alx4, and Pax9,
which pattern anterior structures, and Hand2, which patterns posterior structures (Onimaru et al.
2015). Based on expression differences, it is proposed there was a major shift in positional
identity in tetrapod limbs, becoming more “posteriorized”, and this may have contributed to the
loss of anterior structures (Onimaru et al. 2015; Tanaka 2016). During early limb development,
HAND2 and GLI3 mutually repress one another, while HAND2 and SHH have a positive
feedback loop, with HAND2 contributing to the initial activation of Shh (Fernandez-Teran et al.
2000; teWelscher et al. 2002) (Fig. 1.6). During basal fish fin development, Gli3 is expressed in
the entire anterior-posterior length of the fin. This is a marked difference compared to limb
development, where Gli3 is restricted anteriorly due to HAND?2 activity. Therefore, it is suggested
that the mutually antagonistic activity between GLI3 and HAND2 is weak or non-existent in basal
fish (Tanaka 2016). There is also a delay in timing and a reduction in length of SHH activity
during basal fish fin development (Sakamoto et al. 2009). As a reminder, SHH prevents the
conversion of GLI3 to GLI3R and the ratio of GLI3R:GLI3A establishes anterior-posterior
identity (Litingtung et al. 2002; Wang et al. 2000) (Fig. 1.6). It is proposed that lower levels of

5’HoxD transcripts, and decreased HAND?2 contribute to differences in SHH activity in basal fish
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(Fernandez-Teran et al. 2000; Sakamoto et al. 2009). In summary, Gli3 expression in the entire
anterior-posterior length of the fin, and the failure of SHH to prevent the conversion of GLI3 to
GLI3R in the posterior half of the fin, would lead to an increased anterior identity in the fins of
basal fish (Onimaru et al. 2015; Tanaka 2016).
1.7. 5’HoxA/D-signalling

This section will first summarize what is known about the regulation of Hox genes during
fin and limb development, followed by a summary of the contributions of 5’HoxA/D signalling to
fin and limb patterning including the activation and maintenance of the AER and ZPA. The
second part of this section will discuss the potential contributions of 5’HoxA/D signalling to
endochondral bone expansion and the evolution of the autopod during the fin-to-limb transition.
Contribution to appendicular development

Homeobox (Hox) genes code for transcription factors that contribute to axial patterning of
many structures (Burke et al. 1995; Kessel and Gruss 1991; Krumlauf 1994). They are arranged
sequentially forming clusters. Non-teleost vertebrates have four Hox clusters: HoxA, HoxB, HoxC,
and HoxD and teleost fish have seven Hox clusters: hoxAa, hoxAb, hoxBa, HoxBb, hoxCa, hoxCb,
and hoxDa, owing to a whole-genome duplication event that occurred, followed by a loss of the
entire hoxDb cluster. The spatial and temporal expression of these genes correlates with their
position on the chromosome, with those located at the telomeric (3’) side being expressed earlier
and more anteriorly/proximally than those at the centromeric (5°) side of the cluster (Zakany et al.
2004; Zakany & Duboule 2007). Patterning identity is then governed by the specific set of Hox
genes being expressed, termed the Hox code. Patterning of the fin and limb is regulated by the set
of Hox genes located at the centromeric side of the HoxA, and HoxD clusters (Hoxa9-13, Hoxd9-

13), termed 5’HOXA/D genes collectively (Ahn & Ho 2008; Freitas & Zhang 2007; Woltering et
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al. 2014; Zakany et al. 2004). During fin and limb development 5’HoxD genes have two distinct
waves, or phases, of expression that are controlled by regulatory landscapes on either side of the
Hox clusters (Ahn & Ho 2008; Freitas & Zhang 2007; Woltering et al. 2014; Zakany et al. 2004).
The first phase is controlled by enhancer elements located on the telomeric side of the cluster,
known as the early limb control region (ELCR), and the second or “late” phase is regulated by
enhancer elements on the centromeric side of the cluster, called the global control region (GCR)
(Tarchini & Duboule 2006; Zakany et al. 2004). All 5’HoxA limb enhancers are located on the
telomeric side of the cluster interspersed between neighbouring genes (Berlivet et al. 2013;
Gehrke et al. 2015). As with patterning of the entire larvae, each fin/limb segment along the
proximal-distal axis is determined by a distinct Hox code (Zakany & Duboule 2007). The
mutation of the Hox13 genes (Hoxd13, Hoxal3) results in a loss of distal most fin/limb structures:
fin rays in fish, and the autopod in mice (Fromental-Romain et al. 1996; Nakamura et al. 2016).
Mice lacking Hox11 genes form a severely truncated zeugopod and the removal of the entire
HoxA and HoxD clusters halt limb growth mid-stylopod (Davis et al. 1995; Kmita et al. 2005).
The 5’HoxA/D genes also contribute to the activation and maintenance of the ZPA and AER (Fig.
1.6). Ectopic expression of Hoxd11-13 in the anterior portion of the limb bud activates Shh
expression, while deletion of both HoxA/D clusters results in an absence of Shh expression in the
normal posterior limb domain (Kmita et al. 2005; Zakany et al. 2004). First phase 5’HoxA/D
expression contributes to the activation and function of Hand2, which governs Shh activation in
the ZPA (Galli et al. 2010; Xu & Wellik 2011) (Fig. 1.6). Second phase 5’HoxA/D expression
then relies on SHH inhibiting the formation of GLI3R from GLI3 (Litingtung et al. 2002) (Fig.
1.6). AER function is also impaired in HoxA/D null mice, as Fgf8 expression is disrupted (Sheth

et al. 2013). It was found that first phase 5’HoxA/D expression is required for Fgf8 activation in
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the AER through their regulation of Grem1 and Fgf10 in the limb bud mesenchyme (Sheth et al.
2013) (Fig. 1.6). Finally, the anterior expansion of Greml required for AER-FGF maintenance
also depends upon 5’HoxA/D genes, independent of their role in Shh activation (Sheth et al.
2013). The AER-FGFs then in turn contribute to the activation of late-phase 5’HoxA/D expression
(Niswander et al. 1994; Sheth et al. 2013) (Fig. 1.6).
Contribution to the fin-to-limb transition
Due to their contribution to ZPA and AER activation and maintenance and their role in
proximal-distal appendicular patterning, the 5’HOXA/D genes have been a major focus for
researchers hoping to elucidate some of the molecular mechanisms that contributed to the fin-to-
limb transition (Shubin et al. 1997; Sordino et al. 1995; Yano & Tamura 2013). Specifically, it is
proposed that changes in the regulation of these genes contributed to the evolution of the
tetrapod autopod, and the loss of anterior proximal bones in basal fish. To identify enhancer
elements responsible for the activation of the 5’HoxA/D genes in mice and fish, the telomeric
and centromeric regulatory landscapes have been probed using chromatin signature assays
(ATAC-seq, H3K27ac, 4C etc.) and sequence conservation analysis (Amemiya et al. 2015;
Berlivet et al. 2013; Gerhke et al. 2015; Gonzalez et al. 2007; Schneider et al. 2011; Sheth et al.
2016; Spitz et al. 2003). Putative enhancer elements are then tested for transcriptional activity by
creating transgenic reporter animals (Amemiya et al. 2015; Berlivet et al. 2013; Gerhke et al.
2015; Gonzalez et al. 2007; Schneider et al. 2011; Sheth et al. 2016; Spitz et al. 2003).
Transgenic swap experiments are performed to test differential enhancer activity between fish
and mice and elucidate potential 5°’HoxA/D regulatory changes during the fin-to-limb transition

(Gehrke & Shubin 2016; Gordon & Ruvinsky 2012). 5°’HoxA/D regulatory conservation and
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divergence and their implications for the fin-to-limb transition will be extensively covered in the
discussion of this thesis.

An expansion or increase in 5 ’HoxA/D transcripts has been linked with several aspects of
limb evolution, including the evolution of the autopod, and the reduction of anterior proximal fin
bones. During the early stages of limb development, first phase 5 HoxA/D expression promotes
SHH signalling, through the activation of Hand2 (Onimaru et al. 2015; Tanaka 2016).During
limb evolution, increased Hand2 and Shh activity through changes in regulation of early phase
5’HoxA/D genes, would lead to anterior-restricted Gli3 expression, and the inhibition of GLI3R
formation in the posterior limb field. This is predicted to have led to an increased posterior
positional identity in the fin, and a loss of anterior proximal fin structures (pro- and
mesopterygium) (Onimaru et al. 2015; Tanaka 2016). During later stages of limb development, a
feedback loop is established directly between Shh and late phase5’HoxA/D. It has been shown
that Shh activation occurs through the binding of HOXD proteins in a dose-dependent manner
(Capellini et al. 2006; Sagai et al. 2005). Prolonged activation of Shh and late phase 5’HoxA/D
genes is predicted to have contributed to anterior-posterior positional identity during autopod
evolution (Tanaka 2016; Sheth et al. 2012; Sheth et al. 2013).

Autopod evolution has also been linked to a change in regulation of Hoxall during the fin-
to-limb transition (Metscher et al. 2005; Sordino & Duboule 1996; Tanaka 2016; Woltering et al.
2014; Yano & Tamura 2013). During mouse limb development, Hoxall is restricted proximally
in the limb bud following the activation of Hoxal3. The Hoxall locus is known to interact with
distal limb enhancers, and Hoxal0 is expressed distally (Woltering et al. 2014). Hoxal3/Hoxd13
null mutant mice show a distal extension of Hoxall to the autopod region and in fish species,

hoxall (hoxallb in zebrafish) and hoxal3 (hoxal3a & hoxal3b in zebrafish) have largely
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overlapping domains of expression in the distal fin regions (Ahn & Ho 2008; Metscher et al.
2005; Sheth et al. 2014). This suggests that changes in regulation of Hoxall, with potential
contributions from Hoxal3 and Hoxd13, may have contributed to autopod evolution during the
fin-to-limb transition. Additionally, antisense long non-coding RNAs (IncRNAs) have been
identified at the Hoxall locus, that display complementary expression with Hoxall in the limb
bud and overlapping expression with Hoxal3 in the autopod (Hsieh-Li et al. 1995). The
contributions of these IncRNAs should also be investigated to determine if they contribute to
changes in regulation of Hoxall in tetrapods. Chapter 5 of this thesis discusses the mechanisms
of Hoxall distal repression in tetrapod limbs and the implications for limb development and
evolution.

Finally, modulation of 5’HoxA/D expression has been linked to endochondral bone
expansion through a shift in distal mesenchymal cell fate during the fin-to-limb transition (Ahn
& Ho 2008; Nakamura et al. 2016; Paco & Freitas 2017). During zebrafish fin development, late
phase hoxal3-expressing distal fin mesenchyme contributes to dermal fin rays (Nakamura et al.
2016). In mice, Hoxal3-expressing cells contribute to the endochondral bone of the autopod,
suggesting a shift in distal mesenchymal cell fate from dermal to endochondral bone progenitors
(Scotti et al. 2015). Furthermore, hox13 (hoxal3a, hoxal3b, hoxd13a) null zebrafish mutants
show an absence of dermal fin rays, while also displaying an expansion of endochondral bone
elements (Nakamura et al. 2016). It is proposed that in the absence of 5’HoxA/D expression,
distal fin mesenchyme fails to migrate through the fin fold and remains proximally restricted in
the fin bud (Nakamura et al. 2016). This would lead to simultaneous restriction in the distal fin
dermal skeleton, and an expansion of proximal endochondral bone. More evidence is required to

confirm a link between 5’HoxA/D regulatory changes and defects to fin mesenchyme migration.
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Furthermore, the consequences of fin mesenchyme migration defects on dermal fin ray

development need to be determined. Chapter 4 of this thesis explores the consequences of fin

mesenchyme defects on fin fold, actinotrichia, and fin ray formation.
1.8. Zebrafish as a model for fin-to-limb transition studies

For this thesis we have used the zebrafish as our experimental fish model to explore the
molecular and morphological changes during the fin-to-limb transition. This section will
summarize the well known advantages of this model as well as apparent morphological and
genomic shortcomings of this derived teleost fish.
Advantages
The zebrafish is a frequently used model organism for developmental, molecular and cell

biology (among others) (Nusslein-Volhard and Dahm, 2002). It is estimated that over 3250
institutes throughout 100 countries utilize this freshwater teleost species for research purposes
(Lidster et al. 2017). As fish paired fins are homologous to tetrapod limbs, zebrafish are also being
used to investigate the molecular mechanisms that contributed to the evolution of limbs from fins.
The use of zebrafish for fin-limb evolution studies offers the same research advantages as many
other fields of biology. In terms of physiology, zebrafish are small, easy to maintain, develop
rapidly, and have transparent embryos. Like other fish, zebrafish use external fertilization and can
produce upwards of 300 embryos per breeding, facilitating the observation of early developmental
stages. In terms of genomics, the zebrafish genome has been fully sequenced and shares a large
number of orthologous genes with other terrestrial vertebrate genomes (Howe et al. 2013). The
zebrafish genome is easily amenable to genetic manipulation, with the generation of transgenic

and mutant animals being one of the greatest assets of zebrafish research.
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Transgenic zebrafish are produced by microinjection of a plasmid containing a transgene
of interest into 1-cell stage zebrafish embryos. Transgene integration efficiency has been greatly
improved with the development of the Tol2 system (Kawakami 2007). Tol2 is an autonomous
transposable element originally identified in the Medaka (Kawakami 2007). Briefly, Tol2 arms
(150-200bp) flank the transgene in the plasmid, which is then coinjected with the transposase
mRNA from the original Tol2 gene. The transposase catalyzes the transposition of the transgene
into the genome using a “cut & paste” method. Multiple single copy insertions are observed,
which is beneficial to avoid transgene silencing (Kawakami 2007). Tandem insertions have been
reported to result in in vivo silencing, resulting in an absence of transgene expression (Kawakmi
2007). Some negative aspects of this system include so-called positioronal effects, where the
transgene may have impacts on surrounding genes or vice-versa resulting in variable transgene
expression between animals or disruption of endogenous gene function (Roberts et al. 2014).
Other methods are being developed in order to maintain consistency of transgene integration sites
between animals, including the PhiC-31-based integration system (Roberts et al. 2014). The
practical applications of transgenic zebrafish are virtually limitless. Research groups are using
transgenic zebrafish for gain- and loss-of-function studies, cell-lineage tracing & cell ablation
experiments, regulatory element identification & analysis, and finally, fluorescent animals are also
simply used to highlight and study specific developmental processes (Kawakami 2007; Lin 2000;
Mathias et al. 2014; Mosimann et al. 2011). The development of transgenic reporter lines to
identify and study regulatory elements and transgenic lines for cell ablation purposes are relevant
to this thesis.

The discovery of the CRISPR/cas9 system for genome manipulation has greatly facilitated

the generation of mutant zebrafish lines (Doudna & Charpentier 2014; Gaj et al. 2013; Hwang et
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al. 2013; Li et al. 2016). Originally from bacteria, CRISPR sequences are used to protect host
bacteria against the invasion of viral DNA. Is system has since been coopted for genome
modification purposes (Rath et al. 2015; Sontheimer Barrangou 2015). This system can be used
to produce single nucleotide polymorphisms (SNPs), insertion/deletions (INDELSs), large scale
deletions, or to introduce specific sequences, at any given locus of choice (Li et al. 2016; Sander
& Juong 2014). The most frequent application of this technique is gain- and loss-of-function
studies. The CRISPR/cas9 system involves two components: the synthetic guideRNA (gRNA)
and the cas9 endonuclease. The gRNA is designed from your locus of interest, and directs the
cas9 endonuclease to your target sequence, which is then cleaved. The target sequence must be
followed by a protospacer adjacent motif (PAM), typically a 5°-NGG-3", or cas9 will not bind to
or cleave the DNA (Doudna & Charpentier 2014; Gaj et al. 2013; Hwang et al. 2013; Li et al.
2016. CRISPR/cas9 zebrafish mutants are produced by microinjecting guideRNA(S) (specific to a
locus of interest) and cas9 mRNA/protein together into 1-cell stage embryos. The gRNA/cas9
complex will produce double stranded DNA breaks at your locus of interest, which are then
repaired by means of non-homologous end joining (NHEJ) (Li et al. 2016; Sander & Juong 2014).
NHEJ is an imperfect system for DNA repair and can produce SNPs as well as relatively small
INDELs which may result in frameshift errors and premature stops in protein translation.
Coinjection of multiple gRNAs simultaneously can produce large scale deletions between target
sites, and specific sequences can be inserted by providing template DNA in the form of plasmid or
single stranded DNA (Albadri et al. 2017; Xiao & Zhang 2016). For insertions, homology arms
are required on the template DNA which triggers homology-directed repair instead of NHEJ

following double stranded DNA breaks by the Cas9 protein (Albadri et al. 2017; Li et al. 2016).
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With regards to this thesis, the generation of CRISPR/cas9 mutants for multiple projects is
considered ongoing work and is addressed in the discussion section.
Disadvantages

Despite all the tools that make zebrafish a fantastic model organism, the highly derived fin
morphology and the duplicated genome are traits that make zebrafish less desirable for studying
the evolutionary transition from fins to limbs. To gain a better understanding of appendicular
endochondral bone expansion and elaboration during limb evolution, researchers must first be
preview to the ancestral state of the fin endochondral bone. Furthermore, investigating the
molecular mechanisms that are representative of ancestral fish fin development would help dissect
tetrapod-specific changes that contributed to the fin-to-limb transition. The fin of chondrichthyan
species (catshark), basal and derived actinopterygian species (paddlefish and zebrafish), and
tetrapod limbs have been compared to known transitional fossil samples (Fig. 1.7) (Coates 2003;
Davis 2013; Mabee & Noordsy 2004; Tanaka 2016). The comparison reveals a truncation in the
proximal endochondral bones along the anterior-posterior axis, and an expansion and elaboration
of the distal most bones (Shubin et al. 2004; Shubin et al. 2006; Shubin et al. 2014; Tanaka 2016).
The loss of anterior segments pro- and mesopterygium during limb evolution has previously been
discussed in this introduction (Fig. 1.7A-C) (Onimaru et al. 2015; Tanaka 2016). The presence of
the pro- and mesopterygium in the paddlefish fin suggests they were lost uniquely in the
sarcopterygian lineage (Fig. 1.7C) (Tanaka 2016). The zebrafish fin endochondral bone consists
of four proximal radials and 10-12 distal radials, having lost the posterior-most proximal bone, the
metapterygium, which is still retained in the paddlefish fin (Fig. 1.7B-C) (Coates 1994; Coates &
Cohn 1998; Grandel & Schulte-Merker 1998). Taken together, it presents a step-wise truncation in

fin endochondral bone from the catshark to the zebrafish, revealing a highly derived fin structure
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that seems to lack any homologous element to that of the tetrapod stylopod (Fig. 1.7B-D). Instead,
basal actinopterygian species like the paddlefish may represent a more accurate representation of
the ancestral fish fin state prior to the fin-to-limb transition (Fig. 1.7C). Indeed, the paddlefish fin
endochondral bone appears to be an attractive intermediate between the catshark fin, and the
tetrapod limb (Fig. 1.7A-C). Thus, investigating the molecular mechanisms that contribute to
zebrafish fin development may not be an accurate baseline to highlight differences with tetrapod
limb development. Researchers have now expanded their analyses to include a phylogenetically
broad range of fish species (including the catshark and paddlefish) to attain a more complete
picture of the molecular mechanisms that contributed to fin development in ancestral fish species
(Onimaru et al. 2015; Tanaka 2016; Tulenko et al. 2016; Tulenko et al. 2017).

Many researchers are focused on identifying the molecular mechanisms that contributed to
the fin-to-limb transition. Simplified, this can consist of first identifying genes important for fin
and limb development, determining if orthologs of these genes exist between fish and tetrapods,
and then testing for any relevant divergence in gene functionality. This can be somewhat difficult
when considering the phylogenetic gap between telelosts (which include zebrafish) and tetrapods.
To make matters worse, the teleost genome has undergone three whole genome duplication events
(WGD), two common to all vertebrates and one unique to teleosts (Dehal & Boore 2005; Howe et
al. 2013; Taylor et al. 2003). It is well known that ohnologs/paralogs experience high sequence
and functional divergence following gene duplication events (Brookfield 2003; De smet et al.
2017; Warren et al. 2014). Paralogs are the descendent genes following a gene duplication event,
whereas ohnologs are the descendent genes specifically from a whole genome duplication event
(Singh et al. 2015). Finally, it has been determined that teleosts uniquely have rapid rates of

sequence evolution (Amemiya et al. 2013; Venkatesh et al. 2014). In summary, ortholog

26



identification is not always possible between zebrafish and tetrapods, and it can be extremely
challenging to discern if regulatory or coding sequence divergence contributed to relevant
functional differences during the fin-to-limb transition or are simply derived teleost-specific
modifications. To that end, the genomes of the spotted gar and the coelacanth have been
sequenced, two fish who share a more recent common ancestor with tetrapods than the zebrafish.
The spotted gar is a ray-finned fish whose lineage split prior to teleost evolution, and whose
genome remains in an unduplicated state, and the coelacanth is deep sea dwelling lobe-finned fish
whose form has remained virtually unchanged in 360 million years (Amemiya et al. 2013;
Braasch et al. 2016). Comparing the genomes of these fish to the tetrapod genome can provide,
with more certainty, that instances of tetrapod-specific gene loss/sequence divergence and of
differential gene regulation may have had functional relevance during the fin-to-limb transition.
Unfortunately neither of these fish are practical for laboratory use, and the molecular tools are not
yet available to produce transgenic or mutant animals. Therefore, zebrafish are still the gold
standard fish for performing gene and regulatory element functional assays to test predictions
from spotted gar and coelacanth genomic analysis (Amemiya et al. 2013; Braasch et al. 2016;
Gehrke et al. 2015).
1.9. Transgenic swap experiments

While the comparison of fish and tetrapod genomes has revealed a promising list of
candidate genes that have been lost during the fin-to-limb transition, it is predicted in many
instances that regulatory evolution is a major contributor to morphological changes during limb
evolution (Amemiya et al. 2013; Prud’Homme et al. 2007; Zhang et al. 2010). In fact, it is also
predicted that regulatory evolution can lead to gene loss (Lalonde et al. 2016). Gene regulation

relies on two main components: the transcription factor (TF) (trans regulation) and the TF-binding
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domain (cis regulation), with both elements being susceptible to evolution (Gordon & Ruvinsky
2012; Wittkopp et al. 2004). Epigenetics and chromatin accessibility can also influence the
binding of transcription factors to regulatory elements (Li et al. 2011). A common way of testing
enhancer functionality is to place the cis-acting regulatory element(s) (CRE) upstream of a
minimal promoter and a reporter gene (eGFP, mCherry, LacZ etc.) and then creating a transgenic
reporter animal. The organism that provides the enhancer element is considered the donor, and the
organism where the enhancer element is being tested is considered the host (Gehrke & Shubin
2017; Gordon & Ruvinsky 2012). To uncover events of regulatory evolution researchers use
transgenic swap experiments, where the donor and host organisms do not match. To uncover
instances of regulatory evolution during the fin-to-limb transition fish (donor) enhancer elements
are tested in mice (host), and vice-versa. A summary of these experiments is provided in the
discussion of this thesis. When a CRE is tested in its native trans environment (host and donor
match), the interpretation of enhancer functionality is straightforward, however when the host and
donor organisms do not match there can be limitations to the interpretation of the results (Gehrke
& Shubin 2017; Gordon & Ruvinsky 2012). A frequent problem is that donor CRE functionality
is unknown in its native trans environment due to limitations of the organism (ie. the molecular
tools are not available to create transgenic animals). In this case, negative results when the CRE is
tested in a non-native trans environment do not yield any conclusions (Gehrke & Shubin 2017;
Gordon & Ruvinsky 2012). To partially circumvent this problem, CREs can be tested in a closely
related host model organism (ie. testing spotted gar enhancers in zebrafish) prior to being tested in
a phylogenetically distant host organism (ie. testing spotted gar enhancers in mice) (Amemiya et
al. 2013; Braasch et al. 2016; Gehrke et al. 2015; Gehrke & Shubin 2017; Gordon & Ruvinsky

2012). Another limitation to transgenic swap experiments is that donor CRE may fail to elicit
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expression in host organisms for reasons independent of events of regulatory evolution. In a
process known as developmental systems drift (DSD), both the donor and the host organisms can
experience evolution in cis and trans that results in an inability of the host’s trans system to
decode the donor cis sequence. It is predicted that the bigger the phylogenetic gap between host
and donor species, the higher the potential for DSD (Gehrke & Shubin 2017; Gordon & Ruvinsky
2012; True and Haag 2001) (Fig. 1.1). For example, it has been shown that zebrafish CREs
(donor) are not always functional in mice (host), however orthologous spotted gar CREs (donor)
are functional (Gehrke et al. 2015). In this case the phylogenetic gap between the spotted gar and
the mouse is smaller than that between the zebrafish and the mouse. As previously discussed,
teleosts have experienced rapid sequence divergence and have undergone an additional genome
duplication event, and thus the zebrafish (donor) likely experienced instances of CRE evolution
which render it no longer recognisable by the trans system in the mouse (host) (Braasch et al.
2016; Gehrke et al. 2015; Gehrke & Shubin 2017).
1.10. Nitroreductase/Metronidazole cell ablation system

This section describes in detail the system that was utilized for zebrafish fin fold
mesenchyme ablation in Chapter 1V. Cell ablation is a common in vivo strategy in development
biology to identify cell lineage relationships, study cellular function, and observe regenerative
processes (Grégoire & Kmita 2004). The nitroreductase (NTR)/metronidazole (MTZ) system is an
inducible method that allows for spatial and temporal control of cell ablation (Clark et al. 1997;
Curado et al. 2007). To ensure cell specificity, the gene encoding the E. coli NTR can be
expressed in a tissue-specific manner using cis-acting regulatory elements. In the presence of the
NTR enzyme, the prodrug MTZ is converted into a cytotoxic DNA cross-linking agent that results

in cell ablation by apoptosis (Curado et al. 2007; Lalonde & Akimenko 2018; Mathias et al. 2014)
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(Fig. 1.8). This system yields no bystander effect as only cells expressing the NTR-encoding gene
will be ablated, leaving neighbouring cells unharmed. For zebrafish use, the MTZ can be readily
dissolved in the embryo media or adult system water (with 1% DMSO) (Curado et al. 2007;
Mathias et al. 2014), allowing for precise temporal control. To facilitate NTR visualization in
transgenic zebrafish, the NTR-encoding gene can be coupled with a fluorescent reporter gene.
Following MTZ exposure, the loss of fluorescence is good evidence the ablation system is
functional, however cell death should be confirmed via cell death assays (Lalonde & Akimenko
2018). One major negative aspect to this system is the inherent toxicity of the MTZ prodrug at
high concentrations or with long exposure times (Mathias et al. 2014). There is no standard MTZ
treatment as distinct cell types require varying exposure concentrations and lengths. Personalized
treatment protocols should be established after consulting published literature (Mathias et al.
2014). In order to ensure observed defects are in fact due to cell ablation, and not inherent MTZ
toxicity or development defects within the transgenic line, treatments should be conducted in
parallel with controls. There are two suggested (required) controls: NTR-transgenic fish exposed
to DMSO only (vehicle for MTZ), and WT fish exposed to equal concentrations of MTZ. Both
controls should yield similar or identical results, confirming any effect in the experimental group
is due to cell ablation. Finally, to minimize the effects of MTZ toxicity, a triple mutant variant of
the NTR enzyme has been developed specifically for zebrafish use that yields higher ablation
efficiency at lower MTZ exposure concentrations and lengths (Mathias et al. 2014). This NTR
variant was used for the ablation studies described in chapter 1V.
1.11. General Objectives

Our goal was to investigate and elucidate some of the molecular and morphological

changes that may have contributed to appendicular dermal and endochondral bone changes during
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the fin-to-limb transition. In chapter Il, we explored the mechanisms of actinodin regulatory
evolution. The actinodin gene family is absent from all tetrapod genomes, suggesting it was lost
during limb evolution. We predict changes in regulation of the actinodin genes likely contributed
to their loss; therefore, we set out to identify and characterize the cis-acting regulatory elements of
actinodinl in zebrafish. To test for changes in regulation during tetrapod evolution, we then
observed the functionality of the actinodinl zebrafish regulatory elements in mice. We predict
changes in the regulation of actinodinl would have had consequences on actinotrichia formation
and distal fin mesenchyme migration.

Both actinotrichia and distal fin mesenchyme defects have been proposed as events that
may have led to the loss of fin dermal bone during limb evolution. In chapter IlI, we used the
NTR/MTZ system to ablate the distal fin mesenchyme during early and late larval zebrafish
development. Our goal was to directly test the effects of distal fin mesenchyme defects on fin
development. We were specifically interested in elucidating the role of these cells in fin fold,
actinotrichia, and fin ray formation.

Changes in regulation of 5’HoxA/D genes have also been consistently linked to
morphological changes during the fin-to-limb transition. We have highlighted how they may in
fact have had consequences for actinodin regulatory evolution, while others have suggested their
contributions to changes in the capacity of distal fin mesenchyme to migrate correctly. Chapter IV
explores how changes in regulation of Hoxall in tetrapods may have contributed to autopod
evolution, particularly digit number. We sought to identiy a novel tetrapod-specific regulatory
element in mice that contributes to the distal repression of Hoxall during limb development.

Using zebrafish, we then wished to confirm such regulatory element does not exist in bony fish.
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1.12. Figures

Extinct transitional tetrapods

Spotted gar & Lungfish &
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Figure 1.1. Phylogenetic tree of representative extinct and extant ray-, lobe-finned fish, and
transitional and non-transitional tetrapods. Spotted gar and polypterus are representative basal
ray-finned fish that split from teleosts prior to the whole-genome duplication (WGD). Lungfish and
Coelacanth are the only remaining extant lobe-finned fish, whose lineage split from ray-finned fish
around 450 million years ago. As lobe-finned fish possess only a single proximal fin bone similar to
the tetrapod limb, some consider the stylopod evolved after the split from ray-finned fish.
Eusthenopteron, Panderichthys, Tiktaalik, Acanthostega, Ichthyostega are extinct lobe-finned fish
and transitional tetrapod species identified from fossils. Loss of fin rays and evolution of digits
occurred prior to the split of Acanthostega and living tetrapods. The pentadactyl, or 5-digit state
evolved in the lineage leading to extant tetrapods. Number of identified actinodin genes is

presented. WGD = Whole genome duplication.
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Figure 1.2. Morphological overview of zebrafish fin and mouse limb development. Fin and
limb development starts with the formation of a bud made up of mesenchymal cells derived from
the lateral plate mesoderm covered in ectoderm (A, D). The distal most ectoderm thickens to form
a signalling centre known as the apical ectodermal ridge (AER) (A, D). During fin development,
the AER will fold and elongate transitioning into the fin fold. The proximal mesenchyme will
condense and chondrify to form the endoskeletal disc (B). Lepidotrichia, the bones of the fin rays,
form via intramembranous ossification (C), and the proximal and distal radials (not pictured, see
figure 1.3.) will form via endochondral ossification. The bones of the mouse limb will form
entirely through endochondral ossification (E, F). The autopod, which consists of the hand and
wrist elements, is highlighted with LacZ staining (E, F). AER = Apical ectodermal ridge, ED =

Endoskeletal disc, FF = Fin fold, LP = Lepidotrichia.
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Figure 1.3. Fin fold and actinotrichia formation in zebrafish pectoral fin. The distal ectoderm
(formerly AER) folds and extends to form the pectoral fin fold (A). Two rows of actinotrichia
support the fold as fin fold extension proceeds (A, B). Migrating mesenchyme will then invade the
fin fold, using the actinotrichia as a scaffold (B). MMC = migrating mesenchymal cell. Figure

adapted from Wood & Thorogood 1984.
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Figure 1.4. Dermal and Endochondral bone formation in zebrafish pectoral fin. The
endoskeletal disc undergoes cartilaginous decomposition to form the four proximal radial bones
(A-C). Distal radials are formed from de novo condensations within the distal rim mesenchyme
starting anteriorly (B-C). Lepidotrichia first appear in the anterior fin fold as condensations of
alcian-blue stained proteoglycans (B). Fin rays are formed via intramembranous ossification from
proximal to distal. Actinotrichia are now located distal to each fin ray (C). The standard length of
the fish is indicated in the bottom right corner of each panel. Numbers 1-4 are lebeling the
presumptive proximal radials. AC = actinotrichia, DR = distal radial, ED = endoskeletal disc, FF

= fin fold, LP = lepidotrichia, PR = proximal radial.

35



A B C
Bud BER AER
AER e/
e
‘ N
E9.5 E11.5 E12.5

D

Stylopod Zeugopod Autopod
| | 1

E14.5

Figure 1.5. Endochondral bone formation in mouse forelimb. The AER of the mouse forelimb

persists until just after E12.5 (A-C). By E11.5, stylopod cartilage condensations are observed in

the proximal part of the developing limb (B). By E12.5, cartilage condensations are observed for

all three distinct segments (stylopod, zeugopod & autopod), however not all digits are present (C).

By E14.5, all cartilage elements are present and distinct digits are visible following interdigital

cell death and retraction (D). AER = apical ectodermal ridge.
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Figure 1.6. Overview of early fin & limb signalling pathways. (A-D)Schematic representation
of AER-FGF, ZPA-SHH, and 5’HoxA/D signalling pathways. Partial pathays depicted (A-C), and
combined image (D). Contributions to early fin and limb development are detailed in the text

(Chapters 1.5, 1.6, and 1.7). AER = Apical ectodermal ridge, ZPA = Zone of Polarizing activity.
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Figure 1.7. Appendicular bone/cartilage structure in tetrapods, catshark, paddlefish, and
zebrafish. The tetrapod stylopod is thought to be homologous to the metapterygium present in the
catshark and paddlefish pectoral fin (blue) (A-C). The tetrapod limb has lost the pro- and
mesopterygium that is present in the catshark, paddlefish, and zebrafish pectoral fin (green, and

purple) (A-C). Zebrafish have lost the posterior-most proximal endochondral bone

(metapterygium) (D).
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Figure 1.8. Nitroreductase/metronidazole cell ablation system. The nitroreductase-encoding
gene is linked to the yellow fluorescent protein via the “2A” self-cleavable peptide. Under the
control of mesenchymal-specific cis-acting regulatory elements, the transgene is transcribed and
translated in only mesenchymal cells. Upon addition of the MTZ prodrug, NTR will convert the
MTZ to a cytotoxic DNA cross-linking agent, resulting in mesenchymal cell ablation. In
neighbouring cells, NTR is not produced, MTZ is not converted to a cytotoxic form and cell
ablation does not occur. Mes = mesenchymal regulatory element, NTR = nitroreductase, YFP =

yellow fluorescent protein.
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CHAPTER 2

Differential actinodin regulation in zebrafish and mouse appendages
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2.1. Notes on Chapter

The present chapter has been published in Developmental Biology as per the following citation:
Lalonde RL, Moses D, Zhang J, Cornell N, Ekker M, Akimenko MA.
Differential actinodinl regulation in zebrafish and mouse appendages. Developmental Biology.
2016; 417(1):91-103.

Author contributions

R.L.L. amplified and cloned the majority of the genomic fragments to identify tissue-specific
enhancer elements as well as the promoting region. R.L.L. performed transient analysis including
rates of eGFP positive embryos, and percentages of fin fold fluorescence coverage. R.L.L.
obtained and analysed all transgenic reporter lines in order to visualize the order of andl
activation during fin fold development. R.L.L. identified smaller regions (22bp and 20bp) within
our enhancer fragments, critical for reporter activation in the epithelial and mesenchymal cells
respectively. D.M., N.C., cloned some of the original truncated ectodermal constructs and
performed preliminary injection statistics. J.Z. collected and analyzed the transgenic mouse
embryos. M.E. supervised the transgenic mouse generation and provided critical reading of the
manuscript; M.-A.A. conceived the project and directed the study. R.L.L and M.-A.A. wrote the
manuscript.

Project Introduction & Objectives

Mechanisms of actinodin regulatory evolution; contributions to fin dermal bone loss
Actinotrichia are crucical for proper fin fold formation, and the invasion of fin mesenchyme
through the fold and defects in actinotrichia have been proposed as a mechanism of fin dermal
bone loss during the fin-to-limb transition. Furthermore, this gene family is absent from all

tetrapod genomes suggesting their loss may have contributed to the fin-to-limb transition.
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Objective 1: ldentify zebrafish actinodinl cis-acting regulatory elements and test their
functionality in tetrapods (Chapter I11)

We propose that changes in actinodin regulation preceded their disappearance from the tetrapod
genome. We therefore set out to identify and characterize the fin-specific actinodinl cis-acting
regulatory elements in zebrafish using transgenic fluorescent constructs. To provide evidence to a
change in regulation during tetrapod evolution (trans evolution), we then tested the functionality

of actinodinl cis-acting regulatory elements in limbs using transgenic reporter mice.

42



2.2. Abstract

The fin-to-limb transition is an important evolutionary step in the colonization of land and
diversification of all terrestrial vertebrates. We previously identified a gene family in zebrafish,
termed actinodin, which codes for structural proteins crucial for the formation of actinotrichia,
rigid fibrils of the teleost fin. Interestingly, this gene family is absent from all tetrapod genomes
examined to date, suggesting that it was lost during limb evolution. To shed light on the
disappearance of this gene family, and the consequences on fin-to-limb transition, we
characterized actinodin regulatory elements. Using fluorescent reporters in transgenic zebrafish,
we identified tissue-specific cis-acting regulatory elements responsible for actinodinl
(andl) expression in the ectodermal and mesenchymal cell populations of the fins, respectively.
Mutagenesis of potential transcription factor binding sites led to the identification of one binding
site crucial for and1 expression in ectodermal cells. We show that these regulatory elements are
partially functional in mouse limb buds in a tissue-specific manner. Indeed, the zebrafish
regulatory elements target expression to the dorsal and ventral ectoderm of mouse limb buds.
Absence of expression in the apical ectodermal ridge is observed in both mouse and zebrafish.
However, cells of the mouse limb bud mesoderm do not express the transgene, in contrast to
zebrafish. Altogether these results hint for a change in regulation of and1 during evolution that led
to the downregulation and eventual loss of this gene from tetrapod genomes.
2.3. Introduction

The terrestrialization of tetrapods was a major evolutionary achievement and was the basis
for the diversification of all future land vertebrates (Ahlberg and Clack, 2006; Ahlberg and
Milner, 1994; Daeschler et al., 2006). Among the most important innovations was the tetrapod

limb. Tetrapod fore- and hindlimbs evolved from the pectoral and pelvic fins of ancestral lobbed-
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finned fish (sarcopterygiians) (George and Blieck, 2011; Shubin et al., 1997). Alterations in fin
endoskeleton, exoskeleton, and musculature were required in producing limbs capable of land
locomotion (Yano and Tamura, 2013). Most notably, the dermal fin rays and rigid fin fibrils
common to all fish species disappeared during limb evolution. By analysing and comparing early
fin and limb development we hope to provide insights into the molecular and morphological
changes that occurred during the evolutionary transition from fins to limbs (Ahn and Ho, 2008;
Freitas et al., 2012; Shubin et al., 1997; Yano and Tamura, 2013).

Early pectoral fin formation in teleost embryos bares many morphological similarities to
early limb development in tetrapods. Both structures originate as an outgrowth of lateral plate
mesoderm known as a bud (Johnson and Tabin, 1997; Tickle, 2003; Wakahara et al., 2007). Limb
axes are established by two important signalling centres: the apical ectodermal ridge (AER)
(proximal-distal axis), and the zone of polarizing activity (ZPA) (anterior-posterior axis)
(Lewandoski et al., 2000; Martin, 1998). The AER is a distal thickening of ectodermal cells in the
distal bud and is responsible for mesenchymal survival, proliferation and fin/limb outgrowth
(Johnson and Tabin, 1997; Grandel and Schulte-Merker, 1998; Lewandoski et al., 2000; Sun et
al., 2002; Yano et al., 2012; Yano and Tamura, 2013) via FGF signalling. The AER also assists in
maintaining the ZPA through the activation of Shh signalling, an important morphogen for
creating anterior-posterior limb patterning and digit identity (Litingtung et al., 2002; Martin,
1998). One of the first major differences between fin and limb development is the fate of the AER
(Wood and Thorogood, 1984; Yano et al., 2012; Yano and Tamura, 2013). In mouse limb
development the AER regresses via program cell death around E12-13, and flattens to become
simple ectodermal cells (Lu et al., 2008). In teleost fish the AER folds on itself and forms a

structure known as the pectoral fin fold (PFF), which will extend distally (Grandel and Schulte-
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Merker, 1998; Yano et al., 2012). The fin fold consists of two sheets of ectodermal cells and is
maintained by two rows of rigid non-calcified fibres called actinotrichia forming within the fold
(Duran et al., 2011; Geraudie, 1977; Geraudie and Meunier, 1980; Grandel and Schulte-Merker,
1998). Actinotrichia are the first exoskeletal elements formed during fin development and act as a
scaffold for the migration of mesenchymal cells into the fin fold (Wood and Thorogood, 1984). In
adult zebrafish fins, actinotrichia are mostly restricted to the distal domain of the dermal fin rays,
known as lepidotrichia (Geraudie and Meunier, 1980). These fibres are also present in the median
fin fold (MFF), a structure extending from the 8th somite to the end of the trunk and which will
later become the dorsal, caudal and anal fins of the adult zebrafish (Abe et al., 2007; Kimmel et
al.,1995; van den Boogaart et al., 2012).

Actinotrichia are composed of a material termed elastoidin, which is made up of collagen
components and of recently characterized non-collagenous proteins called actinodins (Duran et
al., 2011; Gross and Dumsha, 1958; Sastry and Ramachan, 1965). Four actinodin genes have been
identified in zebrafish (actinodin 1, 2, 3and 4 (andl, and2, and3, and 4)) (Padhi et al., 2004;
Zhang et al., 2010). Spatial and temporal expression of and genes correlate with the development
of actinotrichia within both the MFF and PFF (Zhang et al., 2010). During embryonic
development and expression is observed in the overlying ectodermal cells with the exception of
the AER/cleft cells and the migrating mesenchymal cells in the PFF and MFF respectively (Zhang
et al., 2010). Gene knockdown analyses using and1/2 morpholinos have shown that the absence of
these proteins results in the loss of actinotrichia and aberrant migratory patterns of the
mesenchymal cells within the fin fold. Individual knockdown of and1 or and2 yield no phenotypic

effects, suggesting compensatory mechanisms between these paralogs. No functional analysis
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of and3 and and4 has been done, however both genes are expressed in the same fin fold tissue
types as andl/and2 (Zhang et al., 2010).

While actinodin orthologues have been identified in other fish species, including multiple
actinopterygians and the lobe-finned coelacanth (Latimeria chalumnae), none have been identified
in any tetrapod genome examined to date (Amemiya et al., 2013; Nishidate et al., 2007; Zhang et
al., 2010). During limb evolution selection pressures would have eliminated the fin fold and with
it the calcified lepidotrichia rays and actinotrichia fibres (Yano and Tamura, 2013). Two
distinct and orthologs have been identified in the coelacanth genome and thus likely existed in the
common ancestral lobe-finned fish. Therefore, two separate andgenes were lost during tetrapod
evolution. While several evolutionary possibilities exist, including gene deletion events and
protein coding mutations, a parsimonious event is that all and genes were silenced simultaneously
through modification in their regulation. Following gene silencing, the ancestral and genes then
likely disappeared from the tetrapod genome through accumulation of mutations. We identified
and characterized the cis-acting regulatory elements necessary for the expression of the andl gene
in the embryonic fins. To assess modifications to andl regulation in tetrapods, we then tested their
functionality in mice. Any differences in cis-regulatory activity between zebrafish and tetrapods
could highlight potential mechanisms of the loss of the and gene family, specifically through a
modification of their regulation.

Using transgenic zebrafish fluorescent reporter assays, we have identified
one and1 promoter, as well as multiple tissue-specific enhancers responsible for andlexpression
in the ectodermal and mesenchymal cell populations, respectively, during embryonic fin
development. To test the functionality of these enhancers in tetrapod species, we produced

transgenic reporter mice. In contrast to transgenic zebrafish, reporter expression is only visible in
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the dorsal and ventral ectoderm of the developing limb buds and not in the mesenchyme. These
data suggest that while the and1 gene has been lost in tetrapod species, the regulatory elements
responsible for ectodermal expression in teleosts are still able to respond to upstream activators in
the mouse. Absence of reporter expression in the limb bud mesenchyme reveals that the upstream
activator for and1 mesenchymal expression may have also been lost during limb evolution or are
unable to recognize the zebrafish regulatory element. We propose that this absence of
mesenchymal expression may be at the origin of the loss of actinodin gene loss in tetrapod
species.
2.4. Results
The 2Pandl regulatory element recapitulates andl expression in zebrafish median and
pectoral fins

To identify upstream cis-acting regulatory elements of andl, a genomic fragment of
approximately 2 kb (position 1941-1 base pairs (b.p.)) upstream of the first non-coding exon
of andl was cloned into an eGFP reporter construct (Fig. 2.1A). This fragment was titled 2P
(because it is a 2 kb fragment and contains a promoter “P”’). We focused our analysis on this 2 kb
fragment due to a long series of tandem repeats further upstream. We also originally included the
first exon and intron, however the inclusion of these fragments yield no differences in embryonic
reporter expression (data not shown). Three independent transgenic lines Tg(2Pand1:eGFP) were
generated and showed that the 2P fragment is sufficient to drive reporter expression in the
overlying ectodermal cells and the migrating mesenchymal cells in the MFF and PFF beginning at
24 h post fertilization (h.p.f.), and 36 h.p.f. respectively (Fig. 2.9A-E). Although mesenchymal
expression in the transgenic embryos is partially masked by ectodermal expression, it is visible

during transient expression due to the mosaic properties of a reporter construct following injection
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in zebrafish embryos (Fig. 2.10) or with confocal microscopy (Fig. 2.11). Reporter expression is
absent from the cleft cells of the MFF (36 h.p.f) (Fig. 2.8B—E), and from the early PFF (48 h.p.f)
(Fig. 2.1C-E). The AER transitions into a PFF at 36-38 h.p.f (Yano et al., 2012), and the cleft
cells transition into the MFF at 27-30 h.p.f (Webb et al., 2007). At 48 h.p.f reporter expression is
present in the entire MFF except the distal most ectodermal cells and only the proximal domain of
the PFF (Fig. 2.1B-H). In contrast, by 3 days post fertilization (d.p.f) reporter expression is
present in the entire PFF and MFF except the distal most ectodermal cells (Fig. 2.11-0).
Expression in the developing fins persists during larval stages (7 d.p.f) (Fig. 2.8F-L). Altogether,
eGFP expression recapitulates endogenous andl expression during embryonic fin development in
zebrafish (Zhang et al., 2010) and these results suggest that an and1l promoter and potentially
multiple tissue-specific enhancers are present within 2P. Identifying these regulatory elements is
crucial for uncovering potential changes in and1 regulation during the fin-to-limb transition.
The 2Pand1 regulatory element is only capable of driving reporter expression in mouse limb
ectoderm

To test the functionality of the zebrafish 2P regulatory element in tetrapods, three
independent LacZ reporter mouse transgenic lines were created, titled Tg(2Pand1:lacZ). Similar
to the transgenic zebrafish, reporter expression is observed in the mouse forelimb ectoderm
beginning at E10.5 (Fig. 2.12A-C). At E11.5, expression is observed in the forelimb and hindlimb
distal ectoderm but is absent from the AER (Fig. 2.2A, E-J). Sections of the limb buds confirm
these observations (Fig. 2.2F, G, I, J). The expression of lacZ appears to be concentrated at the
distal portion of the limb bud, with no expression in the proximal region. Furthermore, in all the
lines analyzed, the expression in the ectoderm is mosaic; the number of lacZ-expressing cells

seems to decrease in a graded manner in more proximal part of the limb buds. At E13.5, following
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AER regression in the forelimb (Fig. 2.2C, D, K—M), there is no longer a gap in lacZ expression
in the ectoderm. Staining is present throughout the entire ectoderm of the autopodal domain of the
forelimb (Fig. 2.2K-M). At the same stage, the AER is still present in the hindlimb and lacZ-
expression in the ectoderm is still excluded from the AER (Fig. 2.2N-P). At E16.5, expression
becomes essentially restricted to the digits (Fig. 2.12D-G). In contrast to the transgenic zebrafish,
reporter expression is absent from the mesenchymal cell population at all developmental stages
(E10.5-E16.5) (Fig. 2.2, 2.8). These results suggest that although the and gene family has been
lost in tetrapods, the upstream activator necessary for andl ectodermal expression remains present
and can recognize the zebrafish enhancer element. In contrast, the upstream activator required for
mesenchymal expression has either been lost or is not expressed in the mouse limb bud or can no
longer recognize the zebrafish regulatory sequence.
The 200-1andl fragment can function as a promoter

To identify the and1 promoter region two 200 b.p. fragments immediately upstream of the
first and1 exon were tested using transgenesis in zebrafish. These fragments were titled 400-
200and1 and 200-1andl according to their positions upstream of the 1st base of the 1st exon (Fig.
2.3A). Both fragments were cloned into eGFP reporter constructs containing the previously
described shha arC enhancer element (Muller et al., 1999). The arC enhancer drives reporter
expression in the floor plate and notochord regions of zebrafish embryos only in the presence of a
promoter (Muller et al., 1999). The construct Tg(shha arC+200-1land1l:eGFP) was capable of
driving reporter expression transiently in both the notochord and floor plate cells of zebrafish
embryos at 3 d.p.f. (Fig. 2.3A-D). 35.2% of injected embryos (N=54, where N equals total
number of viable injected embryos) displayed notochord and floor plate expression with

the Tg(shha arC+200-1land1:eGFP), compared to 2.22% (n=45) with the Tg(shha arC+400-
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200and1:eGFP) (Fig. 2.3A). When the activity of the 400-1 fragment alone was tested with
the Tg(400-1and1:eGFP) construct, 10% of embryos displayed very few positive GFP cells in the
MFF, but no expression was observed in either the floor plate or notochord regions (Fig. 2.16A).
This result suggests that the and1promoter lies in the 200 b.p. region immediately upstream of the
first exon.
The 1117-975Pand1 fragment can drive reporter expression in the ectodermal cells of the
zebrafish median and pectoral fin fold

Using deletion analysis, a series of reporter constructs were created to identify and isolate
the enhancers responsible for driving andl expression in the MFF and PFF. Three different
truncated 2P elements were created: 1279-1andl, 1117-1and1, and 876-1andl and inserted in the
eGFP reporter vector (Fig. 2.4A). Percentage of GFP positive embryos and % MFF fluorescence
coverage for each construct are summarized in the Fig. 4A. The % MFF fluorescence value
represents the MFF coverage using the fluorescence threshold, and % area functions of ImageJ.
The Tg(1279-1and1:eGFP) and Tg(1117-1and1:eGFP) constructs had similar percentages of GFP
positive embryos (87.7% and 87.3% respectively) to the Tg(2Pand1:eGFP) construct (87.4%) and
similar percentage of MFF coverage value at 2d.p.f. In contrast, the Tg(876-1landl:
eGFP) construct showed that further truncation of the 2P fragment led to a decrease percentage of
embryos with fluorescent cells (24.4%) and an almost absence of fluorescent cells in the MFF in
the injected embryos (Fig. 2.4A). Absence of ectodermal reporter expression with the Tg(876-
land1:eGFP) construct led us to test a smaller region 1117-967 b.p. with the human B-globin
minimal promoter. This construct was capable of driving reporter expression in the ectodermal
cells with the same efficiency as the full 2Pand1 element (Fig. 2.4A). We made transgenic lines

from embryos injected with this construct, named Tg(epi+f-globin:eGFP) (Fig. 2.4B—H). The
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expression patterns observed in three independent transgenic lines confirmed that the 1117-
967 b.p. fragment can spatially and temporally recapitulate the ectodermal expression observed
with the 2Pand1 fragment. Confocal microscopy confirmed the absence of mesenchymal reporter
expression (Fig. 2.11). This suggests that an andlectodermal enhancer lies within the 150 b.p. and
we titled this region Epi, for ectodermal enhancer. This element is functional in mice, and
therefore the upstream activating factor should be conserved in tetrapods as well.
Multiple enhancers within 2Pand1 are required for mesenchymal cell reporter expression in
the zebrafish median and pectoral fin fold

To characterize the regulatory regions responsible for and1 expression in the mesenchymal
cells of the PFF and MFF, the Epi fragment was simply removed from the 2P fragment. The
resulting fragment titled 2PAepi was then inserted into a reporter construct and tested by transient
transgenesis (Fig. 2.5A). The regulatory elements of 2PAepi were capable of driving reporter
expression in the migrating mesenchymal cells spatially, and temporally similar to that of the full
2Pandlelement (Fig. 2.5A). At 60 h.p.f., there is symmetrical reporter expression of the distal rim
mesenchymal cells of the pectoral fin bud (Fig. 2.14). These cells are contained within the
proximal domain of the fin fold prior to migration. By 72 h.p.f., despite the uniform migration of
mesenchymal cells distally through the fin fold, we see a larger number of eGFP-positive cells
migrating in the posterior half the fin fold (Fig. 2.5). The transient expression pattern was
confirmed with five independent transgenic lines (Fig. 2.5B-H). To assess the location of the
mesenchymal enhancer(s), fragments 1941-1117and1 and 967-1andl were tested separately. A -
globin minimal promoter was included in the construct with the 1941-1117and1fragment. Neither
constructs could recapitulate the full Tg(2PAepi:eGFP)expression (Fig. 2.5A, 2.16). Percentage of

GFP positive embryos and average number of mesenchymal cells for each construct are
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summarized in the Fig. 2.5A. Mesenchymal cells were simply counted in three representative
embryos. In comparison to percentage of GFP embryos of Tg(2PAepi:eGFP) (83.8%), Tg(1941-
1117and1:eGFP) and Tg(967-1and1:eGFP) displayed drastically reduced percentages at 11.6%,
and 9.25% respectively. The number of mesenchymal cells also drastically decreased with these
two constructs. This suggests that enhancer elements are present in each fragment and both are
required simultaneously to drive andl expression in the mesenchymal cells. These elements are
not functional in mice, and therefore present a potential change in andl regulation during tetrapod
evolution.
Actinodinl expression is activated in ectodermal cell populations prior to mesenchymal cells
To assess the timeline of andl expression in the ectodermal and mesenchymal cell
populations during MFF development, in situ hybridization (ISH) experiments were previously
performed on embryonic fin sections (Zhang et al., 2010). Despite the difficulties of getting good
ISH on cryosections due to the thinness of the tissue, the results suggested that ectodermal
expression is beginning prior to mesenchymal expression (Zhang et al., 2010). In order to confirm
these results and test more specifically the temporal expression patterns of our reporter lines, we
produced a double transgenic line Tg(2Pandl:eGFP; 2PAepi:mCherry) (Fig. 2.6A-D). Despite
the presence of mesenchymal expression within Tg(2Pand1:eGFP), this line was used to assess
ectodermal reporter expression to ensure all potential cis-regulatory elements are included. We
also simply examined age-matched individuals of the mesenchyme or ectodermal transgenic lines
(Fig. 2.13). We observed a delay in mesenchymal reporter expression compared to ectodermal
expression. By 48 h.p.f, both ectodermal and mesenchymal reporter expression is present in the

MFF (Fig. 2.61-L), however only ectodermal expression is visible in the PFF at this stage (Fig.
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2.6E—H). Mesenchymal reporter expression begins around 52 h.p.f in the pectoral fin (data not
shown). By 72 h.p.f, both tissues display strong expression in the MFF and PFF (Fig. 2.15).
Removal of a 23 b.p. fragment within the Epi region results in a large decrease in
ectodermal reporter expression

To identify putative binding sites within the ectodermal enhancer, we analyzed our
ectodermal enhancer sequences using TRANSFAC transcription factor identification software
(Fig. 2.17). Based on these results, we identified four clusters of potential consensus binding sites
for transcription factors including sites for smad3 (Jonk et al., 1998), CDX-2 (Nishiyama et al.,
2009), Osr2 (Kawai et al., 2007), MTF-1 (Wang et al., 2004), TCF-4 (Henderson et al., 2012) and
multiple sites for DIx proteins (Feledy et al., 1999). To test the enhancer activity of these clusters,
we used site-directed mutagenesis to delete these regions from our Tg(2Pand1:eGFP) reporter
construct. Three mutations consisted of deletions (Ectodermal (epi) mutation 1-3) and one
consisted of a 2 b.p. substitution (epi mutation 4) (Fig. 2.7C). GFP reporter constructs carrying
each of the mutations were analyzed by transient transgenesis and the effect of each mutation on
ectodermal expression was compared to Tg(2Pand1:eGFP) transient expression. For rate of GFP
positive embryos, only embryos with visible ectodermal expression were counted, and embryos
with only mesenchymal expression were not counted. The mutation at epi site 3 yielded a
decrease in GFP positive embryos from 87.4% obtained with the full Tg(2Pand1:eGFP) to 50.9%
(Fig. 2.7H). The number of GFP positive ectodermal cells decreased as well, allowing the
visualization of higher number of fluorescent mesenchymal cells (Fig. 2.71). In contrast, mutations
at epi sites 1, 2, and 4 yielded a percentage of GFP positive embryos very similar to the 87.4%
obtained with the Tg(2Pand1:eGFP) at 2 d.p.f. (Fig. 2.7A, D, F, J). Furthermore, the coverage of

the median fin fold with GFP-positive cells was very similar for the three mutant constructs and
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the WT construct (Fig. 2.7B, E, G, K). Mutations of the epi sites 1 and 3 were combined in order
to test any synergistic effects, however no additional decrease in GFP positive embryos or levels
of ectodermal expression was observed compared to the epi 3 mutation alone (Fig. 2.7L, M).
Finally, epi site 3 was also mutated in the Tg(Epi+f-globin:eGFP) construct and yielded a drastic
decrease in both GFP positive embryos (6.25%) and transient ectodermal expression (Fig. 2.7N,
0). To confirm the importance of epi site 3 to ectodermal reporter expression, a transgenic line
was made: Tg(2Pand1Epi3mut:eGFP) (Fig. 2.8A-G). This line displays a complete loss of
ectodermal reporter expression, while revealing mesenchymal reporter expression similar to
the Tg(2PAepi:eGFP) transgenic line (Fig. 2.5B—H). At 3 d.p.f., mesenchymal reporter expression
is observed in the MFF (Fig. 2.8E-G), and the PFF (Fig. 2.8B-D), with more eGFP-expressing
cells being observed in the posterior half of the PFF (Fig. 2.8C, D). Overall these results suggest
that an important element for ectodermal enhancer function is located within epi site 3; however
there may be additional weaker ectodermal enhancers outside of the epi 3 fragment as suggested
by the low levels of remaining transient ectodermal expression.
2.5. Discussion

We have identified tissue-specific cis-acting regulatory elements and a promoter
responsible for driving andl expression in the overlying ectodermal cells and the migrating
mesenchymal cells of the MFF and PFF during embryonic development. The promoter is located
in the 200 b.p. immediately upstream of the first non-coding exon. The ectodermal enhancer is
mainly located within epi site 3, a 23 b.p. region within the “epi” fragment. In contrast, there
appear to be multiple mesenchymal enhancers required simultaneously for andl expression in
mesenchymal cell populations. Double transgenic reporter fish lines to visualize ectodermal vs.

mesenchymal expression revealed an earlier onset of ectodermal expression, which may support
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the initial ectodermal origin of actinotrichia proposed by Wood and Thorogood (1984). It is
important to note that there may be additional enhancer elements required to fully recapitulate
andl expression. Using the zebrafish regulatory region to make a transgenic mouse reporter
construct, we observed, despite the absence of the gene family from tetrapods, a remarkable
recapitulation of the reporter expression in the ectoderm of the mouse limb buds but no expression
in the limb mesoderm. Ectodermal expression is restricted to the developing autopod domain in
the mouse limb, the distal portion of the limb bud, as in the zebrafish pectoral fin bud. The graded
mosaic ectodermal expression within the developing mouse limbs may suggest the action of a
morphogen type activating factor with higher concentrations being present in the distal most
tissues. Our reporter expression provides evidence to a potential homology between pectoral fin
fold ectoderm and the autopodal ectoderm of tetrapod limb buds. Interestingly, Gehrke et al.
(2015) have recently implied a homology between the migrating mesenchymal cells of the
zebrafish pectoral fin fold, and the autopodal mesenchyme domain of the mouse limb bud using
spotted gar enhancer activity data. Orthologues of previously characterized tetrapod
5'hoxA/D autopodal enhancers were identified in the spotted gar genome. Several spotted gar
enhancers were tested in zebrafish and were shown to drive reporter expression in the distal rim
mesenchyme during pectoral fin fold development. When the gar enhancers were tested in mice,
they were shown to drive reporter expression in the autopodal mesenchyme nearly identical to the
tetrapod orthologues. Based on these results, it is possible that a change in the regulation
of andl during the fin-to-limb transition led to the downregulation of andl expression and

subsequent loss of this gene from the tetrapod genome.
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Candidate activators/repressors of andl

We showed that mutation of the Epi site 3 leads to an important decrease in ectodermal
expression. The Epi site 3 contains putative binding sites for Osr2, MTF-1, and TCF-4
(Henderson et al., 2012; Kawai et al., 2007; Matys et al., 2006; Wang et al., 2004) (Fig. 2.16).
Despite osr2 morphants showing a reduction in pectoral fin size (Lam et al., 2013; Neto et al.,
2012), osr2 expression appears to be confined to the fin fold mesoderm and is therefore an
unlikely candidate for andl ectodermal activation. While TCF-4is not expressed in the
developing PFF and MFF ectoderm (Faro et al, 2009; Rai, 2010), other members of
the TCF family are, including TCF1, TC7, and TCF-12 (Li, 2009; Thisse and Thisse, 2005; Rai,
2010). Expression data is not available for MTF-1 at these developmental stages; however it is
highly expressed at the cleavage stage during early development (Hong, 2010).

Putative binding sites for multiple hox and dIx genes (Feledy et al., 1999; Knosp et al.,
2007; Salsi et al., 2008) are present in the 2P sequence (Matys et al., 2006) (Fig. 2.17 and 2.18).
The hox and dIx gene clusters are homeodomain transcription factors important for embryonic
patterning, including the developing fin/limb. The 5'hoxA/D (9-13) genes are sequentially
expressed in a proximal-distal manner during fin/limb development (hoxall being an exception in
limb formation) and are involved in endoskeletal bone formation (Ahn and Ho, 2008; Freitas et
al., 2012; Woltering et al., 2014; Yano and Tamura, 2013). The DIx3-7/5-6 bi-gene clusters are
expressed in the apical ectodermal ridge during limb development and they likely play a role in its
maintenance (Beanan and Sargent, 2000; Heude et al., 2014; Robledo et al., 2002; Sumiyama and
Ruddle, 2003). The expression pattern of DIx3-7 also extends to surrounding ectodermal tissue in

the fin/limb bud (Beanan and Sargent, 2000; Sumiyama and Ruddle, 2003).
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The epi 4 site contains a putative binding site for dIx3: (A/C/G)TAATT(G/A)(C/G) (Feledy et al.,
1999; Matys et al., 2006) (Fig. 2.17). Expression of dix3b has been observed in the ectodermal
layers of the median and pectoral fin of zebrafish similar to and expression; however it appears to
be additionally present in the AER/cleft cells (Ellies et al., 1997; Heude et al., 2014; Thisse and
Thisse, 2005; Zerucha and Ekker, 2000). DIx3 expression is restricted to the ectodermal cells in
developing limbs, and Tg(dIx3::LacZ) reporter lines mimic our 2P:LacZ mouse lines (Beanan and
Sargent, 2000; Sumiyama and Ruddle, 2003), with the important exception being the expression
of DIx3 within the AER. To test if dIx3 activates andl in the ectodermal tissues we mutated the
binding domain (AT—GC substitution, Epi 4 mutation), however we saw no difference from the
original Tg(2Pand1:eGFP) construct. It is therefore unlikely that dix3 activates and1.

And1 expression is present in the mesenchymal cells migrating through the fin fold as well as the
distal rim mesenchyme adjacent to the endoskeletal disc. According to reporter expression from
the (Tg2PAepi:eGFP) transgenic lines, there is also a larger number of eGFP-positive cells in the
posterior half of the pectoral fin fold at 3 d.p.f. The hoxd13a gene has a distinct posterior
expression during zebrafish pectoral fin development as well, and their overlapping expression
patterns within the fin fold posterior mesenchyme may present a possible regulatory link (Ahn and
Ho, 2008). Using previously identified Hox binding sites consensus sequences (lbrahim et al.,
2013; Knosp et al.,, 2007; Salsi et al., 2008), six potential hoxal3 binding sites: TATAAA,
ATAAAA (3), AATAAAA, (consensus sequence being AATAAA (Knosp et al., 2007)) were
identified, as well as one hoxd13 binding site: CCCATAAAATC (consensus sequence being
(T/IC)(A/IC)AT(A/T)AAA) (lbrahim et al., 2013; Salsi et al., 2008), and one hoxall binding site:
ATTTTATGGGC (consensus sequence being GGGTTT(T/A)ACGAC) (Matys et al., 2006; Shen

et al., 1996) (Fig. 2.18). Both hoxal3a and hoxal3b, as well as hoxallb, are expressed in the

57


https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib11
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib11
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#s0125
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib9
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib52
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib52
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib63
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib6
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib6
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib4
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib4
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib23
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib23
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib28
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib23
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib36
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib47
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#bib47
https://www.sciencedirect.com/science/article/pii/S0012160616301245?via%3Dihub#s0125

distal rim mesenchymal cell populations during pectoral fin development and are good candidates
for and1 activation (Ahn and Ho, 2008).
Loss of the actinodin gene family

Analysis of the Tg(2Pand1::LacZ) transgenic mouse line provides some clues on the
potential mechanism of andl down regulation during tetrapod evolution. Ectodermal reporter
expression in the limb buds at stages E10.5-E16.5 reveals that the andlectodermal activator in
zebrafish remains present in tetrapods and is able to recognize the fish enhancer sequence. In
contrast, the absence of mesenchymal expression in the limb buds at all developmental stages may
be the result of different evolutionary scenarios. First, and1 expression in the mesenchymal cells
may be activated by a fish specific transcription factor that was also lost during tetrapod
evolution. Recent analysis of the lobe-finned coelacanth (Latimeria chalumnae) identified more
than 50 genes lost in tetrapods, including 13 different fin development genes (Amemiya et al.,
2013). Analysis of the zebrafish orthologues would prove useful to assess the contributions of
these genes to the fin-to-limb transition.

Second, the fish enhancer sequence may no longer be recognized by the mouse
transcription factor (s). The genome of the spotted gar (Lepisosteus oculatus) was recently
examined for 5’hoxA/D distal fin/limb enhancer activity (Gehrke et al., 2015). The gar was chosen
because it is a member of the ray-finned fish which branched off prior to the teleost whole
genome duplication event. Interestingly, while many gar enhancers were functional in mice, the
orthologous zebrafish versions were not functional. It is proposed that the teleost genome
duplication event and subsequent sequence divergence may be responsible for altered enhancer

activity when tested in mice (Gehrke et al., 2015). In fact, our proposed andl regulatory regions
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showed no conservation with and1 upstream regions of other teleost species (medaka, stickleback)
or the spotted gar (data not shown).

Third, the population of fin fold mesenchyme in zebrafish may be distinct from limb bud
mesenchyme. Evidence has suggested fin fold mesenchyme may be derived from either neural
crest cells (Smith et al.,, 1994), or paraxial mesoderm (Lee et al., 2013); however limb
mesenchyme is exclusively derived from lateral plate mesoderm (Hayashi and Ozawa, 1995).
Such differences in embryonic origin of these cell populations could explain differences in
transcription factor presence/absence and thus enhancer activation. Although, as previously
discussed, spotted gar 5'hoxA/D enhancer activity is conserved between zebrafish fin fold
mesenchyme and tetrapod autopod mesenchyme (Gehrke et al., 2015). Alternatively, fin
fold and1 mesenchymal expression may also be a teleost-specific derived trait.
Although actinodin genes have been identified in lobe-finned fish, there is no evidence to date
that shows tissue-specific and expression is conserved (Amemiya et al., 2013).

The last possibility is that during limb evolution, alterations to the expression pattern of
key upstream andl activator/repressor coding genes resulted in the downregulation and eventual
silencing of this gene. We propose changes in and regulation during tetrapod evolution as a
parsimonious mechanism for the loss of two distinct orthologs from the ancestral lobe-finned fish
genome. Recent research has focused on differences in 5’ HOXA/D expression patterns between
early fin and limb development and assessed their implications on limb evolution (Ahn and Ho,
2008; Freitas et al., 2012; Yano and Tamura, 2013). Multiple 5'HoxA/D genes appear to be good
candidates for andl regulation in zebrafish. Hoxallb is expressed in the proximal and distal
tissues during zebrafish early pectoral fin development; however Hoxall is proximally restricted

during mouse limb bud development (Woltering et al., 2014). The downregulation of Hoxall in
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the distal tissues during limb evolution is a plausible mechanism for the downregulation
of andl in the distal mesenchymal cells of the pectoral fin.
Additionally, hoxal3a and hoxal3b are also expressed in the distal migrating cells of the pectoral
fin fold and may be and1 positive regulators, although their expression pattern mimics the distal
expression of Hoxal3 during limb development (Ahn and Ho, 2008; Woltering et al., 2014).
Finally, the expansion of “late phase” Hoxd13 expression has been linked to increased
endoskeletal bone elements during limb evolution. Hoxd13a overexpression experiments in
zebrafish yielded greater endoskeletal disc proportions and decreases of andl expression
suggesting it may be a negative regulator (Freitas et al., 2012). And1 mesenchymal reporter
expression displays increased numbers of eGFP-positive cells in the posterior half of the pectoral
fin fold in our Tg(2PAepi:eGFP) transgenic line, mimicking hoxd13a expression, and suggesting
a potential positive regulatory link.

In conclusion, we show that, despite the disappearance of the actinodin genes from the
tetrapod genome, the regulation of andl in the ectodermal cells in the embryonic appendages of
fish and mice is conserved. In contrast, there is an absence of regulatory conservation between
fish and tetrapods in the mesenchymal cells. We propose that changes to activating factors
of andl in the mesenchymal tissues contributed to the downregulation of this gene during limb
evolution. Interestingly, the mesenchymal regulatory region contains putative binding domains for
multiple 5'HoxA/D (9—13) proteins that have acquired novel expression patterns in tetrapods
compared to zebrafish. These changes may represent a mechanism for the downregulation
of and1 and the subsequent loss of this gene during tetrapod evolution.

2.6. Methods
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Animal care
All fish are bred and raised in the D’ Iorio, University of Ottawa, zebrafish facility. Wild-type
zebrafish stock has been bred in the laboratory for several years. The fish facility is maintained at
28 °C, with a photo-period of 14 h of light and 10 h of darkness (Westerfield, 2000). Animal care
and experiments were performed according to the CCAC guidelines.
Plasmid construction
Zebrafish
All cloning and subcloning was performed following standard procedures (Sambrook and Russell,
2001). The original vector used was pEGFP-N1. The CMV regulatory regions were removed and
Tol2 arms were inserted between the Asel and Nhel (left arm) and Aflll (right arm). Zebrafish
genomic fragments were amplified using the following primers:
1941-
landl FW 5 GGTACCTTACAGCTTTAAGACACCTCTAG 3’

Rev 5" CCATGGCTGTTGAGAACCTGG 3’
1279-
landl FW 5 GATCTGCAGTCACGAAGACGACAAA 3’

Rev 5’ GGCGGATCCCTGTTGAGAACCTGG ¥’
1117-
landl FW 5 GCTAGCTTTCGGAAACCCCAGAC 3’

Rev 5 GGCGGATCCCTGTTGAGAACCTGG ¥’
876-
landl FW 5 GCTAGCAAACGGCTTTTAATCTGTA 3’

Rev 5" GGCGGATCCCTGTTGAGAACCTGG 3’
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Epi Fragment FW 5 GCTAGCTTTCGGAAACCCCAGAC 3’
Rev 5' GAATCCGGCCAATCGCATGTG 3°
1941-
1117 FW 5" GCTAGCGGTGAATTACAGCTTTAAGAC 3°
andl Rev 5' GGTACCAAAAATGTGGAAACATCTGG 3’
967-
landl FW 5 GGTACCTTAACATAAAGCACAGATGT 3’
Rev 5' GGATCCGAGAACCTGGCCACAATTTA 3’
876-
680andl FW 5 GCTAGCAAACGGCTTTTAATCTGTA 3°
Rev 5" GAATTCCTTCATTTACTGAATATTGTGTC 3°
680-
400andl FW 5’ GAATTCGACACAATATTCAGTAAATGAAG 3’
Rev 5 GGATCCGGCATCCGCTGCGTAAAACA 3°
400-
landl Fw5' GGCATCCGCTGCGTAAAACAT 3’
Rev 5’ CCATGGCTGTTGAGAACCTGG 3’
400-
200andl Fw 5" GGCATCCGCTGCGTAAAACAT 3’

Rev 5 GGTACCTGTAAGGAACTAACATTA 3’

200-1andl FW 5 GGTACCTCATTGTTTGTTTTCGAA 3’

Rev 5" CCATGGCTGTTGAGAACCTGG 3’
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Side-directed mutagenesis was performed using the following oligonucleotides to create specific
deletions/mutations of choice:
Epil FW 5" TACTCAAAAGTTGGAATTATTATAAA 3’
Rev 5’ TTCCGAAAAAAATGTGGAAACATCTG 3°
Epi 2 FW 5" GCTTTTTTCCCTAGGCTGAAATCT 3°
Rev 5" AACTTTTGAGTAGGAATGTCTGGG 3’
Epi 3 FW 5" GTAAAGGGTGTATAATTACACATG 3’
Rev 5 GCCTACAATCAGCACTCGAAACAG 3’
Epi 4 FW 5" AGGGTGTATACGTACACATGCGAT 3’
Rev 5 TTACAGGTGTGCAGGAATGTGCGA 3’
All fragments were cloned into pDrive (Qiagen) Cloning vector before being subcloned into the
eGFP Tol2 reporter vector.
The human beta-globin minimal promoter was isolated from the p1230 vector and amplified using

the following primers:

FW 5" GGATCCCTGGGCATAAAAGTCAG 3/,

Rev 5" ACCGGTTCTGCTTCTGGAAGGCT 3".

The shha arC fragment was isolated from the 2.2shh:GFP-ABC construct obtained from the U.

Strahle laboratory and amplified using the following primers:

FW 5" GAATTCGACTGCTCTAATTAAAAACC 3/,

Rev 5" GCTAGCGTTTTTCTCATTCTATAAGT 3.



Mouse

The 2Pandl element was removed from pEGFP-N1 (Clontech) with Kpnl and BamHI (blunted),
and inserted in the p1230 LacZ reporter vector between the Kpnl and Ncol (blunted).
Microinjection in zebrafish embryos

Reporter constructs (final concentration of 100 ng/pL) are co-injected with transposase RNA
(final concentration of 50 ng/uL) mixed with RNAse-free water and 0.5% phenol red in one cell-
stage zebrafish embryos.

TRANSFAC sequence analysis

Sequences were analyzed using TRANSFAC software. “Match — search for TF binding sites”
analysis method was used with the vertebrate profile matrices.

Transient expression analysis

Transient median fin expression was analyzed at 2 d.p.f. in the three best representative fish.
Ectodermal fluorescent coverage was calculated using the % area and threshold functions in
ImageJ. Mesenchymal cells were simply counted.

Transgenic zebrafish

Transgenic lines were identified via fluorescence microscopy and the expression patterns were
confirmed with 3-5 lines per construct. Expression analysis was performed from 24 h.p.f
to7 d.p.f.

Transgenic mice

Transgenic mice were created by the Transgenic Core Service at the University of Ottawa and
were confirmed via PCR. Whole mount X-Gal staining was performed as previously described
(Zerucha et al., 2000). X-Gal stained embryos were cryo-sectioned to a thickness of 20 pum.
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Figure 2.1. A 2 kb genomic fragment upstream of the first exon of andl (2P) is sufficient to

Median

recapitulate  endogenous andl expression in  zebrafish  embryonic  fin  folds.
(A) Actinodinlgene organization, 2Pandl element (1941-1 b.p.) on left, black boxes represent
exons, lines represent introns and 5’ upstream genomic region. (B-H) 2 d.p.f. and (I-O)
3 d.p.f. Tg(2Pand1:eGFP) transgenic reporter line. Pectoral (C-E, J-L) and median (F-H, M-0)
fin fold display reporter expression in the ectodermal and mesenchymal cell populations. Note the
absence of expression in the early pectoral fin fold at 2 d.p.f. (indicated by the yellow arrowheads)
(D, E). Expression is also absent from the distal most cells of the median fin fold (indicated by the
white arrowheads) (G—H). Note GFP expression in ectodermal cells masks GFP expression in the
mesenchymal cells. GFP expression in mesenchymal cells is best observed with transient
expression highlighted in Fig. S10or with confocal imaging. Brightfield, (C, F, J, M),
fluorescence (B, D, G, I, K, N), and brightfield/fluorescence merged images (E, H, L, O). FF, Fin
Fold; ED, Endoskeletal Disc; A, Anterior; P, Posterior; D, Dorsal; V, Ventral. Scale bars: 200 pum

in B, I; 50 um in C-H, J-0O.
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Figure 2.2. The zebrafish 2P element drives lacZ reporter expression in the ectodermal cells
only of the mouse fore- and hindlimb buds. (A, B, E-J) E115, (C, D, K-P)
E13.5 Tg(2Pand1::LacZ) transgenic mouse embryos. Fore- (B, E-G, K-M) and hindlimb (D, H-
J, N-P) buds are presented for E11.5 and E13.5. Ventral close up of forelimb at E11.5 (B) and
E13.5 (D). Limbs were sectioned along the proximal distal axis indicated by the black line (B, D).
Note the presence of reporter expression in the ectodermal cells only. Note both limbs show an
absence of expression in the AER at E11.5 (indicated by the yellow arrowheads) (E-G, H-J). In
contrast, at E13.5, lacZ expression is present in the entire distal ectoderm of the forelimb bud (K-
M), visualizing AER regression. Cross sections of fore- (F-G, L-M) and hindlimb (I-J, O-P) bud
reveal an absence of reporter expression in the mesenchymal tissues at all stages. Note: Brain
expression (A, C) is limited to this transgenic line, and is likely ectopic due to the transgene
insertion site. AER, Apical Ectodermal Ridge, Mes, Mesenchyme. Scale bars: 1000 um in A, D;
320um in B, D; 200 um in E, H; 400 um in K; 500 um in N; 100 um in F, I; 30 um in G, J;

100 pm in L; 60 pm in O; 50 pum in M; 30 um in P.
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% Positive (N)

2Pand1:eGFP 87.4%(127)
shha arC+400-200 Np—
and1:eGFP :22% (45)
shha arC+200-1 .

and1:eGFP 35.2% (54)

Figure 2.3. Upstream fragment 200-landl contains a promoter. (A) Identification of the

promoter region. Two 200 b.p. regions (200-1andl and 400-200and1) were tested for promoter

activity using the shha ar-C enhancer region. % Positive represents percentage of embryos with

notochord or floor plate expression, N=Number of total viable injected embryos. (B-D) transient

expression of Tg(shha ar-C+200-1and1:eGFP) in embryos at 2 d.p.f. Notochord (B) and floor

plate cells (C, D) (indicated by yellow arrowheads) display reporter expression at 2 d.p.f.

Fluorescence (B, C), and brightfield/fluorescence merged images (D). NTC, Notochord; FP, Floor

Plate; A, Anterior; P, Posterior. Scale bars: 200 um in B-F.
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Figure 2.4. Epi fragment contains an ectodermal enhancer sufficient to recapitulate andl

expression in epithelium of embryonic fin folds. (A) Analysis of truncated 2Pand1 reporter

constructs. Constructs were tested for ectodermal enhancer activity. Percentage of eGFP positive



embryos during injections, and an average % MFF transient fluorescence coverage are presented
on the right (N=Number of total viable injected embryos). Note that the 150 b.p. region 1117-
967and1 mimics transient ectodermal enhancer activity of full 2Pand1 element, when tested with
the f-globin minimal promoter. Note the reduced percentages for Tg(876and1:eGFP) suggesting
the absence of the ectodermal enhancer. (B—H) Tg(epi+/-globin:eGFP) transgenic reporter line at
3 d.p.f. Median (F—H) and pectoral fin fold (C-E) display reporter expression in the ectodermal
cells only. Absence of mesenchymal expression is best observed using confocal microscopy.
Brightfield (C, F), fluorescence (B, D, G), and brightfield/fluorescence merged images (E, H).
ED, Endoskeletal Disc; FF, Fin Fold; A, Anterior; P, Posterior; D, Dorsal; V, Ventral. Scale bars:

200 pm in B; 50 pm in C—H.
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Figure 2.5. Multiple mesenchymal enhancers exist and are required simultaneously to
recapitulate andl expression in mesenchymal cells of embryonic fin folds. (A) Analysis of

truncated 2Pand1 reporter constructs. Constructs were tested for mesenchymal enhancer activity.
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Percentage of eGFP positive embryos during injections, and an average number of mesenchymal
cells are presented on the right (N=Number of total viable injected embryos). Note the reduced
percentages with Tg(1941-1117+p-globin:eGFP) and Tg(967and1:eGFP)constructs suggesting
both fragments are required for full mesenchymal expression. (B—H) Tg(2PAepi:eGFP)
transgenic reporter line at 3 d.p.f. Median (F-H) and pectoral fin fold (C-E) display reporter
expression in the mesenchymal cells only using the 1941-1117andl and 967andl fragments
simultaneously. Note the higher number of eGFP-positive cells in the posterior half of the pectoral
fin (D), indicated by the white arrowhead. Brightfield (C, F), fluorescence (B, D, G), and
brightfield/fluorescence merged images (E, H). ED, Endoskeletal Disc; FF, Fin Fold; A, Anterior;

P, Posterior; D, Dorsal; V, Ventral. Scale bars: 200 pum in B; 50 pm in C-H.
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Figure 2.6. Reporter expression begins in ectodermal cells prior to mesenchymal cells in the
pectoral fin folds. (A-L) double transgenic reporter line Tg(2Pandl:eGFP; 2PAepi:mCherry) at
2d.p.f., allowing visualization of the ectodermal- and mesenchymal-expressing cells
simultaneously. Despite the presence of mesenchymal expression within Tg(2Pand1:eGFP), this
line was used to assess ectodermal reporter expression to ensure all potential cis-regulatory
elements are included. Tg(2Pandl:eGFP) reporter expression in ectodermal cells and
mesenchymal cells are presented in green (B, F, J), Tg(2PAepi:mCherry) reporter expression in
mesenchymal cells are presented in red (C, G, K). Ectodermal and mesenchymal images are
merged (D, H, L) to visualize ectodermal eGFP and mesenchymal mCherry expression
simultaneously. Reporter expression in ectodermal (J, L) and mesenchymal (K, L) cells is present

in the median fin fold at 2 d.p.f. In contrast, the pectoral fin fold displays reporter expression in
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the epithelium only at 2 d.p.f. (indicated by the white arrowheads) (F—H). Note again, the absence
of reporter expression in the early pectoral fin fold (indicated by the yellow arrowheads) (F, H).
Tip of the yolk sac extension displays autofluorescence (B-D). A, Anterior; P, Posterior; D,

Dorsal; V, Ventral. Scale bars: 300 um in A-D; 30 pm in E—H; 50 pmin I-L.
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Figure 2.7. Epi site 3 contains important sequences for ectodermal reporter expression in
embryonic fin folds. (A, B) unmutated Tg(2Pand1:eGFP) transient expression at 2 d.p.f. The rate
of GFP positive embryos is indicated (A), and higher magnification of the median fin fold of
representative fish is shown (B). (C) Four different mutations were tested within the Epi fragment
for ectodermal enhancer activity to identify candidate ectodermal enhancer sites. Mutation
locations are colour coded, and the mutation details are described on the right. Only embryos with
visible ectodermal expression were counted as “GFP positive”. (D-O) GFP expression observed
with the mutated constructs. Epi mutations 1 (D,E), 2 (F,G), and 4 (J,K) display similar rates of
GFP positive embryos and levels of ectodermal expression in the median fin fold compared to
unmutated Tg(2Pand1:eGFP) injections. Epi mutation 3 (H, I) yields a decreased rate of GFP
positive embryos (50.9%), and lower levels of ectodermal expression in the median fin fold
(indicated by yellow arrowheads) (I). Epi mutations 1 and 3 tested in combination (L, M) yield no
synergistic effects. (N-O) Epi 3 mutation was tested in the Tg(epi+p-globin:eGFP) construct and
displayed a drastic decrease in GFP positive embryos (6.25%), and a nearly complete loss of
ectodermal reporter expression (indicated by the white arrowhead) (O). Scale bars: 200 um in A,

D,F,HJLN;20uminB, E, G, I, K, M, O.
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Figure 2.8. Epi site 3 required for epithelial reporter expression in Tg(2Pand1:eGFP). (A-G)
3 d.p.f. Tg(2Pand1:eGFP) epi site 3 transgenic reporter line. Ectodermal expression is completely
lost with the removal of the epi site 3 23 b.p. fragment (A-G). Median (E-G) and pectoral fin fold
(B-D)  display  reporter  expression in  the  mesenchymal cells identical
to Tg(2PAepi:-eGFP) transgenic line. Note the higher number of eGFP-positive cells in the
posterior half of the pectoral fin fold (B, C). Brightfield (B, E), fluorescence (A, C, F), and
brightfield/fluorescence merged images (D, G). ED, Endoskeletal Disc; FF, Fin Fold; A, Anterior;

P, Posterior; D, Dorsal; V, Ventral. Scale bars: 200 um in A; 50 um in B-G.
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A Tg(2Pand1:eGFP)

Figure 2.9. A 2 kb genomic fragment upstream of the first exon of and1 (2P) is sufficient to

recapitulate endogenous andl expression zebrafish embryonic fin folds.

24 h.p.f., (B, C) 36 h.p.f, (D-E) 42 h.p.f, (F-L) 7d.p.f. Tg(2Pand1:eGFP) transgenic reporter line.
Median fin fold displays reporter expression in the ectodermal cells beginning around 24 h.p.f.
(indicated by the red arrowhead) (A). The pectoral fin fold displays reporter expression in the
ectodermal cells beginning around 42 h.p.f. (indicated by the white arrowheads) (D-E). 7 d.p.f.
transgenic larvae display reporter expression in both ectodermal and mesenchymal cells (F-L).
Note the absence of reporter expression in the cleft cells of the median fin fold at 36 h.p.f.
(indicated by yellow arrowheads) (B, C). Reminder, mesenchymal GFP expression is masked by
ectodermal GFP expression, refer to Fig. 2.10 or Mov. S1. Brightfield (G, J), fluorescence (A, B,
D, F, H, K), and brightfield/fluorescence merged images (C, E, I, L). CC, Cleft Cells; FF, Fin
Fold; ED, Endoskeletal Disc; A, Anterior; P, Posterior; D, Dorsal; V, Ventral. Scale bars: 200pum

in A; 50um in B, C; 200um in F; 50pm in G-I, J-L.
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A Tg(2Pand1:eGFP)

Figure 2.10. Mosaic ectodermal expression in Tg(2Pand1l:eGFP) injected embryos reveal
mesenchymal expression. (A-F) Tg(2Pand1:eGFP) transient expression in injected embryos at
2 d.p.f.. Following injection of a DNA construct in zebrafish embryo, expression of the
transgene is always mosaic. This allows to visualize GFP expression in some mesenchymal cells
(indicated by white arrowheads) due to the mosaic GFP expression in the overlaying ectodermal
cells (E, F). Brightfield (B), fluorescence (A, C, E, F), and brightfield/fluorescence merged
images (D). FF, Fin fold; Epi, Ectodermal cells; Mes, Mesenchymal cells. Scale bars: 200pum in

A; 100um in B-D; 50um in E, F.
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Tg(2P:eGFP; 2PAepi:mCherry)

A

Tg(epi+B3-globin:eGFP; 2PAepi:mCherry)

Figure 2.11. Tg(2Pand1:eGFP) displays epithelial and mesenchymal reporter expression,
Tg(epi+p-globin:eGFP) displays only epithelial reporter expression. (A-B) Tg(2P:eGFP;
2PAepi:mCherry) and (C-D) Tg(epi+p-globin:eGFP; 2PAepi:mCherry) 3 d.p.f. median fin fold
using confocal microscopy. Z-stack (A, C) and 3D reconstruction (B, D) images are shown.
Tg(2P:eGFP; 2PAepi:mCherry) double transgenic line displays eGFP in both ectodermal and
mesenchymal cells (A-B). Note the orange/yellow colour of all mesenchymal cells, indicating
co-expression of eGFP and mCherry (A-B). Tg(epi+f-globin:eGFP; 2PAepi:mCherry) double
transgenic line displays eGFP in ectodermal cells only (C-D). Note the red colour of all
mesenchymal cells, indicating absence of any eGFP expression (C-D). Representative
ectodermal cells are highlighted by the white arrow (A-D), and representative mesenchymal cells

are highlighted by the yellow arrow (A-D). Scale bars: 25um in A-D.
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Figure 2.12. The 2Pandl regulatory element is driving reporter expression in mouse limb
ectoderm. (A-C) E10.5 and (D-G) E16.5 Tg(2Pand1::LacZ) transgenic mouse embryos. Whole
embryos are presented at E10.5, and E16.5 (A, D). Whole limbs are included for E10.5, and
E16.5 (B-C, E), sections are presented for E16.5 (F-G). Reporter expression is visible in the
distal ectoderm of the fore- and hindlimb beginning at E10.5, with the exception of the AER
(indicated by the yellow arrowheads) (A-C). By E16.5, reporter expression is presented in the
entire distal ectoderm (D-G). Note the absence of reporter expression in the mesenchymal
tissues at all developmental stages (B-C, F-G). AER, Apical Ectodermal Ridge. Scale bars:

1000pm in A, D; 200pum in B, C; 200pum in E; 200pm in F; 50um in G.
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Figure 2.13. Tg(epitp-globin:eGFP) and Tg(2PAepi:eGFP) together recapitulate
endogenous andl expression zebrafish embryonic fin folds. (A-G) 2 d.p.f., (O-U) 7 d.p.f.
Tg(epi+f-globin:eGFP) transgenic reporter line. (H-N) 2 d.p.f , (V-zZii) 7 dp.f
Tg(2PAepi:eGFP) transgenic reporter line. Ectodermal (E-G) and mesenchymal (L-M)
expression is present in the median fin fold at 2 d.p.f.. Only ectodermal expression is present in
the pectoral fin fold at 2 d.p.f. (indicated by the white arrowhead) (C). Note again, the absence
of ectodermal expression in the early pectoral fin fold (indicated by the yellow arrowhead) (B-
D). Ectodermal (P-U) and mesenchymal (W-Zii) reporter expression is present in the pectoral
and median fin fold at 7 d.p.f.. Together these two lines recapitulate and1 expression. Note the
stronger mesenchymal expression in the posterior half of the pectoral fin fold (indicated by the

red arrowhead) (X).
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Brightfield (B, E, I, L, P, S, W, Z), fluorescence (A, C, F, H, J, M, O, Q, T, V, X, Zi), and
brightfield/fluorescence merged images (D, G, K, N, R, U, Y, Zii). FF, Fin Fold; ED,
Endoskeletal Disc; A, Anterior; P, Posterior; D, Dorsal; V, Ventral. Scale bars: 200um in A, H,

O, V; 30um in B-D, I-K; 50um in P-R, W-Y, E-G, L-N, S-U, Z-Zii.
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A Tg(2PAepi:eGFP

Figure 2.14. Symmetrical GFP-expressing cells in distal rim mesenchyme at 60 h.p.f. (A-G) 60
h.p.f. in Teg(2PAepi:eGFP) transgenic reporter line. Mesenchymal expression is present in both the
median fin fold (E-G) and the pectoral fin fold (B-D) at 60 h.p.f.. The distal rim mesenchyme of the
pectoral fin bud symmetrical reporter expression (C-D). Brightfield (B, E), fluorescence (C-F), and
brightfield/fluorescence (D-G) merged images. FF, Fin Fold; ED, Endoskeletal Disc, A, Anterior; P,

Posterior; D, Dorsal; V, Ventral. Scale bars: 200um in A, 50um in B-G.
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B Tg(2Pand1:eGFP)

Figure 2.15. Reporter expression present in ectodermal and mesenchymal tissues in 3 d.p.f
median and pectoral fin folds. (A-L) Double transgenic reporter line Tg(2Pandl:eGFP;
2PAepi:mCherry) at 3 d.p.f., allowing visualization of the ectodermal- and mesenchymal-
expressing cells simultaneously. Despite the presence of mesenchymal expression within
Tg(2Pand1:eGFP), this line was used to assess ectodermal reporter expression to ensure all
potential cis-regulatory elements are included. Tg(2Pandl:eGFP) reporter expression in
ectodermal cells and mesenchymal cells are presented in green (B, F, J), Tg(2PAepi:mCherry)
reporter expression in mesenchymal cells are presented in red (C, G, K). Ectodermal and
mesenchymal images are merged (D, H, L). Ectodermal and mesenchymal images are merged (D,
H, L) to visualize ectodermal eGFP and mesenchymal mCherry expression simultaneously. By 3
d.p.f, ectodermal and mesenchymal expression is present in the median and pectoral fin fold (A-L).

Note the stronger mesenchymal expression in the posterior half of the pectoral fin
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fold (indicated by the white arrowhead) (G). Tip of the yolk sac extension displays
autofluorescence (B-D). ED, Endoskeletal Disc; FF, Fin Fold; A, Anterior; P, Posterior; D,

Dorsal; V, Ventral. Scale bars: 300pm in A-D, 50um in E-L.
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Figure 2.16. Full analysis for mesenchymal enhancer activity: multiple mesenchymal
enhancers exist and are required simultaneously to recapitulate and1l mesenchymal cells in
embryonic fin folds. (A) Transient expression analysis of truncated 2Pand1 reporter constructs
in injected embryos. Constructs were tested for mesenchymal enhancer activity. Percentage of
GFP positive embryos during injections, and an average number of mesenchymal cells are
presented on the right (N = Number of total viable injected embryos). Note the reduced
percentages of GFP positive embryos with the Tg(1941-1117+ p-globin:eGFP) and Tg(967-
landl:eGFP) constructs suggesting that both fragments are required for full mesenchymal
expression (A). Note the even more reduced percentages obtained with smaller fragments
Tg(400-1and1:eGFP), Tg(876-680+ p-globin:eGFP), Tg(680-400+p-globin:eGFP) (A). (B-E)
Transient expression of Tg(1941-1117and1l:eGFP) at 2 d.p.f. (F-1) Transient expression of
Tg(967-1and1:eGFP) at 2 d.p.f. Neither fragment is capable of mimicking the expression of

Tg(2PAepi:eGFP). Note the very
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small amount of reporter expressing mesenchymal cells (indicated by yellow arrowheads) (B, D-
E, F, H-1). Brightfield (C, G), fluorescence (B, D, F, H), and brightfield/fluorescence merged
images (E, 1). A, Anterior; P, Posterior; D, Dorsal; V, Ventral. Scale bars: 200um in A-E; 50um

in B-D, F-H.
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Figure 2.17. In silico analysis of the 150 b.p. Epi fragment for transcription factor binding
domain identification. (A) All putative binding domains were identified via TRANSFAC
transcription factor identification software. Basepair positions are indicated below the

sequence. Epi sites 1-4 are indicated by colour coded boxes (A).
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Figure 2.18. 2P fragment contains 6 putative hoxal3, 1 hoxall, and 1 hoxd13 consensus
binding domains. (A) Schematic representation of 2P fragment showing distribution of hoxal3,
hoxall and hoxd13 putative binding domains. Hoxal3 binding domains are highlighted with a
green line, hoxallbinding domains are highlighted with a blue line, and hoxd13 binding domains
are highlighted with a red line. Basepair locations of each site are mentioned below. All putative

binding domains were identified via TRANSFAC transcription factor identification software.
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CHAPTER 3

Effects of fin fold mesenchyme ablation on fin development in zebrafish
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3.1. Notes on Chapter
The present chapter has been published in PLOS ONE as per the following citation:
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development. PLoS ONE. 2018; 13(2): e0192500.
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Project Introduction & Objectives

Contributions of fin fold mesenchyme to larval and adult zebrafish fin development;
implications for fin dermal bone loss

Fin fold mesenchyme has been shown to contribute to fin ray fibroblasts and osteoblasts
suggesting their proper migration may be crucical for fin ray development. These cells may also
be important for embryonic fin fold and actinotrichia maintenance as they express and secrete
Actinodin proteins. Defects in fin fold mesenchyme migration have therefore been proposed as a
mechanism of fin dermal bone loss during the fin-to-limb transition.

Objective: Observe the effects of fin fold mesenchyme ablation on actinotrichia, fin fold,
and fin ray formation/maintenance

We predict in the absence of fin mesenchyme, actinotrichia, fin fold, and fin ray formation will
be impaired. To test this, we used the NTR/MTZ system to selectively ablate fin fold
mesenchyme throughout embryonic and larval development. We first examined the formation
and maintenance of the fin fold and actinotrichia to shed light on the contributions of these cells
to embryonic fin development. We then developed a system to partially ablate these cells until

late larval stages to observe the effects on fin ray formation.
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3.2. Abstract

The evolution of the tetrapod limb involved an expansion and elaboration of the
endoskeletal elements, while the fish fin rays were lost. Loss of fin-specific genes, and
regulatory changes in key appendicular patterning genes have been identified as mechanisms of
limb evolution, however their contributions to cellular organization and tissue differences
between fins and limbs remains poorly understood. During early larval fin development,
hoxal3a/hoxd13a-expressing fin fold mesenchyme migrate through the median and pectoral fin
along actinotrichia fibrils, non-calcified skeletal elements crucial for supporting the fin fold. Fin
fold mesenchyme migration defects have previously been proposed as a mechanism of fin
dermal bone loss during tetrapod evolution as it has been shown they contribute directly to the
fin ray osteoblast population. Using the nitroreductase/metronidazole system, we genetically
ablated a subset of hoxal3a/hoxd13a-expressing fin fold mesenchyme to assess its contributions
to fin development. Following the ablation of fin fold mesenchyme in larvae, the actinotrichia
are unable to remain rigid and the median and pectoral fin folds collapse, resulting in a reduced
fin fold size. The remaining cells following ablation are unable to migrate and show decreased
actinodinl mesenchymal reporter activity. Actinodin proteins are crucial structural component of
the actinotrichia. Additionally, we show a decrease in hoxal3a, hoxdl3a, fgf10a and altered
shha, and ptch2 expression during larval fin development. A continuous treatment of
metronidazole leads to fin ray defects at 30dpf. Fewer rays are present compared to stage-
matched control larvae, and these rays are shorter and less defined. These results suggest the
targeted hoxal3a/hoxd13a-expressing mesenchyme contribute to their own successful migration

through their contributions to actinotrichia. Furthermore, due to their fate as fin ray osteoblasts,
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we propose their initial ablation, and subsequent disorganization produces truncated fin dermal
bone elements during late larval stages.
3.3. Introduction

The evolution of limbs was a hallmark in vertebrate innovation. No longer restricted to
aquatic environments, tetrapods rapidly radiated and conquered their new terrestrial niches
(Ahlberg & Clack 2006; Ahlberg & Milner 1994; Daeschler et al. 2006). Fore- and hindlimbs
evolved from the pectoral and pelvic fins, respectively, of lobe-finned sarcopterygian fish
(George & Blieck 2011; Long et al. 2006; Shubin et al. 1997). The fossil record has yielded
useful transitional tetrapod species to investigate changes in bone morphology crucial for the
evolution of the limb from the sarcopterygian fish fin. Expansion and elaboration of the
appendicular endochondral bone resulted in the three distinct limb regions common to all
tetrapods: the stylopod, zeugopod, and the autopod (Ahlberg & Clack 2006; Schneider & Shubin
2013; Shubin et al. 2006). Simultaneously, the fin rays, present in all extant fish were gradually
reduced before being completely lost from the tetrapod limb (Ahlberg & Clack 2006; Shubin et
al. 2006). While gene regulation differences are being identified as mechanisms of limb
evolution, more information is required to link the contributions of these regulatory differences
to changes at the level of cellular organization and tissue patterning during this process.

By examining early fin and limb development we can identify diverging developmental
or molecular processes that may have contributed to the expansion and reduction of appendicular
endochondral and dermal bone, respectively. Early fin and limb outgrowth is initiated and
maintained by an FGF feedback loop between the apical ectodermal ridge (AER) and the
underlying mesenchyme (Grandel & Shulte-Merker 1998; Johnson & Tabin 1997; Lewandoski

et al. 2000; Sun et al. 2002; Yano et al. 2012; Yano & Tamura 2013). During tetrapod limb
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development, the AER is maintained relatively longer (E12.5 in the mouse forelimb) than in
pectoral fin development resulting in sustained signalling FGF signalling (Guo et al. 2003; Lu et
al. 2008). The contributions of long-term AER signalling on endochondral bone evolution have
been previously proposed in Thorogood’s Clock model (Thorogood 1991; Yano et al. 2012).
During zebrafish pectoral fin development, the AER folds to form the apical fin fold as early as
36hpf (Grandel & Shulte-Merker 1998; Yano et al. 2012). Despite this morphological change,
there is evidence suggesting components of AER-FGF signalling are maintained in fish pectoral
fins despite the transition into apical fin fold (Tulenko et al. 2017; Yano & Tamura 2013). The
fin fold is supported by two rows of fibrils known as actinotrichia, the first fin exoskeletal
elements formed. Actinotrichia are made of collagen and actinodin (Duran et al. 2011; Géraudie
1977; Geéraudie & Meunier 1980). The actinodin gene family (actinodin 1-4) (ZDB-GENE-
030131-9105, ZDB-GENE-041105-2, ZDB-GENE-040724-185, ZDB-GENE-081022-5) which
codes for structural proteins crucial for actinotrichia formation has been lost from the tetrapod
genome during the fin-to-limb transition (Zhang et al. 2010). Beginning shortly after the onset of
actinodin expression, actinotrichia fibrils form and support the pectoral fin fold as it extends
distally (Duran et al. 2011; Géraudie 1977; Géraudie & Meunier 1980; Grandel & Shulte-Merker
1998). At this stage actinodin genes are expressed in the ectoderm at the border of the
presumptive endochondral disk and fin fold (Lalonde et al. 2016; Zhang et al. 2010). At around
52hpf, actinodin expression begins in a second population of cells, referred here as fin fold
mesenchyme, which migrate distally through the fin fold using the pre-existing actinotrichia as a
scaffold (Lalonde et al. 2016; Wood & Thorogood 1984). This secondary activation of
actinodins in the mesenchyme is proposed to contribute to the thickness and length of the pre-

existing actinotrichia (Duran et al. 2011; Lalonde et al. 2016; Wood & Thorogood 1984).
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Actinotrichia fibrils are also present in the median fin fold, which extends along the midline of
the embryo from the 8™ somite to the end of the trunk of the embryo, with actinodin expression
starting at 24hpf (Abe et al. 2007; Kimmel et al. 1995; Zhang et al. 2010). In tetrapod limb
development, no actinotrichia or fold forms. In the adult pectoral fin, the endochondral disc
serves as a template for the proximal radial bones and novel cartilagenous condensations at the
distal edge of the disc will ossify to become the distal radials (Grandel & Shulte-Merker 1998).
The distal radials are linked to the dermal bone, calcified fin rays (lepidotrichia), which form via
intramembranous ossification from fin fold mesenchyme (Grandel & Shulte-Merker 1998). The
median fin fold will become the 3 unpaired fins of the adult zebrafish: dorsal, caudal and anal
fins (Abe et al. 2007; Kimmel et al. 1995).

Early fin and limb patterning is regulated by the 5’HoxA/D (9-13) genes (Tarchini &
Duboule 2006; Woltering et al. 2014; Zakany et al. 2004). Two distinct phases of 5’HoxA/D
expression are responsible for proximal and distal appendicular patterning, respectively (Ahn &
Ho 2008; Freitas & Zhang 2007). Each phase is activated by regulatory sequences, called
regulatory landscapes, found either 5’ (Global control region) or 3’ (Early limb control region) to
the HoxA and HoxD gene clusters (Woltering et al. 2014). Late phase 5 HoxA/D expression is
activated in distal limb mesenchyme in tetrapods, whereas expression occurs in the distal cells of
the endochondral disc, and the fin fold mesenchyme during fish fin development (Ahn & Ho
2008; Kherdjemil et al. 2016; Nakamura et al. 2016). 5’Hox regulatory data from the spotted gar
and mouse, respectively, highlight a deep homology between distal fin and limb mesenchyme
(Braasch et al. 2016; Gehrke et al. 2015; Leite-Castra J et al. 2016). In zebrafish, hoxal3-
expressing mesenchymal cells migrate distally through the larval fin fold and contribute to adult

fin dermal bone (Lee et al. 2013; Nakamura et al. 2016). Co-localization of hoxal3 (ZDB-
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GENE-990415-5, ZDB-GENE-980526-365) and andl, known autopod and fin fold markers
respectively also supports a role of hoxal3 during fin development in basal fish species (Tulenko
et al. 2017). In mice, Hoxal3-expressing cells do not migrate and instead contribute to the
endochondral bones of the autopod (Scotti et al. 2015). Several hypotheses propose fin fold
mesenchyme migration defects may be a mechanism of fin dermal bone loss during limb
evolution (Ahn & Ho 2008 ; Nakamura et al. 2016; Zhang et al. 2010). To that end, we set out to
create fin fold mesenchyme defects in the zebrafish to assess the effects on larval fin
development.

We utilized the nitroreductase/metronidazole (NTR/MTZ) system to specifically ablate a
subset of hoxal3a/hoxdl3a-expressing cells during fin development. Briefly, in the presence of
the NTR enzyme, MTZ substrate is converted to a cytotoxic compound leading to the death of
the NTR-expressing cells. Using regulatory elements specific for fin mesenchyme, we can drive
NTR in transgenic fish and specifically ablate fin fold mesenchyme upon MTZ addition to the
fish water, while not producing any bystander effects (Curado et al. 2008; Mathias et al. 2014).
In order to ablate fin fold mesenchymal cells prior to and during migration within the median and
pectoral fin folds, we utilized the previously characterized “m-Intall” regulatory element
(Kherdjemil et al. 2016). This regulatory element initiates antisense transcription at the Hoxall
exon 1 locus in mice, leading the distal repression of Hoxall (MGI:96172). Using ChIP
analysis, HOXA13 (MGI:96173) and HOXD13 (MGI:96205) have previously been shown to
bind to this enhancer element in mice, and only Hoxal3 -/- Hoxd13 -/- double mutant mice show
no activation of this enhancer element (single mutant mice show reduced enhancer activation)
(Kherdjemil et al. 2016). Furthermore, transgenic reporter zebrafish lines: Tg(m-Intall-g-

globin:eGFP) show reporter activation within the hoxal3a expression domain in the median and
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pectoral fins, further confirming a regulatory link between HOXA13 and the m-Intall enhancer
(Kherdjemil et al. 2016).

In the present study, we show that the ablation of fin fold mesenchymal cells during
median and pectoral fin development results in fin fold collapse and actinotrichia defects. In
addition, we observed endoskeletal disc reduction in the pectoral fin bud, as well as shifts in
expression profiles of several key fin patterning genes. This suggests fin fold mesenchyme is
crucial for the maintenance of actinotrichia and the fin fold during larval development. In
addition, sustained metronidazole exposure for 30 days leads to fin ray defects in the pectoral
fins at late larval stages, accompanied with a premature calcification in the proximal regions of
the anterior-most fin rays compared to stage-matched controls. We propose that fin fold
mesenchyme ablation, compounded by the lack of larval fin fold and actinotrichia maintenance,
and distal reduction in hoxal3a/hoxd13a expression results in pectoral fin dermal bone defects.
3.4. Results
Subset of hoxal3a/hoxdl3a-expressing cells are specifically ablated in Tg(Intall:NTR)
larvae following metronidazole treatment

To ablate fin fold mesenchyme in the median and pectoral fin fold, we utilized the
previously characterized “m-Intall” regulatory element (Kherdjemil et al. 2016) inserted
upstream of the human S-globin minimal promoter to generate the Tg(m-Intall-A-globin:YFP-
NTR) transgenic line, thereafter named Tg(Intall:NTR). We previously showed that the m-
Intall-p-globin regulatory elements drive transgene reporter expression in the hoxal3a-
expressing fin fold mesenchyme of the pectoral fin buds (Fig. 3.1E and (Kherdjemil et al. 2016)).
Here we show that the transgenic reporter zebrafish line Tg(m-Intall-f-globin:eGFP) also

expresses the reporter gene in hoxal3a-expressing fin fold mesenchyme of the median fin (Fig
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3.1A and 3.11). To ensure NTR expression is consistent with the previously described Tg(m-
Intall-f-globin:eGFP) transgenic line, we produced another transgenic line: Tg(m-Intall-g-
globin:mCherry) to show co-localization of YFP and mCherry within the fin fold mesenchyme
(Fig. 3.1C and 3.1D). Despite evidence that both HOXA13 and HOXD13 bind to this enhancer
in mice, we propose Hoxal3a as the main contributor to m-Intall activation in the median fin
fold. Neither hoxal3b, nor hoxd13a (ZDB-GENE-990415-119) are expressed in the median fin
fold at 60hpf (Fig. 3.1K and 3.1L), however we acknowledge Hoxal3b or Hoxd13a may still be
contributing to enhancer activation due to protein persistence or a delay in reporter activity
following binding. In the pectoral fin fold hoxal3b and hoxdl3a expression extends more
proximally in the endoskeletal disc regions of the pectoral fin at 72hpf, not consistent with Tg(m-
Intall-f-globin:eGFP) reporter expression nor hoxal3a expression (Fig. 3.1E-3.1H). Tg(m-
Intall-f-globin:eGFP) larvae do show more eGFP-positive fin fold mesenchyme in the
posterior half of the pectoral fin fold (Fig. 3.1E), comparable to hoxd13a transcript localization
(Fig. 3.1H), suggesting Hoxd13a is likely contributing to enhancer activation in this region.
Where therefore propose the m-Intall-f-globin regulatory elements show activity in a subset of
hoxal3a/hoxd1l3a-expressing cells in the pectoral fin, and hoxal3a only-expressing
mesenchymal cells in the median fin fold. The Tg(Intall:NTR) transgenic line recapitulates the
previously described Tg(m-Intall-s-globin:eGFP) transgenic line (Fig. 3.1B).

Treatments of larvae with metronidazole were initiated at the onset of Intall:NTR
transgene expression, designed to encompass the peak of hoxal3a/hoxdl3a-expressing cell
migration in each fin. For median fin analysis “larval 1 treatment is performed spanning from
30-60hpf, and for pectoral fin analysis “larval 2” treatment is performed spanning from 52-72hpf

(Fig. 3.9). Each experiment consists of one experimental group: Tg(Intall:NTR) larvae treated
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with MTZ (Intall: NTR + MTZ) and two control groups: WT larvae treated with MTZ (WT +
MT2Z), and Tg(Intall:NTR) larvae treated with DMSO alone (Intall: NTR—MTZ)(Fig 2A-2C).
To ensure our system can specifically and consistently ablate fin fold mesenchyme in larval
zebrafish we examined YFP expression in the median fin fold. Following “Larval 17
metronidazole (MTZ)-treatment, (Fig. 3.2D and Fig. 3.9) Tg(Intall: NTR) larvae show a drastic
decrease in YFP expression in the median fin fold at 72hpf (Fig. 3.2C and 3.2F), compared to
untreated transgenic larvae (Fig. 3.2B and 3.2E). The median fin fold of WT (non-transgenic)
larvae that received MTZ developed normally (Fig. 3.2A). To confirm the loss of YFP
expression is indicative of cell death, a TUNEL assay was performed. Following “Larval 1”
treatment (Fig. 3.2D and Fig. 3.9), all MTZ-treated Tg(Intall: NTR) larvae showed TUNEL-
positive cells in the median fin fold at 72hpf (Fig. 3.2I) (n = 16/16). Control fish groups present
single TUNEL-positive cells in 1-2 larvae at 72hpf (Fig. 3.2G and 3.2H). Consistently, hoxal3a,
and hoxdl3a expression is reduced in both the median and pectoral fins following MTZ-
mediated ablation (see below). Altogether, these results confirm that treatment with
metronidazole of the Tg(Intall:NTR) transgenic line specifically ablates a subset of
hoxal3a/hoxd13a-expressing fin fold mesenchyme.
Morphological and migratory defects of the pectoral and median fin fold mesenchyme in
Tg(Intall:NTR) larvae following metronidazole treatment

To facilitate visualization of the fin fold mesenchyme defects following metronidazole
treatments, Tg(Intall: NTR) zebrafish were outcrossed to Tg(m-Intall-f-globin:eGFP),
resulting in decreased ablation efficiency and higher number of surviving fin fold mesenchymal
cells (Figs. 3.1F and 3.3A-X). For pectoral and median fin analysis, larvae were treated

according to “larval 2”, and “larval 1” treatments, respectively (Fig. 3.9). At 60hpf,
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mesenchymal cells begin to migrate in the fin fold of the pectoral fin of untreated Tg(Intall:
NTR) larvae (Fig. 3.3A—C). In contrast, no actively migrating cells are present in the pectoral fins
of treated Tg(Intall: NTR) larvae (Fig. 3.3D-F), indicating a delay in migration. At 72hpf,
untreated Tg(Intall:NTR) larvae have actively migrating fin fold mesenchyme in proximal-
posterior region of the pectoral fin fold, with several cells extending distally (Fig. 3.3G-1). MTZ-
treated larvae show reduced fin fold mesenchyme migration and cells are less elongated (more
rounded) in shape (Fig. 3.3J-L). Similar observations can be made for the median fin fold. At 60
and 72hpf, untreated larvae show actively-migrating fin fold mesenchyme through the median
fin (Fig. 3.3M-O and 3.3S-U). Cells are elongated and branched in shape. In contrast, treated
larvae display clusters of mesenchymal cells in the fin fold surrounding the trunk region that
have failed to initiate migration (Fig. 3.3P-R and 3.3V-X). Furthermore, cells are rounded and
unbranched in shape. These results show that following metronidazole treatment, mesenchymal
cells in Tg(Intall: NTR) larvae transition from an elongated, branched morphology to a rounded,
unbranched morphology (a characteristic of dying cells) and subsequently fail to migrate
properly.
Actinotrichia defects and fin fold collapse in pectoral and median fins of Tg(Intall:NTR)
following metronidazole treatment

We propose that the observed decrease in median and pectoral fin fold size is due to fin
fold collapse resulting from actinotrichia defects. At 72hpf, both the median and pectoral fins of
MTZ-treated Tg(Intall: NTR) larvae show signs of fin fold collapse (Fig. 3.4B, 3.4F and 3.4J)
when compared to untreated controls (Fig. 3.4A, 3.4E and 3.41). This was seen following “larval
1” or “larval 2” treatments. At closer magnification, fins of treated individuals show

disorganized actinotrichia in the pectoral fin, with bending that is parallel to the fin fold collapse

101



(Fig. 3.4F). In order to observe actinotrichia structure in both the median and pectoral fin, we
performed immunohistochemistry for Collagen type Il, which has previously been shown to
label actinotrichia during larval development (Duran et al. 2011) (Fig. 3.5). At 72hpf,
actinotrichia of MTZ-treated larvae are unable to remain rigid, and bend within the fin fold (Fig.
3.5D-F and 3.5J-L). This correlates with fin fold collapse along the entire edge of the pectoral
and median fin fold (Fig. 3.5D-F and 3.5J-L). The actinotrichia do not remain parallel to one
another, consistently revealing gaps between the fibrils. Furthermore, there is an apparent
unbundling of Collagen 11 stained strands (Fig. 3.5D and 3.5J). Fin fold migration defects can
also be observed using DAPI staining, however cell mesenchyme morphology is not as evident.
Fin fold mesenchyme nuclei mimic cell shape but the extent of cellular elongation is not visible,
precluding the use of DAPI staining for cell displacement measurements. Fin fold mesenchyme
of MTZ-treated larvae clustered near endoskeletal disk of the pectoral fin, and the trunk region
anterior to the median fin (Fig. 3.5E, 3.5F, 3.5K and 3.5L). Untreated larvae show straight, rigid
actinotrichia throughout the median and pectoral fin fold, with visible fin fold mesenchyme
migration (Fig 3.5A-C and 3.5G-I). Fin fold mesenchyme produce and secrete actinodin
proteins, and we propose their ablation results in a failure to maintain the actinotrichia fibres and
in the subsequent collapse of the fin fold. To maintain ablation effects until 7dpf, a secondary
metronidazole treatment, “larval 37, from 72hpf -7dpf, is required to suppress fin fold
mesenchyme regeneration following “larval 1 & 2” treatments (Fig. 3.9 and 3.12). At 7dpf,
MTZ-treated Tg(Intall:NTR) larvae continue to show severe collapse of the fin fold and
actinotrichia defects in the pectoral fin (Figs. 3.4D, 3.4H and 3.5P-R) compared to untreated
larvae (Fig. 3.5C, 3.5G and 3.5M-0), following a combination of “larval 2”+ “larval 3”

treatments (Fig. 3.9). The actinotrichia are still unable to remain parallel and bend at the distal tip
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of the fin fold. The most severe defects are at the anterior and posterior regions where the
actinotrichia bend inward correlating with fin fold collapse along the anterior-posterior axis (Fig.
3.5P). Untreated larvae show rigid parallel actinotrichia throughout the pectoral fin fold (Fig.
3.5M-0). DAPI staining reveals two-fold defects in surviving fin fold mesenchyme migration:
migrating cells are now restricted centrally having converged inward from anterior-posterior fin
fold collapse, and many cells show improper orientation that seems to correlate with the
actinotrichia defects (Fig. 3.5P—R). Many cells appear to elongate along several different axes
within the fin fold compared to untreated larvae that show cell elongation restricted to the
proximal-distal axis (Fig. 3.5Q, 3.5R, 3.5N and 3.50). At 7dpf, MTZ-treated Tg(Intall:NTR)
larvae continue to show a reduction in size of the median fin fold compared to untreated control
larvae, (Fig. 3.4L and 3.4K) following “larval 1” and “larval 3” treatments (Fig. 3.9).
Actinotrichia defects are also observed in the median fin of MTZ-treated Tg(Intall:NTR) larvae
(Fig. 3.4)-L and 3.5V—X) compared to control larvae (Fig. 3.41, 3.4K and 3.5S-U). Similar to
observations in the pectoral fin, fin fold mesenchymal cells appear to elongate along different
axes compared to untreated larvae (Fig. 3.5W, 3.5X, 3.5T and 3.5U). Median fin fold defects are
ameliorated in treated larvae at 7dpf, (Fig. 3.4L) when compared to 72hpf median fins (Fig.
3.4J). We believe median fins trend towards a complete reversal of the 72hpf phenotype (Fig.
3.4J) due to incomplete median fin fold mesenchyme ablation. This aspect will be addressed in
the discussion.

Metronidazole-treated, Tg(Intall:NTR) larvae show defects in median fin fold mesenchyme
migration, a reduction in median and pectoral fin fold size and a reduction in endoskeletal

disc size
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Following MTZ-mediated ablation of fin fold mesenchyme in Tg(Intall:NTR), we
observed severe median fin fold collapse and reduced overall size (Fig. 3.2C). In order to
quantify these median fin fold defects, we measured fin fold length and height, as well as overall
median fin fold mesenchyme cell displacement (Fig. 3.6A-E). Cell displacement was measured
as a proportion of total median fin fold length (trunk to distal tip), and recorded as a percentage.
All measurements are therefore relative to the size of the fin fold, eliminating any bias for a
general impairment of fin fold growth. Following “Larval 1” or “Larval 3” treatments, median
fins of all groups were examined at 48, 60, 72hpf and 7dpf. MTZ-treated Tg(Intall:NTR)
animals display significantly reduced median fin fold mesenchymal cell displacement from 48 to
72hpf compared to both control groups (Fig. 3.6C). At 48hpf, the median fin fold length and
height of MTZ-treated Tg(Intall:NTR) larvae display no difference compared to controls (Fig.
3.6D and 3.6E). However significant reductions are observed starting at 60hpf and the defects
are maintained through 7dpf (Fig. 3.6D and 3.6E). To ensure the effects were not limited to the
median fin, we measured the area of the distal pectoral fin fold and endoskeletal disc (Fig. 3.6F-
). Following “Larval 2” or “larval 3” treatments, the distal pectoral fin fold area is significantly
reduced MTZ-treated Tg(Intall:NTR) larvae at 72hpf compared to both groups of control larvae
and the defect is maintained until 7dpf (Fig. 3.6J). To measure the endoskeletal disc area,
Tg(Intall:NTR) fish were outcrossed with Tg(Kr19) transgenic fish (Fig. 3.6G and 3.6l), where
KillerRed is expressed in the endoskeletal disk, among other regions (Teh et al. 2010). At 7dpf,
MTZ-treated Tg(Intall:NTR) larvae show a decrease in endoskeletal disc size compared to
control larvae (Fig. 3.6J). These results show that following metronidazole treatment, cells

targeted for ablation in Tg(Intall: NTR) larvae show significant defects in their migration. MTZ-
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treated Tg(Intall:NTR) fish also show a reduction in the size of the median and pectoral fin
folds, as well as of the endoskeletal disc.
Altered gene expression profiles in the median and pectoral fin of Tg(Intall:NTR) larvae
following metronidazole treatment

In order to observe the consequences of fin fold mesenchyme ablation on gene expression
and interpret the subsequent morphological defects, we performed whole mount in situ
hybridization for several genes which play important roles in fin (and limb) development (Fig.
3.7 and Fig. 3.10). As a subset of hoxal3a/hoxd13a-expressing cells are targeted for ablation, we
first confirmed lower distal transcript levels of hoxal3a in the median and pectoral fins of MTZ-
treated Tg(Intall:NTR) at 60- and 72hpf (Fig. 3.7B and 3.7D) compared to control larvae (Fig.
3.7A and 3.7C and Fig. 3.10) and decreased hoxd13a expression in the distal pectoral fin fold
and disc at 72hpf (Fig. 3.7F) compared to control larvae (Fig. 3.7E and Fig. 3.10). There is no
change in hoxd13a expression in the proximal disc regions (Fig. 3.7F). No visible change in
expression is observed for hoxal3b, and hoxallb (ZDB-GENE-990415-4) in the pectoral fins of
MTZ-treated Tg(Intall: NTR) larvae at 72hpf (Fig. 3.10). The domains of expression for
hoxal3b and hoxallb extend more proximally, outside the region targeted for ablation, and
therefore the unaffected high levels of proximal transcripts may be masking the decreases in the
distal domain. No change in andl ectodermal expression is visible by in situ hybridization (Fig.
3.10). Although a decrease in mesenchymal expression of and1 is expected, it may be hidden by
ectodermal expression of the same gene. The larval fin has andl expression in the fin fold
ectoderm and mesenchyme. To show a decrease in andl in the mesenchyme, we outcrossed
Tg(Intall:NTR) fish with the and1 mesenchymal reporter line: Tg(2PAEpi:mCherry) (Lalonde et

al. 2016). The regulatory elements “2PAEpi” contain multiple mesenchymal-specific enhancers,
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and the endogenous andl promoter (Lalonde et al. 2016). Following metronidazole treatment,
double transgenic larvae show fewer mCherry-positive cells in the pectoral 72hpf compared to
untreated controls, indicating lower and1 expression (Fig. 3.7G-J).

Expression of 5’hoxA/D genes has been previously shown to be required for activation and
maintenance of Shh expression during mouse limb development (Kmita et al. 2005; Sheth et al.
2013). In MTZ-treated Tg(Intall:NTR) larvae, both shha (ZDB-GENE-980526-166), and its
receptor ptch2 (ZDB-GENE-980526-44) display a smaller domain of expression along the
proximal-distal axis of the posterior endoskeletal disc at 72hpf, as well as a slight anterior
expansion (Fig. 3.7L and 3.7N) when compared to control larvae (Fig. 3.7K, 3.7M and 3.10). No
difference in the expression of hhip (ZDB-GENE-030131-4827), coding for a shha antagonist, is
observed in the pectoral fins of MTZ-treated Tg(Intall:NTR) larvae compared to controls at
72hpf (Fig. 3.10). Altered SHH signalling via decreased 5’Hox transcripts has previously been
associated with decreased endoskeletal disc proportions (Sakamoto et al. 2009), and thus
supports reduced endoskeletal disc size observed in MTZ-treated Tg(Intall:NTR) larvae at 7dpf
(Fig. 3.6J).

AER-FGF signalling in tetrapod limb development relies on feedback loops with SHH
and 5’HOX signalling (Laufer et al. 1994; Niswander et al. 1994; Rodriques et al. 2017; Sheth et
al. 2013). We therefore wished to determine if changes in expression of fgf8a (ZDB-GENE-
990415-72), and fgfl0a (ZDB-GENE-030715-1) are observed in MTZ-treated Tg(Intall: NTR)
larvae. At 72hpf, treated larvae show a clear decrease in fgf10a expression in the median fin fold
compared to control larvae (Fig. 3.70, 3.7P and 3.10). Treated larvae show a slight decrease in
fgf10a transcripts in the posterior fold mesenchyme of pectoral fins compared to controls (Fig

7Q, 7R and 3.10). Despite a decrease in fgfl0a expression, no change in fgf8a expression is

106



observed at 72hpf in pectoral fins of treated larvae compared to controls (Fig. 3.10). Decreased
AER-FGF signalling has been associated with decreased endochondral bone elements, and
therefore may also be causing the endoskeletal disc reduction observed in treated
Tg(Intall:NTR) larvae at 7dpf (Fig. 3.6J) (Lewandoski et al. 2000; Mariani et al. 2008;
Niswander et al. 1994). The ablation of fin fold mesenchyme in Tg(Intall:NTR) larvae
following metronidazole treatment results in decreased hoxal3a and hoxd13a transcripts in the
distal median and pectoral fins. We propose this decrease in overall 5’hoxA/D transcripts may
result in a decrease in fgf signalling, possibly followed by a decrease in downstream shha
signalling, and can account for the reduction in endoskeletal disc size observed in Intall: NTR +
MTZ larvae at 7dpf.
Actinotrichia defects, fin fold collapse, and fin ray defects in pectoral fins of
Tg(Intall:NTR) fish during late larval stages following metronidazole treatment

In order to observe the effects of fin fold mesenchyme ablation on the development of
lepidotrichia (fin ray), we established a protocol for rearing zebrafish larvae in metronidazole
until 30dpf (Fig. 3.9 Fig). We initially proposed examining the formation of caudal fin rays as
these were observed as early as 12dpf in treated Tg(Intall:NTR) individuals. Following a
“juvenile 4” treatment (Fig. 3.9), Tg(Intall:NTR) larvae did not show any caudal fin ray defects
at 20dpf (n = 4, 7.4% survival rate (Fig. 3.9)). As the defects observed at 7dpf for pectoral fin
appeared more pronounced than those in the median fin at the same stage (Fig. 3.4), we decided
to extend the treatment to observe the effects on pectoral fin ray formation. Due to
developmental delays in treated Tg(Intall:NTR) larvae (Fig. 3.11), we decided to raise this
group of fish until 30dpf, when fin ray formation was initiated. “Juvenile 5” treatment was

devised in order to decrease rates of mortality in the MTZ-treated group (Fig. 3.9). Following
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alcian blue and alizarin red staining for cartilage and bone respectively, zebrafish were staged
based on three criteria: standard length, cartilaginous disc decomposition, and calcification of
spinal cord and ribs (Fig. 3.8 and 3.11). At 30dpf, all treated Tg(Intall:NTR) larvae have
pectoral fin defects (n = 7) (Fig. 3.8C, 3.8F and 3.8l), and the three most developed larvae
display pectoral fin ray defects (n = 3) (Fig. 3.8F and 3.81). At developmental stage 6.4mm,
MTZ-treated Tg(Intall:NTR) larvae continue to display fin fold collapse and actinotrichia
defects (n = 4) (Fig. 3.8C) compared to stage-matched controls (Fig. 3.8A and 3.8B). Initial
formation of the anterior most rays does not appear delayed in 6.4mm treated larvae compared to
controls (Fig. 3.8A-C). At length 6.8, and 7.2mm, treated larvae show several key differences
with control larvae: the larvae have two missing posterior rays at each stage (5, and 6 compared
to 7, and 8 respectively). The rays are shorter (Fig. 3.8L) and less distally defined; the interray
zones are poorly defined, and the proximal fin ray regions show premature calcification in the
anterior most rays (Fig. 3.8F, 3.81 and 3.8L). Control larvae have longer fin rays (Fig. 3.8J and
3.8K) that have distinct distal tips, with clearly defined interray zones (Fig. 3.8D-E, 3.8G-H, and
3.8J-K). No calcification is observed in any control larvae at these developmental stages (Fig.
3.8D-E, 3.8G-H, and 3.8J-K). The poorly defined interray zones of treated larvae (Fig. 3.8F, 3.8l
and 3.8L) are comparable to the less developed posterior fin rays in the control larvae (Fig. 3.8D-
E, 3.8G-H, and 3.8J-K). By comparing treated Tg(Intall:NTR) larvae at 7.2mm (Fig. 3.8l and
3.8L) to less developed control larvae (WT + MTZ, 6.8mm; untreated, 6.9mm) (Fig. 3.8D and
3.8E), we can remove the possibility that these defects are simply due to a delay in fin ray
development. At 30dpf, treated transgenic larvae continue to show no defects in caudal fin rays
(n = 7, 13.5% survival rate (Fig. 3.9) compared to controls (Fig. 3.11). However, a small

percentage of larvae in each treatment group display unrelated major caudal fin deformities (Fig.
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3.11). The number of fish with caudal fin deformities is displayed in the bottom right corner of
each panel and is presented as a fraction over total observed fish (Fig. 3.11). These results show
that a sustained daily metronidazole treatment can sufficiently ablate the fin fold mesenchyme to
produce pectoral fin ray defects at 30dpf. Thus, we are able to show that defects in larval fin fold
mesenchyme, through genetic ablation, can produce truncated dermal bone elements in adult
pectoral fins.
3.5. Discussion
Implications for the fin-to-limb transition

We have shown that, following metronidazole treatment, we can consistently and
efficiently ablate fin fold mesenchyme in Tg(Intall:NTR) larval zebrafish. Furthermore, the
apoptotic nature of cell ablation was confirmed via TUNEL assay. This population of cells has
been shown to express multiple 5’hox genes, including hoxal3a, hoxal3b, hoxdl3a, and
hoxallb (Ahn & Ho 2008) and actinodin genes (Lalonde et al. 2016; Zhang et al. 2010).
Enhancer, cell lineage-tracing and knockout data have also proposed a deep homology between
fin fold mesenchyme in teleost and presumptive autopod mesenchyme of tetrapods (Braasch et
al. 2016; Gehrke et al. 2015; Nakamura et al. 2016; Scotti et al. 2015). In fact, fin mesenchyme
migration failure has been proposed as a mechanism of fin dermal bone loss during limb
evolution (Ahn & Ho 2008; Nakamura et al. 2016). Actinotrichia are crucial for proper fin fold
mesenchyme migration, and thus seem to be an obvious target to disrupt migration (Duran et al.
2011; Zhang et al. 2010; Wood & Thorogood 1984). We have previously explored the
possibilities of actinodin loss/change in regulation as mechanisms of actinotrichia defects and

subsequent loss of dermal bone in fins of tetrapods (Lalonde et al. 2016; Zhang et al. 2010).
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Our data show that fin fold mesenchyme survival is crucial for fin fold and actinotrichia
maintenance. Following ablation, the larval median and pectoral fin folds collapse and
disorganized actinotrichia are observed. The actinotrichia are no longer able to support the fin
fold. They are unable to remain rigid, and bend parallel to the collapsed fin fold region (Fig. 3.5).
It appears that fin fold mesenchymal cells contribute to their own successful migration, likely
through their contributions to structural components of the actinotrichia (Duran et al. 2011;
Lalonde et al. 2016; Zhang et al. 2010). Indeed, we show that andl reporter expression in the
mesenchyme is decreased using the Tg(2PAEpi:mCherry) transgenic line, demonstrating lower
andl activity (Fig. 3.7G-J). At the same time, previous studies have also proposed that hoxal3
contributes to pectoral fin fold formation (Tulenko et al. 2017). Thus, hoxal3a/hoxal3b double
mutants display a reduced larval pectoral fin fold size (Nakamura et al. 2016). Although
Tg(Intall:NTR)larvae do show reduced transcripts for hoxal3a, levels of hoxal3b do not appear
to be affected, suggesting the mechanisms of fin fold reduction (ie. actinotrichia defects) differ
from that occurring in hoxal3a/hoxal3b double mutants. No fin fold defects are observed in
single mutant larvae (hoxal3a -/- or hoxal3b -/-) nor in hoxd13a mutant larvae (Nakamura et al.
2016). In addition, despite similar reductions in size, pectoral fin fold morphology appears to
differ in hoxal3a/hoxal3b double mutants compared to Tg(Intall:NTR)larvae following
ablation. The pectoral fin folds of treated Tg(Intall:NTR)larvae show a characteristic distal
“peak” as the actinotrichia bend (Fig. 3.4 and 3.5), which is absent in hoxal3a/hoxal3b double
mutants. Finally, no effect is described in the median fin fold of hoxal3a/hoxal3b double
mutants (Nakamura et al. 2016). Additional work is required to investigate the contributions of

5’hox to the larval fin fold.
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To assess the effects of prolonged fin fold mesenchyme ablation on later larval fin ray formation,
we developed a protocol to treat the larvae until 30dpf. Through sustained metronidazole
treatments, we were able to show pectoral fin ray defects at 30dpf (6.8-7.2mm) in
Tg(Intall:NTR)larvae. These larvae have lower fin ray numbers, which are shorter and less
distally defined compared to stage-match control larvae (Fig. 3.8). Fin fold mesenchyme has
been shown to contribute to both fibroblast and osteoblast lineages (Lee et al. 2013; Nakamura et
al. 2016). To assess the contributions of fin fold mesenchyme Nakamura et al. used a “late-
phase” hoxal3 enhancer to drive the Cre recombinase enzyme in their lineage-tracing
experiments. Since the Intall regulatory element used in the present study is activated by
Hoxal3a & Hoxd13a, fin fold mesenchymal cells that show Intall:NTR transgene expression
would also contribute to the osteoblast lineage. We propose a loss or disorganization of
osteoblasts can account for the mispatterning of the fin rays in Tg(Intall:NTR) larvae following
metronidazole treatment. Proteoglycans are known to be involved in the organization of
endochondral and intramembranous bone extracellular matrix. They actively regulate collagen
fibrillogenesis and are secreted by differentiating and mature osteoblasts (Gori et al. 2001;
Lamoureux et al. 2007). In Tg(Intall:NTR) fish, alcian-blue stained proteoglycans appear
dispersed through the adult fin fold rendering the interray tissue and distal fin ray regions
undefined (Fig. 3.8F, 3.8l and 3.8L). In control larvae, the presumptive fin ray definition appears
to be due to condensation of alcian blue-stained proteoglycans (Fig. 3.8-E, 3.8G-H and 3.8J-K).
An analysis of osteoblast markers is necessary to provide conclusive evidence for a loss or
disorganization of osteoblasts, however due to limited sample number, further analysis was not

possible. These results provide evidence that larval fin fold mesenchyme defects can produce a
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truncation in late larval pectoral fin rays and may have potential implications for the loss of fin
dermal bone in tetrapods.

In contrast to pectoral fin ray defects, no caudal fin ray defects were observed (Fig. 3.11).
We showed that at 7dpf, median fin fold defects are ameliorated compared to 72hpf in
Tg(Intall:NTR) following metronidazole treatment suggesting an early reversal of the severe
larval median fin fold phenotype. We propose several explanations for this observation. First,
transgenic zebrafish frequently display variable transgene expression between individuals and
this may have resulted in inconsistent ablation (Roberts et al. 2014). This contingency, combined
with higher relative numbers of fin fold mesenchymal cells in the median fin (Fig. 3.1F and
3.1J), could result in a reduced effect in the median fins compared to the pectoral fins. Second, in
order to avoid metronidazole toxicity at 72hpf, “larvall” treatment spanned from 30-60hpf and
may have missed a key developmental period from 60-72hpf important for long-term median fin
fold maintenance. Finally, fin fold mesenchyme ablation may simply yield a more severe and
prolonged effect in the pectoral fin due to differences in patterning and morphology. In fact,
transitional tetrapods maintained caudal fin rays for millions of years following the loss of
dermal bone in paired appendages (Clack 2009) suggesting the caudal fin may have been less
susceptible to the mechanisms of fin dermal bone loss ie. fin fold mesenchyme defects.
Implications for fin development

Following fin fold migration defects, a shift in cell fate from dermal to endochondral
bone progenitors has been proposed as a mechanism for simultaneous dermal reduction and
endochondral expansion (Nakamura et al. 2016). We have shown dermal bone reductions
following fin fold mesenchyme ablation at 30dpf; however no effects are observed in the

presumptive proximal and distal radials (Fig. 3.8). We recognize that cell ablation methods are
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not ideal to test any hypotheses of fin fold mesenchyme shifts in cell fate. We are not
differentially allocating these cells to the proximal regions of the pectoral fin, we are simply
lowering the number of cells that properly migrate and contribute to adult dermal bone. We
therefore do not predict an expansion of endochondral bone, simply a reduction in fin dermal
bone (fin ray defects).

Tg(Intall:NTR)larvae show decreased endoskeletal disc size at 7dpf following
metronidazole treatment, which is in contradiction with a hypothesis of endochondral bone
expansion during limb evolution (Freitas et al. 2012; Nakamura et al. 2016; Yano & Tamura
2013). We propose that disc size reductions are a secondary effect of the fin fold mesenchyme
ablation. As shown by in situ hybridization, lower amounts of distal transcripts are present for
hoxal3a, and hoxd13a (Fig. 3.7A-F). While hoxal3b and hoxallb are expressed in the ablated
population of cells, their expression patterns extend much more proximally in the pectoral fin,
outside the zone of ablation. This may account for the absence of obvious decreases in distal
expression, as many hoxal3b/hoxallb-expressing cells are not affected (Fig. 3.10). Overall, we
provide evidence for a global decrease in 5’hox transcripts, which has been linked to decreased
FGF signalling and endochondral bone size. Decreased FGF signalling between the apical
ectodermal ridge and underlying limb mesenchyme results in reduced endochondral bone during
limb development in mice (Lewandoski et al. 2000; Mariani et al. 2008; Niswander et al. 1994).
We show decreased levels of transcripts for fgflOa (Fig. 3.70-R), however levels of fgf8a
transcripts are unaffected (Fig. 3.10). Lower levels of fgf10a expression may be due to ablation
of fgf10a—expressing cells or lowered 5’Hox signalling. Finally, the change in expression of shha
and ptch2 highlight the reduced endoskeletal disc proportions (Fig. 3.7K-N). Altered shha

expression may be due to lower transcript levels of fgf10a or simply an effect of the disc size
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reduction itself. Feedback loops between 5’Hox, FGF and HH signalling are well-documented
(Laufer et al. 1994; Niswander et al. 1994; Rodriques et al. 2017; Sheth et al. 2013).

In contrast to decreased presumptive endochondral bone elements at 7dpf,
Tg(Intall:NTR)larvae show earlier dermal bone calcification in the proximal regions of the
anterior-most fin rays at 30dpf following metronidazole treatment. This suggests increased
osteoblast activity in this zone. At 30dpf, we show high levels of YFP-expressing cells in the
proximal fin fold mesenchyme and anterior-most fin rays in the pectoral fin (Fig. 3.12),
indicative of sustained or reactivated hoxal3a/hoxd13a expression in these regions. We have
previously shown that m-Intall regulatory element is activated by Hoxal3 and Hoxd13 in mice
(Kherdjemil et al. 2016). We propose that increased osteoblast activity may be due to altered
FGF-signalling in response to the reactivation of hoxal3a /hoxd13a during fin fold mesenchyme
regeneration. An analysis of osteoblast markers is necessary to provide conclusive evidence for
increased osteoblast activity, however due to limited sample number, further analysis was not
possible. 5 Hox signalling has been shown to contribute to Fgfl10 signalling in mice (Sheth et al.
2013). In addition, FGF-signalling has been linked to the induction of osteoblast/chondrocyte
differentiation, and the promotion of intramembranous bone ossification (Martin 1998; Mercader
2007; Su et al. 2014).

Nitroreductase/Metronidazole system for long-term cell ablation

The nitroreductase/metronidazole system was devised as a tool for analysing
developmental and regenerative processes following cell-specific ablation (Curado et al. 2008).
Unfortunately, the regenerative capabilities of zebrafish fins make long-term sustained cell
ablation difficult. We, and others, show that the NTR/MTZ system is efficient at specifically

ablating cells of interest in short-term experiments (Mathias et al. 2014). At 3dpf, we observed
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nearly complete fin fold mesenchyme ablation in the median fin fold. If metronidazole is
removed however, a secondary wave of YFP-expressing fin fold mesenchyme appears within 48
hours (Fig. 3.12). To assess the effects of fin fold mesenchyme ablation on fin ray formation, we
therefore had to maintain metronidazole exposure during the entire course of development. At
high concentrations or following prolonged exposure times, metronidazole is toxic and can
induce non-specific effects (Mathias et al. 2014). We therefore utilised a more efficient triple
mutant variant of nitroreductase in order to reduce treatment length/concentration and minimize
metronidazole toxicity (Mathias et al. 2014). Furthermore, to promote survival of larvae,
metronidazole concentrations were reduced as development progresses and 6 hour rotifer
baths/feeding breaks were provided daily (Fig. 3.9). Despite all these measures, Tg(Intall:NTR)
larvae had extremely low survival rates (13.5%) at 30dpf (Fig. 3.9) and experienced severe
developmental delays (Fig. 3.11) following a “juvenile 5” treatment. No caudal fin ray defects
were observed in the surviving larvae and only modest pectoral fin ray defects were produced.
High levels of YFP-expressing cells were present in the caudal fin and in the proximal regions of
the pectoral fins of MTZ-treated Tg(Intall:NTR) larvae at 30dpf. These observations highlight
regeneration of the fin fold mesenchyme despite the sustained metronidazole treatment (Fig.
3.12). “Juvenile 4” and juvenile 3” treatments, with minimal increases in metronidazole
concentration, result in more severe developmental delays and complete lethality of
Tg(Intall:NTR) larvae prior to 30dpf (Fig. 3.9). WT larvae exposed to metronidazole also show
impaired survival following a “juvenile 3” treatment (Fig. 3.9). In summary, it seems the
metronidazole concentrations required for survival Tg(Intall:NTR) larvae to 30dpf are
insufficient to maintain complete fin fold mesenchyme ablation. Therefore, metronidazole

toxicity and the regenerative properties of zebrafish decrease the usefulness of this system for
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long-term cell ablation of hoxal3a/hoxd13a-expressing fin fold mesenchyme. The difficulties of
raising zebrafish in metronidazole are worsened by the existence of an additional secondary
pattern of YFP-expressing cells in the lower digestive tract of Tg(Intall:NTR)larvae (Fig. 3.9).
These cells do express hoxal3a, as confirmed by whole mount in situ hybridization (Fig. 3.9),
and are therefore also subject to cell ablation. The ablation of hoxal3a-expressing cells in the
lower digestive tract likely contributed to developmental delays and decreased survival of MTZ-
treated Tg(Intall:NTR) larvae.

In conclusion, we show that ablation of fin fold mesenchyme results in actinotrichia
defects and collapse of the median and pectoral fin folds in zebrafish larvae. Using a sustained
30 day metronidazole treatment, we are also able to produce pectoral fin ray defects. We propose
that the ablation of mesenchymal cells results in a failure to maintain the actinotrichia, likely due
to a decrease in total actinodin proteins, and subsequent collapse of the fin fold. Impaired
migration of any surviving or regenerating fin fold mesenchyme results in a lower number of
presumptive osteoblasts that are also less organized, thus creating defects in fin ray length,
number and definition. In addition, 7dpf larvae show a reduction in endoskeletal disc size, while
30dpf larvae show earlier calcification in the proximal regions of the fin rays. We propose that
these phenotypes are long term effects from the initial cell ablation and subsequent regeneration.
3.6. Methods
Animal care
All fish are bred and raised in the D’ Iorio, University of Ottawa, zebrafish facility. Wild-type
zebrafish stock has been bred in the laboratory for several years. The fish facility is maintained at
28°C, with a photo-period of 14 h of light and 10 h of darkness (Westerfield 2000). Animal care

and experiments were certified by the Canadian Council on Animal Care and licensed under the
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Ontario Animals for Research Act. Zebrafish larvae were anesthetized and euthanized using
tricaine. Approved protocol number: BL-1851.

Plasmid construction

All cloning and subcloning was performed following standard procedures (Sambrook & Russell
2001). The original vector used was pEGFP-N1. The CMV regulatory regions were removed and
Tol2 arms were inserted between the Asel and Nhel (left arm) and AfllI(right arm).

The human beta-globin minimal promoter was isolated from the p1230 vector, amplified, and
inserted in the BamHI, and Agel sites using the following primers:

FW 5> GGATCCCTGGGCATAAAAGTCAG 3’

Rev 5 ACCGGTTCTGCTTCTGGAAGGCT 3°

m-Intall element was inserted at the Xmal site according to (Kherdjemil et al. 2016).

The YFP-NTR transgene was amplified from the pBK 2xNRSE-2xzHB9-5XUAS-TagYFP-T2A-
NTR plasmid and inserted into the Agel and Notl sites using the following primers:

FW 5> ACCGGTATGGTTAGCAAAGGCGAGG

Rev 5 GCGGCCGCTTACACCTCTGTCAGGGTGA

Microinjection in Zebrafish embryos and transgenic Zebrafish

Constructs (final concentration of 100ng/uL) are co-injected with transposase RNA (final
concentration of 50ng/uL) mixed with RNAse-free water and 0.5% phenol red in one cell-stage
zebrafish embryos.

Transgenic lines were identified via fluorescence microscopy and the expression patterns were
confirmed with 3 lines. The transgenic line with the brightest YFP expression was used for
experiments.

Treatments
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For “Larval 1-3” treatments (Fig. 3.9), larvae were raised in petri dishes with 50 embryos in
25ml of treatment solution (E3 media + MTZ/1%DMSO). For “larval 3” treatment (Fig. 3.9),
solutions were changed daily and larvae were raised in the incubator with no light cycle. Larvae
were not fed. Larvae displaying non-specific defects at 7dpf from MTZ toxicity (heart edema,
shortened trunk) were consistently omitted from analysis across treatment groups.

For “juvenile 1-5” treatments (Fig. 3.9), larvae were transferred to 1L tanks at 5dpf. Each 1L
tank housed two ~450ml mesh bottom baskets containing 12—-13 larvae. Mesh bottom baskets
could be lifted and easily transferred to new 1L during treatment changes without harming the
larvae. Treatment solution (Water + MTZ/1%DMSQO) was changed daily, and larvae were raised
at 28°C, with a photo-period of 14 h of light and 10 h of darkness (Westerfield 2000). Larvae
were fed Gemma75 food once daily from 6-10dpf, twice daily from 10-15dpf, and Gemmal50
four times daily from 16-30dpf.

For “juvenile 1-2” treatments (Fig. 3.9), one third of the treatment solution was a concentrated
rotifer bath.

For “juvenile 3-5” treatments (Fig. 3.9), larvae were transferred to a rotifer bath (1/3
concentrated rotifers, 2/3 water) for 6 hours a day to facilitate feeding then returned to the
treatment solution (Water + MTZ/1%DMSO). From 16dpf onward, larvae were simply
transferred to water for 6 hours daily instead of the rotifer bath.

All treatments are made with 1% DMSO.

TUNEL assay

Embryos were fixed in 4%PFA O/N at 4°C. Following rehydration in PBST, embryos were
permeabilized by digestion with 25mg/pul proteinase K in PBS for 20min at RT. Embryos were

then post-fixed for 20min in 4%PFA and washed 5X in PBST, 5 min each wash. Following
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washes, embryos were permeabilized using fresh 0.1% sodium citrate in PBST for 15min at RT,
and then washed 3X in PBST, 5 min each wash. TUNEL reaction mix was added according the
manufacturer’s instructions (Roche Cat#12156792910) and incubated for 2hours at 37°C in the
dark. Following TUNEL reaction, embryos were washed 3X in PBS for 5 min each wash.

In situ hybridization

In situ hybridization on whole-mount embryos was performed as previously described (Thisse &
Thisse 2008). Digoxigenin-labelled antisense RNA probes were generated using the following
cDNAs: andl (2,383 base pairs (bp) (Zhang et al. 2010), hoxd13a(793bp, (Zhang et al. 2010)),
shha (2.5kb, (Smith et al. 2008)]), fgf10a(1.6kb; kindly provided by I. Belmonte), fgf8a(1.5kb;
(Zhang et al. 2010)), hoxal3a(500 bp; Addgene 36463, (Ahn & Ho 2008)), hoxal3b (700 bp;
Addgene 36568, (Ahn & Ho 2008)), hoxallb (800 bp; Addgene 36466, (Ahn & Ho 2008)),
ptch2(1.15 kb; (Laforest et al. 1998)) and hhip(2 kb;).

hhip cDNA was amplified using the following primers:

FW 5’ ATGAAGCATTTGAAATTTGTGCT

Rev 5’"GTCTTTCTCACCGTCCCCTT

Immunohistochemistry (IHC)

Embryos were fixed in 4%PFA O/N at 4°C, and then stored in methanol. From methanol, larvae
are permeabilized in acetone at -20°C for 20 min. No proteinase K treatment is required.
Following 2X5min washes in PBST, larvae are placed in blocking solution for 3 hours (10% calf
serum, 0.5% TritonX100 in PBS) and then incubated in primary antibody overnight (Primary
Antibody: mouse anti-Collagen Il (11-116B3, 1:100 dilution in blocking, Developmental Studies
Hybridoma Bank). Following 4X10min PBST washes, larvae are incubated in secondary

antibody (Secondary Antibody: Alexa Fluor Goat anti-Mouse 488, 1:500 in PBST, Life
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technologies) for 3 hours at room temperature. Larvae are then washed 4X10min in PBST, with
the first wash containing DAPI (1:10 000) stain.

Transgenic fish

Tg(Krl9)transgenic line

Transgene is integrated 32,151 bp downstream of ENSDARG00000078279, and at a second
unknown integration site. Krl9 fish show membrane-tethered KillerRed expression in the
choroid plexus and endoskeletal disc cells, among other regions (Teh et al. 2010).

Bone and cartilage staining

Following O/N fixation in 4%PFA at 4°C, 20-30dpf larvae were stained using the “Two-color
acid-free” method previously described (Walker & Kimmel 2007). 60mM MgCl, was used for
alcian blue stain.

Fin measurements

Adobe Photoshop CS6 was used to take the fin measurements. Each fin is measured 5 times, and
the 3 median values are then averaged for a single value per fin. 7dpf median fins and pectoral
fins were dissected off and imaged using the stereoscopic microscope. Median fin photos from
48-72hpf were taken whole-mount using the dissection scope. The position of migrating cells in
the median fin fold is visualized using highly contrasted brightfield images. The distal most cell
is used to measure the distance migrated. The pectoral fin was precluded for cell migration
measurements as these cells are not visible without fin dissection. Fin mounting further creates
difficulties regarding mesenchymal cell visibility due to their subsequent flattened morphology.
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3.8. Figures

A Tg(m-Inta11-B-globin:eGFP) B Tg(m-Inta11-B-globin:YFP-NTR)

C Tg(m-Inta11-B-globin:mCherry) D Tg(m-Inta11-B-globin:mCherry; m-Inta11-B-globin:YFP-NTR)

E Tg(m-Inta11-B-globin:eGFP) ‘ hoxal3a hoxal3b H hoxd13a

R o
72hpf : 3 T 2 72hpf 72hpf

hoxalda K. S hoxd13a

60hpf : - b 60hpf
Figure 3.1. Nitroreductase (NTR) in Tg(Intall:NTR) is expressed in subset of
hoxal3a/hoxd13a-expressing mesenchyme of pectoral fin fold and hoxal3a-only expressing
mesenchyme of the median fin fold.

(A-D) Whole mount view of transgenic lines using the “m-Intall-f-globin” regulatory elements
at 52hpf. (E-H) Pectoral fin dissections showing reporter, hoxal3a, hoxal3b, and hoxdl3a
expression in the fin fold mesenchyme at 72hpf. (I-L) Median fin dissections showing reporter,
hoxal3a, hoxal3b, and hoxd13a expression in the fin fold mesenchyme at 60hpf. At 52hpf,
transgene (eGFP, mCherry, YFP-NTR) expression is visible in the migrating mesenchyme of the
median fin fold using the “m-Intall-g-globin” regulatory elements (white arrow) (A-D). Double

transgenic ~ fish  Tg(m-Intall-g-globin:mCherry;  m-Intall-g-globin:YFP-NTR)  show
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colocalization of mCherry and YFP expressing cells in the median fin fold (D). Reporter
expression is present in the migrating mesenchyme within the pectoral fin fold, as well as cells
located at the distal edge of the endoskeletal disc (red arrow) (E), recapitulating a subset of
hoxal3a/hoxd13a-expressing cells (F). hoxal3b, and hoxdl3a expression extends proximally
within the endoskeletal disk and this region does not correlate with reporter expression (yellow
arrows) (G, H). Dotted line represents limit between fin fold and endoskeletal disc (F-H).
Reporter expression is present in the migrating mesenchyme within the median fin fold (red
arrow) (1), recapitulating endogenous hoxal3a expression (J). No hoxal3b or hoxdl13a
expression is visible in the median fin at 60hpf (yellow arrows) (K, L). Brightfield (F-H, J-L),
fluorescence (A-D), and brightfield/fluorescence merged images (E, | K). ED, Endoskeletal disc;

FF, Fin fold. Scale bars: 200pum in A-D; 50um in E-G, I-L; 30um in H.
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60hpf

Median fin fold treatment (Larval 1)

G

Figure 3.2. Subset of hoxal3a/hoxdl3a-expressing cells specifically ablated in

Tg(Intall:NTR)fish following metronidazole treatment.

(A-C, E-I) Median fin fold of 72hpf larvae from 3 treatment groups (2 control, 1 experimental),
YFP expression levels and TUNEL assay are shown. (D) Schematic of “Larval 1” treatment,
larvae are exposed from 30-60hpf. Median fin morphology unaffected in treatment control
groups (WT + MTZ, Intall: NTR—MTZ) (A, B) compared to Intall: NTR + MTZ (C). Inatll:
NTR + MTZ larvae show median fin fold collapse (black arrow) (C). YFP expression drastically
reduced in Intall: NTR + MTZ larvae (red arrow) (F), when compared to Intall: NTR—MTZ
(green arrow) (E). A small percentage of treated control larvae (10% and 6.66%) display single
TUNEL-positive cells in the median fin fold (white arrow) (G, H). All treated Intall: NTR +

MTZ larvae (n = 16) show TUNEL-positive cells in the median fin fold (white arrow) ().
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Brightfield (A—C), fluorescence (E, F), and brightfield/fluorescence merged images (G-1). Scale

bars: 100pum in A-C, E-I.
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Figure 3.3. Morphological and migratory defects of the pectoral and median fin fold
mesenchyme in Tg(Intall:NTR) larvae following metronidazole treatment.

(A-J) Pectoral and (M-W) median fin of 60, and 72hpf Intall: NTR + MTZ and Intall: NTR—
MTZ larvae outcrossed with Tg(Intall-g-globin:eGFP) transgenic larvae. At 60hpf, Intall:
NTR—MTZ show the beginning of fin fold migration in the pectoral fin (white arrow) (A-C).
Migration is absent/delayed in the pectoral fin of the Intall: NTR + MTZ group (yellow arrow)
(D-F). At 72hpf, Intall: NTR + MTZ larvae display reduced fin fold mesenchyme migration in
the pectoral fin (J-L) compared to the control (G-I). Fin fold mesenchyme are less
elongated/branched and are clustered close to the endoskeletal disk (red arrow) (J-L), compared
to control pectoral fins (white arrow) (G-1). At 60, and 72hpf median fin fold mesenchyme of
Intall: NTR + MTZ larvae cluster next to the trunk, and are more round and less
elongated/branched (red arrow) (P-R, V-X), compared to control larvae (white arrow) (M-0O, S-

U). Brightfield (A, D, G, J, M, P, S, V), fluorescence (B, E, H, K, N, Q, T, W), and
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brightfield/fluorescence merged images (C, F, I, L, O, R, U, X). ED, Endoskeletal disc; T, Trunk.

Scale bars: 50um in A-X.

Figure 3.4. Fin fold collapse in 72hpf, 7dpf pectoral and median fins of Tg(Intall:NTR)
following metronidazole treatment.

(A-H) Pectoral and (I-L) median fins of Intall: NTR + MTZ and Intall: NTR-MTZ control
larvae at 72hpf and 7dpf. Intall: NTR + MTZ larvae display pectoral fin fold collapse at 72hpf
(B, F) and 7dpf (D, H), compared to Intall: NTR—MTZ (A, C, E, G). Note the collapse of the
fin fold (red arrows) (B, D). Panels E-H are magnifications of dotted box in panels A-D. Note the
appearance of bending actinotrichia fibrils (yellow arrows) in Intall: NTR + MTZ larvae (F, H)
compared to straight actinotrichia (black arrows) in the Intall: NTR—MTZ larvae (E, G).
Intall: NTR + MTZ larvae display major median fin fold defects at 72hpf (J) compared to
Intall: NTR—MTZ larvae (I). Note the collapse of the fin fold (red arrows) (J). By 7dpf, Intall:
NTR + MTZ larvae continue to show a reduction in median fin fold size compared to Intall:

NTR—MTZ larvae (K), however defects are ameliorated compared to Intall: NTR + MTZ
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larvae at 72hpf (J, L). Note the minor folding of distal tip of the median fin (red arrow) (L). ED,

Endoskeletal disc; FF, Fin fold. Scale bars: 100um in A-D, F, H, I-L; 50um in E, G.

D Intall: NTR + MTZE

A Intall:NTR-MTZ@B __ ..

Figure 3.5. Actinotrichia defects in 72hpf, 7dpf pectoral and median fins of Tg(Intall:NTR)

following metronidazole treatment.

Collagen Il Immunostaining of (A-F, M-R) pectoral and (G-L, S-X) median fins of Intall: NTR
+ MTZ and Intall: NTR-MTZ control larvae at 72hpf and 7dpf. At 72hpf, and 7dpf untreated
larvae show rigid, parallel actinotrichia throughout the pectoral and median fin fold (A, C, G, |,
M, O, S, U), with DAPI staining revealing proper fin fold mesenchymal cell migration (Yellow
arrow) (B, H, N, T). Note the fin fold mesenchyme elongate along the proximal distal axis,
aligning with the actinotrichia (Yellow arrow) (B-C, H-I, N-O, T-U). At 72hpf, and 7dpf,
actinotrichia of MTZ-treated larvae are unable to remain rigid and bend within the fin fold
(Purple arrow) (D, F, J, L, O, R, V, X). This correlates with fin fold collapse. The actinotrichia
are unable to remain parallel to one another, creating gaps within the fin fold (D, F, J, L, O, R, V,

X). Note the apparent unbundling of Collagen 11 stained strands at 72hpf (Purple arrow) (D, J).
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At 72hpf, DAPI staining reveals fin fold mesenchyme cluster next to the pectoral fin
endoskeletal disc and the trunk region proximal to the median fin fold (Teal arrow) (E, K),
having failed to migrate correctly. At 7dpf, surviving fin fold mesenchyme fails to migrate
correctly (Teal arrow) (Q, W). In the pectoral fin, migration is restricted to the central region of
the fin fold (Teal arrow) (Q) and in both the pectoral and median fin, these cells display
elongation along various different axes, correlating with actinotrichia defects (Teal arrow) (P-R,
V-X). Collagen Il staining (A, D, G, J, M, P, S, V), DAPI (B, E, H, K, N, Q, T, W) and merged
(C,F, I L, O, R, U, X) images are presented. ED, Endoskeletal disc, T, Trunk Scale bars: 50um

in A-X.
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Figure 3.6. Metronidazole-treated Tg(Intall:NTR) larvae show defects in median fin fold
mesenchyme migration, a reduction in median and pectoral fin fold size and a reduction in
endoskeletal disc size.

(A-B) Schematic of median fin fold measurements. (C-E, J) Graphs displaying measurements of
median fin mesenchyme displacement (%), median fin fold width (mm) and height (mm), and
pectoral fin fold and endoskeletal disc area (mm?). (F-G) Intall: NTR—MTZ and (H-1) Intall:
NTR + MTZ pectoral fin at 7dpf outcrossed with Tg(kr19) to highlight endoskeletal disc. Fin
fold mesenchyme cell displacement is represented as a percentage displaced relative to the
overall fin fold length (trunk to distal tip) (Measurement 1), length of median fin fold is
measured from trunk to distal tip (measurement 2), and height of median fin fold is measured
from dorsal to ventral tips at the trunk (measurement 3) (A-B). Intall: NTR + MTZ larvae

display a reduction in median fin fold mesenchyme cell displacement at 48, 60, and 72hpf
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compared to control larvae (C). Intall: NTR + MTZ larvae show a reduction in median fin fold
width and height at 60, 72hpf, and 7dpf compared to control larvae (D, E). No difference is
observed for either measurement at 48hpf (D, E). Intall: NTR + MTZ larvae show a decrease in
pectoral fin fold area at 72hpf, and 7dpf, as well as a reduction in endoskeletal disc size at 7dpf
(J). Example of Intall: NTR—MTZ (F, G) and Intall: NTR + MTZ (H, 1) pectoral fin used for
distal fin fold, endoskeletal disc measurements. Region used for measurement is indicated by
dotted line (F, G). Note the decreased disc size in the Intall: NTR + MTZ pectoral fin (white
asterisks) (I). Scapulocoracoid not included in the disc area measurements (yellow asterisks) (G,
[). All bar values are an average of 10 measurements (n = 10 fins) with standard deviation
indicated, with the exception of endoskeletal disc size (J). Endoskeletal disc values are based on
measurements of 5, 5, and 8 fins (n = 5 fins, n = 5 fins, n = 8 fins) for treatment controls and
Intall: NTR + MTZ larvae respectively. Standard one-way ANOVA was performed. Each mean
was compared against both other means. Tukey’s correction was applied. No statistically
relevant difference was ever detected between treatment controls (WT + MTZ, Intall: NTR—
MTZ). Intall: NTR + MTZ P-values (asterisks) are representative of comparisons with both
treatment controls, with the exception of median fin fold width at 7dpf, where unique P-values
are indicated for comparisons with each control (D). Brightfield (A-B, F, H), fluorescence (G, ).
P-values: ** P = 0.001>0.005, **** P = <0.0001. ED, Endoskeletal disc; MFF, Median fin fold.

Scale bars: 100um (F-1).
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Figure 3.7. Altered gene expression profiles in the median and pectoral fin of
Tg(Intall:NTR) larvae following metronidazole treatment.

(A-N) in situ hybridization and andl reporter data showing gene expression profiles in the
median and pectoral fin at 60, and 72hpf in Intall: NTR—MTZ and Intall: NTR—MTZ larvae.
Intall: NTR—MTZ are present in the left panels (A, C, E, G, I, K, M, O, Q) and Intall: NTR +
MTZ are present in the right panels (B, D, F, H, J, L, N, P, R). Intall: NTR + MTZ show a
decrease in distal hoxal3a expression (red arrow) in the median fin at 60hpf (B), and in the
pectoral fin at 72hpf (D) compared to Intall: NTR—MTZ (green arrow) (A, C). Note unaltered
hoxal3a expression in the trunk region of Intall: NTR + MTZ (red asterisks) (B). Intall: NTR
+ MTZ show a decrease in distal hoxd13a expression (red arrow) in the pectoral fin at 72hpf (F)
compared to Intall: NTR—MTZ larvae (green arrow) (E). Note unaltered hoxdl3a expression
in the proximal disc region of Intall: NTR + MTZ larvae (red asterisks) (F). Intall: NTR +
MTZ double transgenic larvae show decreased andl reporter activity (red arrow) (J) in the
pectoral fin compared to Intall: NTR—MTZ double transgenic larvae (Red arrow) (1) at 72hpf.
Brightfield (G-H) and fluorescent (I-J) images are included. Intall: NTR + MTZ larvae show an
increased anterior-posterior, and decreased proximal-distal expression domain of both shha and
its receptor ptch2 in the pectoral fin at 72hpf (yellow arrows) (L, N) compared to Intall: NTR—
MTZ larvae (green arrow) (K, M). Intall: NTR + MTZ show a decrease in distal/distal posterior
fgfl0a expression at 72hpf, in the median and pectoral fin respectively (red arrows) (P, R)
compared to Intall: NTR—MTZ larvae (green arrows) (O, Q). Note unaltered expression of
fgf10a in the anterior pectoral fin mesenchyme of Intall: NTR + MTZ larvae (red asterisks) (N).
Dotted lines indicate fin fold and disk boundary (C-F, K-N, Q-R)). Probe or reporter line is

indicated in the top right corner of each panel in the left column, age is indicated in the top right
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corner of each panel in the right column (A-R). Number of larvae displaying gene expression
pattern, for in situ hybridization data, are indicated in the bottom right corner of each panel (A-F,
K-R). WT-MTZ+DMSO images are contained in Fig. 3.9 and show similar expression profiles
to Intall: NTR—MTZ larvae (A, C, E, K, M, O, Q). ED, Endoskeletal disc; T, Trunk. Scale

bars: 100pum in A, B, K, L; 50um in I, J, M, N; 30pum in C-H.

133



+ MTZ Intall: NTR - MTZ Intall: TR + MTZ

Figure 3.8. Actinotrichia defects, fin fold collapse, and fin ray defects in pectoral fins of

Tg(Intall:NTR) fish during late larval stages following metronidazole treatment.

(A-L) Cartilage and bone stained pectoral fins of WT-MTZ+DMSO, Intall:NTR—MTZ, and
Intall: NTR + MTZ larvae at three standard lengths (6.4, 6.8, and 7.2mm). At standard length
6.4mm, Intall: NTR + MTZ larvae continue to show fin fold collapse (red arrow), and
actinotrichia disorganization (C), compared to control larvae (A-B). Decomposition of disc
cartilage matrix between presumptive proximal radials 2 and 3 has started (yellow asterisks) (A-

C). Note, the initial stages of anterior-most lepidotrichia formation are not affected in the Intall:
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NTR + MTZ larvae (C), compared to control larvae (A-B) (yellow arrows). At standard lengths
6.8mm and 7.2mm, Intall: NTR + MTZ larvae have a reduced number of visible lepidotrichia
compared to control larvae (D-1). Anterior-most and posterior-most visible rays have been
numbered. Intall: NTR + MTZ larvae continue to have minor collapse of the fin fold (red
arrows) (F, I, L). Control larvae have clearly defined interray zones (black asterisks) and distal
ray regions (black arrow) (D-E, G-H, J-K). Intall: NTR + MTZ larvae have poorly defined
interray zones (red asterisks) (F, I, L) similar to less developed rays in control larvae (red
asterisks) (D-E, G-H) and the distal tips of the fin rays are nearly indiscriminate from the
surrounding regions of the fin fold (F, I, L). Intall: NTR + MTZ larvae show premature
proximal fin ray calcification (purple asterisks) in the anterior rays (F, I, L) which is absent in
control larvae (D-E, G-H, J-K). Estimate of fin ray length reduction highlighted with dotted line
(J-L). As distal tip of fin rays are undefined in Intall: NTR + MTZ, length measurements were
not possible. Dotted lines span from proximal edge of fin ray to the distal edge of the fin fold at
fin rays 2, and 3 (L). Identical length lines are then superimposed over control fin rays 2 and 3 (J,
K) to show discrepancy in length. Disc matrix decomposition has started between presumptive
proximal radials 1 and 2 (yellow asterisks) (D-F) at 6.8mm in length, and presumptive proximal
radials 3 and 4 (yellow asterisks) at 7.2mm in length (G-1). All Intall: NTR + MTZ larvae are
30dpf, and staged matched control larvae were selected based on three different staging criteria
(standard length, spinal cord/rib calcification progress, and stages of endoskeletal disc cartilage

matrix decomposition). Scale bars: 100um in A-L.
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Figure 3.9. Schematic of larval and juvenile treatments, including survival rate of “juvenile

3-5” treatments.

(A-B) All metronidazole treatments tested, including survival rates in ‘“juvenile 3-5”

treatments. (C) Secondary expression pattern of hoxal3a, YFP-NTR in digestive tract. “Larval

1-3” treatments used for all stats in Fig 6 (A). “Juvenile 1-2” treatments resulted in completely

lethality at 13dpf of all treatment groups (A). “Juvenile 3—5 treatments included 6-hour daily

breaks (A), however only “juvenile 5” treatment resulted in some Intall: NTR + MTZ survival

(13.5%) by 30dpf (B). WT + MTZ and Intall: NTR—MTZ showed no difference in survival

rate at 20dpf using “juvenile 5” treatment (B), and larvae were not raised to 30 dpf as they

developed faster than Intall: NTR + MTZ. Secondary expression pattern of NTR in digestive

tract at 7dpf (white arrow) (D), consistent with hoxal3a expression during early larval

development (black arrow) (C). Digestive tract YFP-NTR expression maintained throughout late

larval development (25dpf) (white arrow) (E-F). Brightfield (C, E), fluorescence (D, F).

136


http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0192500#pone-0192500-g006

Intall: NTR + MTZ WT + MTZ Intall: NTR - MTZ Intall: NTR + MTZ
L 60hpf § sy hwfal.?b T‘. it 1] 72hpf

12/20

F 3 72hpf
S _é,-;-‘
‘.’(1-
ons g : 4 7 ,{K
910 S 0/10 BRSNS 14/14
G,  hoxdiza H e 72hpf Y
i £ e :
s : RIS
’ 14/15 GRS 7/15
72hpf

#j shha ’i ;
f;{f - | : S g

7

: Cff ; i o
S 11711 Tlesomend. 1212 07 et o)

M ; ptch2 N o 72 K
# i

G ER

TN o100 T'he

3 Z ¥ s A
7 Lt gl el ¥ u‘" SR
12/12 S 3/11 iR - 8/14

Figure 3.10. Altered gene expression profiles in the median and pectoral fin
of Tg(Intall:NTR) larvae following metronidazole treatment.

(A-J”) Whole-mount in situ hybridization data showing altered, and unaltered gene expression
profiles in the median and the pectoral fins of WT + MTZ, Intall: NTR—MTZ, and Intall:
NTR + MTZ larvae. Intall: NTR + MTZ larvae show altered gene expression patterns
for hoxal3a, hoxd13a, shha, ptch2, and fgfl0a as indicated inFig 3.6 (A-R, H’-J’). WT—
MTZ+DMSO larvae are included (A, D, G, J, M, P, H’). Intall: NTR + MTZ show no
difference in gene expression for hoxal3b, hoxallb, and1, hhip, and fgf8a in the pectoral fin at
72hpf compared to control larvae (S-G”). Probe is indicated in the top right corner of each panel

in the 1%, and 4" column (A,D,G,J,M,P,S,V,Y, B, E’, H’), age is indicated in the top right
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corner of each panel in the 3", and 6" column (C, F, I, L, O, R, U, X, A’, D’, G’, J’). Number of
larvae displaying gene expression pattern is indicated in the bottom right corner of each panel
(A-R, H’-J’). Probes with no difference in gene expression do not have a value for number of
larvae (C-G’), however each in situ hybridization experiment had 10-15 larvae per treatment

group. Scale bars: 100pum in A-C, H’-J’; 50pum in M-R, V-X, B’-G’; 30um in D-L, S-U, Y-A’.
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Figure 3.11. Absence of caudal fin defects in Tg(Intall:NTR)larvae at 30dpf following

metronidazole treatment, small percentage of larvae display major unrelated caudal fin
defects in all treatment groups. Developmental delays in Tg(Intall:NTR)larvae following
metronidazole treatment.

(A-C) Whole-mount view of larvae used for Fig 3.8G-8L. (D-F) Example of major caudal
defects present in all treatment groups. (G-1) Comparison of larvae development between Intall:
NTR—MTZ and Intall: NTR + MTZ. At 30 dpf, Intall: NTR + MTZ larvae do not show
caudal fin ray defects (black arrow) (A) compared to control larvae (black arrows) (B-C).
Calcification of entire spinal cord and first 3—4 ribs (red arrow) used for stage matching between
treatment groups. Standard length present in bottom right corner (A-C). Pectoral fins were
dissected and imaged for Fig 3.8G-8L. All treatment groups (WT + MTZ, Intall: NTR—MTZ,
Intall: NTR + MTZ) have a small percentage of larvae with major unrelated caudal fin defects
(Yellow arrow) (D-F). Number of larvae with phenotype present in bottom right corner of each
panel (D-F). Intall: NTR + MTZ larvae show >5 day developmental delay at 20dpf (I). Intall:
NTR—MTZ larvae at 15dpf (G), and 20dpf (H) shown as comparison. Beginning of caudal fin

ray formation detected in 15dpf Intall: NTR—MTZ (G), and 20dpf Intall: NTR + MTZ larvae
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(1) (Green arrow). All caudal fin rays present at 20dpf in Intall: NTR—MTZ larvae (blue arrow)

(H). Scale bars: 50um in A-C, D-F, H; 30pum in G, 1.
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Figure 3.12. Fin fold mesenchyme regeneration in Tg(Intall:NTR)larvae following
metronidazole treatment, incomplete ablation YFP-expressing cells in caudal and pectoral
fin of Tg(Intall:NTR) larvae at 30dpf.

(A-M) Comparison of YFP-NTR expression in the median fin from 3-7dpf in Intall: NTR—
MTZ, | Intall: NTR + MTZ, where treatment is halted at 3dpf, and Intall: NTR + MTZ where
treatment is maintained until 7dpf. (N-O) Levels of YFP-NTR expression in Intall: NTR +
MTZ at 30dpf. Intall: NTR—MTZ larvae show highest levels of YFP-NTR expression in the
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median fin fold at 3dpf (white arrow) (A, D). YFP-NTR expression levels decline by 5dpf (white
arrow) (B, E) and 7dpf (white arrow) (C, F) in Intall: NTR—MTZ larvae. Following ablation,
YFP-NTR expression is nearly absent in Intall: NTR + MTZ larvae at 3dpf (red arrow) (G, J). If
left untreated, a new wave of YFP-NTR-expressing cells are initiated in the proximal fin regions
surrounding the trunk by 5dpf (green arrow) (H, K), and continue distal migration at 7dpf (green
arrow) (I, L). If treatment is maintained in Intall: NTR + MTZ until 7dpf, we continue to ablate
YFP-NTR expressing cells (red arrow) (M). Note panel M is representative of “larval 3”
treatment (Fig. 3.9), “juvenile 5” treatment requires 6-hour daily breaks and modified
concentrations for larvae survival (S4 Fig). By 30dpf, Intall: NTR + MTZ show high levels of
YFP-NTR expression in both the caudal (N) and pectoral fin (O) indicating fin fold
mesenchymal is constantly being regenerated. In the caudal fin, YFP-NTR expressing cells are
along the entire proximal-distal length of the lepidotrichia (green arrow) (LP) and concentrated
at the distal tip where the actinotrichia (AC) are present (green arrow) (N). In the pectoral fin,
YFP-NTR expressing cells are only present in the proximal portions of the lepidotrichia and
actinotrichia (green arrows), immediately adjacent to the endoskeletal elements (O). Border of
the pectoral fin is highlighted by dotted line (O). Brightfield (A-C, G-I), fluorescence (D-F, J-O).

AC, actinotrichia; EDE, Endoskeletal Elements; LP, lepidotrichia. Scale bars: 100um in A-M.

142



CHAPTER 4

Evolution of Hoxa11 regulation in vertebrates is

linked to the pentadactyl state
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4.1. Notes on Chapter

The present chapter has been published in Nature as per the following citation:

Kherdjemil Y, Lalonde RL, Sheth R, Dumouchel A, de Martino G, Pineault KM et al. Evolution
of Hoxall regulation in vertebrates is linked to the pentadactyl state. Nature. 2016; 539(7627):
89-92.

Author contributions

R.L.L. cloned all of the zebrafish reporter constructs (hoxalla/b) to test for the presence of an
intronic enhancer, microinjected all zebrafish and mouse constructs and screened for positive
transient embryos. R.L.L. raised and screened injected embryos to obtain transgenic lines, and
performed basic analysis on these lines. R.L.L. performed in situ hybridization analysis in an
attempt to identify antisense transcripts in the zebrafish, as well as for hoxalla/b, hoxal3a/b and
hoxd13a. R.L.L. compared the enhancer activity of the mouse intron during median and pectoral
fin development to the expression profiles of hoxalla/b, hoxal3a/b and hoxd1l3a to assess the
possible roles of these genes during enhancer activation in mice. R.L.L. provided initial analysis
of all fish data and all fish experiments were performed by R.L.L. under the supervision of M.-
A.A.. Y.K. and M.K. conceived the study and analysed the data. Y.K. designed and conducted
all mouse experiments with the help of R.S. for the generation of the mouse lines. R.S.
performed the ChIP—seq experiments. A.D. provided technical help for the mouse experiments.
G.M. performed preliminary experiments related to Figs 4.2a and 4.3c, e. D.M.W. and K.M.P
provided Hoxall®®™*¢F" embryos. H.S.S. provided the HOXA13 and HOXD13 antibodies.
M.K. wrote the paper. All authors commented on the manuscript.

Project Introduction & Objectives

Mechanisms of Hoxall distal repression; contribution to the evolution of the pentadactyl

state
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https://www.nature.com/articles/nature19813#f3

Previous functional studies in mice have highlighted the contributions of 5’HoxA/D genes to
limb endochondral bone patterning. Furthermore, changes in regulation of 5°’HoxA/D genes have
been implicated in endochondral bone evolution during the fin-to-limb transition. During limb
development Hoxall and Hoxal3 have non-overlapping complementary expression domains.
Hoxal3 is expressed in the presumptive autopod, and Hoxall is restricted to more proximal limb
regions. In zebrafish, hoxallb and hoxal3a/b have overlapping domains of expression
suggesting Hoxall distal repression may be a tetrapod-specific novelty. Modulation of Hoxall
activity may have had consequences for endochondral bone evolution during the fin-to-limb
transition.
Objective: Identify the molecular mechanisms and contributions of Hoxall distal
repression during mouse limb development and determine this system exists in bony fish

A previous study has idenfied the existence of antisense long non-coding RNAs
(IncRNA) at the Hoxall locus in mice which show perfectly complementary expression with
Hoxall duing limb development. The Hoxall antisense INCRNAs completely overlap with
Hoxal3 expression in the autopod. We predict that Hoxall distal repression may be linked to
Hoxal3-mediated activation of antisense IncRNAs at the Hoxall locus. We therefore
investigated the excistance of cis-acting regulatory elements at the Hoxall locus responsible for
INcRNA activation in mice. To determine if this system is unique to tetrapods, we also tested for
the presence of antisense INCRNAs and cis-acting regulatory elements at the hoxalla and
hoxallb locus in zebrafish. Finally, we performed functional analysis of Hoxall distal

repression in mice to determine the effects on limb development.
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4.2. Abstract

The fin-to-limb transition represents one of the major vertebrate morphological
innovations associated with the transition from aquatic to terrestrial life and is an attractive
model for gaining insights into the mechanisms of morphological diversity between species
(Shubin et al. 2009). One of the characteristic features of limbs is the presence of digits at their
extremities. Although most tetrapods have limbs with five digits (pentadactyl limbs),
palaeontological data indicate that digits emerged in lobed fins of early tetrapods, which were
polydactylous®. How the transition to pentadactyl limbs occurred remains unclear. Here we show
that the mutually exclusive expression of the mouse genes Hoxall and Hoxal3, which were
previously proposed to be involved in the origin of the tetrapod limb (Coates et al. 2002; Davis et
al. 2007; Metscher et al. 2005; Sakamoto et al. 2009; Shubin et al. 2009; Sordino et al. 1996), is
required for the pentadactyl state. We further demonstrate that the exclusion of Hoxall from the
Hoxal3 domain relies on an enhancer that drives antisense transcription at the Hoxall locus
after activation by HOXA13 and HOXD13. Finally, we show that the enhancer that drives
antisense transcription of the mouse Hoxall gene is absent in zebrafish, which, together with the
largely overlapping expression of hoxall and hoxal3 genes reported in fish (Ahn & Ho 2008;
Davis et al. 2007; Metscher et al. 2005; Sakamoto et al. 2009; Sordino et al. 1996), suggests that
this enhancer emerged in the course of the fin-to-limb transition. On the basis of the polydactyly
that we observed after expression of Hoxall in distal limbs, we propose that the evolution of
Hoxall regulation contributed to the transition from polydactyl limbs in stem-group tetrapods to

pentadactyl limbs in extant tetrapods.
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4.3. Main

Several studies provided evidence for the implication of Hox genes in the fin-to-limb
transition (Freitas et al. 2007; Freitas et al. 2012; Shubin et al. 1997; Sordino et al. 1995; Wagner
& Chiu 2001; Woltering et al. 2014), notably Hoxal3 and Hoxd13 (Hox13 hereafter), which are
required for digit morphogenesis (Sordino et al. 1995; Freitas et al. 2007; Freitas et al. 2012;
Fromental-Ramain et al. 1996; Woltering et al. 2014). Comparison of their expression pattern in
fin and limb buds revealed a significant expansion of the Hox13 domain in distal limbs
(Schneider & Shubin 2013) and engineered enlargement of the Hoxd13 domain in fish resulted in
more chondrogenic tissue forming distally as well as fin fold reduction (Freitas et al. 2012)—that
is, morphological changes associated with the fin-to-limb transition. It was thus proposed that the
evolution of Hox13 regulation has likely been instrumental to the emergence of the limb
characteristic feature, that is, the digits (Freitas et al. 2012; Sordino et al. 1995). In mice, this
regulation relies on a series of remote transcriptional enhancers (Berlivet et al. 2013; Montavon
et al. 2011), and although a subset of these enhancers exists in fish (Gehrke et al. 2015), the
expansion of the Hox13 domain in limb was probably associated with the emergence of tetrapod-
specific enhancers during the fin-to-limb transition (Freitas et al. 2007; Freitas et al. 2012;
Sordino et al. 1995; Woltering et al. 2014). Another notable difference is the mutually exclusive
expression of Hoxall and Hoxal3 in tetrapod limbs, contrasting with their largely overlapping
expression in fins (Ahn & Ho 2008; Davis et al. 2007; Metscher et al. 2005; Sakamoto et al.
2009; Sordino et al. 1996). Two hypotheses have been put forward to explain how Hoxall gets
proximally restricted in tetrapod limbs. One hypothesis suggested a Hoxal3-dependent
repression of Hoxall in the presumptive autopod (Sheth et al. 2014; Wagner & Chiu 2001;

Woltering et al. 2014), whereas the second proposed that antisense transcription at the Hoxall
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locus prevents expression of the gene distally (Hsieh-Li et al. 1995; Leite-Castro et al. 2016;
Potter & Branford 1998), but the functional importance of the mutually exclusive expression of
Hoxall and Hoxal3 in tetrapod limbs is unknown.

Previous chromatin conformation analyses revealed that, in distal limbs, 5" HOXA genes
(that is, Hoxa9 to Hoxal3) are grouped within a chromatin sub-topological domain (sub-TAD)
interacting with sub-TADs containing distal limb enhancers (Berlivet et al. 2013). Yet, although
HoxalO and Hoxal3 are both expressed distally, Hoxall expression is proximally restricted
(Fig. 4.1a—c), suggesting that Hoxall is part of the distal limb regulatory landscape, but a
specific, yet unknown, mechanism prevents its expression distally (Sheth et al. 2014; Woltering
et al. 2014). To test this possibility, we first took advantage of a mouse line in which the Hoxall
gene is replaced by a PGK-neomycin resistance cassette (Small & Potter 1993), which we used
as a reporter transgene. We found neomycin expression in distal limbs (Fig. 4.1d), indicating that
Hoxall proximal restriction is linked to specific feature(s) of the gene itself. We next analysed
the putative implication of antisense long non-coding RNAs previously identified at the Hoxall
locus (Hsieh-Li et al. 1995; Potter & Branford 1998) and robustly expressed in the distal limb
bud (Hsieh-Li et al. 1995) (Fig. 4.1e). Among the distinct Hoxall antisense transcripts
(Hoxallas, also known as Hoxallos), two initiate upstream of the Hoxall gene and are thus
non-overlapping with Hoxall (Hoxallas-a; Fig. 4.1e) and the other two initiate within Hoxall
exon 1 (Hoxallas-b; Fig. 4.1f). Notably, only Hoxallas-b expression pattern is mutually
exclusive with Hoxall expression domain (Fig. 4.1f, compare with Fig. 4.1b). To test whether
antisense transcription overlapping with Hoxall exon 1 prevents Hoxall expression distally, we

1eGFP

took advantage of the Hoxal mutant line, which lacks Hoxallas-b start sites as the

enhanced green fluorescent protein (eGFP) coding sequence replaces most of Hoxall exon 1
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(Nelson et al. 2008). This mutation disrupted antisense transcription normally initiating 3’ to
Hoxall promoter (Fig. 4.5a, b) while gfp expression driven by the Hoxall promoter was present
both in the proximal and distal domains (Fig. 4.1g). By contrast, ectopic expression of
Hoxallas-b in the entire limb had no effect on Hoxall expression (Fig. 4.5c—), thereby
excluding a trans-acting effect of Hoxallas-b on Hoxall expression. Together, our data suggest
that Hoxall distal repression is due to the antisense transcription event or the antisense
Hoxallas-b transcripts acting in cis.

Previous mapping of active enhancers in distal limbs (Berlivet et al. 2013) (referred to as
‘digit’ enhancers hereafter) uncovered a putative ‘digit’ enhancer embedded in Hoxall intron.
We thus proposed that this enhancer might control Hoxallas-b expression. We first tested the
transcriptional enhancer activity of this DNA region in transgenic embryos and confirmed its
ability to act as a transcriptional enhancer in distal limbs (Fig. 4.2a). Next, we generated mutant
mice lacking this enhancer (Hoxall®"”#": Fig. 4.6) to examine its potential implication in
Hoxallas-b expression. Analysis of antisense transcription in Hoxall®"“*" limbs showed no
detectable expression of Hoxallas-b in the most distal cells (Fig. 4.2b, c), indicating that in
these cells, the identified enhancer is required for antisense transcription overlapping with
Hoxall exon 1. Some Hoxallas-b expression remained in proximal cells of the presumptive
handplate (presumptive carpal region; Fig. 4.2c), which suggests that additional cis-regulatory
element(s) trigger antisense transcription in these cells. Notably, the deletion of the enhancer
abrogating Hoxallas-b expression in the most distal cells also resulted in ectopic expression of
Hoxall in the presumptive digits (Fig. 4.2d, e). The gain-of-sense transcription in

Hoxal1%FP*6FP distal limbs (Fig. 4.1g) indicates that it is not the intronic regulatory region per
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se but Hoxallas-b expression or the antisense transcription event that represses Hoxall
expression distally.

Analysis of the enhancer sequence revealed several putative binding sites for HOXAL3,
the expression of which occurs in digit progenitor cells (Scotti et al. 2015) and is required in
conjunction with HOXD13 for digit morphogenesis (Fromental-Ramain et al. 1996). Chromatin
immunoprecipitation followed by high-throughput sequencing (ChiP—seq) indicated that, in
distal limb cells, HOXA13 as well as HOXD13 bind to the identified enhancer (Fig. 4.7a).
Moreover, transcription assay in 293T cells shows that HOXA13 has a positive effect on the
enhancer activity (Fig. 4.7b). Together, these results raised the possibility that distal Hoxall
antisense transcription relies on HOX13. We thus analysed Hoxall antisense transcription in the
Hoxal3;Hoxd13 allelic series. We used the probe recognizing all antisense transcripts such that
expression in the proximal limb, where Hox13 genes are not expressed, served as internal
control. We found that although antisense transcription is barely modified in single mutants (Fig.
4.8), it markedly decreases in the Hoxal3 ™ Hoxd13""~ mutant (Fig. 4.3c, compare to Fig. 4.3a),
and is completely abrogated in Hoxal3 ™ Hoxd13™ distal limbs (Fig. 4.3e). Analysis of the
distal-specific antisense transcripts (Hoxallas-b) confirmed that distal antisense transcription
requires HOX13 function (Fig. 4.9). Importantly, concomitant with the abrogation of antisense
transcription, Hoxall expression was gained distally (Fig. 4.3d-f, compare with Fig. 4.3b)
consistent with the requirement of antisense transcription for Hoxall proximal restriction.

To assess the functional significance of the HOXAL13/D13-mediated repression of
Hoxall, we investigated the phenotypic outcome of distal Hoxall expression. Although the
deletion of the enhancer driving antisense transcription results in Hoxall expression in distal

limbs, the deletion extends up to the exon 1-intron boundary, thereby precluding the use of this
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mutant line to assess the phenotype resulting from distal Hoxall expression. We thus generated

6Hoxa11.

a Hoxall conditional gain-of-function allele (Rosa2 ; Fig. 4.10) to express Hoxall

6181 allele and either

ectopically and distally. We found that embryos carrying the Rosa2
Hoxal3:Cre (Scotti et al. 2015) or Prx1:Cre (Logan et al. 2002) have limbs with extra digits
(Fig. 4.3g, h), including postaxial extra digits (arrow in Fig. 4.3h and Fig. 4.11). While some
variations in the digit phenotype were observed among individuals, all homozygous mutants
analysed were polydactylous (Fig. 4.11c—e). Increased expression of Hoxd11 in the presumptive
autopod in the absence of Hoxd13 also resulted in polydactyly, whereas a similar gain of Hoxd10
or Hoxd12 had no effect on digit number (Kmita et al. 2002). These data raise the possibility that
the formation of extra digits upon ectopic expression of Hoxall or Hoxd11 distally reflects the
divergence between Hoxall/Hoxd1l targets and those of the other 5" HoxA/D genes. Notably,
the evidence that Hoxall expression in the distal limb results in the formation of extra digits
indicates that the proximal restriction of Hoxall expression is required for the pentadactyl state.

In contrast to the mutually exclusive Hoxall and Hoxal3 pattern in tetrapod limbs, hoxall and
hoxal3 gene expression is largely overlapping in zebrafish fins (Ahn & Ho 2008; Davis et al.
2007; Metscher et al. 2005; Sakamoto et al. 2009; Sordino et al. 1996) (Fig. 4.12) as well as in
other teleosts (Takamatsu et al. 2007) (the medaka Oryzias latipes) and in fish models of both
chondrichthyans (Sakamoto et al. 2009) (Scyliorhinus canicula) and basal actinopterygians
(Davis et al. 2007) (Polyodon spathula). The HOXA13/D13-mediated repression of Hoxall
identified in distal limb cells was thus probably implemented after the separation of
actinopterygians and chondrichthyans, during the evolution of vertebrates towards tetrapod

species. Consistent with this hypothesis, no hoxall antisense transcription has been reported in

fish (Leite-Castro et al. 2016; Ulitsky et al. 2011) (Fig. 4.13). Moreover, sequence comparison of
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the mouse Hoxall intron showed robust conservation among tetrapods, whereas considerably
weaker sequence conservation was observed with fish hoxall orthologues (Fig. 4.4a). To
examine whether the lack of hoxall antisense transcription in fish could be due to the absence of
a distal enhancer within hoxall intron, we tested the zebrafish hoxalla and hoxallb intronic
sequences for potential enhancer activity using transgenic reporter assays in both zebrafish and
mice. Neither the hoxalla nor hoxallb intron was capable of triggering expression of a reporter
gene in fin nor in mouse limb buds (Table 4.1), indicating that there is no distal enhancer in
hoxalla nor hoxallb intron. By contrast, when we tested the transcriptional activity of the
mouse Hoxall intron in zebrafish, the analysis of four stable transgenic lines revealed that the
mouse Hoxall intron was able to drive reporter gene expression in the pectoral fin mesenchyme
(Fig. 4.4b, c). At 60 hours post-fertilization (hpf), eGFP-positive cells were present at the distal
rim of the endoskeletal disc and migrating into the fin fold (Fig. 4.4b) and by 72 hpf most eGFP-
positive cells were found in the fin fold mesenchyme (Fig. 4.4c). The expression of the reporter
transgene was reminiscent of hoxal3a expression at 60 hpf (Fig. 4.4d) and 72 hpf (Fig. 4.4e),
indicating that the mouse enhancer in Hoxall intron was active in the Hoxal3 domain also in
zebrafish. Together, our data indicate that all the transcription factors required for the activity of
the mouse enhancer are present in zebrafish fins, and that the enhancer driving Hoxall antisense
transcription does not exist in the intron of the zebrafish hoxalla and hoxallb genes. We
therefore propose that the emergence of the enhancer triggering Hoxall antisense transcription,
and thus distal repression of Hoxall, occurred in the course of evolution towards tetrapod
species.

In summary, our work reveals that the mutually exclusive expression of Hoxall and

Hoxal3 in tetrapods is associated with the emergence of a transcriptional enhancer in Hoxall
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intron, which upon HOXA13/D13-dependent activation, triggers antisense transcription and
thereby prevents Hoxall expression distally. On the basis of the evidence that this HOX13-
mediated regulation of Hoxall probably emerged during the fin-to-limb transition and the
polydactyly resulting from distal expression of Hoxall in mice, we propose that the evolution of
Hoxall regulation has contributed to the transition from polydactyly in stem-group (extinct)
tetrapods to pentadactyly in extant tetrapods.

4.3. Methods

No statistical methods were used to predetermine sample size.

Mouse lines

Hoxal1“*°, Hoxal11®®"", Hoxal3null (Hoxal3"") and Hoxd13null (Hoxd13"“?) mouse lines were
previously described (Fromental-Ramain et al. 1996; Kmita et al. 2000; Nelson et al. 2008;
Small & Potter 1993).

Rosa™@! knock-in allele was constructed as followed: Pacl-Ascl fragment from pBTG
(Addgene plasmid 15037) (Murtaugh et al. 2003) was inserted into the previously described
Rosa26 targeting vector (Soriano 1999) pROSA26AmM1 (Addgene plasmid 15036) (Cong et al.
2013). The mouse Hoxall cDNA was inserted at the Smal site within the MCS. The vector was
linearized by Swal digest prior electroporation into embryonic stem (ES) cells. After double
selection using G418 and DTA negative selection, 96 ES cell clones were analysed by Southern
blot for homologous recombination. Two independent clones were injected into blastocysts
obtained from C57BL/6J mice, subsequently implanted into pseudo-pregnant females. After

Fo@ll allele, mice and embryos were genotyped by Southern

germline transmission of the Rosa
blot (a scheme with restriction sites and probes used is presented in Fig. 4.10) and PCR. The

following PCR primers were used: fw_wt : 5'-GCAATACCTTTCTGGGAGTTCT-3', rev_wt :
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5'-TCGGGTGAGCATGTCTTTTAATC-3, rev_flox : 5'-TTCAATGGCCGATCCCATATT-3,
rev_del : 5'-AGGTTGGAGGAGTAGGAGTATG-3'. Wild-type band: 384 bp, flox band: 881 bp,
del band: 583 bp. The moderate transcription resulting from the Rosa26 promoter allowed for
Rosa26"*@ expression at a level comparable to the Hoxall gain observed in our series of
mutants.

Hoxall”™ mouse line was generated through pronuclei injection of single-guide RNAs
(syRNAs). We used the CRISPR (http://crispr.mit.edu/) platform to design sgRNAs flanking the
region to delete. Complementary strands were annealed, phosphorylated and cloned into the Bbsl

site of pX330 CRISPR/Cas9 vector (Addgene plasmid 42230) (Cong et al. 2013). Sgintl_fw : 5'-

CACCGACTCCCCTTTCATAAAGCCC-3 Sgintl rev : 5'-
AAACGCGCTTTATGAAAGGGGAGTC-3'; SgInt2_fw ; 5'-
CACCGAGCAACAGGCGAGTTTGCGC-3% SgInt2_rev ; 5'-

AAACGCGCAAACTCGCCTGTTGCTC-3". Mice and embryos were genotyped by Southern
blot (a scheme with restriction sites and probe used is presented in Extended Data Fig. 2) as well
as PCR. The Southern blot probe corresponds to the Scal-Hpal fragment in the 3’ untranslated
region (UTR) of the Hoxall gene. Primers used for PCR genotyping, fw: 5'-
GGCCACCTAAGGAAGGAGAG-3'; rev: 5-GGCTCCGGTGCGTATAAAG-3’

Three Prx1-Hoxallas transgenic lines were derived from three distinct founders obtained from
pronuclear injection of the Prx1-Hoxallas transgene. The Prx1-Hoxallas transgene carries the
Prx1 promoter upstream of the mouse Hoxallas (GenBank: U20367.1 and U20366.1) and the
SV40 polyadenylation sequence was inserted downstream Hoxallas. Embryos were genotyped
by PCR using DNA from the amniotic membrane and the following pair of primers: fw: 5'-

CTTTCTCTCTGGCTCTGATG-3' and rev: 5-GACAAGAACGCCGAGAA-3’ (for U20367.1)
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or fw: 5'-GTCCGAGGAAAAGGAGGTAG-3’ and rev: 5-GCTCCTCTAACATGTATTTG-3'
(for U20366.1).

All mice were of mixed background (C57BL/6 X 129).

The Tg(m-Intall-LacZ) transgene was generated by subcloning the mouse Hoxall intron
upstream of the Hbb (B-globin) minimal promoter and a LacZACpG NLS reporter. The H19
insulator was inserted upstream of the Hoxall intron. Tg(m-Intall-LacZ) embryos were
produced by pronuclear injection.

Whole-mount in situ hybridization, X-gal staining, skeletal preparations and imaging

For skeletal preparation, newborn mice were processed using the standard alcian blue alizarin red
staining protocol (Sheth et al. 2012) (n= 10 for each genotype).

Whole-mount in situ hybridizations were performed using previously described protocol (Scotti
& Kmita 2012) and probes protocol (Scotti & Kmita 2012) (gfp (Mattar et al. 2008), Neo,
Hoxall, Hoxal3). Embryos were genotyped prior in situ hybridization (no blinding). Hoxallas
probes were generated using limb c¢DNA and the following primers: fw 5'-
AGAGGCGCTGAGGAGCCTTCTC-3'" and rev 5'-GGCCGCTGTGGACACTAGCATATACC-
3 (probe A); fw 5-CCTTCTCGGCGTTCTTGTC-3' and rev 5'-
GGCATACTCCTACTCCTCCAACCT-3' (probe B).

X-gal staining was performed using standard protocol (Scotti & Kmita 2012). Embryos were
genotyped after X-gal staining (which results in blinding test).

All mouse specimens were imaged using the Leica DFC450C camera. For each experiment, a
minimum of three embryos per genotype was used as we considered that reproducible
staining/expression patterns with three distinct embryos of the same genotype are significant.

The experiments shown were repeated at least twice. We did not use the randomization method.
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Subcloning of zebrafish hoxalla/b intron and microinjections in zebrafish embryos

The zebrafish hoxalla (713 bp; gene ID 58061, NCBI) and hoxallb (747bp; gene ID 30382,
NCBI) introns were amplified from zebrafish genomic DNA using the following primers:
hoxalla  intron: fw  5-GAATTCAACAGTAAGTACGAGCTCAAC-3'; rev  5'-
GGTACCACCTAAATGTAAATACACGT-3% hoxallb intron: fw 5'-
GAATTCCAGCGGCAGCAGCAGTACGT-3'; rev 5'-
GGTACCCCGTGTCTTTTGTCCATCTAA-3".

The zebrafish hoxalla and hoxallb and the mouse Hoxall introns were sub-cloned into the
PEGFP-N1 vector (CLONTECH Laboratories, Inc.) in which the CMV promoter upstream of
eGFP was replaced with the human HBB minimal promoter using the following primers: fw 5'-
GGATCCCTGGGCATAAAAGTCAG-3', rev 5-ACCGGTTCTGCTTCTGGAAGGCT-3'. This
vector also contains the Tol2 arms to increase transgenesis efficiency. For screening purposes, a
heart marker (cmlc2:mCherry (Yelon et al. 1999)) was added to zebrafish Tg(z-Intalla-eGFP)
and Tg(z-Intallb-eGFP) constructs. All constructs were microinjected in one-cell stage wild-
type zebrafish embryos at a concentration of 100 ng pl™* together with 50 ng pl™* transposase
MRNA.

Generation of zebrafish transgenic lines

Primary injected zebrafish (P;) are raised until 3 months of age, and then are screened for
transgenic progeny (F1). P, fish are crossed with wild-type fish and the embryos are screened at 2
days post-fertilization (dpf). Owing to lack of fin fold eGFP expression in the Tg(z-Intalla-
eGFP; cmic2:mCherry), Tg(z-Intallb-eGFP; cmic2:mCherry) injected fish, embryos were
screened for the presence of the cmlc2:mCherry heart marker and genotyped to confirm the

presence of the hoxalla/b intron:eGFP elements. The following primers were used for
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genotyping: hoxalla: fw 5'-GGTACCACCTAAATGTAAATACACGT-3', rev (eGFP) 5'-
GTCCTCCTTGAAGTCGATGC-3; hoxallb: fw 5'-
GGTACCCCGTGTCTTTTGTCCATCTAA-3, rev (eGFP) 5'-
GTCCTCCTTGAAGTCGATGC-3".

Three transgenic lines for Tg(m-Intall-eGFP) were obtained to confirm the expression pattern.
A fourth line containing the cmlc2:mCherry heart marker was also created. To confirm the Hbb
minimal promoter does not drive tissue-specific expression alone, a transgenic line
Tg(HBB:eGFP; cmlc2:mCherry) was also created and genotyped using the following primers:
Hbb: fw 5'-GGATCCCTGGGCATAAAAGTCAG-3/, rev (eGFP) 5'-
GTCCTCCTTGAAGTCGATGC-3".

Zebrafish in situ hybridization

In situ hybridization on whole-mount embryos was performed as previously described (Thisse &
Thisse 2008). Digoxigenin-labelled antisense RNA probes were generated using the following
cDNAs: hoxal3a (500 bp; Addgene 36463), hoxal3b (700 bp; Addgene 36568), hoxallb (probe
1 (Fig. 4.12c, d); 800 bp; Addgene 36466). For hoxalla/b antisense/sense RNA probes (Fig.
4.13a, b), hoxalla (713 bp; Gene ID 58061, NCBI) and hoxallb (747 bp; gene ID 30382,
NCBI) partial cDNAs (exon 1) were obtained by PCR with reverse transcription from total RNA
of 24-48hpf embryos wusing the following primers: hoxalla exon 1: fw 5'-
ATGATGGATTTTGACGAAAGGGTT-3, rev 5-TGTTCCCACCGCTAGTTTTTTCCT-3';
hoxallb exon I: fw 5'-ATGATGGATTTTGATGAGCGGGTA-3', rev 5'-

TGCTGCTGCCGCTGAATTTATCTT-3".
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For accurate comparison, hoxalla and hoxallb sense and antisense probes, respectively, are
identical in length and were transcribed using the same RNA polymerase. In situ hybridizations
were also performed in parallel with identical staining times.

Transfection and gene expression analysis

293T cells (ATCC) were transfected using lipofactamine. Cells (800,000) were plated in 6-well
plates. Cells were checked for mycoplasma contamination using Venor GeM Mycoplasma
Detection Kit (MP0025 SIGMA). A total of 2 ug of DNA (250 ng reporter plasmid, 250 ng
effector plasmid or empty expression vector), 25ng of mCherry expression vector as internal
control and 1.45 pg carrier pBSK plasmid was used for each transfection. All transfections were
performed in duplicates. Then, 24 h after transfection, the medium was changed and 48 h after
transfection, cells were processed for RNA extraction. Reporter gene expression was normalized
to internal control mCherry (n=3). Gene expression (Hoxall) was measured in dissected E11.5
forelimb buds of the Rosa™®'* knock-in embryos that were stored in RNA later before RNA
extraction (n=4).

RNA extraction was done using RNAeasy Plus mini kit (Qiagen 74134). cDNA synthesis was
performed using M-MuLV reverse transcriptase (NEB) and a mix of random primers and oligo-
dT on 1lug of total RNA. Quantitative real-time-PCR was performed with cDNA and the SYBR
Green kit  (applied  biosystems) using the following  primers: fw  5'-
AGGAGAAGGAGCGACGG-3' and rev 5-GGTATTTGGTATAAGGGCAGCG-3' (Hoxall);
fw S5-CTTTGTCAAGCTCATTTCCTGG-3" and rev 5-TCTTGCTCAGTGTCCTTGC-3'
(Gapdh); fw 5'-TTGACCTAAAGACCATTGCACTTC-3' and rev 5'-

TTCTCATGATGACTGCAGCAAA-3' (Thp); fw 5-GCCTACAACGTCAACATCAAG-3’ and
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rev 5-GCGTTCGTACTGTTCCAC-3" (mCherry); fw 5-GACCCTGAAGTTCATCTGCA-3’
and rev 5'-CCGTCGTCCTTGAAGAAGA-3' (gfp).
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4.6. Figures
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Figure 4.1. The proximal restriction of Hoxall is linked to antisense transcription at the

Hoxall locus.
a—c, Expression of Hoxal0 (a), Hoxall (b) and Hoxal3 (c) in wild-type limb bud from
embryonic day (E) 11.5 mouse. d, Replacement of the Hoxall gene with the PGK-neomycin

cassette (Hoxal1“®;

scheme to the left), results in neomycin expression both in the proximal and
distal domains. e, f, Expression of all antisense transcripts (e) and antisense transcripts
overlapping with Hoxall exon 1 (f) in E11.5 wild-type limb. Schemes of the antisense

transcripts and the probes used (blue boxes) are on the left. Note that the antisense transcripts
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overlapping with Hoxall exon 1 (Hoxallas-b) are distally restricted (f), reminiscent of Hoxal3
expression (c) and mutually exclusive with the Hoxall pattern (b). g, Deletion of the antisense
transcript start sites in Hoxall exon 1, via replacement of most of exon 1 with the eGFP coding
sequence (Hoxal1°°F"; scheme to the left) and expression of gfp under the control of the Hoxall

promoter (right). Original magnification, x31.5 (for all images).
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Figure 4.2. Deletion of the distal enhancer in Hoxall intron results in impaired antisense
transcription and gain of sense transcription in distal cells.

a, Left, scheme of the Tg(m-Intall-LacZ) transgene carrying the predicted distal enhancer (Int,
red box). Right, X-gal staining of E12.5 transgenic embryos (n=5). b—e, Expression of
Hoxallas-b (b, c) and Hoxall (d, e) in wild-type (WT; b, d) and Hoxall?"“4™ (c, e) mouse
limbs at E12.5. Note that based on the observed gain of Hoxall expression, other regulatory
input(s) could be implicated in Hoxall regulation in distal cells. Pr, minimal promoter. Original

magnification, x31.5 (for all images).
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Figure 4.3 Hox13 inactivation disrupts Hoxall antisense transcription in distal cells and
distal Hoxall expression results in the formation of supernumerary digits.

a—f, Hoxallas (probe A) (a, c, €) and Hoxall (b, d, f) expression in E11.5 limb buds from wild-
type (a, b), Hoxal3™ Hoxd13"" (c, d) and Hoxal3™~ Hoxd13 ™ (e, f) mouse embryos. Arrows
in ¢ and d show the group of cells still expressing Hoxallas in Hoxal3 ™~ Hoxd13"" limbs (c),
which corresponds to distal cells in which Hoxall expression is not gained (d). g, h, Skeleton of
RosaMoxaliHoxall gy and Prx1Cre; Rosao@/Hoxall () distal forelimb at postnatal day 0 (PO).
Anterior is up. Original magnification, x31.5 (a—f) and x20 (g, h).
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Figure 4.4. The mouse Hoxall antisense enhancer is functional in distal fins.

a, MVISTA sequence conservation plot of the mouse Hoxall intron (red) with tetrapod (rat,
human, chicken and frog) and fish representatives (coelacanth and zebrafish). Ex1, exon 1; Ex2,
exon 2. Note that zebrafish has two hoxall genes expressed in developing fins, hoxalla and
hoxallb. b, c, GFP expression in fin buds of Tg(m-Intall-eGFP) transgenic zebrafish embryos
at 60 hpf (b) and 72 hpf (c), revealing the enhancer activity of the mouse Hoxall intron in fish.
Note the filopodia-like protrusions in GFP* mesenchymal cells suggestive of a migration towards
the fin fold. d, e, hoxal3a expression in developing fins at 60 hpf (d) and 72 hpf (e). Original

magnification, x400.
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Figure 4.5 Absence of antisense transcription 3’ to the Hoxall promoter in the
Hoxal1°¢""CF® [imb and evidence that Hoxallas-b transcripts produced in trans have no
effect on Hoxall expression.

a, b, Detection of Hoxallas-b transcripts in wild-type limb buds at E12.5 (a), and whole-mount
in situ hybridization to detect gfp antisense transcripts in Hoxa11°¢F"¢¢F" [imb buds at E12.5 (b).
c-e, Hoxall expression in wild-type limb buds (c), and Hoxallas-b (d) and Hoxall (e)

expression in Prx1-Hoxallas limb buds. Original magnification, x31.5.
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Figure 4.6. Deletion of the distal enhancer in Hoxall intron using CRISPR-Cas9.
a, Scheme of the wild-type and targeted (Hoxall?™) loci. Sites targeted by the single-guide

RNAs (sgRNA 1 and sgRNA _2) for the CRISPR-Cas9-mediated deletion of the distal enhancer.
The blue rectangles indicate the position of the DNA probe used to confirm the deletion by
Southern blot in b. b, Lane 1 shows the 6-kb Kpnl band resulting from the CRISPR-Cas9-
mediated deletion. Lane 2 was loaded with wild-type DNA. ¢, PCR reaction using a forward
primer located upstream of sgRNA 1 and a reverse primer located downstream sgRNA_2 shows
the presence of a 300bp (Alnt 300 bp) fragment expected for the Hoxall”” allele. d, The
sequence of the 300-bp PCR fragment confirms the CRISPR-Cas9-mediated deletion of the
Hoxall intronic region containing the distal enhancer (only the sequence encompassing the

deletion breakpoints is shown).
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Figure 4.7. The distal enhancer located in the Hoxall intron is bound by HOXA13 and
HOXD13 in distal limb cells and its activity is increased by HOXA13 in 293T cells.

a, Integrative genomics viewer (IGV) screenshot showing HOXA13 and HOXD13 ChIP—seq
data at the Hoxall locus. These ChlP-seq data were obtained using chromatin from distal
forelimb buds of wild-type E11.5 mouse embryos (R. Sheth et al., manuscript submitted). b,
Transfection assay shows HOXA13 dependent activation of Hoxall intron driving reporter gene
expression. Two-tailed Tukey’s multiple comparisons test was performed. Error bars indicate s.d

(n=3). RQ, relative quantification.
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Figure 4.8. Individual inactivation of Hoxal3 or Hoxd13 is not sufficient to fully abrogate

antisense transcription in distal limbs.

a, b, Whole-mount in situ hybridization, using probe A (see Fig. 1) to detect all antisense

transcripts, on Hoxd13”" (a) and Hoxal3™" (b) mouse limb buds at E11.5. Antisense

transcription in distal limbs remains robust in both mutants but a clear reduction is seen in the

distal Hoxa13™~ limbs. Original magnification, x31.5.
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Figure 4.9. Inactivation of both Hoxal3 and Hoxdl13 disrupts antisense transcription

overlapping with the Hoxall exon 1.

a—d, Hoxallas-b expression (probe B in Fig. 1) in limb buds (a, b) and tail buds (c, d) from

wild-type (a, ¢) and Hoxal3™”" Hoxd13 '~ (b, d) E12.5 mouse embryos. Whole-mount in situ

hybridization shows that Hoxallas-b expression in tail buds (internal control) is similar in both

the wild-type (c¢) and double-mutant (d) embryos, whereas there is almost no expression

remaining in Hoxal3~~ Hoxd13™~ limb buds (b). Original magnification, x31.5.
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Figure 4.10. Generation of the Rosa" ' knock-in mouse line.

a, Targeting of the endogenous Rosa26 locus (top three lines). The wild-type Rosa26 locus is
shown below (middle). Regions used as homologous arms for the recombination in ES cells are
indicated by brown rectangles labelled 5’ and 3’, respectively. Scheme of the targeted locus after
homologous recombination in ES cells and after Cre-mediated recombination is shown at the
bottom. The position of the internal (IP) and external (EP) probes and restriction sites used for
Southern blot analysis are indicated on both the wild-type and targeted locus. b, ¢, Southern blots
of ES cells clones using the internal probe (b) and external probe (c) to detect the targeted allele
(lane 1). d, Southern blot of wild-type (lane 2) and heterozygous (lane 1) mice. A, Ascl; E,

EcoRV: P, Pacl:; S, Swal.
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Figure 4.11. The conditional gain of Hoxall using the Hoxal3Cre allele results in the
formation of supernumerary digits.

a, b, Autopod of Rosa"”®** (a) and Rosa"®® Hoxal3Cre (b) at E15.5. Anterior is up. The
Rosa26 locus and Hoxal3Cre allele being on the same chromosome (Chr6), the gain-of-function

Hoxall

phenotype was assessed with only one copy of the Rosa allele. c—e, Autopod skeletons of

Prx1Cre: RosaHoxalllHoxall

mice at PO from four distinct mutants (anterior is up). The number of
digits varies from 6 to 7, with often a small post-axial extra-digit (posterior). The extra-digit
phenotype is fully penetrant upon Cre-activation of two copies of the Rosa"™* allele (n= 10).
Original magnification, x20.d, Quantification of Hoxall expression level by quantitative reverse
transcriptase PCR (RT—qPCR) on RNA extracted from E11.5 forelimb, relative to both Gapdh

and Tbp MRNA of Prx1Cre; Rosa"®@Hoxall embryos Two-tailed t-test was performed. Error

bars indicate s.d (n=4).
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Figure 4.12. hoxall and hoxal3 are expressed in overlapping domains in zebrafish fins.
a—d, Expression of hoxal3b (a, b) and hoxallb (c, d) in zebrafish fins at 60 hpf(a, ¢) and 72 hpf
(b, d). Dotted lines indicate the boundary between the endochondral disc and the fin fold.

Original magnification, x400.
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48hpf

Figure 4.13. Absence of antisense transcription at the hoxalla and hoxallb loci in
zebrafish fins.

a, b, Whole-mount in situ hybridization with probes designed to detect putative antisense
transcription at hoxalla (a) and hoxallb (b). c—f, No antisense transcription is detected, whereas
expression of hoxalla (c), hoxallb (d), hoxal3a (e) and hoxal3b (f) is observed in zebrafish
fins at the same stage. Asterisks correspond to the staining from the fin on the other side of the

embryo. Original magnification, x63.
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Table 4.1. Summary of transient transgenic embryos analysed

Zebrafish stable lines for

Tg(z-Intalla-eGFP;

cmic2:mCherry);

Tg(z-Intallb-eGFP;

cmic2:mCherry) were also generated and three genotyped F; embryos per line were analysed and

confirmed for the absence of gfp expression. For Tg(m-Intall-eGFP; cmic2:mCherry), four

distinct transgenic lines were also generated and analysed.

Zebrafish Transient Transgenics

Construct

% of eGFP positive
fish

TQ(HBB:eGFP)
Tg(z-Intatia-eGFP)
To(z-Infa11b-eGFP)
Tg(m-inta11-eGFP)

Tg(HBB:eGFF; cmilc2:mCherry)
Tg(z-Intat1a-eGFP; cmic2:mC herry)
Tg(z-Inta11b-eGFP; cmic2:mCherry)

Tg(m+Inta11-eGFP,; cmic2:mCherry)

0% (n=74)
0% (n=105)
1.19% (n=84)
91.9% (n=123)
1.25% (n=94)
0% (n=200)
0% (n=300)

88.9% (n=53)

Mouse Transient Transgenics

Construct

% of eGFP positive
embryos (# eGFP
positive / # genotyped
positive)

Tyg(z-intatia-eGFF)

Tg(z-Inta11b-eGFP)

0% (n=0/10)

0% (n=0/7)
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CHAPTER 5

Discussion

176



5.1. Notes on Chapter

This discussion chapter is adapted from a review paper titled: Contributions of 5’HoxA/D
regulation to actinodin evolution and the fin-to-limb transition. This review has been submitted
to the “International Journal of Developmental Biology™.

Author contributions

R.L.L. wrote the review and Dr. Marie-Andrée Akimenko and Dr. Qingming Qu provided

critical insight.
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5.2. Introduction

The evolution of the tetrapod limbs from paired fish fins involved drastic changes to the
appendicular dermal and endochondral skeleton (Ahlberg & Clack 2006; Long et al. 2006;
Shubin et al. 1997; Shubin et al. 2006; Schneider and Shubin 2013). The fin dermal skeleton of
extant teleosts, consisting of the calcified lepidotrichia fin rays and collagenous actinotrichia
fibrils, is completely absent in tetrapod limbs (Ahlberg & Clack 2006; Grandel & Schulte-
Merker 1998; Mari-Beffa and Murciano 2010; Shubin et al. 2006; Tamura et al. 2008; Yano &
Tamura 2013). The limb proximal endochondral skeleton has been reduced to a single bone,
referred to as the stylopod and the distal-most endochondral skeleton expanded and elaborated to
form the autopod, a structure unique to the tetrapod limb (Ahlberg & Clack, 2006, Shubin et al.
2006; Schneider and Shubin 2013). Modulation of 5’HoxA/D genes have been consistently
linked to endochondral skeletal changes during the fin-to-limb transition, including the evolution
of the autopod (Freitas et al 2012; Leite-Castro et al. 2016; Kherdjemil et al. 2016; Kherdjemil &
Kmita 2017; Paco & Freitas 2017; Tanaka 2016; Yano & Tamura 2013). We have also
uncovered evidence that modulation in 5’ HoxA/D activity may have had implications for the loss
of the dermal skeleton (Lalonde et al. 2016). The actinodin genes code for structural proteins in
the actinotrichia fibrils, and the loss of this gene family during tetrapod evolution is proposed to
have contributed to the loss of fin dermal bone (Duran et al. 2011; Lalonde et al. 2016; Zhang et
al. 2010). Specifically, it has been shown that actinotrichia defects disrupt proper larval fin fold
mesenchyme migration, a population of cells that contribute directly to the dermal lepidotrichia
fin rays (Nakamura et al. 2016; Zhang et al. 2010). Failure of these cells to migrate correctly has
been proposed as a mechanism for fin dermal bone loss and through a change in cell fate, the

expansion of the limb endochondral skeleton (Ahn & Ho 2008; Lalonde & Akimenko 2018;
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Nakamura et al. 2016). We uncovered evidence that modulation of 5’HoxA/D activity may have
had consequences for actinodin regulatory evolution as well. A powerful tool for uncovering
evidence of regulatory conservation or divergence during the fin-to-limb transition is to perform
fish-tetrapod transgenic swap experiments, where cis-acting regulatory elements (CREs) are
tested for activity between species (Gehrke & Shubin 2016; Gordon & Ruvinsky 2012). This
discussion will first highlight 5’HoxA/D and actinodin enhancer transgenic swap experiments
that provide evidence for regulatory conservation and divergence between fish and tetrapods.
The next section will provide a summary of experimental data testing the morphological
implications of 5’HoxA/D and actinodin regulatory evolution on fin and limb evolution. Finally,
this discussion will also serve to illustrate some of the advantages and disadvantages of using
zebrafish to study the molecular and morphological changes during the fin-to-limb transition.
Where relevant, the discussion includes additional projects and future directions that are directly
linked to the work in my main chapters.
5.3. Regulatory Conservation and the Autopod Debate

It has long been debated whether the autopod represents a distinct de novo structure that
evolved during the fin-to-limb transition or whether it is a modification on pre-existing distal fish
fin structures (Shubin et al. 2006; Shubin & Alberch 1986; Sordino et al. 1995; Woltering et al.
2010; Woltering et al. 2014). Due to major morphological differences between distal fish fin
elements and the tetrapod autopod, these structures tend to not be considered homologous in a
classical sense (Grandel & Schulte-Merker 1998; Mari-Beffa and Murciano 2010; Tamura et al.
2008; Yano & Tamura 2013). Fish fin rays are dermal bone formed through intramembranous
ossification, while the tetrapod autopod consists entirely of endochondral bone (Grandel &

Schulte-Merker 1998: Mari-Beffa and Murciano 2010; Tamura et al. 2008; Yano & Tamura
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2013). Advances in the fields of molecular and developmental biology have revealed a deep
homology between distal fin structures and the autopod (Davis 2013; Fromental-Ramain et al.
1996; Nakamura et al. 2016; Schneider & Shubin 2013; Scotti et al. 2015; Shubin et al. 1997;
Zakany & Duboule. 2007). Deep homology describes the evolutionary relationship of two
structures that develop through shared genetic regulatory networks, even when they are
morphologically and phylogenetically distinct (Shubin et al. 2009). This section will summarize
5’HoxA/D and actinodinl fin/limb enhancers that show conserved regulatory activity when
tested using transgenic swap experiments between different fish species and mice (Gehrke &
Shubin 2016; Gordon & Ruvinsky 2012).

Fish (Donor) to Mouse (Host)

We have previously identified and described cis-acting regulatory elements that drive
actinodinl (andl) expression in the ectoderm and mesenchyme, known respectively as “Epi” and
“2PAEpi” (Lalonde et al. 2016, Chapter I1). Despite the disappearance of the actinodin (and)
genes from the tetrapod genome, the andl ectodermal fin fold enhancer “Epi” shows conserved
regulatory activity in the presumptive autopod ectoderm of the mouse (Lalonde et al. 2016). This
represents to date the only fin fold ectodermal enhancer that has been tested in mice, and
supports homology between the fin fold ectoderm and the autopod ectoderm. These results are
also unique as the “Epi” enhancer represents regulatory elements that are no longer found in the
tetrapod genome (Lalonde et al. 2016). Using in silico analysis, a putative binding domain for tcf
proteins has been identified within the “Epi” enhancer. This protein family represents a good
candidate for “Epi” activation as multiple tcf genes are expressed in the fin fold ectoderm of

zebrafish and the autopod ectoderm of mice, and tcf7 GFP enhancer trap zebrafish mutants show

180



median and pectoral fin defects, with GFP localizing in the fin fold ectoderm (Gray et al. 2004;
Nagayoshi et al. 2008).

Multiple fish late-phase 5 hoxA/D enhancers that show activity in the zebrafish fin fold
mesenchyme also show regulatory conservation in the presumptive autopod mesenchyme. These
results have been extensively covered in other reviews (Gehrke & Shubin 2016; Paco & Freitas
2017; Pieretti et al. 2015), and support homology between fish larval fin fold mesenchyme and
the autopod mesenchyme of tetrapods. Briefly, the orthologous late-phase hoxD enhancer “Island
I” from the spotted gar and coelacanth; the orthologous late-phase hoxD enhancer “CsB” from
the spotted gar and the skate; and the orthologous late-phase hoxA enhancer “el6” from the
spotted gar all show conserved functionality when tested in the mouse (Amemiya et al. 2013;
Gehrke et al. 2015; Schneider et al. 2013). The spotted gar Island I, and e16 enhancers are active
in the zebrafish distal fin fold mesenchyme, while CsB drives reporter activity more proximally,
aligning with their activity in the mouse.

Mouse (Donor) to Fish (Host)

A cis-acting regulatory element has been previously identified and described located
within the intron of the mouse Hoxall, titled “m-Intal1”, that shows activity in the presumptive
autopod during mouse limb development (Kherdjemil et al. 2016; Kherdjemil & Kmita 2017;
Chapter 1V). This regulatory element has been shown to be a tetrapod-specific innovation during
the fin-to-limb transition (Kherdjemil et al. 2016; Kherdjemil & Kmita 2017) and the functional
consequences of this enhancer during limb evolution will be extensively covered in the next two
sections of this discussion. ChIP experiments have shown both HOXAL3, and HOXD13
preferentially bind to this regulatory element during mouse limb development, and Hoxal3 (-/-

)/Hoxd13 (-/-) double knockout mice show loss of enhancer activity (Kherdjemil et al. 2016).
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When tested in zebrafish, this enhancer is able to drive reporter expression in the distal fin fold
mesenchyme, specifically within a subpopulation of hoxal3a/b- and hoxd13a-expressing cells
(Fig. 5.1), providing further evidence to a homology between distal fin mesenchyme and
presumptive autopod mesenchyme (Kherdjemil et al. 2016; Lalonde & Akimenko 2018).
Zebrafish possess two Hoxal3 paralogs (hoxal3a, and hoxal3b), and a single Hoxd13 gene
(hoxd13a). The expression of hoxal3a and hoxal3b extend more anteriorly in the distal fin fold
mesenchyme compared with m-Intall enhancer activity, suggesting at least one Hoxal3 protein
(Hoxal3a or Hoxal3b) and Hoxd13a may independently bind and are required to activate this
enhancer (Fig. 5.1A-F). Another possibility is that activation of this enhancer is dose-dependent.
Several developmental processes, including digit patterning, are regulated in a dose-dependent
manner by multiple 5’HoxA/D proteins (Zakany et al. 1997). The zebrafish hoxal3a and
hoxal3b paralogs also show differential expression during pectoral fin development (Fig. 5.1C)
(Ahn & Ho 2008, Lalonde & Akimenko 2018). Interestingly, m-Intall is not activated in the
proximal-posterior endoskeletal disc and fin fold regions that co-express hoxal3b and hoxd13a,
providing additional evidence that all three Hox13 proteins (Hoxal3a, Hoxal3b, and Hoxd13a)
may be required for m-Intall activation in the pectoral fin. Alternatively, differential enhancer
activating capacities may exist between Hoxal3 paralogs in zebrafish (Fig. 6C).

Mouse late-phase HoxD enhancers “Island I, II, IV” also show conserved activity in the limb
presumptive autopod and the zebrafish distal fin. All three regulatory elements drive reporter
expression in the distal fin fold mesenchyme, in addition to more proximal fin regions (Gehrke et
al. 2015).

Nonhomology: Fish unpaired fins and tetrapod tails
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The andl ectodermal enhancer “Epi” and mouse “m-Intall” regulatory elements are
functional in both the pectoral and median fin folds during larval zebrafish development;
however show no activity in mouse tails. An important distinction being that “m-Intall” is
active in the somites of the proximal tail region; and Tg(2P:LacZ) does show ectopic tail
expression (Lalonde et al. 2016; Kherdjemil et al. 2016). The tetrapod tail is an extension of the
vertebral column, and shares no aspect of homology with fish unpaired fins, which arise from the
fish larval median fin fold (Sallan 2016). Early tetrapods retained tail fin rays after the loss of
pectoral and pelvic fin rays however were eventually lost during terrestrialization (Clack 2009;
Markey & Marshall 2007). As the autopod is proposed to have evolved from modified pre-
existing distal fin elements, we expect and observe conserved regulatory activity between these
structures. Late-phase 5’hoxA/D enhancer activity within the median fin fold of zebrafish was
not discussed in previously cited publications, however would be useful for investigating
differential 5 hoxA/D activity between the paired and unpaired fins (Braasch et al. 2015; Gehrke
et al. 2015; Schneider et al. 2013). Differential 5 'hoxA/D expression between fins could shed
light on the individual roles of these genes during fin development and during the evolution of
paired from unpaired fins (Freitas et al. 2006).

5.4. Regulatory divergence: Zebrafish to Tetrapods

Although an initial conserved genetic regulatory system underlies both fin and limb
development, it is also known that major differences in fin/limb morphology are supported by
diverging regulatory strategies (Freitas et al 2012; Leite-Castro et al. 2016; Paco & Freitas 2017;
Yano & Tamura 2013). This section will first discuss instances of tetrapod-specific cis- and

trans-regulatory evolution that has been linked to changes in 5’HoxA/D and actinodin expression
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during limb evolution. We will also summarize evidence that the expression pattern of hoxd13a
in the pectoral fin of zebrafish may represent a derived state in teleost fish.
Novel regulatory elements: Tetrapod-specific Innovations

Changes in 5"HoxA/D regulation have consistently been linked to morphological changes
during limb evolution, and yet the exact mechanism responsible for such regulatory changes
often remains elusive. One recent exception being the identification of the novel tetrapod limb
enhancer: “m-Intal1” or mouse Hoxall intronic enhancer (Kherdjemil et al. 2016; Kherdjemil &
Kmita 2017). This regulatory element is activated by HOXA13 and HOXD13 in the distal limb
mesenchyme of mice, and shows conserved functionality in distal fin fold mesenchyme of
zebrafish (as discussed in section 1) (Fig. 5.1, 5.2A-B, Fig. 5.4). In tetrapods, the “m-Intall”
enhancer drives the expression of long non-coding RNAs at the Hoxall exon 1 locus, resulting
in the repression of Hoxall from the distal limb bud domain where Hoxal3 and Hoxd13 are
expressed (Fig. 5.2B). In zebrafish, hoxallb distal expression overlaps with the expression of
paralogs hoxal3a, hoxal3b, and partially with hoxd13a and no enhancers were identified in the
hoxalla, and hoxallb intronic regions (Ahn & Ho 2008; Kherdjemil et al. 2016) (Fig. 5.2A).
The “m-Intall” regulatory element thercfore represents a novel tetrapod-specific enhancer that
can be directly linked to changes in regulation of Hoxall during limb evolution. The
morphological consequences of Hoxall distal repression during limb evolution will be covered
in section I11.

Mouse late-phase HoxD enhancers Island 11, 111, 1V, and CsC may also represent novel

tetrapod enhancers that contributed to changes in regulation of 5’HoxD genes. Using sequence
alignment, only Island 111 was found to be conserved in the spotted gar genome (Gehrke et al.

2015; Gonzalez et al. 2007). When the putative “Island III” enhancer, and orthologous “Island
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I, and “Island IV” regions from the spotted gar were tested in zebrafish, they were not able to
drive reporter expression in the pectoral fin suggesting they may not exist in fish. However, it
should be noted that the activity of these elements was only observed in primary injected fish
with mosaic transgene integration. It may be beneficial to observe these elements in stable
transgenic lines with the addition of eye/heart markers (cryaa, cmlc2) for screening purposes (for
example, see methods in Kherdjemil et al. 2016). Furthermore, only 3 of 7 mouse late-phase
HoxA enhancers (el0, el3, and el6) were identified by sequence conservation in spotted gar,
with only “el6” being tested for activity in zebrafish. Importantly, absence of sequence
conservation is not sufficient enough evidence that these enhancers do not exist in fish. The
zebrafish Island | enhancer was not identified from sequence alignments, yet this element was
shown to drive reporter expression in the distal pectoral fin fold mesenchyme (Gehrke et al.
2015).
actinodin regulatory evolution

The actinodin genes, which code for the structural component of actinotrichia fibrils,
were lost during the fin-to-limb transition. We have previously proposed that changes in
actinodin regulation contributed to the loss of this gene family from the tetrapod genome
(Lalonde et al. 2016). The potential contributions of actinodin loss/downregulation will be
discussed in section I1l. As mentioned in section I, the ectodermal actinodinl enhancer “epi”
shows conserved functionality in the tetrapod autopod ectoderm. In contrast, the mesenchymal
andl enhancer “2PAEpi”, which drives expression in the zebrafish pectoral and median fin fold
mesenchyme, is not functional in the mouse highlighting the possibility that changes in
regulation occurred during the fin-to-limb transition (trans evolution in tetrapods) (Lalonde et al.

2016). Strong evidence suggests that mesenchymal actinodinl activation may be dependent on
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one or more 5’HoxA/D proteins. Firstly, the “2PAEpi” regulatory element contains five Hoxal3
putative binding sites, as well as one site for Hoxd13 and Hoxall each (Lalonde et al. 2016).
When testing this element for enhancer activity, we see a drastic decrease in its ability to drive
reporter expression when a putative binding site for Hox proteins, termed “Mes 17, has been
removed (Fig. 5.3). Finally, “2PAEpi” drives reporter expression in the pectoral fin in a manner
identical to that of “m-Intal1”, which is activated by Hoxal3a and Hoxd13a (Fig. 5.2A, 5.6). We
therefore propose that 5’HoxA/D regulatory changes during the fin-to-limb transition may have
also had consequences on the expression of actinodinl in the mesenchyme. Additionally, we
know two mesenchymal enhancers exist and are required simultaneously to recapitulate the full
expression pattern observed using “2PAEpi” (Lalonde et al. 2016). We are in the process of
identifying this second enhancer, and have identified its potential location to within 150bp. It is
therefore possible either or both mesenchymal enhancer elements have experienced a change in
regulation during limb evolution (trans evolution in tetrapods). Within this region, there is a
putative binding domain for Prrx1. From published literature, we know prrxla and prrxlb are
expressed in the fin fold mesenchyme, and reporter lines for both genes show enhancer activity
in these cells (Hernandez-Vega & Minguillén 2011).

Due to the phylogenetic distance between zebrafish and mice, the trans machinery of the
host (mouse) may not be able to decode the donor (zebrafish) cis sequence (Gehrke & Shubin
2016; Gordon & Ruvinsky 2012). This process is called Developmental Systems Drift (DSD)
and suggests that the inability of “2PAEpi” to drive reporter expression in the mouse limb
autopod may not be due to the intrinsic lack of activity of the enhancer, but due to cis and trans
coevolution in zebrafish (Gehrke & Shubin 2016; Gordon & Ruvinsky 2012; True and Haag

2001) (Fig. 5.5). The zebrafish “"2PAEpi'" may have experienced sequence divergence (relative
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to more basal ray-finned fish) (cis evolution), paired with transcription factor modulation (trans
evolution), that render it unrecognizable to the tetrapod orthologous transcription factors (cis
trans coevolution). Therefore limited conclusions and interpretations can be drawn when testing
the functionality of “2PAEpi” in mice. There are multiple teleost 5’hoxA/D enhancers that are not
functional when tested in mice, including the zebrafish and pufferfish orthologous “CsB” and the
zebrafish orthologous “Island I’ regulatory elements (Gehrke et al. 2015; Woltering et al. 2014).
In contrast, when the spotted gar orthologous “CsB” and “Island I” were tested in mice, they
showed conserved regulatory activity with their mammalian counterparts, as summarized in
section | (Gehrke et el. 2015). The spotted gar is a more basal ray-finned fish, whose lineage split
off prior to the teleost-specific whole genome duplication. The spotted gar genome is believed to
have experienced less sequence divergence compared to zebrafish due to its unduplicated state,
and therefore the trans machinery of the host (mouse) is able to decode the cis enhancer
sequences of the donor (Braasch et al. 2016). To support a change in actinodinl mesenchymal
regulation during the fin-to-limb transition, the spotted gar orthologous “2PAEpi” regulatory
element should be identified and tested for functionality in the zebrafish and mouse (Fig. 5.5). To
date, sequence analysis has not revealed any conserved putative enhancers upstream of
actinodinl in the spotted gar (Lalonde et al. 2016), however due to the expression of actinodin
and the presence of actinotrichia in this species, a cis-acting regulatory element should exist
(Tulenko et al. 2016).
“Posteriorization” of hoxd13a: A teleost-specific modification

Autopod evolution has been linked to an expansion of late-phase 5’HoxD expression in
tetrapods, particularly Hoxd13 (Sordino et al. 1995). Late- or second-phase 5’HoxD expression is

governed by a regulatory landscape on the centromeric side (5°) of the cluster called the global
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control region (GCR) and patterns distal limb and fin structures (Tarchini & Duboule 2006;
Zakany et al. 2004). It has been shown that zebrafish may lack or display only a partial second-
phase of hoxd13a expression, supporting the notion that 5’HoxD expansion may be linked to
autopod evolution (Ahn & Ho 2008; Woltering & Duboule 2010). More recent expression
analysis across a phylogenetically broad range of fish species, however, has concluded fish have
a definite second phase of 5’HoxD expression during fin development; however there appears to
be species-specific variation in the degree of this second phase (Paco & Freitas 2017). Therefore,
while it is generally accepted that the evolution of the autopod involved tetrapod-specific
5’HoxD regulatory modulation, the absence of or partial late-phase hoxd13a expression in
zebrafish may represent a derived modification in teleosts. This portion will summarize
enhancer data that supports this hypothesis.

Firstly, the zebrafish orthologous late-phase hoxD enhancer “Island I”” shows differential
activity when compared to the spotted gar or mouse version (Fig. 5.6). All three “Island 1”
elements were tested for reporter activity in zebrafish (Gehrke et al. 2015). At 55 hours post
fertilization (hpf), the zebrafish “Island I” is restricted to the posterior half of the pectoral fin fold
while the spotted gar “Island I” extends much more anteriorly (Fig. 5.6). Similarly, the mouse
“Island I’ shows more anterior activity in the pectoral fin at 48hpf compared to the zebrafish
version (Gehrke et al. 2015) (Fig. 5.6). Late phase 5 ’HoxA/D expression occurs uniquely in the
distal fin fold mesenchyme starting around 60hpf (Ahn & Ho 2008). By 72hpf, the pectoral fin
fold has significantly elongated compared to 55hpf, and much more fin fold mesenchyme have
invaded the fold (Grandel & Schulte-Merker 1998; Mari-Beffa and Murciano 2010). Therefore,
these elements should be observed at 72hpf to get a more accurate picture of their late-phase

activity in the distal pectoral fin fold. Finally, the zebrafish “Island I”” enhancer is not functional
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in mice providing evidence of teleost-specific enhancer sequence divergence (Gehrke et al.
2015). It should also be noted that the zebrafish “Island I” enhancer was not detectable by
sequence conservation and therefore the amplified region might not contain all elements within
the spotted gar and mouse “Island I”.

Next, both “m-Intall” and “2PAEpi” enhancers show stronger activity in the posterior
pectoral fin fold mesenchyme (Kherdjemil et al. 2016; Lalonde et al. 2016) (Fig. 5.2A, 5.4). The
“m-Intal1” enhancer is activated by Hoxal3a and Hoxd13a, and due to the overlapping domains
of activity, we believe “2PAEpi” element is regulated similarly in the zebrafish pectoral fin (Fig.
5.4). The regulatory consequence of “m-Intall” activity in the tetrapod lineage is distal
repression of Hoxall (Kherdjemil et al. 2016). Therefore we predict the activity of “m-Intall”
to overlap with Hoxall when this enhancer element evolved. In zebrafish, the expression of
hoxallb extends much more anteriorly compared to the activity of “m-Intall” (Lalonde &
Akimenko 2018), and we predict this is due to the derived “posteriorization” of hoxd13a (Fig.
5.2A). Similarly, despite actinotrichia being present in the entire pectoral fin fold, “2PAEpi”
activity is posteriorly restricted and this may again be due to the derived expression pattern of
hoxd13a (Lalonde et al. 2016) (Fig. 5.2A). Changes in mesenchymal actinodinl regulation in
zebrafish may have yielded no functional consequences, as other actinodin paralogs can
compensate (Zhang et al. 2010). The expression of actinodin was observed in paddlefish fins, a
basal actinopterygian, and appears to extend to the anterior fin fold mesenchyme; however the
study does not distinguish between ectodermal and mesenchymal expression in their conclusions
(Tulenko et al. 2016).

5.5. Morphological consequences during fin and limb evolution
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The past section summarized major advances in identifying potential regulatory changes
during limb evolution; however the most exciting discoveries are able to link changes at a
molecular level to functional consequences at a morphological level. This section will first
highlight the evidence linking the “m-Intall” element to the evolution of the “pentadactyl” or 5-
digit state, in tetrapods, followed by a summary of experimental data predicting the potential
implications of actinodin changes during the fin-to-limb transition, and finally will discuss the
implications of 5’HoxA/D modulation during both fin and limb evolution.
Hoxall distal repression & the pentadactyl state in tetrapods

The regulatory consequences of “m-Intall” evolution within the tetrapod lineage were
covered in section Il. Briefly, this regulatory element contributes to the active repression of
Hoxall from the presumptive autopod mesenchyme during limb development (Kherdjemil et al.
2016; Kherdjemil & Kmita 2017). To determine the functional consequences of Hoxall distal

repression on limb evolution, a Hoxall conditional gain-of-function allele (Rosa™*®!!

) was used
to ectopically express Hoxall in the presumptive autopod mesenchyme. All homozygous gain-
of-function mutants displayed polydactylous limbs, an ancestral state, providing evidence that
the distal repression of Hoxall during the fin-to-limb transition contributed to the evolution of
“pentadactyl” or 5-digit state in tetrapods (Kherdjemil et al. 2016; Kherdjemil & Kmita 2017). In
addition, “m-Intall” deletion mutants and Hoxal3 -/- Hoxd13 -/- loss-of-function mutants
express Hoxall in the distal limb bud, further confirming the regulatory consequences of “m-
Intal1” activity during limb development (Fig. 5.2C). Finally, the functionality of “m-Intall” in
zebrafish (as discussed in section 1) reveals the elements required for activation, including

HOXA13/HOXD13 proteins, were conserved in the common ancestor of tetrapods and bony fish

(Kherdjemil et al. 2016). The repression of Hoxall from the distal limb domain may have also
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had consequences for actinodin regulation. In Section IlI, we summarized the supporting
evidence that andl is regulated by one or more 5’HoxA/D proteins, including Hoxallb (Lalonde
et al. 2016; Lalonde, unpublished data). During limb evolution, the absence of Hoxall in the
distal fin/limb region could have resulted in a loss of mesenchymal actinodin activity, supporting
the hypothesis that regulatory changes during the fin-to-limb transition are responsible for the
lack of functionality of “2PAEpi” in mice (Lalonde et al. 2016). To confirm a regulatory link
between Hoxallb and actinodinl mesenchymal activation, we propose crossing zebrafish
hoxallb loss-of-function mutants with the actinodinl mesenchymal reporter line:
Tg(2PAEpi-eGFP), and looking for a loss of reporter activity in the pectoral fin (Lalonde,
unpublished data). We have created hoxalla, hoxallb, and hoxdlla mutants using the
CRISPR/Cas9 system and are currently in the process of being analysed. Single mutants for
hoxallb will also be useful for testing the loss of distal hoxallb during pectoral fin
development, partially mimicking the distal repression of Hoxall during mouse limb
development as discussed in the previous paragraph. Zebrafish possess two hoxall paralogs:
hoxalla, and hoxallb, with only hoxallb being expressed in the distal fin mesenchyme. We
predict that although we have produced hoxallb loss-of-function mutants, hoxalla may be able
to compensate in non-fin regions as they have similar expression patterns. Triple hox11 mutants
(hoxalla, hoxallb, and hoxdlla) are currently being analysed and are part of collaborative
project to complement studies which created Hoxall-/-; Hoxd11-/- mutant mice (Davis et al.
1995). Recent research has already compared triple hox13 zebrafish mutants (hoxal3a, hoxal3b,
and hoxd13a) to previous Hoxal3 -/-; Hoxd13 -/- mutant mice to support a deep homology
between fish fin rays and the tetrapod autopod (Nakamura et al. 2016).

Loss/downregulation of actinodin genes and appendicular dermal bone loss in tetrapods
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The actinodin gene family codes for structural proteins in the actinotrichia fibrils (Zhang
et al. 2010). Actinotrichia are considered the first exoskeletal elements formed during fin
development, and support the larval fin fold while simultaneously directing the distal migration
of mesenchymal cells through the fold (Grandel & Schulte-Merker 1998). Actinotrichia and
dermal fin rays (lepidotrichia) are absent in tetrapods. Experimental evidence suggests
actinotrichia are crucial for larval fin fold development, and for proper fin ray formation due to
their involvement in proper fin fold mesenchyme migration. Fin fold mesenchyme has been
shown to directly contribute to fin ray fibroblast and osteoblast populations (Lee et al. 2013;
Nakamura et al. 2016). It is therefore proposed that actinotrichia defects, through changes in
actinodin expression, may have contributed to the loss of fin rays during the fin-to-limb
transition (Zhang et al. 2010; Lalonde et al. 2016).

Morpholino-mediated knockdown of actinodinl & actinodin2 leads to an absence of
actinotrichia, impaired fin fold development and defects in fin fold mesenchyme migration
(Zhang et al. 2010). Knockdown of either paralog individually yields no actinotrichia defects,
highlighting their ability to compensate for one another. No functional analysis has been
performed on the shorter actinodin paralogs and3/4; however their expression patterns are
similar to and1/2 during larval fin development (Zhang et al. 2010). Due to the transient nature
of mopholino oligonucleotides, the impact of actinotrichia defects on fin ray formation is
unknown. Loss-of-function actinodin mutants are required to observe how fin ray development
proceeds in the absence of actinotrichia. We are therefore in the process of making actinodin
loss-of-function mutants for all four actinodin paralogs (and1-4) (Lalonde unpublished data, Qu
unpublished data). Based on the morpholino data, it may only be necessary to create double

andl/2 mutants to disrupt proper actinotrichia formation and fin fold mesenchyme migration.

192



Furthermore, if double and1/2 mutants are embryonic lethal due to their expression in larval non-
fin regions (Zhang et al. 2010), we propose mutating previously identified andl fin-specific
regulatory elements (2P, mesl and epi3) and crossing these fish with and2 mutants (Lalonde et
al. 2016). To date, | have identified three distinct mutants for actinodinl and actinodin2 using
the CRISPR/Cas9 system. Single heterozygous mutants for each paralog are being raised and can
be bred to produce double homozygous mutants within two generations. If fin ray defects are
observed in actinodin loss-of-function mutants this would support the hypothesis that the loss or
downregulation of these genes may have contributed to fin dermal bone loss during the fin-to-
limb transition.

To directly observe the effects of fin fold mesenchyme defects on fin ray formation, these
cells were ablated during larval development using the nitroreductase/metronidazole
(NTR/MTZ) system (Lalonde & Akimenko 2018; Mathias et al. 2014; Chapter 111) . The ablation
of these cells resulted in impaired larval fin fold development, actinotrichia defects, and defects
during fin ray formation. The presence of fin ray defects supports the hypothesis that these cells
are crucial for proper fin ray formation, and that mis-migration of these cells during the fin-to-
limb transition may have contributed to the loss of dermal rays in fish (Lalonde et al. 2016;
Nakamura et al. 2016; Ahn & Ho 2008). Fin fold mesenchyme defects may also have
implications for actinodin expression and actinotrichia maintenance. As these cells migrate
distally through the larval fin fold they secrete actinodin proteins, and it is thought that actinodin
produced in the mesenchyme contributes to the thickness and length of the actinotrichia (Duran
et al. 2011; Lalonde et al. 2016). Following ablation of these cells, mesenchymal actinodinl
activity is decreased, actinotrichia defects occur, and surviving mesenchymal cells fail to migrate

correctly (Lalonde & Akimenko 2018).
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We have also tested mesenchymal cell ablation using the pro-apoptotic Caspase3 method
of cell ablation (Mallet et al. 2002). Using the “2PAEpi” regulatory element instead, we
expressed the Caspase3 gene in the fin fold mesenchyme, which will be processed in vivo to
form active Caspase3 and initiate the apoptotic cascade. This eliminated the requirement for
potentially toxic treatments, and avoided unwanted cell death in the lower digestive track. Using
PCR on genomic extractions from F1 embryos, | identified three transgenic lines (Caspase3-
positive embryos from 3 separate primary injected fish (P0)). F1 fish from each positively-
identified PO were raised; however no surviving F1 displayed pectoral or caudal fin defects (Line
#1: 0/65, Line #2: 0/46, Line #3: 0/70) (Lalonde Unpublished). Additionally, a proportion of
larvae from independent PO crosses displayed craniofacial defects, and early lethality (7dpf)
suggesting the Caspase3 activity may not have been limited to the fin fold mesenchyme.

Based on the phenotypes observed following fin fold mesenchyme ablation, it is
proposed that these cells contribute to their own successful migration through their production
and secretion of actinodin proteins. This concept raises the intriguing possibility that even minor
changes in actinodin regulation during the fin-to-limb transition may have yielded drastic fin ray
defects. Decreased actinodin expression would produce actinotrichia and mesenchymal cell
migration defects, leading to less actinodin being secreted within the larval fin fold and more
severe actinotrichia defects during the later stages of fin development. Ultimately, we predict fin
fold mesenchyme would be extremely disorganized throughout fin development and would be
unable to effectively form the adult fin rays. In addition to dermal bone loss during the fin-to-
limb transition, fin fold mesenchyme migration defects have potential implications for
endochondral bone expansion during autopod evolution and will be discussed in the following

section (Ahn & Ho 2008; Lalonde & Akimenko 2018; Nakamura et al. 2016).
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5’HoxA/D modulation during fin and limb evolution

During limb evolution the loss of fin dermal bone was preceded by modifications to the
endoskeleton. The proximal anterior endoskeletal bone elements were lost (pro- and
mesopterygium), and the distal endoskeletal bone elements became more expanded and elaborate
to form the autopod. The tetrapod stylopod is considered to be homologous to the posterior most
proximal bone elements in chondrichthyan and basal actinopterygian fish, the metapterygium
(Onimaru et al. 2015; Tanaka 2016). In contrast, zebrafish possess highly reduced pectoral fin
endochondral bone, having lost the metapterygium and the proximal-most pro- and
mesopterygial bones (Mabee et al. 2004). The pro- and mesopterygial radials are retained. In
section |, we summarized available enhancer data that reveals a deep homology between the
tetrapod autopod and the distal fish regions. In section 11, we discussed evidence of regulatory
divergence, highlighting tetrapod-specific 5’HoxA/D regulatory innovations but also teleost-
specific modifications. In this final section, we will summarize overexpression data, mutant
models and cell ablation experiments that investigate the role of 5’HoxA/D regulatory changes in
endochondral bone expansion during limb evolution. The repression of Hoxall from the distal
autopod region during limb development has already been covered and will be omitted from this
part.

Although we have proposed that the absence or partial late phase hoxd13a expression in
zebrafish may be a teleost-specific modification, it does not preclude the possibility that changes
in 5’HoxA/D regulation during tetrapod evolution contributed to limb endochondral bone
expansion (Paco & Freitas 2017). To assess the effects of hoxd13a modulation on endochondral
bone formation, transient methods were used to overexpress hoxdl13a in the zebrafish distal fin

domain (Freitas et al. 2012). The group found that 40% of fish display properties consistent with
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endochondral bone expansion and fin fold reduction (Freitas et al. 2012). Endochondral bone
identity was confirmed using cartilage stains and chondrocyte markers and additional molecular
markers were used to highlight a shift towards a “distal limb fate” (Freitas et al. 2012).
Unfortunately due to the transient nature of these experiments, and high mortality rates among
affected fish, analysis on radial and fin ray formation was not possible. It may be beneficial to
revisit these experiments using stable transgenic lines incorporating other methods of inducible
transgene expression (Akerberg et al. 2014; Knopf et al. 2010; Mosimann et al. 2011).
Consistently, the ablation of hoxal3a/hoxdl3a-expressing mesenchyme during larval
development shows a decrease in expression of these genes and decreased endoskeletal disc size;
further implicating 5'HoxA/D genes during endochondral bone formation and evolution (Lalonde
& Akimenko 2018). Although not investigated yet, modulation of 5’HoxA/D has also been
linked to shifts in anterior-posterior positional identity and the loss of the proximal anterior bone
elements (pro- and mesopterygium) during limb evolution (Onimaru et al. 2015; Tanaka 2016).
Early fin and limb anterior-posterior patterning is in part established by opposing gradients of
SHH and GLI3R (Hill et al. 2009; Litingtung et al. 2002; Prykhozhij & Neumann 2008).
Increased transcript levels of 5°HoxA/D during limb evolution would have promoted SHH-
signaling and the conversion of GLI3 to GLI3R, leading to an expansion of posterior positional
identify (Onimaru et al. 2015; Tanaka 2016).

Functional analysis of hox13 genes (hoxal3a, hoxal3b & hoxd13a) in zebrafish has
recently been performed using loss-of-function CRISPR mutants. Double (hoxal3a, hoxal3b)
and triple (hoxal3a, hoxal3b, hoxd13a) homozygous mutants fail to form fin rays, and produced
an increased number of distal radial bones (Nakamura et al. 2016). This phenotype represents a

shift toward what is predicted to have occurred during the fin-to-limb transition: expanded
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endochondral bone elements, and reduced dermal bone (Sordino et al. 1995; Tamura and Yano
2013; Tamura et al. 2008). And yet, we propose exercising caution when considering the
implications of these mutants for the fin-to-limb transition. Evidently, tetrapods retained Hoxal3
& Hoxd13 during limb evolution with further evidence suggesting even an increase or expansion
of expression (Freitas et al. 2012; Yano & Tamura 2008). It is therefore proposed that while the
molecular mechanisms may not align with 5’HoxA/D regulatory changes during tetrapod
evolution, the resulting morphology at a tissue level may mimic processes that occurred during
the fin-to-limb transition (Nakamura et al. 2016). Specifically, it is thought hox13 zebrafish
mutants show defects in fin fold mesenchyme migration. In the previous section we discussed
the implications of fin fold mesenchyme migration defects on dermal bone loss; however an
additional hypothesis predicts that if these cells remain in the proximal fin domain, they may
experience a shift in cell fate and contribute to endochondral bone instead (Ahn & Ho 2008;
Lalonde & Akimenko 2018; Nakamura et al. 2016). Fin fold mesenchyme migration defects are
not explored in hox13 mutant fish, and should be considered a priority to determine the
mechanisms of fin ray loss/distal radial expansion. While multiple fluorescent reporter lines are
available that label fin fold mesenchyme, we recognize the time constraints of recreating
hoxal3/hox13b homozygous mutants within transgenic reporter backgrounds (Kawakami 2007;
Kherdjemil et al. 2016; Lalonde et al. 2016). As hox13 loss-of-function zebrafish mutants do not
recreate the expression of Hoxal3 & Hoxd13 in tetrapods, additional information is required to
integrate these results with proposed with 5°HoxA/D regulatory changes during the fin-to-limb
transition. To confirm a regulatory link between Hoxal3a/Hoxdl3a and actinodinl
mesenchymal activation, We propose crossing hox13 loss-of-function mutants with the

actinodinl mesenchymal reporter line: Tg(2PAEpi:eGFP), and looking for a loss of reporter
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activity in the pectoral fin (Lalonde, unpublished data). Although we requested the hox13
mutants for analysis they were not provided, therefore we are currently in the process of making
hoxal3a, hoxal3b, and hoxd13a mutants using the CRISPR/Cas9 system (Qu unpublished).

In the hoxd13a overexpression study and the hox13 loss-of-function zebrafish mutants,
larval fin fold structure is observed by performing an in situ hybridization for andl (Freitas et al.
2012; Nakamura et al. 2016).We have previously discussed the inclusion of Hoxal3a &
Hoxd13a as positive regulators of andl in the mesenchyme. While the results of hoxd13a
overexpression (decreased andl) seem to dispute this conclusion, we would argue these results
are not mutually exclusive and would like to highlight the importance of discussing tissue-
specificity when investigating actinodin1 expression (Freitas et al. 2012; Zhang et al. 2010). Fin
fold ectodermal and mesenchymal andl expression begin at different stages of pectoral fin
development, relying on distinct sets of transcription factors (Lalonde et al. 2016; Zhang et al.
2010). Conclusions using “global” andl fin transcript levels on whole mount samples may
therefore be difficult to interpret. While andl expression is sufficient as a fin fold marker,
examining tissue-specific changes using andl reporter lines could shed light on actinodin
regulation by 5’HoxA/D proteins and the implications during the fin-to-limb transition (Lalonde
et al. 2016; Lalonde & Akimenko 2018).

5.6. Discussion Conclusions

Combining regulatory data and functional analysis provides crucial insight into some of
the molecular mechanisms that contributed to morphological changes during the fin-to-limb
transition. Conserved regulatory strategies between fish and tetrapods highlight a deep homology
between distal fin and limb structures, while diverging strategies illuminate instances of

evolutionary novelty and trait loss (autopod and appendicular dermal bone, respectively). We

198



have highlighted how the zebrafish has remained a powerful model organism for performing
transgenic swap experiments, however the derived nature of the genome and fin morphology
limit interpretations regarding the fin-to-limb transition. Instead, it is becoming increasingly
more common to study a phylogenetically broad range of fish species to draw conclusions
regarding molecular and morphological change during limb evolution. The advances in fish
genome availability and genome editing technology will serve as invaluable tools that will

greatly facilitate future studies.
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5.7. Figures

B m-intall
I hoxa13a
I hoxd13a

hoxal3b

Pectoral - < o5

eGFP (m-Intall)

Figure 5.1. The“m-Intall” regulatory element is active in a subpopulation of hoxdl3a- &
hoxal3a-expressing cells in the zebrafish pectoral fin at 72hpf. (A, D-F) Double fluorescent
ISH for hoxal3a, eGFP, & (B) Tg(m-Intall:eGFP) reporter activity in 72hpf pectoral fin. (C)
Summary of expression patterns for hoxal3a, hoxd13a,hoxal3b and m-Intall activity in 72hpf
pectoral fin. The “m-Intall” regulatory element drives expression in the posterior fin fold
mesenchyme (red arrow): eGFP fluoresence (B) and eGFP transcripts are presented (E). The
expression of hoxal3a extends to the anterior fin fold mesenchyme (white arrow) (D, F), outside
the region where “m-Intall” is active (red arrow) (E, F). The expression of hoxdl13a is
posteriorly restricted and partially mimics “m-Intall” activity (C). The “m-Intall” element is
not active in the proximal-posterior endoskeletal disc and fin fold regions where hoxd13a , and
hoxal3b are co-expressed (purple arrow) (C). Brightfield (A), fluorescent (B, D, E) and merged

(F) images are present. ED = Endoskeletal disc, FF = Fin fold. Scale bar = 3um.
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Figure 5.2. Expression patterns (Hoxal3(a), Hoxdl3(a), Hoxall(b)) and regions of
enhancer activity (m-Intall, 2PAEpi) in 72hpf zebrafish pectoral fin, and E11.5 WT and
Hoxal3 -/- Hoxd13a -/- mutant mouse forelimb bud. (A) 72hpf zebrafish pectoral fin, (B)
E11.5 WT mouse forelimb bud, and (C) E11.5 Hoxal3 -/- Hoxd13-/- mutant mouse forelimb
bud. Enhancers 2PAEpi (purple) and m-Intall (red) show overlapping activity in a
subpopulation of hoxal3a/hod13a-expressing cells (blue/green) in the zebrafish pectoral fin at
72hpf (A). Note hoxal3a expression expands more anteriorly (blue) and hoxd13a expression
extends to the proximal-posterior disc and fin fold regions (green) (A). The expression of
hoxallb (turquoise) extends anteriorly outside the domain of activity of m-Intall (red) (A). In
WT E11.5 limb buds, Hoxall is restricted to the proximal domain due to m-Intall activity in the
distal regions (turquoise) (B). The activity of m-Intall (red) overlaps completely with Hoxal3
expression (blue) (B). Note Hoxd13a expression (green) does not completely overlap with
Hoxal3 (blue) and m-Intall activity (red) (B). m-Intall activity in the WT E11.5 limb bud is

inferred through absence of distal Hoxall transcripts (B). Enhancer activity was only observed
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at E12.5 in transient transgenic mice (Tg(m-Intall:LacZ)). In Hoxal3 -/- Hoxd13 -/- E11.5 limb
buds, m-Intall shows no activity and Hoxall is expressed in both the proximal and distal
regions (turquoise) (C). Absence of m-Intall activity is inferred by the presence of Hoxallb
transcripts in the distal limb bud region (C). Note 2PAEpi is not functional in WT or mutant limb
buds (B, C). E = Embryonic day, ED = Endoskeletal disc, FF = Fin fold, hpf = hours post

fertilization, LB = Limb bud, WT = Wild type.
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Figure 5.3. Enhancer activity of 2PAEpi drastically reduced when putative binding site for
Hox (mesl site) removed. (A-D) Zebrafish median fins at 72hpf comparing eGFP reporter
expression when driven by either 2PAEpi or 2PAEpiAmes| regulatory elements. (E) Schematic
of actinodinl 1941bp region of the first non-coding exon. The 2PAEpi regulatory element is able
to drive reporter expression in the migrating mesenchymal cells of the median and pectoral fin
folds (Median fin: A-B, Pectoral fin: Fig. 4B). Reporter expression is drastically reduced in the

median fin when mes1 site is removed from the 2PAEpi regulatory element (C-D). No eGFP-
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positive cells are visible in the pectoral fin (data not shown). MesL1 site consists of a 20bp region
containing the consensus Hox binding domain TTTAT (Red text) (E). 2PAEpi regulatory
contains the entire 1941bp fragment with Epi region removed (E). Two independent lines were
obtained to confirmed the expression pattern of Tg(2PAEpiAmes1:eGFP). Brightfield (A, C) and
fluorescent (B, D) images are displayed. MMC = Migrating mesenchymal cells, TSS =

Transcription Start Site.
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Pectoral Fin

Tg(m-Inta11:eGFP)

Figure 5.4. The “m-Intal1” & “2PAEpi” enhancer elements display overlapping domains
of activity in the zebrafish pectoral fin fold mesenchyme at 72hpf. (A-D) Zebrafish pectoral
fin at 72hpf of Tg(2PAEpi:mCherry) x Tg(m-Intall:eGFP) double transgenic fish. Both
regulatory elements drive overlapping reporter expression in posterior fin fold mesenchyme
(yellow arrow) (B-D), providing evidence they may both be co-activated by Hoxal3a and
Hoxd13a proteins. Note the absence of reporter activity in anterior fin fold mesenchyme (B-D).
Due to inconsistencies within transgenic lines, individual cells contain variable amounts of eGFP
and mCherry protein and accounts for the colour variation observed in different mesenchymal
cells (D). Brightfield (A), Fluorescent (B, C), and merged (D) images are displayed. ED =

Endoskeletal disc, FF = Fin fold. Scale bar = 3um.
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Figure 5.5. Orthologous spotted gar “2PAEpi” regulatory element is required to support or
contradict possibility of trans actinodin evolution in tetrapods during the fin-to-limb
transition. Hypothetical scenarios if spotted gar orthologous ‘“2PAEpi” regulatory element is
tested via transgenic swap experiments in the zebrafish and mouse. Current information
represents experiments performed in Lalonde et al. 2016, where the zebrafish “2PAEpi” element
is not functional in the mouse. It is impossible to determine from these results if lack of enhancer
functionality is due to changes to the trans environment in tetrapods, or cis trans coevolution in
the zebrafish. In scenario A, the spotted gar orthologous “2PAEpi” is functional in mice. From
this result, we could conclude there is no evidence for trans evolution in tetrapods, and that the
zebrafish has undergone cis and trans coevolution which the trans environment of the mouse is
not able to decode. In this scenario, the gar element may be partially functional or nonfunctional
when tested in the zebrafish. In scenario B, the spotted gar “2PAEpi” element shows conserved

functionality in zebrafish however is unable to function in the mouse. This result supports the
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hypothesis that there was a change in regulation of actinodin due to trans evolution in tetrapods.
If the spotted gar element is not functional in either zebrafish or mouse (not displayed), we could

not conclude anything more than what is currently known.
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Figure 5.6. Orthologous gar and mouse Island I enhancers drive reporter expression in the
anterior zebrafish pectoral fin. Mouse, gar, and zebrafish orthologous Island 1 enhancer
activity at 48, and 55hpf in the zebrafish pectoral fin, and endogenous Hoxd13(a)expression in
the mouse forelimb at E11.5 and the zebrafish pectoral fin at 72hpf. Mouse and gar Island |
enhancer drive activity more anteriorly in the zebrafish pectoral fin compared to the orthologous
zebrafish Island | (red asterisks). Endogenous Hoxd1l3 expression extends to the anterior
presumptive autopod at E11.5 in the mouse forelimb. Endogenous hoxd13a expression is absent
from the anterior pectoral fin fold mesenchyme at 72hpf in the zebrafish. Mouse Island I
enhancer activity at 55hpf, and endogenous hoxd13 expression in the gar are unknown (Question
mark). Donor organism indicated on the left. Brightfield representative pectoral fins shown
below. Purple = in situ hybridization (ISH), green = GFP fluorescence. Schematic representation
of Island | enhancer activity based on data from Gehrke et al. 2015. Ant. = Anterior, FL =

Forelimb, Post. = Posterior.
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CHAPTER 6

General Conclusions
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The actinodin gene family was lost during the fin-to-limb transition. We propose that
their diseappearance may have contributed to the loss of appendicular dermal bone and that
changes in their regulation preceded their disappearance (Lalonde et al. 2016; Zhang et al. 2010).
We have identified and characterized zebrafish actinodinl cis-acting regulatory elements for fin
ectoderm and fin mesenchyme expression. To test the functionality of these regulatory elements
in tetrapods, we created a transgenic reporter mouse line. Despite the absence of this gene family
in tetrapods, the ectodermal enhancer remains functional in the presumptive limb autopod,
supporting a homology between distal fin and limb ectoderm. In contrast, the mesenchymal
enhancer does not function in the limb mesenchyme supporting a possible change in trans
regulation (trans evolution) during the fin-to-limb transition. The orthologous actinodinl
regulatory elements from the spotted gar should be isolated and tested in tetrapods to further
support this theory. We have also uncovered evidence that one or more 5’HoxA/D proteins may
be regulating mesenchyme actinodinl expression, providing a possibility that 5’HoxA/D
regulatory changes during limb evolution may have also had consequences for actinodin
evolution (Lalonde & Akimenko, submitted). A funtional analysis of the actinodin genes is
currently underway using loss-of-function CRISPR/cas9 mutants. We predict in the absence of
actinodin functionality, zebrafish will display actinotrichia and fin ray defects, supporting the
hypothesis that the disappearance of these genes may have contributed to the loss of fin dermal
bone during the fin-to-limb transition.

It is predicted that actinotrichia defects will have direct consequences for the migration of
distal fin mesenchyme. Distal fin mesenchymes migrate through the fin fold along the
actinotrifchia during embryonic and larval development and then differentiate into both fin ray

fibroblast and osteoblast (Lee et al. 2013; Nakamura et al. 2016). It has been proposed that
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defects in the migration of these cells could also be a mechanism of dermal bone loss during the
fin-to-limb transition (Ahn & Ho 2008; Lalonde & Akimenko 2018; Nakamura et al. 2016). In
fact, this hypothesis is not mutually exclusive with the potential contributions of the loss of the
actinodin genes during limb evolution as transiently knocking down actinodin1/2 leads to fin
mesenchyme migration defects in larval zebrafish (Zhang et al. 2010). To mimic long-term distal
fin mesenchyme defects and observe the effect on actinotrichia and fin ray formation, we ablated
these cells throughout larval development using the nitroreductase/metronidazole system
(Lalonde & Akimenko 2018). Following ablation, we observed severe fin fold and actinotrichia
defects during early larval development, suggesting distal fin mesenchyme is crucial for proper
fin fold and actinotrichia maintenance. Following sustained ablation up to 30dpf, we observed
fewer fin rays that were shorter and less defined compared to control fish (Lalonde & Akimenko
2018). This result supports the hypothesis that distal fin mesenchyme defects can cause fin ray
defects, and may be a mechanism of dermal bone loss during the fin-to-limb transition. Due to
the limitations of metronidazole toxicity and the regenerative capabilities of the zebrafish, we
only observed minor effects on fin ray formation at 30dpf. While our taCaspase3 methods of cell
ablation were inconclusive, we predict our loss-of-function actinodin mutants will also display
distal fin mesenchyme defects. These experiments will serve to strengthen a causal link between
fin mesenchyme migration defects and fin ray defects.

We have highlighted how changes in regulation of the 5S’HoxA/D genes may have had
consequences on actinodin evolution. Fellow researchers have explored potential implications of
these regulatory changes for proper fin fold mesenchyme migration as well. We have linked
changes in the regulation of Hoxall, specifically the distal repression of Hoxall, during the fin-

to-limb transition to the evolution of the pentadactly or 5-digit state. We uncovered evidence of a
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tetrapod-specific Hoxal3/Hoxd13-dependent enhancer (m-Intall) that drives antisense
transcription at the Hoxall locus during limb development, preventing Hoxall sense transcripts
from being produced (Kherdjemil et al. 2016). By inhibiting the activation of antisense
transcripts, via the deletion of the enhancer, mice develop polydactylous limbs, a trait observed
in extinct transitional tetrapods. Furthermore, we also showed m-Intall activity is functional in
the distal fin mesenchyme of zebrafish supporting a homology with presumptive autopod
mesenchyme in the limb (Kherdjemil et al. 2016). To test the functionality of Hoxall distal
repression during zebrafish fin development, we have produced hoxallb loss-of-function
mutants. We have also produced triple hox11 (hoxd1la, hoxalla, and hoxallb) loss-of-function
mutants to explore the role of these genes during fin development. As Hox11 genes pattern the
zeugopod (ulna & radius) in tetrapods, we may see no phenotype in the derived zebrafish fin due
to lack of homologous structures (Davis et al. 1995).

The evolution of the tetrapod limb was a fundamental innovation that facilitated
vertebrate terrestrial colonization and diversification, including our own species. Uncovering the
modifications required in producing a limb provides amazing insight into our own human
evolution. Overall, we have contributed to a better understanding of molecular and
morphological changes that occurred during the fin-to-limb transition and the developmental
mechanisms of fins and limbs. We believe our data furthers the field while introducing novel

research questions and providing a platform for future exciting work.
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