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Abstract
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Vertebrate skeletons are an intricate framework of bony and cartilaginous structures that form
through carefully orchestrated developmental processes, guided by interacting genetic pathways
that regulate cellular differentiation, migration, and tissue morphogenesis. The specific timing
and localisation of gene expression shapes the diverse array of skeletal elements, from the
flexible cartilages of the embryonic stage to the hardened bones that provide structural support
in adulthood, and the joints and connective tissues that articulate the musculoskeletal system.
This thesis aims to use the zebrafish (Danio rerio) as a model organism to study the role
and regulation of three genes in controlling musculoskeletal development from larvae to
adulthood: nkx3.2, gdf5, and mkx. In the first study, we used CRISPR/Cas9 genome editing
to knock out nkx3.2 and characterise the resulting mutant phenotypes, including a jaw joint
fusion and occipital and vertebral defects. In the second study, we extended the phenotypic
characterisation of nkx3.2 mutants into the skeleton-associated soft tissues using a novel
synchrotron-based tomographic imaging technique and revealed a series of defects in the
jaw musculature, Weberian ligaments, and fluid-filled sacs of the ear. In the third study,
we identified and functionally characterised a novel cis-regulatory element responsible for
driving nkx3.2 expression in the early developing jaw joint, with its presence and activity
being highly conserved in jawed vertebrates but absent in jawless vertebrates. In the fourth
study, we examined the role of gdf in skeletal development by generating a knockout mutant
line, finding striking defects in fin radial development including a clear endoskeletal disc
segmentation phenotype resulting in a complete absence of posterior radials in the pectoral fin.
Finally, in the fifth study, we studied the regulation of Mkx, an important factor in tendon and
ligament development, and identified a novel enhancer with different species-dependent activity
patterns. In summary, this thesis contributes to our understanding of the derived and conserved
functions of Nkx3.2, Gdf5, and Mkx in the development of the vertebrate skeleton and associated
connective tissues, and provides a novel high-resolution 3D imaging method for future studies.
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"The fish and I were both stunned and disbelieving to find ourselves
connected by a line." - William Humphrey
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Introduction

Jawed vertebrates (gnathostomes) are a group of animals distinguished by their
hard internal skeletons comprised of bone and/or cartilage. This skeleton is
principally responsible for supporting and protecting the body and internal
organs. Associated with the skeleton are related connective tissues such as
tendons and ligaments, with distinct but to some extent overlapping cellular
identities. A complex and interacting array of factors, primarily regulatory
proteins, that are expressed in specific embryonic locations at particular times
controls the development of the skeleton and associated structures. Gnathos-
tomes have evolved a diverse array of skeletal structures for different purposes,
as well as differing modes of skeletal development that necessitate altered ex-
pression of developmental factors. By studying the regulatory genomics and
development of living vertebrates in a phylogenetic context we can shed light
on the evolutionary history of vertebrate skeletons both in terms of morphol-
ogy and genetics.

This thesis uses the zebrafish (Danio rerio) as a model organism to study
the role and regulation of three evolutionarily conserved genes known to be
involved in the skeletal development of gnathostomes: NK-3 Homeobox 2
(Nkx3.2), Growth Differentiation Factor 5 (Gdf5), and Mohawk Homeobox
(Mkx). Zebrafish development from the embryo to adult was studied to gain
insights into different stages of skeletal development, from the condensation
of mesenchymal cells into cartilage and early tendon differentiation through
to the mineralisation of bones. Our generated zebrafish knockouts for nkx3.2
and gdf5 were associated with significant craniofacial, axial, and appendicular
skeletal defects, respectively, that are comparable to phenotypes observed in
mouse, frog, and chick models, suggesting a broadly conserved role for these
genes in skeletal development, although with differences associated with spe-
cific skeletal structures.

For these studies, well-established traditional techniques including histo-
logical thin sections were used to examine mutant phenotypes. However,
to describe nkx3.2 mutant skeleton-associated soft-tissue phenotypes, we
used a cutting-edge phase-contrast synchrotron microtomography method and
demonstrated its promise for providing near-histological resolution in three di-
mensions. Beyond studying gene function using knockouts, the cis-regulation
of tissue-specific Nkx3.2 and Mkx gene expression by two proximal enhancers
was investigated and suggests a highly conserved regulation of Nkx3.2 con-
trasted with a more variable regulation of Mkx in different groups of jawed
vertebrates.

11



Background

Vertebrate phylogeny and diversity

The subphylum Vertebrata can be divided into two groups, Gnathostomata
(jawed vertebrates) and Agnatha (jawless vertebrates). The earliest-branching
stem gnathostomes with jaws were the placoderms, a now-extinct group of ar-
moured fish whose taxonomy has been long debated. Recent studies generally
resolve placoderms as a paraphyletic grade (Brazeau, 2009; Giles et al., 2015;
Long et al., 2015b; Qiao et al., 2016) although King et al. (2017) support pla-
coderm monophyly. Placoderms record the appearance of jaws comprised of
gnathal plates originally considered distinct from, but now considered homol-
ogous to, the dentary, maxilla, and premaxilla found in living bony fish (Zhu
et al., 2013; Zhu et al., 2016; Vaskaninova et al., 2020). Crown gnathostomes
are divided into Osteichthyes (bony fish) and Chondrichthyes (cartilaginous
fish) (Figure 1).

The two main groups of osteichthyans are the Actinopterygii (ray-finned fish)
and Sarcopterygii (lobe-finned fish including tetrapods). Actinopterygii in-
cludes almost every species conventionally thought of as "living fish", and
the vast majority are in the Teleostei clade, including zebrafish. Teleost
species number almost 30,000, comprising 96% of all living fish (Nelson et
al., 2016). The non-teleost actinopterygians include the bichirs, sturgeon and
paddlefishes, and gars and bowfins - members of the Cladistia, Chondrostei,
and Holostei respectively, totalling less than 50 species (Nelson et al., 2016).
Teleosts are relatively derived in their morphology, physiology, and genomes
(Arratia, 2015; Glasauer and Neuhauss, 2014; Davesne et al., 2020) so the
few basal species of Actinopterygii can be valuable representatives of more
primitive actinopterygian states (Braasch et al., 2016; Bi et al., 2021).

Sarcopterygii includes two groups of extant "fish" - one includes coelacanths
and lungfish, represented by just eight extant species, but the second and by
far the largest group of sarcopterygians are the tetrapods, the four-limbed ver-
tebrates that dominate the land (Clack, 2012). Tetrapoda encompasses Am-
phibia (including frogs, salamanders, and caecilians) and Amniota (includ-
ing turtles, "lizards", snakes, crocodiles, and birds in Sauropsida (Benton,
2005; Hedges, 2012) and mammals in Synapsida). Mammalia is divided into
monotremes, marsupials, and placental mammals, with the latter being the
most speciose and including humans and model species such as the mouse
(Wilson and Reeder, 2005).
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Figure 1. Time-calibrated phylogeny of the vertebrate species included in this
thesis. Grey bars indicate 95% confidence intervals of divergence times from Mar-
janovi¢ (2021), Ghezelayagh et al. (2022), Hughes et al. (2018), and Miyashita et al.
(2019). Cm - Cambrian, O - Ordovician, S - Silurian, D - Devonian, C - Carbonif-
erous, P - Permian, Tr - Triassic, J - Jurassic, K - Cretaceous, Pg - Palacogene, CZ -
Cenozoic.

13



Extant Chondrichthyes are divided into the Holocephali and Elasmobranchii.
Holocephali includes the elephant shark and other chimaeras, while the larger
group of elasmobranchs are further divided into the Selachimorpha ("true
sharks") and Batoidea (skates and rays) (Nelson et al., 2016). The evolution-
ary origin of chondrichthyans from the common ancestor with osteichthyans is
illustrated by a rich grade of transitional fossils classified as Acanthodii. For
a long time, acanthodians were ambiguously classified, with members scat-
tered throughout Osteichthyes and/or Chondrichthyes as monophyletic or pa-
raphyletic groups (Brazeau, 2009; Davis et al., 2012; Friedman and Brazeau,
2010), but recent work has concluded that most acanthodian species are a para-
phyletic grouping along the chondrichthyan stem (Brazeau and Winter, 2015;
Brazeau and Friedman, 2015; Giles et al., 2015; Long et al., 2015a; Maisey
et al., 2017; Zhu et al., 2013).

There are only two groups of agnathans alive today, the hagfishes and lam-
preys, both classified in the Cyclostomata. When studying crown gnathos-
tomes, agnathans are necessarily the closest outgroup to make comparisons
to in order to understand the ancestral state that these gnathostomes evolved
from. However, cyclostomes are also highly morphologically derived relative
to ancestral vertebrates, making direct comparisons of homologous structures
difficult (Janvier, 2008; Donoghue, 2017).

In this thesis, I used the zebrafish model organism for all physical experiments,
and much of the literature guiding these efforts was based on experiments in
zebrafish, clawed frogs, mice, and human tissues. For computational analyses
of the evolutionary conservation of genomic regulatory elements in Papers III
and V, a wide range of species representing most of the aforementioned major
groups of vertebrates were included, shown in Figure 1.
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The vertebrate skeleton

The vertebrate skeleton functions to structure the body into distinct regions,
provide support against gravity and muscular forces, and protect vital organs.
Anatomically, the term endoskeleton refers to the internal skeleton such as the
limb bones and spine, while more superficial skeletal elements that develop in
the dermis (skin) such as scales and osteoderms, are termed the exoskeleton
or dermal skeleton (Francillon-Vieillot et al., 1990; Laurin et al., 2021). The
dermal skeleton also includes the majority of the skull and facial bones, some
of which, such as the mammalian dentary (lower jaw), were more superficial
in ancestral forms but have since evolved to develop under layers of muscles
and connective tissues, leading Hirasawa and Kuratani (2015) to describe them
as "sunken exoskeleton".
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Figure 2. Zebrafish skeletal anatomy. (A) Ventral view of the larval pharyngeal
arch cartilages. (B) Lateral view of the larval pharyngeal arch cartilages. (C) The
juvenile/adult zebrafish skeleton is comprised of bones of intramembranous and en-
dochondral origins. Diagrams modified from Kimmel et al. (2001) and Le Pabic et al.
(2022).

Within the skeleton, it is common to topographically distinguish the cranial,
axial, and appendicular skeletal elements. The cephalic bones are found in the
head, ending at the base of the skull, where the axial skeleton begins, com-
prising the vertebral column and ribs, and the appendicular skeleton includes
the limbs, fins, and the girdles that connect them to the axial skeleton. Within
the cranial skeleton, the lower (ventral) part includes the pharyngeal skele-
ton that comprises fish jaws, gills, and supporting elements (Figure 2A, B).
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In larval zebrafish, the first pharyngeal arch includes Meckel’s cartilage and
the palatoquadrate, articulated by the jaw joint to form the lower and upper
jaws, respectively, of the mouth. The second arch is comprised of a midline
basihyal cartilage, flanked by paired ceratohyals and hyosymplectic that are
articulated at the so-called hyoid joint by a small cartilage called the interhyal.
The more posterior arch elements are known as the ceratobranchials, which
articulate with midline basibranchials via small hypobranchial cartilages. The
ceratobranchials bear the gills and small tooth-like denticles called gill-rakers,
but only the most posterior, ceratobranchial 5 (pharyngeal arch 7) bears true
teeth (Figure 2A, B).

A rich collection of Mesozoic synapsid fossils in addition to ontogenetic ob-
servations has established that the primary jaw joint, first established in placo-
derms and retained in all crown gnathostomes, moved up into the middle ear of
therian (placental and marsupial) mammals, forming the incudomalleolar joint
(Anthwal et al., 2013; Luo, 2011; Tucker, 2017). This is the joint between the
malleus and incus bones, homologous to the articular and quadrate bones of
non-mammals which ossify around Meckel’s cartilage and the palatoquadrate,
respectively. Simultaneously, a new secondary jaw joint between the dentary
and squamosal bones evolved to maintain mammalian lower jaw function.

Bones are comprised primarily of elastic proteinaceous collagen I fibres and
the inorganic mineral hydroxyapatite (Hall, 2005). The flexible protein fibres
and inflexible mineral crystals provide bones with rigidity while also being
fracture-resistant. Although often thought of as dry, inert structures, bones are
in fact dynamic living tissues that additionally function as mineral reservoirs
that can be metabolised to support ion homeostasis (Kerschnitzki et al., 2014;
Peacock, 2010). Bones develop by two major modes: intramembranous 0ssi-
fication and endochondral ossification (Francillon-Vieillot et al., 1990; Laurin
etal., 2021). Dermal bones all develop by intramembranous ossification com-
pared to only a minority of endoskeletal bones, as the latter primarily form by
endochondral ossification in mammals. The mode of development of homol-
ogous endoskeletal bones can also differ between species. For example, while
the vertebrae and ribs develop by endochondral ossification in mammals, in
the zebrafish and other actinopterygians, they form by intramembranous ossi-
fication (Le Pabic et al., 2022) (Figure 2C).

Both modes of ossification begin with mesenchymal cells, loosely-packed un-
specialised cells embedded in a fluid-like matrix. In intramembranous ossi-
fication, membranous mesenchymal cell populations condense and differen-
tiate into bone precursor cells called osteoblasts. These osteoblasts secrete
collagens and proteoglycans, forming a matrix that is able to bind calcium
salts into hydroxyapatite. These calcified regions expand out as spicules from
the first ossification centre(s) until an entire bony element is formed (Perci-
val and Richtsmeier, 2013). Endochondral ossification, on the other hand,

16



relies on a cartilage intermediary between the mesenchyme and ossification.
The mesenchyme condenses and differentiates into cartilage cells called chon-
drocytes, which proliferate and produce their own cartilaginous extracellu-
lar matrix (ECM) of proteoglycans and collagen II fibres (Hall, 2005). The
three-dimensional spatial orientation of the clonal division of these prolifer-
ating chondrocytes shapes each cartilage structure into its final morphology
(Kaucka et al., 2017).

Eventually, these chondrocytes, beginning with the oldest and therefore more
centrally located, stop dividing and become hypertrophic, increasing in vol-
ume and secreting a modified ECM capable of binding calcium (Amizuka
et al., 2012; Chen et al., 2023). Some of the hypertrophic chondrocytes die
by apoptosis (Gibson, 1998), leaving space for nearby osteoblasts to invade
via blood vessels and begin to deposit bone matrix (Hall, 2005). Other hy-
pertrophic chondrocytes transdifferentiate into progenitors of osteoblasts and
other important cell types such as adipocytes (Yang et al., 2014a; Yang et al.,
2014b; Zhou et al., 2014; Aghajanian and Mohan, 2018; Long et al., 2022).
Eventually, the entire cartilage template is replaced by bone, although this pro-
cess often remains incomplete until adulthood in long bones like the tetrapod
femur, as the cartilaginous ends grow with the organism between embryonic
development and adulthood, with the mineralising bone front following be-
hind (Anderson and Shapiro, 2010).

While these two modes of ossification are distinct and the bones they form are
often classified distinctly as "endochondral bone" or "intramembranous bone",
mixed bones - fused ossifications of both types - also exist. This is the case
in tetrapod long bones, where much of the thin cortical bone around the endo-
chondral diaphysis ossifies directly from the membranous periosteum (Dwek,
2010). Another interesting case is the mammalian mandible, where in dif-
ferent species endochondral ossification of secondary cartilages are variably
involved in forming the symphysis and condylar, coronoid, and angular pro-
cesses of the otherwise intramembranous dentary (Anthwal and Tucker, 2012;
Fabik et al., 2021).

In addition to serving as a template for endochondral bones during develop-
ment, cartilage is also maintained in adult skeletons in flexible synovial joints,
capping the bones. This articular cartilage provides a smooth, cushioned sur-
face for bones to contact at, protecting them and maintaining the articulation
with minimal friction (Sophia Fox et al., 2009). Degradation of articular car-
tilage is a pathology of osteoarthritis (OA), causing the bones at a joint to rub
against each other directly with increased friction, resulting in bone lesions
and inflammation (Glyn-Jones et al., 2015). The joint is enclosed in a synovial
capsule filled with lubricating molecules including lubricin and hyaluronic
acid in the cavity between the articulating elements, further decreasing fric-
tion (Rhee et al., 2005; Tanaka et al., 2008). Interestingly, the same superficial
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joint cells that produce the lubricating molecules also act as the stem cell pop-
ulation that produces new articular chondrocytes (Li et al., 2017). All of this
is in contrast to the other types of bony joints; the inflexible sutures and in-
tervertebral discs, which have a completely different composition and set of
properties (Smeeton et al., 2016), beyond the scope of this thesis. The type of
cartilage found in both templates for endochondral ossification and articular
cartilage is hyaline cartilage, where the ECM is predominantly made up of
glycosaminoglycans, in contrast to the elastic cartilage found in intervertebral
discs and fibrous cartilage in the attachment sites of tendons and ligaments to
bones, which have larger fractions of elastic and collagen fibres in the ECM
respectively (Hall, 2005).

The above description of skeletal tissues is largely only applicable to oste-
ichthyans, as chondrichthyans possess a quite different, and derived, skeletal
system. The chondrichthyan skeleton is comprised of cartilage both in embry-
onic stages and in adults. The hyaline cartilage that dominates the shark skele-
ton is comparable to the hyaline cartilage of endochondral template cartilages
in osteichthyans (Hall, 2005), but it doesn’t undergo endochondral ossification
and instead remains as cartilage, the matrix expanding as the fish grows. Chon-
drichthyans altogether lack bone, although they have mineralised hard tissues
called tesserae superficially surrounding and reinforcing cartilage elements in
addition to possessing mineralised vertebral centra produced by areolar calci-
fication (Dean and Summers, 2006). Tesserae are produced as cartilage just
beneath the perichondrium undergoes prismatic and globular calcification to
form small, approximately hexagonal plates that grow and fuse together as the
fish develops (Dean et al., 2009; Debiais-Thibaud, 2019).

Accessory to the hard endoskeletal elements themselves are the connective
tissues that articulate them and transmit muscular force to control them. Lig-
aments directly connect bones to other bones (or cartilage to other cartilage in
chondrichthyans) in joints, while tendons connect skeletal elements to mus-
cles. These two tissues are distinct but quite related, both being made up of
dense, fibrous connective tissue with a large collagen component in the ECM
for transmitting mechanical forces (Asahara et al., 2017). Proteoglycans such
as decorin and fibromodulin are also present to organise the collagen fibrils
(Jepsen et al., 2002). Tenocytes and ligamentocytes are fibroblast cells that re-
side in tendons and ligaments between the collagen fibrils, producing the col-
lagens and proteoglycans for the ECM in response to mechanical stress (Kjer,
2004). There is a gradient of different collagen types present at the tendon
interface with a bone (enthesis), transitioning from tendinous collagen I bun-
dles to mineralised fibrocartilage comprised of collagen II and X (Schweitzer
et al., 2010). At the other end of the tendon, at the interface between ten-
don and muscle (myotendinous junction), a similar gradient is present as the
two tissue types interweave their extracellular matrices to become connected
(Nassari et al., 2017).
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The genetic basis of skeletal development

Cartilage and bone

Different skeletal elements arise from different lineages of cells in the early
vertebrate embryo. Most of the axial skeleton derives from the paraxial meso-
derm (specifically the sclerotome) that lies either side of the neural tube, while
the appendicular skeleton, part of the axial skeleton, and part of the craniofa-
cial skeleton derives from the lateral plate mesoderm (Berendsen and Olsen,
2015). The remaining majority of the craniofacial skeleton derives from the
neural crest, a specialised population of cells that arises from the ectoderm of
the neural plate through a process of epithelial to mesenchymal transition and
is sometimes considered the "fourth germ layer" of vertebrates (Hall, 2000),
distinct from the endoderm, ectoderm, and mesoderm. Mesenchymal cells
from the aforementioned mesoderm and neural crest are able to differentiate
into a wide variety of cell types, including skeletogenic cartilage and bone
(Chen et al., 2016b; Ullah et al., 2015).

The first stage of differentiation towards both endochondral and intramembra-
nous ossified elements is the condensation of the mesenchyme, which is me-
diated by SMAD-mediated TGF/BMP signalling (Bénazet et al., 2012; Lim
et al., 2015) to activate downstream genes promoting cell migration and cell-
cell adhesion such as N-adherins, N-CAM, and syndecan (Hall and Miyake,
2000). In intramembranous elements, this condensed mesenchyme is commit-
ted to an osteogenic cell fate and differentiates into osteoblasts as a result of
canonical Wnt signalling (Day et al., 2005) inducing the expression of Runx2
(Ducy et al., 1997; Komori et al., 1997), while in endochondral elements the
upregulation of Sox9 and other Sox genes causes the mesenchyme condensa-
tions to differentiate into early chondrocytes and start producing cartilaginous
ECM (Bi et al., 1999; Han and Lefebvre, 2008).

These early chondrocytes proliferate under the control of Indian Hedgehog
(Ihh) and PTHrP (St-Jacques et al., 1999) at the same time as they produce
extracellular matrix, until genes including Runx2, Runx3, and Mef2c are up-
regulated and cause the chondrocytes to stop proliferating and mature into
much larger hypertrophic chondrocytes (Arnold et al., 2007; Yoshida et al.,
2004). These hypertrophic chondrocytes shift collagen production from pre-
dominantly type II to type X (Kielty et al., 1985; Chen et al., 2023), and
produce secreted factors that induce nearby perichondral cells to differenti-
ate towards osteoblasts (Chung, 2004). An essential osteoblast-specific gene
downstream from Runx2 is osterix (Osx; also called Sp7), as it has been
demonstrated that the absence of this gene completely blocks the differenti-
ation of osteoblasts and therefore results in a boneless skeleton (Nakashima
et al., 2002). At the same time, the hypertrophic chondrocytes also express
VegF, inducing the invasion of blood vessels and the precursors of osteoblasts
from the perichondrium (Bluteau et al., 2007; Mayr-Wohlfart et al., 2002).
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The osteoblasts, osteoclasts, and hypertrophic chondrocytes all secrete matrix
metalloprotease (MMP) enzymes that degrade the cartilage ECM (Holmbeck
et al., 2005; Inada et al., 2004; Stickens et al., 2004; Chen et al., 2023). The
degraded matrix serves as the template for bone formation by the osteoblasts,
depositing a new organic protein matrix of collagen I, osteocalcin, and osteo-
pontin, which facilitates the deposition of hydroxyapatite (Sroga et al., 2011),
mineralising the structure into mature bone and trapping some osteoblasts in-
side as osteocytes (Franz-Odendaal et al., 2006).

Many skeletal joints, including the zebrafish jaw joint, form as two cartilagi-
nous elements go through their early stages of development. Beginning as a
single mesenchymal condensation, the prospective joint domain (interzone) is
specified in the middle as the two cartilage elements develop and mature on
either side of this domain (Smeeton et al., 2016). Within the interzone, cells
produce signals that repress chondrocyte maturation to prevent the develop-
ment of a single continuous cartilage element, instead producing a gap of rel-
atively undifferentiated mesenchyme or immature chondrocytes. These cells
go on to form the articular cartilage and joint-associated tissues such as lig-
aments and the synovial membrane, while the two cartilage elements mature
and eventually ossify. In mouse appendicular joints, it has been demonstrated
that there is an additional influx of cells into the joint-forming tissues from
outside the interzone (Shwartz et al., 2016), although it is not clear if this is
also true of zebrafish joints.
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Figure 3. Gene regulatory network patterning the pharyngeal arches including
the jaw joint. (A) Circuit diagram of known genes that interact to pattern the dorsal,
intermediate, and ventral domains of the condensed mesenchyme in the pharyngeal
arches. White boxes represent signals from overlying epithelia. (B) Schematic of em-
bryonic pharyngeal arches 1 and 2 (PA1, PA2) colour coded into dorsal, intermediate,
and ventral domains, and the same colours apply to the larval arches, describing their
positional origin. JJ: jaw joint. Schematic modified from Barske et al. (2016).

In the development of the zebrafish jaw joint, the embryonic interzone arises
from the intermediate domain of early condensing mesenchyme, which is
specified by a complex network of interacting genes (Alexander et al., 2011;
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Alexander et al., 2014; Barske et al., 2016; Nichols et al., 2013; Smeeton et
al., 2016; Zuniga et al., 2010; Zuniga et al., 2011)(Figure 3). Several of these
genes, including nkx3.2 and gdf5, are specifically expressed in a subset of
the intermediate domain that will form the jaw joint and induce downstream
factors to promote joint cell fates in this region. However, after this initial
specification of the interzone, joints aren’t shaped entirely by genetic factors
alone. Cyclic mechanical forces applied to the developing joint induce local
cell growth patterns that are required to properly sculpt interlocking Meckel’s
cartilage and palatoquadrate surfaces in the larval zebrafish jaw (Brunt et al.,
2015; Godivier et al., 2023), and this is mediated by Wnt signalling (Brunt
etal., 2017).

Nkx3.2

NK3 homeobox 2 (Nkx3.2), also called Bapx1 or bagpipe, is a transcription
factor first described as playing a role in the formation of the midgut muscula-
ture in the fruit fly Drosophila (Azpiazu and Frasch, 1993), but has since been
studied extensively in the context of gnathostome skeletal development (Rain-
bow et al., 2014). In vitro and in vivo studies suggest Nkx3.2 functions as an
inhibitor of chondrocyte maturation, maintaining chondrocytes in an immature
state by directly repressing the expression of Runx2, a transcription factor that
promotes the differentiation of osteoblasts and the maturation of chondrocytes
(Provot et al., 2006; Yamashita et al., 2009). This transcriptional repressor ac-
tivity is mediated by the binding of Nkx3.2 to SMAD proteins and the histone
deacetylase protein HDAC1 (Kim and Lassar, 2003). Conversely, as chondro-
cytes are induced to mature and hypertrophy, Nkx3.2 is negatively regulated
(Choi et al., 2012). Nkx3.2 can also activate chondrogenesis in a context-
dependant manner by repressing the expression of inhibitors of chondrogene-
sis, including Runx2, promoting the expression of Sox9 (Lengner et al., 2005;
Murtaugh et al., 2001). This induction and maintenance of chondrogenesis is
implicated in the role of Nkx3.2 in the development of the axial skeleton from
the sclerotome, where Nkx3.2 is upregulated by Shh, Pax1, Pax9, and Meox1
(Murtaugh et al., 2001; Rodrigo et al., 2004; Rodrigo et al., 2003; Zeng et al.,
2002).

A major role of Nkx3.2 has been established in the formation of the primary
jaw joint of gnathostomes. Studies in the zebrafish, frog, and chick reveal a
consistent focal expression domain of Nkx3.2 between Meckel’s cartilage and
the palatoquadrate of the first pharyngeal arch skeleton (Miller et al., 2003;
Wilson and Tucker, 2004), while in the jawless lamprey, Nkx3.2 is expressed
throughout the pharyngeal ectoderm and endoderm (Cerny et al., 2010; Ku-
raku et al., 2010). The jaw joint expression of Nkx3.2 in gnathostomes is
driven by Edn1 signalling (Miller et al., 2003; Nair et al., 2007) and restricted
from expanding by Fibroblast Growth Factor (FGF) and Bone Morphogenetic
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Protein (BMP) signalling (Wilson and Tucker, 2004) as well as the presence
of Hand2 (Miller et al., 2003; Nichols et al., 2013)(Figure 3).

The absence of Nkx3.2 expression leads to the loss of the jaw joint resulting
from the fusion of Meckel’s cartilage and the palatoquadrate in the zebrafish,
frog, and chick (Lukas and Olsson, 2018a; Miller et al., 2003; Wilson and
Tucker, 2004). On the other hand, when nkx3.2 is overexpressed, additional
(ectopic) joints can appear near the primary jaw joint (Lukas and Olsson,
2018b). Homologous to this joint is the incudomalleolar joint in the mam-
malian middle ear, and as Nkx3.2 expression is present in this joint (Tucker et
al., 2004), it might be expected that loss of Nkx3.2 in mouse embryos would
result in a fusion between the incus and malleus. However, while there are
defects in middle-ear associated structures such as the tympanic ring and go-
nium, where Nkx3.2 is also expressed, the incudomalleolar joint itself appears
unaffected (Tucker et al., 2004).

In addition to inducing the formation of some synovial joints by preventing
chondrocyte maturation during development, Nkx3.2 also functions in main-
taining the adult articular cartilage in an immature state required for its role in
cushioning the bone surfaces. Osteoarthritis is associated with a downregula-
tion of Nkx3.2 in the articular cartilage, leading to a shift towards chondrocyte
hypertrophy (Caron et al., 2015). Experimental overexpression of Nkx3.2 has
been shown to buffer against OA phenotypes in mice, reducing the severity
and progression of the disease by preventing the maturation of articular chon-
drocytes (Oh et al., 2021).

Beyond joints, knockout of Nkx3.2 expression in mice has been reported to
result in defects in the axial skeleton, specifically the loss of vertebral ossifi-
cation centres, and the loss of the supraoccipital bone and size reduction of
the basioccipital and basisphenoid bones in the occipital region of the cranium
(Lettice et al., 1999; Tribioli and Lufkin, 1999). Similarly, the rare human
skeletal disease spondylo-megaepiphyseal-metaphyseal dysplasia (SMMD) is
caused by homozygotic mutations in NKX3.2, resulting in defects in vertebral
ossification and a short stature (Hellemans et al., 2009; Simsek-Kiper et al.,
2019).

Gdf5

The GDF family of proteins are members of bone morphogenetic protein
(BMP) class of the transforming growth factor beta (TGFf) superfamily of
ligands that play a major role during skeletogenesis (Salazar et al., 2016).
Growth and Differentiation Factor 5 (Gdf5), also known as BMP14, CDMP1,
and Contact, is translated into a large precursor protein with two key domains:
a prodomain containing an N-terminal signal peptide, and a C-terminal ma-
ture domain (Fujimura et al., 2008). The precursor proteins pair up to form
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homodimers at their mature domains before the prodomain is cleaved away,
leaving the dimer of mature domains that constitute the active ligand (Gipson
et al., 2020). This ligand is then transported outside of the cell where it in-
teracts with two pairs of Type I and Type II transmembranal serine-threonine
kinase receptors on other cells and triggers intracellular signalling that alters
target gene expression (Baur et al., 2000; Klammert et al., 2015; Nishitoh et
al., 1996). In addition to forming homodimers (e.g. Gdf5/Gdf5), BMPs in-
cluding Gdf5 can form heterodimers with each other (e.g. Gdf5/Bmp2) which
have altered diffusion properties and receptor binding affinities, and therefore
potentially different functional activities that are just beginning to be explored
(Kim et al., 2019; Gipson et al., 2023).

Experiments in chick and mouse limbs have revealed a role for Gdf5 in chon-
drogenesis, as overexpression of Gdf5 during mesenchyme condensation leads
to enhanced recruitment of mesenchymal cells, increasing the number of chon-
droprogenitor cells (Buxton et al., 2001; Tsumaki et al., 1999). Gdf5 also
functions to promote chondrocyte proliferation, maturation, and hypertrophy,
increasing the size of skeletal elements (Buxton et al., 2001; Coleman and
Tuan, 2003; Storm and Kingsley, 1999). In the interdigital joints, a Turing
mechanism of Gdf5 in concert with pPSMAD and Nog functions to specify the
initial joint domains during digit patterning (Grall et al., 2023).

Consistent with these functions in the appendicular skeleton, Gdf5 expression
in amniotes is detected in the condensing mesenchyme of the digits as well
as the early knee, elbow, and interdigital joints (Merino et al., 1999; Shwartz
et al., 2016; Storm and Kingsley, 1996). It functions in restricting joint mark-
ers to the joint-forming site (Storm and Kingsley, 1999) and promoting the
differentiation of synovial joint tissues including the capsule and associated
ligaments (Decker et al., 2015; Shwartz et al., 2016). In the frog and zebrafish,
gdf5 is expressed in the early limb/pectoral fin bud mesenchyme (Bruneau et
al., 1997; Satoh et al., 2005) before being restricted to the joints later in devel-
opment in frog (Satoh et al., 2005), while little is known about later pectoral
fin expression in zebrafish. In addition to the pectoral fins, gdf5 expression is
also detected in the condensed mesenchyme of zebrafish median fins (Crotwell
et al., 2001). gdf5 is also expressed in the intramandibular joints in frogs and
zebrafish, including the primary jaw joint, where it appears to be regulated by
Nkx3.2 (Miller et al., 2003; Schwend and Ahlgren, 2009; Square et al., 2015).

There is an apparent paradox in that Gdf5 can simultaneously promote chon-
drogenesis in one context, but repress it in a joint interzone context. One pro-
posed model to explain this dual role suggests that Gdf5 functions in the joint
interzone to antagonise chondrogenic BMP signalling via competitive binding
to the Bmprla receptor while promoting this same signalling when it binds to
the Bmpr1b receptor found outside of the interzone (Lyons and Rosen, 2019).
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Similar to Nkx3.2, Gdf5 plays a role in the maintenance of adult articular
cartilage. During the development of OA, it appears that Gdf5 is first upreg-
ulated in an attempt to repair the early phenotypes (Reynard et al., 2014), but
as the disease progresses expression decreases (Kania et al., 2020). Indeed,
human single nucleotide polymorphisms (SNPs) linked to the downregulation
of GDF5 tend to be associated with OA (Miyamoto et al., 2007; Evangelou
et al., 2009), and attempts to increase Gdf5 expression in articular cartilage are
associated with lesion repair leading to a reduced severity of OA pathologies
(Katayama et al., 2004; Parrish et al., 2017; Sun et al., 2021).

The mouse phenotype brachypodism is associated with knockout mutations
in Gdf5, and characterised by a reduced limb bone length, reduced pha-
langes (brachydactyly), and deformations to the interdigital joints (Gruneberg
and Lee, 1973; Storm et al., 1994; Storm and Kingsley, 1996; Settle et al.,
2003). Similar phenotypes are seen in Grebe- and Hunter-Thompson-type
chondrodysplasia, rare human genetic diseases also associated with homozy-
gous mutations in GDF5 (Martinez-Garcia et al., 2016; Thomas et al., 1996).
Milder brachydactylies are also associated with rare prodomain or heterozy-
gous mutations to GDF5 in humans (Stricker and Mundlos, 2011).

Tendons and ligaments

Tendons develop in different parts of the body, and while many of the major
regulators of tendon development are common to all these various tendons, the
induction of tendon development can be driven by unique tissue interactions
in different locations (Schweitzer et al., 2010). Axial tendons derive from the
somites of the early embryo, which are divided into the sclerotome and der-
momyotome (Nassari et al., 2017). Cells in the sclerotome later differentiate
into skeletal tissues, while cells in the dermomyotome develop into the skin
(dermis) and muscles. A subsection of the sclerotome that lies adjacent to the
dermomyotome is termed the syndetome, and this is the progenitor of axial
tendons, marked by the characteristic expression of the Scleraxis transcrip-
tion factor (Scx) (Brent et al., 2003). Signals from the dermomyotome such
as FGFs induce the formation of the syndetome from the sclerotome (Brent
et al., 2005; Brent and Tabin, 2004), hence the syndetome is found adjacent
to the dermomyotome. Additional signals from these three tissue populations
keep them distinct from each other, such as Pax1 expression in the sclerotome
repressing Scx (Brent et al., 2003).

Limb tendon progenitor cells arise from the lateral plate mesoderm rather
than the sclerotome (Pryce et al., 2009), but are also marked by Scx expres-
sion, originally in dorsal and ventral sub-ectodermal patches of the proxi-
mal limb bud and moving distally as the limb bud grows (Murchison et al.,
2007; Schweitzer et al., 2001). Signals from muscles are not required for pro-
genitor induction in the distal limb, unlike axial progenitors (Kardon, 1998;
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Schweitzer et al., 2001). These progenitor cells reorganise themselves in the
limb until they are condensed and positioned between differentiating muscles
and cartilage (Schweitzer et al., 2001), with the exception of progenitors in
the autopod as they are first induced between muscles and cartilage, at least
partially as a result of signals from the cartilage tissue (Huang et al., 2015).
Cranial tendon progenitors are less well-characterised but are known to derive
from the cranial neural crest, express Scx, and don’t require signals from adja-
cent muscles for induction (Grenier et al., 2009). Throughout the body, TGFf3
ligands are major signalling factors from the cartilage and muscles that induce
the differentiation of tendon progenitors from adjacent mesenchyme (Pryce et
al., 2009).

While the signals inducing the different tendon progenitors are varied in type
and origin, more consistent signals for differentiation take over once these
cells are aligned between muscles and cartilage. Both the adjacent muscle and
cartilage tissues contribute signals to begin the differentiation and maintenance
of tendons, including the expression of Scx (Chen and Galloway, 2014; Gre-
nier et al., 2009; Edom-Vovard et al., 2002). Scx functions to upregulate the
expression of many key structural tendon proteins involved in progenitor ag-
gregation as well as in the mature tendon matrix. These include a range of col-
lagens (Espira et al., 2009; Léjard et al., 2007), tenomodulin, which functions
in the maturation of the collagen matrix (Docheva et al., 2005; Shukunami et
al., 2006; Shukunami et al., 2018), and proteoglycans (Alberton et al., 2012).
Scx-null mouse lines display normal early tendon progenitor cells, but then
later have severe defects in the long force-transmitting tendons and intermus-
cular tendons as a result of the loss of many of these proteins (Murchison et
al., 2007). However, ligaments and muscle-anchoring tendons are unaffected,
indicating that Scleraxis is not required for the differentiation of all types of
tendons or ligaments, but rather for tendon cell recruitment during elonga-
tion (Huang et al., 2019). Similar tendon defects are observed in zebrafish
scx mutants, in addition to secondary skeletal deformations that indicate the
influence of muscle attachments in cranial cartilage morphogenesis and rib
mineralisation (Kague et al., 2019). Finally, Scx also functions in the progen-
itors of the enthesis eminence where tendons attach (Blitz et al., 2013; Killian
and Thomopoulos, 2016). Later in development, tendons are matured and
maintained by mechanical stimulation that promotes TGFf3 signalling (Subra-
manian et al., 2018), leading to the upregulation of Scx (Maeda et al., 2011;
Mendias et al., 2012) and downstream ECM component proteins including
thrombospondin 4, tenomodulin, and collagen I (Jelinsky et al., 2010; Subra-
manian and Schilling, 2014; Subramanian et al., 2023).

Scleraxis was the first identified regulator of tendon cell fate and has since
been intensively studied, but is clearly not the sole master regulator of tendon
or ligament differentiation, necessary or sufficient for each stage of develop-
ment. Other transcription factors with overlapping key roles in tendons and

25



ligaments that overlap with Scx include Early Growth Response 1 (Egrl) and
Mohawk Homeobox (Mkx) (Subramanian and Schilling, 2015; Bobzin et al.,
2021).

Mkx

Mohawk Homeobox is a TALE-family Iroquois-like homeodomain transcrip-
tion factor that was also previously named Irxl1, and first identified as being
expressed in a range of embryonic mouse tissues including overlapping with
Scx in the syndetome and digit tendon progenitors (Anderson et al., 2006;
Takeuchi and Bruneau, 2007). Like Scx, Mkx expression is responsive to
mechanical stimulation, such that expression is positively correlated with the
degree of mechanical stress (Maeda et al., 2011; Kayama et al., 2016). Al-
though the onset of expression occurs later than Scx (Anderson et al., 20006),
Mkx is involved in regulating many of the same genes, upregulating collagens,
tenomodulin, fibromodulin, and decorin (Ito et al., 2010; Liu et al., 2010;
Otabe et al., 2015), partially by upregulating TGF32 and therefore TGFf sig-
nalling (Liu et al., 2015). This regulation of TGF2 is likely mediated by the
interaction of Mkx (and Scx) with Smad3 (Berthet et al., 2013), a transcription
factor with additional separate functions in suppressing muscle and cartilage
cell fates (Kang et al., 2005; Liu et al., 2001).

Mkx can also function in a repressor complex to downregulate myogenic fac-
tors such as MyoD and cartilage factors such as Sox9 (Anderson et al., 2009;
Chuang et al., 2014; Nakahara et al., 2013; Suzuki et al., 2016). By repress-
ing the cartilage and muscle factors from adjacent tissues while upregulating
tendon-specific genes, Mkx contributes to tendon differentiation and also the
maintenance of mature tendons. As may be expected then, Mkx-knockout
mice display defects in tendons and ligaments associated with reductions in
tendon-specific gene expression and upregulation of chondrogenic/osteogenic
genes leading to ossified tendons (Ito et al., 2010; Liu et al., 2019; Suzuki
et al., 2016). Reduced MKX expression is associated with degenerated liga-
ments in osteoarthritis-affected joints (Nakahara et al., 2013), suggesting that
MKX may play a role in future medical applications for tendon and ligament
maintenance and repair (Nourissat et al., 2015).

Compared to the aforementioned studies on the role of Mkx in mouse and
human tendons and ligaments, very little is known about the role of Mkx in
zebrafish or other non-mammals. Zebrafish mkx morphants display craniofa-
cial defects in the muscles and pharyngeal arches that may be associated with
tendon defects, although an earlier role for Mkx in neural crest cell differenti-
ation and migration has also been suggested on the basis of broader expression
patterns and morphant phenotypes (Chuang et al., 2010).
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Gene regulation

Despite their diverse morphologies and functions, almost all the cells in all
the tissues of an adult organism possess the same genome, having descended
from the same progenitor - the original fertilised egg cell. It is only through
the process of development that this cell replicates and the different daughter
cell populations differentiate into different tissues, or rather, it is this process
of division and differentiation that constitutes embryonic development. The
differentiation of embryonic cells into distinct cell types and tissues is caused
by effector proteins and RNAs, but above this are multiple levels of regula-
tory control that form complex hierarchies and feedback loops whereby the
expression or suppression of one set of genes results in the expression or sup-
pression of a downstream set of genes. This spatiotemporal regulation of gene
expression combined with feedback from the immediate cellular environment
is what drives differentiation during development (Peter and Davidson, 2015).
The primary mechanism of this regulatory control, and the one relevant to this
thesis, is the cis-regulation of gene expression by transcription factor proteins.

Eukaryotic protein-coding genes are comprised of a non-coding promoter re-
gion and coding sequences (exons) separated by non-coding sequences (in-
trons). The promoter region is comprised of DNA sequences with binding
affinities for transcription factors and other mediator and cofactor proteins.
When these proteins are present in the cell nucleus, they bind to the DNA of
the promoter and recruit RNA polymerase II which begins to transcribe the
gene into RNA. This RNA undergoes a process of maturation whereby the in-
tronic sequences are spliced out, and finally the mature RNA is then exported
from the nucleus and translated into a protein by ribosomes. As most gene
promoters require binding by specific transcription factors to begin transcrip-
tion, only cells in which those transcription factors are present will express the
gene. For example, if a promoter requires a transcription factor that is only
present in red blood cells to be activated, then this gene will only be expressed
in red blood cells (Reddy et al., 1994).

Enhancers are short non-coding DNA sequences, with a wide range of possible
sizes but averaging ~400bp in length (Mills et al., 2020), that are very sim-
ilar in principle and function to promoters (Andersson and Sandelin, 2020)
but reside thousands to millions of base pairs away from the start of a tran-
scriptional start site on the same chromosome (Lettice et al., 2003; Lee et al.,
2020). They also possess specific transcription factor binding motifs for the
purpose of regulating gene expression. The proteins bound to an enhancer and
the proteins bound to a gene’s promoter interact and bind to each other, form-
ing a DNA loop that bring the enhancer and promoter DNA sequences into
close proximity (Furlong and Levine, 2018; Chen et al., 2022). This loop-
ing is also driven by the cohesin ring and mediator complexes (Kagey et al.,
2010). The resulting protein complex that forms at the transcriptional start
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site enhances transcription of the gene, often making the difference between
negligible expression and high expression (Figure 4).
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Figure 4. Modular regulation of gene expression by cis-regulatory enhancers.
(A) Key components of cis-regulation by enhancers. Top: DNA sequence of Gene A,
its upstream promoter element, and two upstream tissue-specific enhancers. Bottom:
protein components involved in enhancer regulation, including transcription factors
(TFs). (B) In the brain tissue, where the brain-expressed TFs are present, they bind
to the brain-specific enhancer and lead to looping of the DNA via recruitment of co-
hesin and the mediator complex, and other cofactors help recruit RNA polymerase
to the gene promoter to induce transcription, expressing Gene A in the brain. (C) In
the muscle tissue, the same process takes place when the muscle-specific enhancer is
bound by muscle-expressed TFs, leading to the expression of Gene A in the muscle.
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Multiple enhancers can target the same gene, providing a modular gene regu-
latory mechanism (Chen et al., 2016a). This is particularly relevant for genes
that are expressed in multiple distinct tissues, as their expression can be driven
by different upstream factors. For example, Pax6 is expressed in multiple tis-
sues in the developing mouse embryo, and multiple enhancers each contribute
to a subset of the total gene expression: one enhancer promotes expression in
the pancreas, another in the brain, and another in the retina and iris (Kamman-
del et al., 1999). These different tissues are characterised by the presence of
different specific transcription factors, such that a pancreas-specific enhancer
will contain pancreas-specific transcription factor binding motifs, and a brain-
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specific enhancer will contain brain-specific transcription factor binding mo-
tifs. Enhancers contain multiple different binding motifs and therefore bind
multiple transcription factors, some of which can be more general, includ-
ing pioneer factors that make the condensed DNA (chromatin) accessible, and
some of which can be more tissue-specific and actually activate the enhancers
(Xu et al., 2021; Brennan et al., 2023). It is the unique combination of motifs
that prescribe the specific regulatory function of each enhancer, not necessarily
any single particular binding motif alone (Rowan et al., 2010).

Transcription factor binding is not an all-or-nothing event. The closer a DNA
sequence motif is to the optimal sequence the transcription factor binds, the
more the enhancer will be activated resulting in a greater degree of target gene
expression. However, there is a trade-off between activity and cell/tissue-
specificity, such that many enhancers have evolved to possess sub-optimal
binding motifs in order to avoid ectopic expression of their target genes (Farley
et al., 2015). This combinatorial specificity, dependent on the arrangement,
spacing, and affinity of different binding sites in a given regulatory element
(Farley et al., 2015; Grossman et al., 2018), permits extremely precise spa-
tiotemporal control of gene expression.

Moving beyond the simple, idealised model of one enhancer per gene per tis-
sue, in fact, multiple enhancers can exist with near-identical or overlapping
activities to provide a degree of functional redundancy (Hobert, 2010; Kvon
et al., 2021). In these cases, one enhancer may be sufficient to drive tissue-
specific expression in most circumstances, with the other(s) only being strictly
necessary in rare conditions, contributing to the robustness of gene expres-
sion in the face of genetic and environmental perturbations (Osterwalder et
al., 2018; Perry et al., 2010; Wang and Goldstein, 2020). A single enhancer
is also capable of contributing to the gene expression of multiple target genes,
although this seems to be relatively rare and the target genes tend to be neigh-
bours in a cluster of paralogous genes, all proximal to the shared enhancer
(Guo et al., 2012; Tsai et al., 2016; Miller and Posakony, 2020).

The modularity of motifs and enhancer elements, along with their mutual re-
dundancy also makes them extremely evolvable, as mutations can tinker with
gene expression without severely disrupting the core expression domains and
producing fatal developmental defects (Indjeian et al., 2016; Koshikawa et al.,
2015; Prescott et al., 2015). Despite this, it is common to detect enhancers as
conserved non-coding elements in multi-species genome alignments (Gehrke
et al., 2015; Portnoy et al., 2005; Visel et al., 2008), indicative of a substan-
tial degree of functional constraint, although this functional constraint is also
possible without significant sequence constraint (Yang et al., 2015).
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Zebrafish as a model organism

The zebrafish (Danio rerio) is a small (~4cm long) freshwater teleost fish,
first described in the early 19th Century (Hamilton, 1822). It’s native habi-
tats are the tropical streams, ponds, and rice paddies of South Asia, in and
around India (Engeszer et al., 2007). Zebrafish were used by a small number
of research groups as early as the 1930s to study behaviour and development
(Laale, 1977), but it wasn’t until the 1970s that it began to be established as
a model vertebrate species. George Streisinger, a molecular biologist at the
University of Oregon and fish hobbyist, wanted to study the vertebrate ner-
vous system and development, but found the mouse (Mus musculus) quite
intractable. After exploring the many fish species available in pet shops, he
settled on zebrafish, known as an easy-to-raise and -maintain pet, and pio-
neered many of the fundamental lab and genetic techniques during the 1970s
and 80s (Streisinger et al., 1981). Following his death in 1984, Streisinger’s
lab and work was taken up by Charles Kimmel, who continued to champion
the widespread adoption of zebrafish as a vertebrate model species.

The key advantages of zebrafish as a model vertebrate species that originally
struck Streisinger were numerous and still highly relevant today. Their small
size and shoaling nature make them a space-efficient species, requiring ap-
proximately 200cm?® of tank space per individual where a mouse or chicken,
for example, require 10-100x larger cages each. Sexually mature females can
produce several hundred viable eggs each week, which the males externally
fertilise by releasing sperm into the water at the same time as the females re-
lease the eggs, so the timing of fertilisation can be controlled. The embryos
develop externally and in a transparent chorion (soft shell), permitting close in
vivo observation from the moment of fertilisation through to hatching, unlike
many other organisms that either grow the embryos in utero (e.g. mouse) or
have opaque eggs (e.g. frog). Finally, zebrafish develop extremely rapidly and
have a short generation time - it takes just 24 hours to progress from a fertilised
egg to a fish-shaped embryo with the basic body plan and tissues established
(a mouse embryo takes almost 2 weeks to reach an equivalent stage), and just
10-12 weeks to a sexually mature adult (Westerfield, 2000).

During the late 1980s and early 90s zebrafish grew in popularity, marked
by the publication of the standard embryological staging table (Kimmel et
al., 1995), and "The Big Screen" in 1996. This screen was a massive effort
driven by Christiane Niisslein-Volhard, Wolfgang Driever, and Mark Fishman
to chemically induce and genetically map thousands of individual mutations
in zebrafish causing specific developmental defects, identifying 372 genes in-
volved in various developmental processes (Haffter et al., 1996). This data
set the stage for many future studies into the specific functions of hundreds of
developmental genes.
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In the last 3 decades, the number of publications featuring zebrafish has ex-
ploded, from <100 in 1990 to over 5,000 in 2016 (Meyers, 2018). In the 2000s,
transgenic techniques using the Tol2 and Sleeping Beauty transposons were
developed (Davidson, 2003; Kawakami, 2007; Kwan et al., 2007), and the
genome was sequenced at the Sanger institute, finished and published in 2013
(Howe et al., 2013). Precise mutagenesis of the zebrafish genome with Zinc-
Finger Nucleases (ZFNs) and Transcription Activator-Like Effector Nucleases
(TALENs) were developed (Foley et al., 2009; Hwang et al., 2014) around
the same time, although now for the most part superseded by CRISPR/Cas9
genome editing technology (Hwang et al., 2013; Varshney et al., 2015). To-
day, zebrafish are used as a model organism in many fields, from development
(Bakkers, 2011; Schmidt et al., 2013; Tonelli et al., 2020) to regeneration
(Gemberling et al., 2013), and from infectious diseases (Sullivan and Kim,
2008) to cancer biology (Liu and Leach, 2011) and toxicology (Hill et al.,
2005).
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Methods

Zebrafish husbandry

All animal experimental procedures were approved by the local ethics com-
mittee for animal research, Uppsala djurférsoksetiska ndamnd (permit numbers
C161/4 and 5.8.18-18096/2019). All procedures for the experiments were per-
formed in accordance with the Swedish Board of Agriculture’s Regulations
and General Advice about Laboratory Animals. Embryos and larvae were
sedated with 0.16% MS-222 (tricaine) and euthanised with an overdose of
MS-222 (300mg/L).

Zebrafish embryos were grown in petri dishes containing egg water in 28.5°C
incubators. Larvae were introduced to the embryo zone system tanks at 5 days
post fertilisation (dpf) in 400mL system water and fed with rotifers until 10dpf
when dry food was introduced. Water drops were also introduced at 10dpf
followed by a low flow at 15dpf and high flow at 30dpf, raising the water
volume to 3L or 10L. At 3 months post fertilisation (mpf), these zebrafish are
classified as adults and moved to the main system. Adult zebrafish were kept in
3L or 10L system tanks with a water temperature of 28°C and a photoperiod
of 14:10 light:dark hours in the SciLifeLab Genome Engineering Zebrafish
Facility at Uppsala University. Adults were fed three times daily with dry
pellets (2x) and rotifers (1x).

Conserved non-coding element identification and
sequence analysis

Enhancers with a conserved function in regulating target gene expression are
likely to possess a conserved sequence as the transcription factor-binding mo-
tifs are constrained by selection for binding the correct transcription factors.
Therefore, to identify putative enhancer elements, I searched for Conserved
Non-coding Elements (CNEs) located in the immediate vicinity of genes of
interest as candidates for eventual in vivo analysis by generating transgenic
reporter lines.

To ensure that this immediate vicinity of the genes of interest was homologous
and thus capable of containing homologous CNEs, the synteny of the region
immediately flanking the genes of interest was assessed with a manual review
of the upstream and downstream genes in a range of Gnathostome species in
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the Ensembl or NCBI genome databases. These Gnathostome species were
selected based on two primary criteria.

First, the species must have a high-quality genome sequence publicly avail-
able, and second, in order to be able to make Gnathostome-wide conclusions,
the selected species should include a good representation of all the major
groups in the infraphylum. Therefore, the two broadest divisions of Gnathos-
tomata: Osteichthyes and Chondrichthyes, had to be represented. Within Oste-
ichthyes, both actinopterygians and sarcopterygians were included, and within
these groups a phylogenetically diverse range of species was chosen. These
included both non-tetrapod and a range of tetrapod sarcopterygians, and basal
actinopterygians as well as several members of the more derived and highly
diverse teleosts, including the zebrafish. It would have been desirable to in-
clude a similarly broad range of chondrichthyans, or at least represent the 3
primary clades Holocephahali, Selachimorpha, Batoidea, but at the time of
part of the work in this thesis there was only one readily available high-quality
whole-genome assembly available, that of the holocephalan elephant shark
Callorhinchus milii (also known as the Australian ghostshark or plough-nose
chimaera), so this became the sole representative of Chondrichthyes in most
analyses of the nkx3.2 enhancer JRS1. A greater diversity of chondrichthyan
genomes representing the major clades was however included in the later anal-
ysis of the mkx locus. Representatives of both orders within the Cyclostomata,
the inshore hagfish Eptatretus burgeri and sea lamprey (Petromyzon marinus,
were used as a non-gnathostome vertebrate outgroup to ensure that any de-
tected CNEs were Gnathostome-specific.

Sequences representing the gene of interest as well as the flanking 5° and 3’
intergenic sequences from the chosen Gnathostome species were primarily
extracted from the Ensembl database in FASTA format along with annotation
data in VISTA format. Some other genome sequences were obtained from
the NCBI Genomes database in FASTA format only, without annotation data.
These sequences were aligned using the web-based mVISTA tool for the sensi-
tive comparative alignment of long sequences (Frazer et al., 2004), which dis-
plays conservation as peaks along the aligned sequences. Aligned non-coding
sequences of 100-1000bp marked by peaks of conservation were identified
as CNEs and extracted for further analysis using the web-based MEME suite
tools (Bailey et al., 2009). CNE sequences were searched for conserved motifs
using MEME, and these motifs were matched to putative transcription factor-
binding sites using Tomtom (Gupta et al., 2007) against the JASPAR Core
(2018) Vertebrates database. The function of predicted transcription factor-
binding motifs were inferred from a manual literature review of the transcrip-
tion factors predicted to bind to these motifs.
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Generation of transgenic constructs and zebrafish
transgenesis

Transgenesis is a broad term for any introduction of foreign DNA into the
genome of a particular organism. This DNA could be synthetic, from another
species, or a complex construct combining multiple sequences of different
origins. Applications for transgenic techniques are wide ranging, but in this
thesis the purpose of transgenic experiments was to validate identified CNEs as
active enhancer elements using fluorescent reporter constructs (Kvon, 2015).

Enhancer elements upregulate transcription when they are active, so the goal
was to test whether or not identified CNEs were capable of this, using the
production of a transcript encoding a fluorescent protein as a simple reporter
for this activity. Therefore, we designed DNA constructs with a candidate
CNE cloned upstream of the coding sequence for a fluorescent reporter protein
such as mCherry. Even if the candidate CNE possesses enhancer activity, it
will likely not be sufficient to drive substantial transcription of the reporter
gene on its own, so a minimal promoter is added to the 3’ end of the CNE
sequence in the construct. This minimal promoter sequence is also unable to
drive transcription by itself, so the reporter protein will only be produced if and
when the candidate CNE acts as an enhancer. A poly-A tail is also added to the
3’ sequence of the reporter coding sequence to aid in transcription termination
and translation.

These constructs were produced using Multisite Gateway cloning (Invitrogen),
a technology that involves recombining multiple DNA fragments from several
plasmids into a single large plasmid construct combining all the desired el-
ements: the candidate CNE with its minimal promoter, the reporter coding
sequence, and the poly-A tail (Figure 5). First, specific primers were designed
to amplify the CNE sequence from genomic DNA, with attB sites added to
the 5° ends of both primers, along with the minimal promoter sequence in the
reverse primer. The entry clone plasmid was produced by recombining the
resulting PCR product into a pDONR plasmid vector via the BP reaction. The
other two entry clones, containing the reporter coding sequence and the poly-
A tail were obtained from the Tol2Kit (Kwan et al., 2007). All three entry
clones were recombined into the pDEST vector containing tol2 sites via the
LR reaction producing the final expression clone plasmid. At each recombi-
nation stage, att sites recombined between the fragment and vector to produce
new att sequences in the process e.g. in the BP reaction, attB4 and attP4 sites
recombine to produce an attL4 and attR4 site (Figure 5), catalyzed by the BP
Clonase enzyme mix that includes integration host factor (IHF) and integrase.
The LR Clonase Enzyme mix also includes both these enzymes, but with the
addition of excisionase (Hartley et al., 2000; Walhout et al., 2000).

Following each recombination reaction, the resulting plasmids were trans-
formed into chemically competent E. coli bacteria and cultured in the presence
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of an antibiotic to produce a large number of copies of the plasmid, before un-
dergoing plasmid extraction to isolate a concentrated plasmid solution for use
in the next step. The plasmids contained antibiotic resistance genes against
kanamycin or ampicillin to ensure only successfully transformed bacteria are
cultured. The presence of a toxic ccdB gene between the att sites on the stock
pDONR vector plasmid and pDEST plasmid ensured that only plasmids that
successfully recombined, excising this gene and having it replaced by the de-
sired inserts, would survive in the culture (Bernard et al., 1994).
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Figure 5. Gateway Cloning procedure. A PCR reaction with CNE-specific primers
with flanking attB sites amplifies the CNE fragment. The BP reaction recombines attB
and attP sites to produce the CNE in an entry clone plasmid. The LR reaction recom-
bines multiple attL and attR sites from entry clones and the pDEST vector to produce
an expression clone containing a reporter gene (mCherry) under the regulatory control
of the upstream CNE.

The end goal was to incorporate the construct into the zebrafish genome such
that the reporter construct is present in all the cells in the body. This allows the
study of potential expression patterns of the reporter as the construct reports
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the cells in which the enhancer is activated by the binding of tissue-specific
transcription factors (Figure 6). These cells are the same in which the native
enhancer is also active, informing us about how this enhancer contributes to
the expression of its target gene, both spatially and temporally. If the CNE is
an enhancer that is active in, for example, the jaw chondrocytes in a given time
window, then a fluorescent signal would be observed in those chondrocytes
during that time window. If the CNE lacked enhancer activity, no fluorescent
signal would be observed.
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Figure 6. The reporter construct marks cells activating the candidate enhancer
with mCherry fluorescence. (A) Tissue-specific transcription factors bind to the en-
hancer sequence of the transgenic construct in the genome, activating transcription
of the reporter mCherry gene in this tissue and labelling it with the fluorescent pro-
tein upon excitation with green light (lightning bolts). (B) Other transcription factors
present in the cells of a different tissue are unable to bind to the enhancer sequence,
so mCherry is not transcribed and the tissue is not fluorescently labelled.

In order to integrate this reporter construct into the zebrafish genome, a solu-
tion containing the construct is injected into many zebrafish embryos as early
as the one-cell stage of early embryonic development. mRNA coding for the
Tol2 transposase was also added to the injected solution, as this gets translated
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in the embryo to produce the Tol2 transposase enzyme which recognises Tol2
sites flanking the reporter construct, excising the construct between them and
integrating it semi-randomly into the genome (Kawakami, 2007). The final
component of the injection mix was phenol red, a dye that makes it easier to
identify the location and volume of the injection.

The mix was injected into or close to the blastomere of the one-cell stage
embryo. Ideally, the reporter construct should be integrated into the genome
of this first cell, and as this cell repeatedly divides to produce all the cells of
the body of the larval, juvenile, and ultimately adult fish, the reporter construct
would be replicated into all these cells. However, it takes some time for the
transposase to be translated and to act, so it is more common for zebrafish
injected at the one-cell stage to only integrate the construct in one of the cells
at the 2-cell or 4-cell stage, resulting in mosaic adults with variable presence
of the construct.

For this reason, injected larvae (the FO generation) were screened for mosaic
reporter expression from 1-5dpf, and positive larvae were grown to adulthood
before being outcrossed with wild-type zebrafish. The offspring of this cross
(the F1 generation) were screened again as larvae. FO fish with the reporter
construct present in the germline, i.e in the genomes of its egg or sperm cells,
produced stable transgenic F1 offspring containing the reporter construct in
100% of their cells. These F1 fish were then raised to adulthood and regu-
larly bred to produce F2 fish stably expressing the transgenic construct, which
themselves were raised and outcrossed to produce F3 fish, and so on, when the
line required renewing as the F1 parents aged.

These enhancer reporter transgenic lines were regularly crossed with back-
ground reporter lines to produce double-transgenic offspring. The background
reporter expression is extremely useful for determining precisely which tissues
the enhancer is active in, serving as anatomical references. For example, back-
ground transgenic lines used in this thesis include col2ala:EGFP (Dale and
Topczewski, 2011) and mylz2:GFP (Ju et al., 2003), both expressing green
fluorescent protein (GFP) under the control of full promoters rather than en-
hancers with minimal promoters. col2ala:EGFP is expressed in chondro-
cytes, while mylz2:GFP is expressed in fast-twitch muscles, labelling these
tissues with a bright green fluorescence. Transgenic background reporter lines
were also used to study mutant phenotypes by fluorescence live-imaging car-
tilage structures affected by gene mutations.
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Genome editing using CRISPR/Cas9

To study the function of a protein-coding gene, a commonly used technique
is to prevent its translation into a functional protein in an organism and then
observe the phenotypic effects caused by its absence. This type of functional
evidence is called "loss-of-function" evidence and is often produced by intro-
ducing mutations to the gene. As all vertebrates are diploid, possessing two
copies (alleles) of each gene in chromosome pairs, to completely knock out
a target protein-coding gene, homozygous mutants with both alleles knocked
out must be produced, while organisms with one functional gene copy and one
knocked out copy are termed heterozygous mutants. Typically, homozygous
mutants are produced by simply breeding two heterozygous parents to produce
25% homozygous offspring.

CRISPR/Cas9 is a genome editing technology derived from the natural phage
defence systems of prokaryotes (Cong et al., 2013). Prokaryotic CRISPR/Cas
systems can be categorised into two classes each with 3 subtypes, where Class
II represents the primary collection of systems adapted for genome editing,
within which Type II utilises Cas9 (Barrangou and Doudna, 2016; Tang and
Fu, 2018) as I will outline below. CRISPR refers to the Clustered Regularly In-
terspaced Short Palindromic Repeats found in many prokaryotic genomes that
derive from previous unsuccessful phage infections and have been co-opted
by these prokaryotes to recognise and negate future infections (Marraffini,
2015). When a phage’s DNA enters a prokaryotic cell, all four Cas (CRISPR-
associated) proteins, Casl, Cas2, Csn2, and Cas9, assemble into a complex
that captures fragments of this genetic material adjacent to short DNA se-
quences called Protospacer Adjacent Motifs (PAMs) and then Casl and Cas2
inserts them into the CRISPR locus in the form of a so-called "spacer" DNA
sequence (Heler et al., 2015; Wilkinson et al., 2019). Interestingly, in the Type
I CRISPR/Cas system of E. coli, this integration into the genome by Casl and
Cas?2 is aided by IHF, the same Integration Host Factor enzyme that featured
in the BP and LR reactions in the above transgenesis section (Nuilez et al.,
2016; Wright and Doudna, 2016).

In the CRISPR array, spacers are separated by short palindromic repeats that
are generated as the spacer is integrated. As the entire CRISPR locus is tran-
scribed, the spacers and repeats are transcribed into one long RNA called pre-
crRNA. tracrRNAs transcribed from elsewhere in the CRISPR locus bind to
the repeats in the pre-crRNA, forming duplexes, and recruit the Cas9 enzyme
and RNAse III (Deltcheva et al., 2011; Charpentier et al., 2015). The lat-
ter cleaves the pre-crRNA into short crRNAs to release isolated complexes of
crRNA, tracrRNA, and Cas9 enzyme, called ribonucleoprotein (RNP) com-
plexes. Each crRNA contains the repeat sequence that forms the duplex with
the tracrRNA, in addition to an individual spacer sequence. As the CRISPR
locus is comprised of many spacers, this process produces a variety of unique
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crRNAs and subsequent RNPs, with all the spacers represented (Marraffini,
2015).

An RNP complex binds to the DNA of infecting phage by recognising the
sequence that is complementary to the spacer sequence in the crRNA and then
the Cas9 enzyme cleaves the DNA at this locus, preventing the virus from
propagating and killing the cell. However, the complementary DNA sequence
is also found in the CRISPR locus, the source of the crRNAs, and it would
be problematic if this complex also bound and cleaved the prokaryote’s own
DNA. This doesn’t happen because of the lack of the aforementioned PAM
site, as Cas9 can only cleave dsDNA if the complementary sequence of the
spacer is found immediately adjacent to a specific PAM sequence. This isn’t
the case in the CRISPR locus in the prokaryote’s own genome, but it is the
case in the genome of the infecting phage, as it was also required for the
specific binding the Cas9 enzyme that, in concert with the Casl, Cas2, and
Csn2 proteins, produced the specific spacer sequence in the first place (during
the previous infection) (Heler et al., 2015; Wilkinson et al., 2019).

If the cell (or its ancestors) never previously survived infection by a virus with
a genetic sequence represented by a spacer sequence in the cell’s CRISPR lo-
cus, it will lack a complementary spacer and therefore fail to cleave the viral
DNA. A prior infection is required to prevent a future one. For this reason,
CRISPR/Cas systems are sometimes referred to as prokaryotic "adaptive im-
mune systems" (Barrangou et al., 2007).

This principle of guiding the Cas9 enzyme to a specific DNA sequence using a
complementary RNA oligonucleotide clearly had potential for precise genetic
engineering (Jinek et al., 2012). It was rapidly developed into a tractable and
customisable system that has now been widely adopted, largely superseding
slightly older methods such as TALENs (Joung and Sander, 2013; Varshney et
al., 2016). Synthetic single guide RNAs (sgRNAs) that combine the sequences
of the crRNA and tracrRNA of natural CRISPR systems into a single oligonu-
cleotide are designed to be complementary to target sites in the genomes of
the organism of interest. These target sites represent desirable locations to
introduce mutations and must be adjacent to a PAM site (e.g. 5’-NGG-3’,
where "N" represents any base). When the genome is cleaved at this target
site, the cell automatically attempts to repair the double-strand break through
the process of Non-Homologous End-Joining (NHEJ).

The repair process is often successful, but typically imperfect, as a small num-
ber of nucleotides are either inserted in between the blunt ends or deleted from
both ends, resulting in insertions or deletions (INDELs) to the target sequence
(Figure 7). This is the most common use of CRISPR/Cas9 technology - in-
troducing INDELSs into a protein-coding sequence (exon) with the intention of
disrupting the codon reading frame. When the number of inserted or deleted
bases is not a multiple of 3 (e.g. +1bp, +4bp, -7bp, etc) the codon reading
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frame is said to be "frameshifted" such that after the INDEL site, the amino
acid chain will be translated from the sequence is completely different from
the functional wild-type sequence. This alone would likely be sufficient to
knock-out the function of the protein, provided the INDEL was targeted early
in the sequence, but the frame shift also results in the introduction of prema-
ture stop codons that completely terminate translation and result in a highly
truncated protein that we can be sure has its function nullified. It is these
mutants, with premature stop codons that effectively eliminate key functional
parts of the protein, that are analysed for phenotypic effects in order to infer
the function of the gene.
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Figure 7. CRISPR/Cas9 genome editing. (A) The RNP opens up the double
stranded DNA and the sgRNA sequence binds to the complementary DNA sequence.
If the PAM sequence is present downstream of this sequence, the Cas9 induces a
double-strand break at the target site. (B) The cell autonomously repairs double-strand
breaks by non-homologous end-joining, typically resulting in insertion or deletion mu-
tations at the target site.
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We designed sgRNAs to target the exons of nkx3.2 and gdf5, upstream of the
sequences coding for the DNA-binding domain and ligand-forming mature do-
main that are essential for their respective functions. These sgRNA sequences
were designed using the web tool CHOPCHOP (Labun et al., 2016) to avoid
any off-target sequences and be adjacent to a Cas9 PAM site, sometimes mod-
ifying the first 2 nucleotides to GG to allow T7 transcription. DNA sequences
of the sgRNAs were synthesised according to Varshney et al., 2016 and tran-
scribed using the T7 promoter sequence via the HiScribe T7 High Yield RNA
Synthesis Kit. Cas9 mRNA was transcribed using the mMessage mMachine
T3 Transcription Kit. The sgRNA and Cas9 mRNA were purified and injected
into zebrafish embryos at the one-cell stage, following the same principle as
the injections for transgenesis described earlier.

FO injected fish were raised to adulthood and incrossed to produce the F1
generation. These F1 fish were genotyped using Fragment Length Analysis
(FLA). This involved using PCR to amplify the target sequence from gDNA
of a tissue sample (caudal fin clip) and running the product through a capillary
on a 3130XL ABI Genetic Analyzer (Applied Biosystems) to precisely deter-
mine its length. This length was then compared against the expected length
from the non-mutated target site product to infer how many bases have been
inserted or deleted at the target site. This was further confirmed by Sanger
sequencing to examine the sequence. An individual heterozygous mutant was
chosen based on the presence of an INDEL that caused a frame-shift and pre-
mature stop codon, and outcrossed with wild-type fish to produce heterozy-
gous F2 offspring. These F2 fish were then incrossed to produce a number of
homozygous mutants that could be studied for potential phenotypic effects.

Introducing a small INDEL into an exon can be sufficient to completely dis-
rupt a protein-coding gene because of the nature of a codon-based translation
system, but to knock out a non-coding regulatory element like an enhancer
that instead functions through a series of transcription factor-binding sites,
a different approach was needed (Ho et al., 2015; Osterwalder et al., 2018;
Cunningham et al., 2018). Rather than introducing mutations to the nkx3.2
enhancer sequence JRS1, we chose to delete the sequence from the genome
entirely by co-injecting a pair of sgRNAs targeted to sites flanking the en-
hancer. As double-strand breaks were simultaneously introduced on either
side of the enhancer sequence, this fragment was excised prior to the repair of
the flanking sequences by NHEJ, deleting the sequence from the genome. As
the deleted sequence is quite large - several hundred base pairs - genotyping
was possible using conventional gel electrophoresis rather than FLA, follow-
ing PCR with primers flanking the deletion region. A stable heterozygous
zebrafish line was produced and incrossed to produce homozygous mutants as
previously described.
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Quantification of gene expression

Real-Time Quantitative Polymerase Chain Reaction (QPCR) was used to quan-
tify the gene transcript levels between wild-type, heterozygous, and homozy-
gous JRS1 enhancer mutant zebrafish. My samples comprised 6dpf larvae of
these different genotypes, with the goal being to quantify the effects of the
enhancer deletion on the expression levels of genes of interest.

A small piece of the tail of each euthanised larva was removed for genotyping,
and larvae were then stored in RNAlater at -20°C until the genotyping was
completed and larvae could be pooled into small groups according to their
genotype. This is because single larvae are too small to yield a useable amount
of RNA for this method. RNA was isolated from groups of genotyped larvae
using TRIzol homogenisation followed by ethanol precipitation and genomic
DNA digestion using DNase I, and stored at -80°C. This RNA was then copied
into complementary DNA (cDNA) using reverse transcriptase enzymes and
random hexamer primers, then stored at -20°C.

Pairs of primer oligonucleotides were designed to target specific genes of inter-
est. These amplify cDNA strands that were produced from RNA transcripts of
these genes. When possible, these primers were designed such that one of each
pair crossed an exon-exon boundary in the processed transcript. This ensured
that the primers would not amplify PCR products from any genomic DNA
that might contaminate the reaction, as the exon sequences in the genome are
separated by introns which are spliced out in transcripts and cDNA.

Each qPCR reaction contained sample cDNA, primers, and SYBR Mix (Ther-
moFisher Scientific) in water. The SYBR mix contains free nucleotides, DNA
polymerase, various buffers, and the SYBR Green fluorescent dye. A standard
40 cycle PCR program was used with 15s at 95°C, 15s at 58°C and 60s at
72°C. As the temperature is cycled, the cDNA denatures and separates into
single-stranded DNA (at 95°C), the primers anneal to their complementary
sequences (at 58°C), and DNA polymerase synthesises complementary DNA
between the primers to produce a new copy of the sequence of interest (at
72°C). This continues for 40 cycles, where the number of target sequences
is approximately doubled every cycle, resulting in a gradual increase in the
prevalence of the target sequence in the reaction from a minority to a vast
majority.

Quantification of transcript abundance is made possible by the presence of
the SYBR Green dye in the reaction that binds to double-stranded DNA to
form a fluorescent complex. By reading the level of fluorescence, it is possi-
ble to quantify the double-stranded DNA concentration in the reaction volume
as the cycles progress. As the sequence of interest targeted by the primers is
amplified and increases in prevalence, there is a point where the fluorescence
crosses a readable threshold. As the doubling of target sequences after each
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gPCR cycle is quite consistent, even small differences in the initial concentra-
tion of the target sequence can result in significant differences in the timing
of when that threshold is crossed. A sample with more transcripts of the gene
of interest will require fewer cycles to reach the threshold, and a sample with
fewer transcripts will require more. In this way, the number of cycles it takes
for a reaction to cross this threshold (the Cycle threshold - Ct) is a measure
of the number of transcripts of the targeted gene of interest that were initially
present in the sample, i.e. the gene expression level. Standard dilution curves
(R?>0.99) were used to validate primer efficiencies, and specificity was vali-
dated using melt curves as well running PCR products on 2% agarose gels to
identify a single band of the expected product size.

As there can be differences in the number of cells present in each initial sam-
ple, it’s possible that Ct values could be skewed by these differences. To cor-
rect for this, gene expression levels of the gene of interest calculated by the Ct
values are normalised against a constitutively expressed "reference” gene, in
my experiments rpll/3a. This gene produces 60S ribosomal protein L13a, an
essential protein expressed in all cells. Following normalisation, expression
of the gene of interest was compared between genotypes to obtain relative
expression levels using the Pfaffl method (Pfaffl, 2001).

Skeletal staining

Skeletal phenotypes in larvae and juvenile zebrafish were assessed using skele-
tal staining. In this procedure, two chemical dyes, Alcian blue and alizarin
red are used to stain cartilage blue and mineralised tissues (bones, teeth, and
scales) red, respectively (Walker and Kimmel, 2007). Alcian blue binds to the
mucopolysaccharides and glycosaminoglycans that are concentrated in the ex-
tracellular matrix of cartilage, while alizarin red binds to the calcium in the hy-
droxyapatite (calcium phosphate) of mineralised tissues. Following staining,
the specimens can be bleached to remove any pigmentation and their tissues
cleared to make the entire body transparent but still intact, permitting imaging
of the stained internal skeletal structures (Figure 8).

Larvae and juveniles were euthanised with an overdose of MS-222 (300mg/L)
and fixed overnight in a solution of 4% Paraformaldehyde (PFA) in 1x Phos-
phate Buffered Saline (PBS) to prevent decomposition and ensure longevity
of the specimens, followed by a gradual dehydration into 50-70% ethanol so-
Iutions and stored at -20°C. Alcian blue solution was made with 0.02% Alcian
Blue 8 GX and 50mM MgCl, in 70% ethanol, and alizarin red solution was
made with 0.5% Alizarin Red S in water. Young larvae (<5dpf) were typ-
ically stained only with Alcian blue as they don’t yet have any mineralised
tissue, while older specimens were typically stained with both Alcian blue
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and alizarin red solutions in a 100:1 ratio. Staining was performed at room
temperature overnight.

Following staining, larger specimens were washed several times in 50%
ethanol and water to remove unbound staining solution. Next, specimens were
transferred to a bleaching solution of 1.5% H;O, and 1% KOH in water and in-
cubated at room temperature for approximately 30 minutes or until all visible
pigmentation had been removed. Clearing was performed at room tempera-
ture first in a solution of 20% glycerol and 0.25% KOH in water, followed by
50% glycerol and 0.25% KOH in water and long-term storage in 50% glycerol
and 0.1% KOH in water at 4°C. The lengths of each clearing time varied with
specimen size and ranged from 30 minutes to several hours. Prior to clearing,
large juveniles underwent a ~20-minute digestion step in a solution of 1%
trypsin in 35% Sodium Tetraborate Decahydrate (borax) to digest some of the
translucent external tissue, improving the clarity of the specimen and in many
cases enabling the easy removal of the skin and scales. This digestion also
made it easier to dissociate the specimen for imaging of isolated structures
such as the pectoral fins.

Stain

Clear

)= (
)=
)=
i

Figure 8. Skeletal Staining Procedure. Fixed zebrafish larvae (left) and juveniles
(right) go through successive stages of staining, washing, bleaching, and clearing for
visualisation of cartilage and bone in the skeleton. The procedure is described in detail
in the main text.
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Microscopy

Standard bright-field imaging of stained specimens was performed using a
Leica M205 FCA fluorescence stereomicroscope and the attached Leica DFA
7000T camera without fluorescent light or filters. Stained specimens were
mounted in glycerol on a watch glass, 35mm glass-bottomed dish, or micro-
scope slide, depending on the desired orientation. The same microscope was
used for screening and initial fluorescent imaging of live transgenic lines using
the GFP and mCherry filters.

A Leica TCS SP5 inverted confocal microscope was used for higher-resolution
live fluorescent imaging and time-lapses. Zebrafish embryos/larvae were
anaesthetised using 0.16% MS-222 and embedded in 0.5% or 0.8% low-
melting agarose containing 0.1% MS-222 on a 35mm glass-bottomed dish,
covered in system water containing 0.16% MS-222. The excitation/emission
wavelengths for EGFP were 488/507 and mCherry 587/610nm. Image stacks
were combined into maximum projection images using the Leica Microsystem
LAS-AF software or ImageJ (Schindelin et al., 2012).

Optical projection tomography

Conventional 2D imaging is suitable for many applications, but when
analysing 3D skeletons, it can be difficult to image some anatomical struc-
tures from the optimal angle for reliable comparisons between specimens. Er-
rors in imaging angle could lead to inaccurate measurements, and often the
time required to manually position specimens as accurately as possible makes
it inconvenient or infeasible to image a large number of specimens, limiting
sample sizes.

Therefore, it is important to image fish skeletons in 3D to comprehensively
characterise phenotypes. Optical Projection Tomography (OPT) (Sharpe et
al., 2002; Sharpe, 2003) involves taking images of specimens from multiple
angles; usually hundreds of images through 360 degrees of rotation, and using
computer software to reconstruct a high-resolution 3D volume comprised of
3D pixels called voxels. Software can be used to align multiple specimens to
produce average morphologies of a large number of specimens, and to com-
pare different groups of specimens (e.g. different genotypes), highlighting
even subtle phenotypic differences and permitting quantification and statisti-
cal analysis of these differences based on voxel intensity data.

The custom bright-field zOPT system used in this thesis was capable of imag-
ing skeletal stained zebrafish larvae up to 9dpf (Allalou et al., 2017; Zhang
et al., 2020). These specimens were manually pipetted into a capillary be-
tween a light source and camera, and images were captured at a 1.15um pixel
resolution as the capillary was rotated around 360 degrees by a stepper mo-
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tor. A Filtered Back Projection algorithm and the ASTRA Toolbox (Palenstijn
et al., 2013) were used for tomographic reconstruction in MATLAB (Release
R2015b; MathWorks, Natick, MA), and volumes were aligned using the regis-
tration toolbox elastix (Klein et al., 2010; Shamonin et al., 2014). When quan-
tification of between-group differences was necessary, individual fish were
aligned to an average wild-type, and a voxel-wise method was used to detect
voxels that differed significantly between groups. These differences represent
the presence, absence, or differential density of a stained skeletal structure
in a particular location in 3D space, i.e. morphological phenotypes. Manual
segmentation of skeletal elements from individual fish or group averages also
made it possible to examine these phenotypes more closely.

Geometric morphometrics

To analyse shape changes in mutant phenotypes, specifically the shape of the
posterior Meckel’s cartilage in JRS1 enhancer deletion mutants, 2D geomet-
ric morphometrics was performed on lateral maximum projection images ob-
tained via OPT of 9dpf skeletal-stained larvae. This method mathematically
describes the shape of the posterior Meckel’s cartilage in order to align and
compare them, displaying and quantifying how they differ between genotypes.

Sliding landmarks were digitized along the curved surface of the posterior
Meckel’s cartilage of groups of wild-type, heterozygous mutants, and ho-
mozygous mutants. These landmarks were then aligned using Generalised
Procrustes Analysis to minimise the variability due to size and rotation and
instead optimise the landmarks using minimised bending energies (Bookstein,
1991) to represent specific shape changes. The morphospace was examined
using Principal Components Analysis (PCA) in the geomorph R package
(Adams et al., 2021) and plotted using the borealis package (Angelini, 2021).
Shifts in the morphospace were tested for significance with pairwise tests of
linear model fit between a model based on allometric differences alone and a
model based on allometric differences and differences in genotype.

All additional statistical analyses and visualisation (ggplot2; Wickham 2016)
of quantitative data was also performed in R (R Development Core Team,
2021), and all P-values were adjusted for false discovery rate (FDR; Benjamini
and Hochberg 1995).
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X-ray micro-computed tomography

X-ray micro-Computed Tomography (1 CT) is another method for 3D imaging
with a micron-scale resolution, which uses X-rays in order to visualise struc-
tures based on material density with applications in metrological, geological,
and biological imaging (Withers et al., 2021). There is a negative relation-
ship between the wavelength (1) of light and its energy (given by the equation
E = %, where £ is Planck’s constant and c is the speed of light in a vacuum,
another constant), such that smaller/shorter wavelengths possess higher ener-
gies. The wavelength of visible light ranges from approximately 400-700nm
with energies on the order of 2eV (electron volts) while X-rays typically in-
habit the 0.01-10nm wavelength range and can possess energies up to 200keV
(kiloelectron volts)(Bearden, 1967; Tschentscher and Suortti, 1998). These
properties allow X-ray light to pass through low-density structures such as
skin and flesh with little refraction, while more dense tissues such as miner-
alised bone are able to partially block the penetration of photons. The principle
behind traditional X-ray imaging, then, is to position a specimen between an
X-ray source and a detector to collect an image of the photons that passed
through the sample - the X-ray "shadow". The greater the electron density of
the sample (either due to a large volume or by the presence of elements of
high atomic number), the fewer photons project onto the screen of the detector
(Germain and Ladeveze, 2021).

The X-rays are produced by an X-ray lamp which contains a cathode and an-
ode, where the cathode is connected to the negative pole of a high voltage
source and the anode to the positive pole. The cathode filament is heated to
cause it to emit negatively-charged electrons, and the electric potential be-
tween the cathode and anode causes the electrons to accelerate towards the
positive anode. On the surface of the anode is a dense metal (e.g. tungsten)
target (Zhou et al., 2016). As the electrons enter this target material, they inter-
act with the positively-charged nuclei and their motion is deflected and slowed.
When electrons are slowed down they release energy in the form of photons,
and the more they are slowed, the more energy they release in the form of
shorter wavelength radiation such as X-rays. This relationship is described by
rearranging the earlier equation to A = g’—g, where AE is the difference in the
energy of the electron before and after being slowed. This type of radiation
is called Bremsstrahlung, German for "braking radiation". Depending on how
closely an electron in the beam interacts with the nuclei of the target material,
it will be slowed by different amounts and therefore generate X-rays with a
range of different energy levels (with the upper limit being set by the acceler-
ation voltage applied to the circuit). As a result, X-rays with a wide range of
energies are produced. This X-ray spectrum is typically filtered through thin
sheets of metal such as aluminium, copper, or tungsten to narrow the spectrum
of energies in the beam, producing a "pink beam" from an original "white
beam". By removing the lowest-energy X-rays that are more prone to scatter
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and absorb in the specimen being scanned, noise and beam-hardening artefacts
can be reduced (Du Plessis et al., 2017), and sometimes the highest-energy X-
rays are filtered out to reduce saturation when scanning small or less dense
specimens (Sanchez et al., 2012).

The detector is a regular camera sensor, but this alone would be unable to
detect any X-rays - they would penetrate through the detector without inter-
acting with the sensor array. Instead, in front of the detector is a scintillator:
a sheet of crystal with specific properties that converts X-rays to visible light
through a process called scintillation, which is similar to phosphorescence.
The X-ray photons are absorbed by the scintillator material, giving its atoms
a higher (excited) energy state, and to return to their original state, they im-
mediately release the energy in the form of photons in the visible spectrum.
These higher wavelength photons can then be detected by the camera sensor
and form the image. The thickness of the scintillator influences the imaging
resolution, because thicker scintillators can laterally spread or scatter the light,
increasing the signal but at the expense of blurring the image. For the high-
est resolutions, extremely thin or structured scintillators are used (Martin and
Koch, 2006; Douissard et al., 2012; Wollesen et al., 2022).

Naturally, the resolution of the detector also limits the resolution of the ob-
tained images, but how this relates to the actual resolution in terms the pixel
size is determined by the relative distances between the X-ray source, the sam-
ple, and the detector (Véasarhelyi et al., 2020). This is because, in lab-based
UCT scanners the X-rays are emitted as a cone-shaped beam, so moving the
sample closer to the source casts a larger "shadow" on the detector such that
each pixel represents a smaller area of the sample i.e. higher spatial resolution
at the expense of a reduced field of view.

As they are both types of tomography, the general principle of uCT is the
same as OPT; the specimen is repeatedly imaged while rotating and these in-
dividual projection images are used to reconstruct cross-sectional slices that
can be stacked into a 3D volume. For older (~>60dpf) zebrafish with min-
eralised and therefore denser skeletal structures, uCT can be used to image
the skeleton of fixed specimens for characterising wild-type morphology and
mutant phenotypes (Cheng et al., 2011; Hur et al., 2017). For these experi-
ments, a SkyScan 1172 (Bruker microCT) with a 60kV X-ray lamp was used
to produce whole-body volumes with 2-6um voxel sizes.

Contrast-enhanced propagation phase contrast
synchrotron radiation micro-computed tomography
For examining less dense skeletal tissue such as unmineralized cartilage, or

other soft tissues such as muscles, nervous tissue, and blood vessels, conven-
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tional uCT is insufficient to distinguish the tiny density differences between
these distinct tissues to produce a usable reconstruction. Instead, a mod-
ified technique broadly termed Diffusible Iodine-based Contrast-Enhanced
(DICE)-uCT can be used (Metscher, 2009). After fixation, specimens are
soaked in a diluted iodine-based solution such as I,E (iodine in ethanol) or
LLKI (iodine potassium iodide, also known as Lugol’s iodine) for hours to
weeks, depending on their size, to allow the solution to penetrate all tissues.
The dense iodine penetrates different tissues to varying degrees, leading to an
increased density of all tissues in addition to differential densities between dif-
ferent tissues, leading to a high-contrast fCT scan of soft tissues (Gignac et
al., 2016; Kolmann et al., 2023). In addition to iodine solutions, other chem-
icals such as phosphotungstic acid (PTA) and phosphomolybdic acid (PMA)
can also be used to enhance the contrast of soft tissue, each with slightly dif-
ferent properties and affinities for different tissues (Metscher, 2009; Pauwels
et al., 2013; Descamps et al., 2014). A key benefit of using iodine compared
to these other chemicals however, is that the density of bone is also increased
in addition to the soft tissues, making it easier to distinguish and segment the
bones in relation to the surrounding soft tissues. All these different methods of
contrast enhancement (CE) can be included under the umbrella term CE-uCT.

CE-uCT is relatively routinely applied by organismal biologists to large spec-
imens including those from natural history collections in order to visualise
the morphology of soft tissues such as the brain and nervous system (e.g.
George and Holliday, 2013; Camilieri-Asch et al., 2020; Callahan et al., 2021)
and musculature (e.g. Cox and Jeffery, 2011; Holliday et al., 2013; Santana,
2018). However, it is less commonly applied to smaller model organisms in
experimental research (Babaei et al., 2016; Porro and Richards, 2017), with
the exception of the mouse (reviewed by Handschuh and Glésmann, 2022).

In zebrafish, experimental analysis of soft tissues by CE-uCT has only been
performed in a handful of quite recent studies on heart defects (Babaei et al.,
2016; Dimitriadi et al., 2018; Bensimon-Brito et al., 2022), muscle defects
(Watson et al., 2022), or diet-induced disease (Seo et al., 2015), while two
earlier papers included zebrafish as samples in establishing contrast-enhanced
UCT as a general method (Metscher, 2013; Descamps et al., 2014).

A limitation of conventional uCT-based imaging is that the resolution limit is
typically on the order of several microns for specimens as thick as a juvenile or
adult zebrafish, which is insufficient for obtaining desirable histological detail.
This likely contributes to the poor uptake of CE-uCT in zebrafish research.
However, the resolution of CE-uCT can be improved.

Synchrotron radiation uCT (SRuCT) is a type of uCT that uses a synchrotron
as an X-ray source instead of a small X-ray lamp in a typical benchtop uCT
scanner. In our case, we performed experiments at beamline BMO0S5 of the
European Synchrotron Radiation Facility - Extremely Bright Source (ESRF-
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EBS) in Grenoble, France. The ESRF-EBS is a large facility whose largest
component is an electron storage ring that is 844m in circumference. The
beam of electrons is produced by an electron gun and accelerated by a linear
accelerator before entering a small (300m circumference) booster synchrotron
ring that further accelerates the electrons. Once the electron beam reaches an
energy of 6GeV, it is injected into the large storage ring. In order to maintain
a permanent electron beam in the storage ring, injections are regularly made
from the booster synchrotron. These maintain the beam at a current of 200mA,
approximately 1000x greater than a typical X-ray lamp (ESRF, 2023).

Around the storage ring sit 44 beamlines including experimental hutches
working with different types of synchrotron radiation, but primarily X-rays.
These X-rays are generated by the electron beam in the storage ring using the
same principle as the previously described X-ray lamp: electrons are slowed
to produce Bremsstrahlung. However, while the X-ray lamps slow electrons
by accelerating the beam into a dense metal target and have the positively
charged nuclei of this material interact with the negatively charged electrons,
the synchrotron uses an electromagnetic field generated by so-called "bending
magnets" to curve the path of the electrons and generate X-rays at a tangent to
the original beam path. These bending magnets serve a dual function, they are
used to generate X-rays for the experiments but simultaneously keep the elec-
tron beam flowing around the storage ring (Bonse and Busch, 1996). Other
X-ray generating devices such as undulators and wigglers used at some of the
ESRF beamlines work on a similar principle but produce more intense X-rays
by having the electrons pass through a series of alternating dipole magnets in-
stead of just one, "wiggling" them back and forth to repeatedly generate X-ray
photons (Bonse and Busch, 1996).

The X-rays produced by the bending magnet undergo a process of filtering and
partial monochromation to produce a parallel beam of in-phase (coherent) X-
rays of the desired energy level. After this point, the CT scanning procedure is
largely the same as previously described for a standard benchtop pCT scanner,
albeit often with improved optics and stage precision. However, there are two
important differences to note at this point. The first is that the high current of
the synchrotron’s electron beam leads to a much greater density of photons, or
brightness, in the X-ray beam, and this leads to dramatically reduced imaging
times and improved image quality through the greater signal-to-noise ratio.
The second is that as the synchrotron’s X-ray beam is collimated to be paral-
lel and narrow rather than cone-shaped, the image resolution is improved in
addition to typically being magnified by optics in front of the detector sensor.

Clearly, these represent benefits of using SRuCT for X-ray microtomography,
but up until this point the described imaging principles remained largely the
same - using X-rays to cast shadows on detectors and use this attenuation of the
X-ray beam to reconstruct cross-sectional images of the 3D volume. However,
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in the 1990s, researchers began to exploit another property of the synchrotron
X-rays, the high spatial coherence of the beam (all the light waves have a
consistent phase), to develop imaging methodologies based on phase contrast
(Snigirev et al., 1995; Bonse and Busch, 1996). These include a simple tech-
nique called propagation phase contrast SRuCT (PPC-SRuCT)(Wilkins et al.,
1996; Cloetens et al., 1999; Paganin et al., 2002; Tafforeau et al., 2006).

As X-rays pass through tissue boundaries in a sample on their way to the
detector, they are not only attenuated but also very slightly diffracted, sim-
ilar to how light is refracted at the boundary between glass and water in a
cup. These diffracted X-rays interfere with the adjacent non- or differentially-
diffracted X-rays, with constructive and destructive phase interactions leading
to increases and decreases in the intensity of the X-rays that are detected in
the image. As the propagation distance between the sample and detector in-
creases there is a greater degree of phase interference detectable as intensity
differences (Fresnel fringes), so longer propagation distances are preferable to
maximise the phase contrast of the image, up to a limit where the phase inter-
ference exceeds the size of the features of interest in the sample and the image
becomes blurry. This, in addition to other imaging considerations, means that
the propagation distance has to be optimised for different samples and imag-
ing regimes, and for our experiments was in the range of several centimeters
for voxel sizes between 0.7um and 3um.

The phase interference causes the edges of tissues in the sample to appear
in extremely high contrast ("edge enhancement"), even if they are extremely
similar in density. These images can be valuable in their own right, but what
is more common is to utilise a phase retrieval algorithm to infer the density
difference (refractive index) that caused the diffraction in the first place, such
that the contrast of the whole tissues are enhanced, not just their boundaries.
This transforms a low-contrast image with bright edge fringes into a high-
contrast image with suppressed fringes (Paganin et al., 2002; Sanchez et al.,
2012; Thompson et al., 2019). A key advantage to using phase contrast-based
imaging is that even though attenuation can be low when using high-energy
X-rays and/or when imaging soft tissues of very low density, the phase con-
trast will still be strong (Momose and Fukuda, 1995; Bonse and Busch, 1996)
and therefore will produce high contrast images that would be challenging
or even impossible to obtain based on attenuation alone (Langer et al., 2008;
Thompson et al., 2019).

Using SRuCT, and particularly PPC-SRuCT, soft tissues can be imaged at
high resolution due to the high signal-to-noise ratio, spatial resolution, and
phase contrast enhancement. However, the relative density between soft tis-
sues is still approximately the same, leading to images with poor relative con-
trast between different soft tissues. This makes it challenging to recognise and
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segment the different tissues (Weide et al., 2010; Dutel et al., 2019; Johnston,
2022).

To overcome this limitation, we combined the principles of DICE-uCT
with PPC-SRuCT to produce a protocol for Diffusible Iodine-based
Contrast-Enhanced Propagation Phase-Contrast Synchrotron Radiation micro-
Computed Tomography (DICE-PPC-SRuCT) that can be applied to zebrafish
and other small fish species or tissue samples up to a diameter of several cen-
timetres (Paper II). This involves simply incubating the specimens in a solu-
tion of 1% iodine in 100% ethanol at room temperature for a number of hours
(depending on its size) to allow the iodine to diffuse into the tissues, then
removing the excess iodine by washing and storing the specimen in ethanol
before PPC-SRuCT imaging.

3D image segmentation

After uCT scanning, the 3D volume of the specimen is reconstructed into a
series ("stack") of several thousand image files, each representing a thin virtual
slice through the specimen in the plane of the X-ray beam, with the point of
rotation in the center. The same principle also applies to OPT reconstructions.
Preferred image formats are 16-bit TIFF or BMP as these are lossless and rep-
resent the highest image quality without compression, or JPEG 2000 (JP2),
which can dramatically compress the image with only minimal artefacts and
loss of information, making the data handling and storage more convenient.
The reconstruction is performed to result in an isotopic voxel size, where vox-
els are 3D pixels (cubes instead of squares) formed in the 3D grid created
when the images (2D grids of pixels in the X and Y direction) are stacked on
top of each other (in the Z direction). The voxel size is isotropic when the
spacing between each image in the stack is equal in length to the height and
width of each pixel in the images in the stack. For example, a dataset with
an isotropic voxel size of 3um is comprised of images where each pixel has a
height and width of 3um, and the spacing between each image in the stack is
also 3um.

In order to visualise and analyse these datasets, the image stacks are loaded
into specialised software designed for handling 3D datasets. I used VGStudio
Max (versions 3.2.5-2022.4, Volume Graphics), as although its primary user
base is engineers and materials scientists working on CT scans for applications
in metal parts fabrication and battery design, it also has found favour among
biologists working on scans of animal and plant tissues. The software allows
the scan datasets to be explored in "slice view" from all angles but also con-
tains key tools for 3D segmentation. These include global thresholding and re-
gion growing tools which isolate voxels based on gray values (brightness) that
enable tissues of like density to be instantly isolated together and visualised
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in 3D, but also tools for manually drawing masks on the dataset slice-by-slice
to slowly but precisely sculpt 3D shapes representing more subtle tissues that
have to be recognised by eye amidst a sea of similar gray values. Quantifica-
tion of properties of the segmented tissues such as volume can be performed
by essentially counting the voxels contained within each mask, often using the
Porosity/Inclusion Analysis Module (Sanchez et al., 2013).
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Research aims

The overall aim of this thesis was to investigate the function and regulation
of the transcription factors Nkx3.2 and Mkx and the secreted factor Gdf5 in
the development of the vertebrate musculoskeletal system, using the zebrafish
(Danio rerio) as a model organism.

Paper I:

Paper 11:

Paper II1:

Paper IV:

Paper V:
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We aimed to generate an nkx3.2 knockout mutant zebrafish line
and describe the impacts of the absence of this transcription factor
on jaw joint development and skeletal development throughout the
rest of the larval and juvenile body.

As we showed in Paper I that the knockout of nkx3.2 led to gross
cartilage and bone defects, we next aimed to determine how a
novel contrast-enhanced SRuCT 3D imaging method could be
used in characterising defects in soft tissues associated with the
skeleton. We intended to simultaneously gain insights into the
potentially altered soft tissues of this mutant and also provide a
novel imaging protocol that could be applied to other mutants in
the future.

Together with previous publications, Paper I highlighted the key
role of Nkx3.2 in patterning the gnathostome jaw joint. To answer
how the expression of this gene is localised to the jaw joint, we
aimed to identify and functionally characterise an evolutionarily
conserved enhancer of Nkx3.2 that may have been key in the initial
evolution of articulating jaws in the ancestor of gnathostomes.

We aimed to generate a gdf5 knockout mutant zebrafish line and
characterise the resulting mutant phenotypes in the skeleton, par-
ticularly in the jaw joint and fin radials during larval and juvenile
development.

We aimed to identify and functionally characterise an evolutionar-
ily conserved enhancer regulating the expression of the mkx gene
in the zebrafish musculoskeletal system.



Summary of results

Paper I - nkx3.2 knockout and phenotypic analysis

Studies in zebrafish and amniotes have shown that Nkx3.2 plays an important
role in the early development of the jaw joint. In zebrafish, morpholino-based
knockdown experiments resulted in a fusion of the upper and lower jaw car-
tilages in the absence of the jaw joint. However, as the effects of morpholi-
nos are short-lived, the effects on later development up to adulthood were
unknown.

To permanently knock out the nkx3.2 gene in zebrafish, we used CRISPR/Cas9
genome editing to introduce a 7bp deletion in the first exon that led to a
frameshift and premature stop codon in the protein-coding sequence, such that
the mutated protein was only 95 amino acids long compared to 245 amino
acids in the wild-type. Critically, this mutated protein was missing the DNA-
binding homeodomain that is necessary for its function as a transcription fac-
tor.

While heterozygous mutants appeared phenotypically normal, homozygous
mutants displayed an obvious open-mouth phenotype as a result of the absence
of the jaw joint and fusion between Meckel’s cartilage and the palatoquadrate,
and despite this deformation were able to survive to adulthood. We analysed
the fusion in a transgenic sox/0:eGFP background for the live visualisation of
chondrocytes in the lower jaw, where we observed that the fusion occurred as
early as 3dpf, and by 14dpf the chondrocytes throughout the fused cartilage
elements were homogeneously aligned in stacks. Using histological tissue
section stained with Nuclear Red, we found that the clear cartilage fusion was
maintained up to 30dpf, and that ossification at 90dpf proceeded normally,
leading to fused articular and quadrate bones.

Alcian blue/alizarin red cartilage/bone staining of a series of mutants between
5-30dpf revealed that the open mouth phenotype manifested between 5-9dpf.
This was when, in wild-types, Meckel’s cartilage began to angle upwards rel-
ative to the palatoquadrate, pivoting around the jaw joint, but in the absence
of the joint, the lower jaw was held flat and began to protrude from the face.
Ossification of the surrounding facial bones appeared to take place normally
in mutants. However, looking more posteriorly at the cervical vertebrae and
rib-bearing vertebrae in the 30dpf mutants, we noticed a distant lack of the
vertebral basiventral cartilages.
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We used OPT to 3D image Alcian blue-stained wild-type and mutant larvae
at 5dpf, and by aligning the cranial cartilage elements of multiple individu-
als of each genotype, we were able to highlight voxels that were significantly
different between the genotypes, and therefore indicative of morphological
differences between them. In addition to highlighting the jaw joint fusion as
expected, this comparison provided us with the second hint of mutant pheno-
types outside of the jaw skeleton. In the occipital cartilage at the back of the
skull, the nkx3.2 mutants displayed a shortening/reduction of the cartilage that
interfaced with the notochord.

To analyse these skeletal phenotypes more comprehensively, we uCT scanned
adult wild-type and mutant fish and segmented many individual bones out in
3D. This revealed that as a result of the absence of the basiventral cartilages,
the parapophysis bones that normally articulate the rib heads and vertebrae
were completely absent, leaving many ribs completely fused to the vertebral
centra. We were also able to comprehensively describe malformations to the
adult mutant occiput and Weberian apparatus. These included fusions between
the exoccipital and basioccipital bones leading to a closure of the cavum sinus
impar - the channel for auditory signals from the swim bladder into the inner
ear. There were many deformations to the Weberian ossicles, including the
loss of the anterior ramus and articulating process of the tripus, and the vari-
able loss/compaction of the anterior-most cervical vertebrae and their ossicles
such as lateral process 2.

This study confirmed the key role of Nkx3.2 in the development of the ze-
brafish jaw joint, extending our understanding of the effect of the loss of this
joint into adulthood. The finding and description of axial phenotypes in the
occiput and vertebrae were novel in zebrafish, but correspond to some similar
defects observed in mutant mouse models but also human disease associated
with mutations to Nkx3.2, demonstrating a conserved axial role for Nkx3.2 in
the sclerotome of bony vertebrates.

Paper II - Contrast-enhanced synchrotron
micro-computed tomography of nkx3.2 mutants

In order to study soft tissues like muscles and ligaments at a high level of de-
tail, traditional histology using physically cut thin sections is a foundational
technique. However, in the process, the specimen is damaged or destroyed and
is it difficult to interpret the three-dimensional organisation of tissues. puCT
scanning of specimens stained with a contrast-enhancing dye can be used to
visualise soft tissues in 3D, but typically at a limited resolution. We set out
to demonstrate that iodine staining combined with the use of high-resolution
propagation phase-contrast synchrotron scanning (DICE-PPC-SRuCT) is ca-
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pable of providing near-histological resolution and contrast of soft tissues in
small whole organisms such as zebrafish.

In Paper I, we demonstrated a range of cartilage and bone phenotypes in
nkx3.2 mutant zebrafish, and were particularly struck by the juvenile and adult
deformations of the face and Weberian apparatus. We set out to investigate
the effect of these malformations on the associated soft tissues as a proof-of-
principle of the power of DICE-PPC-SRuCT for describing soft tissue phe-
notypes. Zebrafish from 1-3mpf were fixed and stained with iodine overnight,
then taken to Beamline 05 of the European Synchrotron Radiation Facility
in Grenoble, France where they were scanned using PPC-SRuCT at medium
(voxel size: 3um) and high (voxel size: 0.727m) resolutions. This raw scan
data was processed into image stacks for analysis of 2D virtual thin sections
and segmentation of tissues in 3D.

High resolution scans of stained zebrafish resulted in near-histological quality
2D thin sections, allowing for clear visualisation of fine structures including
cell layers of the retina, neurons and nerve fibres in the brain and spinal cord,
osteocyte lacunae and waves of mineralisation in bones, and chondrocytes in
cartilage elements. The use of iodine as a contrast agent instead of other com-
pounds like PTA had the advantage of staining the bone as well as the soft
tissues, keeping the high relative contrast between the two. As the dataset was
isotropic in 3D, all relevant tissues could be viewed in optimal planes, unlike
in traditional histology where physical sections are limited by the plane of the
cutting blade.

We segmented in 3D the lower jaw muscles and bones of a 2mpf wild-type
and nkx3.2 mutant zebrafish, identifying disorganised muscle bundles in the
adductor mandibulae (AM) and pars hyoideus, the muscles responsible for
closing and opening the lower jaw, respectively. The left and right AMs dis-
played variable defects, for example one appeared to have normal posterior
attachment to the quadrate, while the other displayed an unusual inappropriate
attachment to the dentary. These muscle defects were interpreted as secondary
effects of a misshapen jaw skeleton rather than as a direct effect of the loss of
nkx3.2 function.

In the Weberian apparatus, we segmented the entire auditory chain including
the swim bladder, the Weberian ossicles and associated ligaments, and the
fluid-filled sinus perilymphaticus and sinus endolymphaticus (which contains
the auditory otoliths) that are surrounded by the occipital bones. In mutants,
the interossicular and suspensorium ligaments that connect the ossicles in ver-
tebrae 1-4 were poorly formed or completely absent in mutants, while the
connection between the swim bladder, the posterior tripus of vertebra 3, and
the os suspensorium of vertebra 4 appeared normal. This is consistent with the
defects in the ossicles of vertebrae 1-3 described in Paper I that serve as the
attachment sites and are likely important for the development or maintenance

57



of these ligaments. Likely as a result of the constriction and closure of the
cavum sinus impar that we first noted in Paper I, the sinus perilymphaticus
appeared to be reduced or absent in the mutants, failing to extend out of the
occiput to make contact with the scaphia.

In conclusion, we found that jaw muscles were secondarily deformed as a
result of the open-mouth phenotype in nkx3.2 mutants, and that a series of
malformations are present in the auditory chain that must lead to a severe hear-
ing deficiency. Simultaneously, we demonstrated the exceptional quality and
volume of data, both qualitative and quantitative, that can be obtained about
zebrafish soft tissue micro-anatomy and histology using DICE-PPC-SRuCT.

Paper III - JRS1: a conserved jawed vertebrate Nkx3.2
enhancer

As mentioned in Papers I and II, Nkx3.2 is expressed in the early jaw joint
where it is necessary for its development, but little is known about the cis-
regulation of this gene and how its expression becomes localised to the inter-
zone. We set out to identify novel proximal cis-regulatory elements based on
sequence conservation in a representative sample of vertebrate genomes.

The proximal non-coding sequence around the Nkx3.2 locus from multiple
species was aligned using mVISTA to identify conserved non-coding ele-
ments, and we identified a sequence, later designated jaw joint regulatory se-
quence 1 (JRS1), that was conserved in all major jawed vertebrate clades but
absent from the jawless hagfish and lamprey genomes. Interestingly, a detailed
analysis of the actinopterygian fish clade revealed an apparent secondary loss
of JRS1 in most groups of percomorph fishes encompassing approximately
12,000 species, seemingly beginning with a partial loss in the common ances-
tor of percomorph and bercyiform fishes.

Within the conserved sequence of JRS1, we used MEME and Tomtom to iden-
tify putative transcription factor binding motifs corresponding to a range of
known factors in pharyngeal and skeletal development, increasing our confi-
dence that JRS1 was an enhancer of the Nkx3.2 gene that could be responsible
for its focal expression in the gnathostome jaw joint. One of these predicted
binding sites, Meis2, was supported by previously published and publicly
available in vivo ChIP-seq datasets showing strong Meis binding precisely at
the JRS1 locus in embryonic mouse branchial arches.

In order to validate the enhancer activity of JRS1, we generated a transgenic
enhancer reporter zebrafish line where the fluorescent reporter was under the
control of the zebrafish JRS1 sequence. This revealed that JRS1 was activated
strongly in the developing jaw joint interzone and perichondrium as early as
40hpf and remained active until at least 14dpf, still localised to the primary
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jaw joint. Even in nkx3.2 knockout fish with fused Meckel’s cartilage and
palatoquadrate, with no joint tissues apparent, JRS1 was active in the peri-
chondrium surrounding an intermediate region of the fused cartilage where
the joint would have formed.

The same enhancer reporter assay was used to assess the activity of human,
mouse, frog, bichir, and elephant shark JRS1 sequences in zebrafish, and re-
markably, they all displayed the same activity as the zebrafish JRS1 sequence,
indicating that the function of JRS1 is likely conserved in all these groups of
jawed vertebrates despite them being separated by up to 450 million years of
evolution.

To functionally validate the role of JRS1 in the cis-regulation of nkx3.2, we
used CRISPR/Cas9 genome editing to excise JRS1 from the zebrafish genome.
Quantitative analyses of nkx3.2 gene expression in homozygous mutants re-
vealed a significant reduction in early expression in the jaw joint but no differ-
ence in whole-body expression in older 6dpf larvae. This result is consistent
with an early expression reduction and later recovery, which would indicate an
important role for other as-yet-undiscovered nkx3.2 enhancers, or it could be
that nkx3.2 expression elsewhere in the body "swamped" a sustained reduction
in the jaw joint.

The reduction in nkx3.2 expression in JRS1 deletion mutants was accompa-
nied by phenotypes in the jaw joint cartilages, more subtle than the outright
fusion observed in Paper I in the gene knockout mutants. Partial fusions were
observed at 5dpf and 9dpf, and geometric morphometric analysis of the joint
surface shapes gathered from OPT scanning where consistent with a highly
reduced retroarticular process of Meckel’s cartilage. However, this dysmor-
phology appeared to recover back to the wild-type morphology by 14-30dpf,
again raising the possibility of nkx3.2 expression recovery in later develop-
mental stages, or of other joint-patterning factors taking over the process.

In summary, in this study we discovered and characterised the first highly
conserved enhancer driving the expression of the Nkx3.2 gene in the primary
jaw joint of gnathostomes, and which was potentially key in the evolution of
the first articulating vertebrate jaws.

Paper 1V - gdf5 knockout and phenotypic analysis

Growth and Differentiation Factors (GDFs) play a major role during all stages
of skeletogenesis. Gdf5 is a gene known to be expressed in synovial joint
development in amniote limb joints, where it has an early role in promoting
mesenchyme condensation and a late role in the mature articular cartilage and
synovium. In zebrafish, it is expressed in the primary jaw joint under the
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control of nkx3.2 and also in the pectoral and median fins, although little is
known about its role in fin development.

To study the role of Gdf5 in zebrafish skeletal development, we generated
a knockout allele of gdf5 using CRISPR/Cas9 genome editing to target the
start of the second exon and introduced a Sbp deletion that led to a premature
stop codon and a truncated protein product of 230aa instead of 474aa, delet-
ing the key functional mature domain. Throughout the phenotypic analysis,
heterozygote fish appeared normal, but a range of phenotypes were described
in homozygous larvae, juveniles, and adults using skeletal staining, OPT, and
UCT scanning.

Despite the known expression domain of gdf5 in the jaw joint, we unexpect-
edly found no apparent defects to the jaw joint cartilage or bone at any stage
of development. Histological thin sections also identified no apparent phe-
notypes in the dorsal, anal, and caudal fin joints either. It is interesting to
speculate whether a paralogous gene with a similar expression pattern, gdfoa,
could be compensating for the loss of Gdf5 in joint development, at least in the
jaw. However, other skeletal elements in the fins displayed dramatic mutant
phenotypes.

Zebrafish pectoral fins first develop as an endoskeletal disc of cartilage, and
then during late larval development this disc is subdivided into 2 then 4 prox-
imal radials by segmentation zones of dedifferentiating cartilage. Indepen-
dently, small distal radials condense between these proximal radials and the
bony lepidotrichia. In the homozygous gdf5 mutants, the segmentation zones
in the endoskeletal disc appeared to expand dramatically until almost the en-
tire endoskeletal disc dedifferentiated and no longer stained with alcian blue,
leaving just the first and most anterior proximal radial. Several of the posterior
distal radials also failed to form, and those that remained were often smaller
or fused together. This single-proximal radial phenotype persisted into adult-
hood, although in some mutants an ectopic bone appeared to ossify intramem-
branously in the space left by the absence of proximal radials 2-4, possibly as
an compensatory adaptation to support the fin.

The median fin skeleton develops differently to the pectoral fin, with radials
condensing individually instead of segmenting from a larger mass of carti-
lage. In the dorsal and anal fins, mutant juveniles displayed highly truncated
and malformed proximal radials, and similar phenotypes were observed in the
caudal fin hypurals. In adults, this corresponded to shortened radial and hypu-
ral bones. Notably, in both cases, the more posterior elements appeared to be
more severely affected.

These median fin phenotypes are consistent with a conserved role for Gdf5 in
cartilage development, as comparable shortened limb and phalanges pheno-
types are seen in mouse mutants and human genetic diseases. As the develop-
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ment of the zebrafish pectoral fin is quite derived relative to more basal fish fins
and made up of distinct elements compared to tetrapod limbs, it is difficult to
assign direct functional homologies between these structures. However, stud-
ies in mammalian cell cultures demonstrated a role for Gdf5 in inhibiting the
expression of cartilage-ECM-degrading MMP enzymes, which could be re-
lated to the expanded segmentation zones in the mutant zebrafish endoskeletal
discs.

This is the first knockout-based study of the functional role of Gdf5 in the
development of the zebrafish skeleton, and we demonstrate some clearly con-
served functions in the growth of the cartilaginous median radials. On the
other hand, the striking pectoral fin phenotype opens up a range of new ques-
tions about actinopterygian endoskeletal disc segmentation, a generally under-
studied topic.

Paper V - Identification of a novel Mkx enhancer

Mohawk Homeobox (Mkx) is a transcription factor known to play a role in the
development and maintenance of tendons and ligaments, where it promotes
the expression of key extracellular matrix components while repressing chon-
drogenic and myogenic cell fates. It has primarily been studied in the mouse
model, with far less being known about its function in zebrafish. Simulta-
neously, how the expression of the Mkx gene is specified by cis-regulatory
elements to the tendons and ligaments has yet to be explored in any jawed
vertebrate species, so we aimed to identify such proximal enhancers.

As in Paper III, we used a pipeline consisting of mVISTA, MEME, and Tom-
tom to identify conserved non-coding sequences proximal to the Mkx gene,
including one that was conserved in all examined jawed vertebrates that we
named Mkx(E1). Its sequence was conserved enough to identify with re-
ciprocal mVISTA alignments, but upon closer inspection using MEME and
Tomtom, it became clear that there were distinct clade-specific regions of mo-
tif conservation that corresponded to different predicted transcription factor-
binding sites.

We generated transgenic reporter lines expressing the fluorescent protein
mCherry under the control of species-specific Mkx(E1) sequences which re-
sulted in detectable reporter activity in four out of the eight tested species.
Human, mouse, chicken, and coelacanth Mkx(E1) sequences failed to drive
reporter activity in FO zebrafish, while the frog, zebrafish, gar, and elephant
shark sequences did and were raised to produce stable lines for detailed de-
scriptions of activity from larvae to juvenile stages of development. The ze-
brafish and gar Mkx(E1) lines displayed reporter activity in a subset of the
craniofacial tendons and ligaments, in addition to the ligaments of the Webe-
rian apparatus described in Paper II.
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Interestingly, the frog and elephant shark Mkx(E1) sequences did not drive re-
porter activity in the same tendons and ligaments, instead being strongly active
in the craniofacial muscles and cartilage, respectively. This is likely the result
of sequence divergence leading to the aforementioned differing complement
of transcription factor-binding sites between species. However, the extent to
which these activity patterns in the zebrafish reflect those in the "native envi-
ronment" of the enhancer sequences in their host species tissues is unknown
and could also be the result of developmental system drift.
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Future directions

My studies have reinforced the fact that Nkx3.2 has a clear role in the devel-
opment of the primary jaw joint, but many of the specifics of this role are still
open to investigation. When the gene is knocked out or knocked down in early
zebrafish development, the jaw joint fails to form, but it would be interesting
to use inducible knockout or knockdown methods to determine more precisely
when the window of joint induction and differentiation takes place. We iden-
tified JRS1 as an important regulator of Nkx3.2 in the jaw joint, but there are
evidently other enhancers present that additionally contribute to its expression
in the jaw joint as well as other tissues. The relatively proximal nature of JRS1
makes it in a sense low-hanging fruit, so future efforts to search for additional,
more distal Nkx3.2 enhancers will likely need to employ more advanced meth-
ods to capture histone modification and chromatin conformation signatures of
cis-regulation. That being said, the Nkx3.2 promoter is also likely to contain
a rich landscape of regulatory motifs so is also a promising and accessible
candidate for future study.

Homozygous knockout of the nkx3.2 gene led to complete jaw joint fusion
in zebrafish, while homozygous deletion of JRS1 led to milder joint defor-
mations. In both cases, no phenotypes were observed in heterozygous mu-
tants. Previous studies investigating overlapping and apparently redundant en-
hancer functions have found that in "sensitised" backgrounds where one copy
of the gene is absent, the deletion of otherwise redundant enhancers results in
stronger phenotypes. Therefore, I would expect that in a heterozygous nkx3.2
gene mutant background, the deletion of JRS1 would cause a more severe jaw
joint fusion phenotype as a result of a decreased gene dosage. Due to the ex-
tremely close proximity of the gene and JRS1 in essentially the same locus,
such double mutants can’t be produced by crossing but could be relatively
easily generated as crispants.

From the transgenic reporter assays in zebrafish, we inferred that mammalian
JRS1 sequences had conserved activity with other gnathostomes, but the rad-
ically different structure of the mammalian middle ear raises the question of
to what extent the regulatory landscape of Nkx3.2 may have evolved in this
group. If JRS1 has conserved activity, does that mean it is still redundant with
other enhancers, and its deletion would cause a similar mild phenotype in the
homologous structures to that observed in zebrafish? It seems well worth ex-
ploring the activity of JRS1 in mice using Gal4 reporter assays and deletion
mutants.
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There is also a clear need for comprehensive investigations into the expres-
sion, function, and regulation of nkx3.2 in jawless fishes. Derived as they may
be, lampreys and hagfish are the closest we can get to understanding the de-
velopment of the ancestral pharyngeal skeleton so we can better understand
the series of genetic changes that led to the evolution of the gnathostome jaw.

The unexpectedly dramatic pectoral fin segmentation phenotype in gdf5> mu-
tant zebrafish makes it an attractive candidate for further study. Normal en-
doskeletal disc segmentation itself has barely been studied, Dewit et al. (2011)
is essentially the only paper investigating the process in some detail, but noth-
ing is known about its development at the genetic level. Studying this seg-
mentation in wild-type fish will help reveal how Gdf5 fits into the process,
but equally, the role of Gdf5 can serve as a staging ground for investigations.
First, the detailed expression pattern of gdf5 in the pectoral fin should be de-
scribed throughout development, and comparative transcriptomic analysis of
wild-type and mutant fins will reveal further gene candidates to be explored.

Although we anticipated a jaw joint phenotype in gdf5 mutant zebrafish, we
failed to identify any such defects in the bone or cartilage. As Gdf5-positive
cells are known to contribute to the surrounding joint tissues like ligaments and
synovial membranes, it would be interesting to search for phenotypes in these
tissues in the future. We raised the possibility of genetic compensation by a
paralogous gene, gdf6a, so analysing double gdf5/gdf6a mutants may uncover
joint phenotypes similar to those found in the homologous mouse middle ear
structures and appendicular skeleton (Settle et al., 2003).

Much remains to be understood about developmental patterning of tendons
and ligaments in zebrafish, especially in post-larval stages. This includes
a comprehensive description of the expression of mkx and subsequent com-
parison with the activity of our newly discovered enhancer. To understand
the divergent activity patterns of Mkx(El), the native gene expression in
different species should be characterised, in addition to investigating how
the transcription-factor binding motifs present in the sequences of different
species contribute to their reporter activity.

We demonstrated the potential of DICE-PPC-SRuCT for carefully analysing
skeletal and soft tissue phenotypes in zebrafish, and it could certainly be ap-
plied to further analyse gdf5 or even mkx mutants in the future. It has a clear
potential for many other studies of a range of different tissues, especially those
at the interface of bones and connective tissues. This could include examina-
tions of a range of scoliosis mutant phenotypes to determine how trunk mus-
culature adapts, or in determining how malformed muscles and connective
tissues could be driving skeletal phenotypes. Propagation phase-contrast fCT
technology is becoming more accessible at laboratory facilities far smaller
than synchrotron light sources (Migga et al., 2022), and will provide greater
opportunities to apply this imaging methodology in future.
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Popular science summary

In the realm of the animal kingdom, vertebrates form a distinct group charac-
terised by their possession of solid skeletons, primarily composed of bone or
cartilage. This includes most of the animals we are familiar with: fish, birds,
reptiles, and mammals. These skeletons serve several purposes, the most obvi-
ous of which are providing structural support and safeguarding internal organs.
Complementing these skeletal structures are a range of soft tissues, including
muscles and connective tissues like tendons and ligaments. Tendons connect
muscles to the skeleton, while ligaments connect skeletal elements like bones
together. All these tissues are formed during embryological development, and
orchestrating the complex processes underlying this development are hundreds
of protein-coding genes. Some proteins like collagen are part of the building
blocks of these tissues directly, but many more proteins act as regulators in
complex networks of interactions that determine when and where these struc-
tural proteins get expressed in order to correctly shape the skeleton and its
associated tissues.

Throughout the course of evolution, vertebrates have developed a diverse array
of skeletal structures tailored to different functions, like the difference between
fish fins and human limbs, or the cartilaginous skeletons of sharks and skates.
Varying modes of skeletal development have resulted in morphological differ-
ences that allow vertebrates to adapt to their environments and lifestyles. By
examining the genetics and developmental patterns in present-day vertebrates
within an evolutionary context, we can learn about the mechanisms underly-
ing the morphological evolution of vertebrate skeletons. In cases where other
species build their skeleton in similar ways to humans, we can also gain in-
sights into the causes and potential remedies of rare congenital skeletal dis-
eases and more common conditions like osteoarthritis.

Central to these investigations are model organisms like the zebrafish (Danio
rerio). Zebrafish are a powerful model for studying the development of the
skeleton because they are small, develop rapidly from embryos to adults in
just two months, are transparent as embryos and young larvae allowing us
to see the skeleton through the skin, and have a range of tools available for
manipulating their genome. In this thesis, I used zebrafish to study three dif-
ferent genes called NK-3 Homeobox 2 (nkx3.2), Growth and Differentiation
Factor 5 (gdf5), and Mohawk Homeobox (mkx), all of which produce proteins
regulating different aspects of musculoskeletal development.
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In the first study, we used CRISPR/Cas9 genome editing technology to mu-
tate ("knockout") the nkx3.2 in the zebrafish genome and examined how the
skeleton developed in its absence using chemical stains and X-ray scanning.
We found that it caused the joint in the lower jaw to fuse in early develop-
ment, leading the fish to have a permanently open mouth. We also found
striking defects in the development of the cartilage and bones at the back of
the skull and in the specialised neck vertebrae called the Weberian apparatus.
Small bones called parapophyses that attach the ribs to the spine normally de-
velop from small ball-shaped cartilages, but these were completely missing
in the mutants, leading to the ribs fusing directly onto the spine. Some of
these malformations are comparable to defects seen in mouse mutants and a
human genetic condition called spondylo-megaepiphyseal-metaphyseal dys-
plasia, suggesting that this gene is playing a similar role in all three species
meaning that zebrafish could be a useful model for further studies trying to
better understand the disease.

In the second study, we wanted to look in more detail at the effects the de-
formed skeleton of the nkx3.2 mutant zebrafish had on the surrounding soft
tissues. For example, do the muscles develop normally even when they are
attached to misshapen bones? Traditionally, the best way to look in detail
at soft tissues is to cut extremely thin two-dimensional sections through the
fish and look at these slices of tissue through a microscope. However, this
makes it impossible to see the bigger picture of the complex three-dimensional
(3D) organisation of tissues, like trying to visualise the internal 3D structure
of a skyscraper only from top-down blueprints of a handful of floors. X-ray
computed tomography (CT) scanning provides information in 3D by taking
hundreds or thousands of X-ray photos from all different angles around 360
degrees of rotation and then using this information to calculate the 3D shape of
the object being scanned. We used a high-resolution and high-contrast version
of this technique at the European Synchrotron Radiation Facility in Grenoble,
France to scan mutant zebrafish in extreme detail, down to the cellular level.

This revealed that the muscles attaching to the deformed lower jaw were in-
deed deformed in several ways themselves and that several ligaments that
normally connect bones in the Weberian apparatus were missing when these
bones were deformed or missing themselves. This latter defect, combined with
the absence of an important fluid-filled sac that extends out of the skull called
the sinus perilymphaticus, led us to the conclusion that the function of the
Weberian apparatus, to transmit sound from the fish’s swim bladder into the
sensory structures of the ear, was damaged beyond repair. These results also
serve as an important proof-of-principle for the potential of this synchrotron
scanning technique to be used in many future studies to understand the devel-
opment of other complex soft tissues in 3D.
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In the third study, we wanted to better understand how the expression of the
nkx3.2 gene was controlled, in particular how it was specified to be expressed
in the developing jaw joint. This type of control is managed by short DNA
sequences called enhancers that are often found nearby to the DNA sequence
of the gene itself. Proteins expressed in the target tissue bind to this enhancer
DNA and cause the DNA to bend around until this enhancer/protein complex
can physically interact with the start of the gene sequence and cause it to be
transcribed into RNA, later being translated into a functional protein. There
are a number of ways to identify these enhancer sequences, but we chose one
of the simplest: we compared DNA sequences close to the nkx3.2 gene from
a large number of different species, and looked for sequences that were sim-
ilar - conserved - in all of them. This is because functional sequences are
preserved by natural selection during evolution, so tend to be more similar
between species than non-functional sequences that accumulate random mu-
tational differences over time.

We identified one such enhancer sequence and named it JRS1. Critically, the
enhancer was conserved in all vertebrates with jaws (with the exception of a
single group of fish that must have secondarily lost it), and absent from their
closest jawless relatives, the lamprey and hagfish. This suggested that this
enhancer evolved in the common ancestor of all jawed vertebrates, and could
even be part of the reason that articulating jaws (which require a joint) were
able to evolve in the first place. Sure enough, when we tested the function
of this enhancer in zebrafish, we found that it specifically caused nkx3.2 to
be expressed in the early developing jaw joint, and the same was true for the
sequences from other species including humans and sharks. However, when
completely deleting JRS1 from the zebrafish genome the expression of nkx3.2
in the jaw joint wasn’t completely abolished, suggesting that there are other
enhancer sequences elsewhere in the genome that have yet to be found.

In the fourth study, we turned to a different gene, gdf5, which is known to
be controlled by nkx3.2 in some tissues, and used the same set of techniques
as the first study to look at defects in the development of the skeleton when
we knocked out the gene. We were expecting to find some defects to the jaw
joint similar to the nkx3.2 mutants, but in fact, it seemed to develop normally.
Instead, we were able to describe some striking deformations to the fin skele-
ton. Some of the bones of fish fins are equivalent to some of the limb bones of
mammals, and the gdf5 mutant zebrafish showed severe shortening of several
of the cartilages and bones in a similar way to what is seen in mouse mutants
and human chondrodysplasia diseases associated with the same gene. Once
again, it seems like this gene has a conserved function in a wide diversity of
species. However, there was a more unique mutant defect in the zebrafish pec-
toral fin - missing cartilage and bones seemingly as a result of a process of
cartilage division going into overdrive. How most fish pectoral fins develop is
known to be quite different from how our mammalian limbs develop, but many
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of the details have yet to be studied, so the role of gdf5 will be an interesting
piece of this puzzle to be explored more in the future.

Finally, in the fifth study, we wanted to learn more about the development of
tendons and ligaments by understanding how the mkx gene is regulated. This
is a gene known as an important factor in the embryological development and
adult maintenance of tendons and ligaments, but its expression and regulation
in zebrafish and other species is poorly understood. Employing the same set of
techniques as in the third study, we identified an enhancer of the mkx gene that
was conserved in all jawed vertebrate species. When it came to functionally
testing this enhancer to see where it drives mkx gene expression, we found
quite different results to study three. Rather than enhancer sequences from
different species all driving expression in the same locations, we found that
they tended to show quite different activity patterns, ranging from tendons
and ligaments to cartilage and muscles. This is because while the sequence
is conserved, it’s not perfectly conserved, and small species-specific sequence
differences in the enhancer are driving the different activity patterns. One
thing that remains unclear is whether this would translate to different gene
expression patterns in the different species in question, and that will require
future studies to answer definitively.

Through these five studies, this thesis serves to improve our understanding of
the function and regulation of three important genes in musculoskeletal devel-
opment from the molecular to the anatomical level and demonstrates powerful
new techniques that can be applied by other researchers to answer many more
outstanding questions in the field.
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Populirvetenskaplig sammanfattning

I djurriket utgor ryggradsdjuren en sérskild grupp som kinnetecknas av att
de har ett solitt skelett, som huvudsakligen bestar av ben eller brosk. De
inkluderar de flesta av de djur vi 4r bekanta med: fiskar, faglar, reptiler och
didggdjur. Deras skelett tjdnar flera syften, varav de mest uppenbara &r att ge
strukturellt stod och skydda inre organ. Skelettens strukturer kompletteras av
en rad mjukvivnader, inklusive muskler och bindvdv som senor och ligament.
Senor forbinder musklerna med skelettet, medan ligament forbinder skelettele-
ment, som ben, med varandra. Alla dessa védvnader bildas under den embry-
ologiska utvecklingen, och hundratals proteinkodande gener styr de komplexa
processer som ligger till grund fér denna utveckling. Vissa proteiner som kol-
lagen ingéar direkt i byggstenarna i dessa vivnader, men manga fler proteiner
fungerar som regulatorer i komplexa nétverk av interaktioner som avgor nir
och var dessa strukturproteiner uttrycks for att korrekt forma skelettet och dess
associerade vivnader.

Under evolutionens gang har ryggradsdjuren utvecklat en mingd olika
skelettstrukturer som skrdddarsytts for olika funktioner, exempelvis skillnaden
mellan fiskfenor och ménskliga lemmar, eller broskskeletten hos hajar och
rockor. Olika sitt att utveckla skelettet har resulterat i morfologiska skill-
nader som gor att ryggradsdjuren kan anpassa sig till sina miljoer och livssti-
lar. Genom att undersoka genetiken och utvecklingsmonstren hos dagens ryg-
gradsdjur i ett evolutiondrt sammanhang, kan vi ldra oss mer om de mekanis-
mer som ligger bakom den morfologiska utvecklingen av ryggradsdjurens
skelett. T de fall dir andra arter bygger upp sitt skelett pa liknande sitt som
ménniskan kan vi ocksa fa insikter om orsakerna till och potentiella 16sningar
pa séllsynta medfodda skelettsjukdomar och vanligare tillstind som artros.

Modellorganismer som zebrafisken (Danio rerio) ir centrala for dessa under-
sokningar. Zebrafiskar dr en kraftfull modell for att studera skelettets utveck-
ling eftersom de 4dr sma, utvecklas snabbt fran embryon till vuxna pa bara tva
manader, dr transparenta som embryon och unga larver s att vi kan se skelettet
genom huden, samt att det finns en rad verktyg tillgéngliga for att manipulera
deras genom. I den hir avhandlingen anviinde jag zebrafisk for att studera tre
olika gener, NK-3 Homeobox 2 (nkx3.2), Growth and Differentiation Factor
5 (gdf5) och Mohawk Homeobox (mkx), som alla producerar proteiner som
reglerar olika aspekter av muskuloskeletal utveckling.

I den forsta studien anvinde vi CRISPR/Cas9-genomredigeringsteknik for att
mutera ("knocka") nkx3.2 i zebrafiskens genom och undersokte hur skelettet
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utvecklades i dess franvaro med hjilp av kemiska fargdmnen och rontgenskan-
ning. Vi fann att mutationen ledde till att leden i underkiken sméilte samman
under den tidiga utvecklingen, vilket ledde till att fisken fick en permanent
Oppen mun. Vi fann ocksa slaende defekter i utvecklingen av brosk och ben i
bakénden av skallen och i de specialiserade halskotor som kallas den weberska
apparaten. Sma ben som kallas parapofyser och som fister revbenen vid ryg-
graden utvecklas normalt fran sma kulformade brosk, men dessa saknades helt
hos mutanterna, vilket ledde till att revbenen sméilte samman direkt med ryg-
graden. Vissa av dessa missbildningar &r jimforbara med de defekter som ses
hos musmutanter och ett ménskligt genetiskt tillstind som kallas spondylo-
megaepifyseal-metafyseal dysplasi, vilket tyder pa att denna gen spelar en
liknande roll i alla tre arterna, nagot som innebér att zebrafisk skulle kunna
vara en anviandbar modell for ytterligare studier som syftar till att béttre forsta
sjukdomen.

I den andra studien ville vi titta ndrmare pa vilka effekter det deformer-
ade skelettet hos den nkx3.2-muterade zebrafisken hade pa de omgivande
mjukvidvnaderna. Utvecklas till exempel musklerna normalt dven nér de dr
fiasta vid missbildade ben? Traditionellt sett dr det bésta séttet att titta nér-
mare pa mjukvdvnader att skdra extremt tunna tvadimensionella snitt genom
fisken och titta pa dessa vivnadsskivor genom ett mikroskop. Detta gor det
dock omgyjligt att se helheten i vdvnadernas komplexa tredimensionella (3D)
organisation, vilket dr som att forsoka visualisera den inre 3D-strukturen i en
skyskrapa endast utifran ritningar av en handfull vaningar. Rontgentomografi
(CT) ger information i 3D genom att ta hundratals eller tusentals rontgenbilder
fran alla olika vinklar runt 360 graders rotation och sedan anvinda denna infor-
mation for att berikna 3D-formen pa det objekt som skannas. Vi anvinde en
hogupplost och kontrastrik version av denna teknik vid European Synchrotron
Radiation Facility i Grenoble, Frankrike, for att skanna mutanta zebrafiskar i
extrem detalj, ner till cellniva.

Det visade sig att de muskler som fists vid den deformerade underkiken sjidlva
var deformerade pa flera sétt och att flera ligament som normalt forbinder be-
nen i den weberska apparaten saknades nér dessa ben sjidlva var deformerade
eller saknades. Den senare defekten, 1 kombination med avsaknaden av en
viktig vitskefylld sick som stricker sig ut fran skallen och kallas sinus peri-
lymphaticus, ledde oss till slutsatsen att den weberska apparatens funktion, att
overfora ljud fran fiskens simblasa till 6rats sensoriska strukturer, var skadad
bortom all riddning. Dessa resultat fungerar ocksa som ett viktigt principbe-
vis for att denna synkrotronskanningsteknik kan anvindas i méanga framtida
studier for att forsta utvecklingen av andra komplexa mjukvivnader i 3D.

I den tredje studien ville vi bittre forsta hur uttrycket av nkx3.2-genen kon-
trollerades, i synnerhet hur den specificerades for att uttryckas under kikle-
dens utveckling. Denna typ av kontroll hanteras av korta DNA-sekvenser som
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kallas forstirkare och som ofta finns i ndrheten av DNA-sekvensen for sjidlva
genen. Proteiner som uttrycks i malvidvnaden binder till detta forstiarkar-DNA
och far DNA att bojas runt tills detta forstirkar/proteinkomplex fysiskt kan
interagera med borjan av gensekvensen och fa den att transkriberas till RNA,
som senare Oversitts till ett funktionellt protein. Det finns ett antal sétt att
identifiera dessa forstirkarsekvenser, men vi valde ett av de enklaste: vi jim-
forde DNA-sekvenser nira nkx3.2-genen fran ett stort antal olika arter och
letade efter sekvenser som var liknande - konserverade - i dem alla. Detta
beror pa att funktionella sekvenser bevaras genom naturligt urval under evolu-
tionen och dérfor tenderar att vara mer lika mellan arter 4n icke-funktionella
sekvenser som ackumulerar slumpmaéssiga mutationsskillnader over tid.

Vi identifierade en sadan forstirkarsekvens och gav den namnet JRSI.
Avgorande var att forstidrkaren var bevarad hos alla ryggradsdjur med kékar
(med undantag for en enda grupp fiskar som maste ha forlorat den sekundirt),
men saknades hos deras nidrmaste kdklosa sldktingar, nejondgon och piralar.
Detta tyder pa att denna forstiarkare utvecklades i den gemensamma forfadern
till alla ryggradsdjur med kikar, och att den till och med kan vara en del av
orsaken till att artikulerande kékar (som kriver en led) kunde utvecklas 6ver
huvud taget. Nér vi testade funktionen hos denna forstarkare i zebrafiskar fann
vi att den specifikt orsakade att nkx3.2 uttrycktes i kikledens tidiga utveckling,
och detsamma géllde for sekvenserna fran andra arter, inklusive méanniskor
och hajar. Nir JRSI raderades helt fran zebrafiskens genom forsvann dock
inte uttrycket av nkx3.2 i kikleden helt, vilket tyder pa att det finns andra
forstirkarsekvenser nagon annanstans i genomet som @nnu inte har hittats.

I den fjarde studien vinde vi oss till en annan gen, gdf5, som ar kiand for
att kontrolleras av nkx3.2 i vissa vdvnader, och anvinde samma uppsittning
tekniker som i den forsta studien for att titta pa defekter i skelettets utveck-
ling nir vi slog ut genen. Vi forvintade oss att hitta nagra defekter i kiikleden
liknande de hos nkx3.2-mutanterna, men i sjdlva verket verkade den utvecklas
normalt. Istédllet kunde vi beskriva nagra sldende deformationer i fenskelettet.
Vissa av benen i fiskarnas fenor motsvarar vissa av benen 1 ddggdjurens lem-
mar, och den gdf5-muterade zebrafisken uppvisade en kraftig férkortning av
flera av brosken och benen pa ett liknande sétt som det som ses hos musmu-
tanter och minskliga kondrodysplasisjukdomar som associeras med samma
gen. Aterigen verkar det som om denna gen har en bevarad funktion i en stor
mingd olika arter. Det fanns dock en mer unik mutantdefekt i brostfenan hos
zebrafiskar - brosk och ben saknades, till synes som ett resultat av en process
dir broskdelningen gatt pa hogvarv. Det &r ként att de flesta fiskars brostfenor
utvecklas pé ett helt annat sitt #n vara diggdjurslemmar, men manga av de-
taljerna har dnnu inte studerats, sa gdf5:s roll kommer att vara en intressant
pusselbit att utforska mer i framtiden.
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Slutligen, i den femte studien ville vi ldra oss mer om utvecklingen av senor
och ligament genom att forsta hur mkx-genen regleras. Denna gen dr kidnd som
en viktig faktor i den embryologiska utvecklingen och underhéllet av senor
och ligament hos vuxna, men dess uttryck och reglering i zebrafisk och andra
arter ar daligt kianda. Genom att anvdnda samma uppsittning tekniker som
1 den tredje studien identifierade vi en forstirkare av mkx-genen som var be-
varad 1 alla arter kiikforsedda ryggradsdjur. Nir det gillde att funktionstesta
denna forstirkare for att se var den driver mkx-genens uttryck fann vi helt an-
dra resultat &n i studie tre. I stillet for att forstarkarsekvenser fran olika arter
alla driver uttrycket pa samma platser, fann vi att de tenderade att visa gan-
ska olika aktivitetsmonster, allt fran senor och ligament till brosk och muskler.
Detta beror pa att sekvensen visserligen &r bevarad, men inte perfekt bevarad,
och att sma artspecifika sekvensskillnader i forstirkaren driver de olika ak-
tivitetsmonstren. En sak som fortfarande dr oklar 4r om detta skulle leda till
olika genuttrycksmonster hos de olika arterna i fraga, och det kommer att kri-
vas framtida studier for att ge ett definitivt svar pa detta.

Genom dessa fem studier bidrar denna avhandling till att forbittra var
forstaelse av funktionen och regleringen av tre viktiga gener i muskuloskele-
tal utveckling fran molekylar till anatomisk niva, och demonstrerar kraftfulla
nya tekniker som kan tillimpas av andra forskare for att besvara manga fler
kvarstaende fragor inom omradet.
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