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ABSTRACT OF THE DISSERTATION

Pthiha and mechanical force control spatial-temporal aspects of hypertrophic cartilage
development in the zebrafish craniofacial skeleton

By
Diego Jose Hoyle
Doctor of Philosophy in Biological Sciences,
with a concentration in Developmental and Cell Biology
University of California, Irvine, 2019

Professor Thomas F. Schilling, Chair

Tissue patterning in any developmental system requires well-coordinated
signaling events that result in the formation of distinct cell types in the appropriate
locations. While many of these signaling mechanisms are known, how they are initially
established during development is less understood. Endochondral ossification involves
cartilage replacement by bone in sites within the cartilage where chondrocytes become
hypertrophic. In long bones, this occurs first in the mid-region of the cartilage, then on
the distal ends. This process results in the formation of growth plates (GP), segments of
cartilage in between these ossification zones that drive bone elongation via a
combination of chondrocyte proliferation and endochondral ossification of GP cartilage.
Two signals, Indian Hedgehog (lhh), which promotes the process of ossification by
inducing hypertrophic differentiation of chondrocytes near the mid-region ossification
zone, and Parathyroid Hormone-Like Hormone (Pthlh), which represses hypertrophic

differentiation of chondrocytes via a gradient that originates near the distal ossification



zones, control the rate and direction of bone growth. In addition to these, mechanical
force plays important roles in tissue maintenance, as illustrated by the effects that zero
gravity has on the bones and muscles of astronauts in orbit at the International Space
Station. While Ihh is essential for the formation of hypertrophic zones (HZ) in embryonic
cartilages, it is not expressed at the initial stages of HZ formation, suggesting that
alternative signaling components are needed to begin the ossification process.
Similarly, whether or not Pthih plays a role in initial patterning of HZs and ossification
remains unclear. In my thesis, | study the role of Pthlh signaling in the early patterning
of HZs and explore the role of mechanical force in the process of endochondral

ossification using the zebrafish jaw cartilages as a model.

Using a transgenic reporter line for the entpd5a gene, | show that HZs develop
earlier than previously reported in zebrafish cartilages. Using this result as a base, | look
at the expression pattern of pthlha and find expression domains of pthlha that inversely
correlate with HZ patterns. Knockout of pthliha leads to an expanded HZ and increased
ossification rates, results congruent with the known role of Pthlh in GPs. Mosaic
misexpression of pthlha in chondrocytes results in disruption of HZs and bone formation
as a function of the number and proximity of pthlha-expressing cells to the site of bone
formation. In addition, mosaic misexpression of pthlha in chondrocytes leads to the
mispatterning of the HZ such that it forms ectopically. These results suggest that Pthih
signaling is necessary and sufficient to pattern the initial HZs in embryonic cartilages
and suggest that Pthlh signaling also helps establish the Ihh/Pthlh negative feedback
loop that regulates GP homeostasis. In addition to these findings, | show that

mechanical force is specifically required for chondrocyte hypertrophic differentiation in



developing HZs and for chondrocyte proliferation in zones of the cartilage that do not
initially become hypertrophic. This result suggests that an additional signal may
modulate the effects of mechanical force on chondrocytes, and we speculate that this
signal is Pthih. Therefore, this work establishes Pthlh as the early patterning signal of
endochondral ossification and reveals a role for mechanical force in initiating the

process.
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CHAPTER |

Introduction

Overview

A fundamental question in developmental biology is how cell identities are
defined depending on their position within organs and tissues. Previous studies suggest
that this often involves combinations of secreted signals, such as two graded signals
that are differentially expressed across the patterning axis forming integrated negative
feedback loops (Bastida et al., 2009; Nakamura et al., 2006). This is likely a recurrent
theme in development. The activating signal promotes its own expression and that of
the inhibitory signal. In turn, the inhibitory signal represses the activator signal
expression as a function of proximity to the source of the inhibitory signal. This interplay
results in gradients of signaling activity that define stable cellular identities along body
axes. This type of patterning, known as the Turing Pattern, was proposed by Alan
Turing as part of his Reaction-Diffusion (RD) model in 1953, which sought to explain
how systems can generate various patterns autonomously (Turing, 1990). Since then,
the RD model has become one of the standard models to represent interactions
between morphogens (graded signals that specify multiple cell fates in a concentration-
dependent manner). However, how these signaling feedback loops are initially

established is largely unknown in many cases.

Growth plates (GP), which drive long bone elongation, are maintained by similar

feedback mechanisms. Most bones initially form as cartilage that is replaced by bone in



specific locations as development proceeds. In long bones, ossification first occurs in
the mid-region, then on the distal ends. The cartilage remaining in between forms the
GP, which produces more cartilage via cell proliferation in the direction of the central
ossification zone, which continues to be replaced by bone throughout the life of the
organism. This directional bone growth is maintained by a negative feedback loop
formed by Indian Hedgehog (Ihh) and Parathyroid Hormone-Like Hormone (Pthih)
(Vortkamp et al., 1996). Ihh, the activator of hypertrophic differentiation, induces its own
expression and that of Pthlh. In turn, Pthlh cannot induce its own expression but
represses lhh. The interplay between these two signals maintains GPs. Despite
extensive research on this signaling network in the established GP, how these signaling
centers are initially established and why cartilages begin ossifying where they do are

still unanswered questions.

Understanding feedback mechanisms in signaling networks in GPs can lead to
treatments for human diseases. While Ihh promotes chondrocyte proliferation in GPs,
Fibroblast Growth Factor (Fgf) signaling represses chondrocyte proliferation to balance
the effects of Ihh (Hinoi et al., 2006; Ohbayashi et al., 2002). Diseases that disrupt this
balance can lead to defective GP function, thereby impairing bone growth.
Achondroplasia, an autosomal dominant disease that produces short stature and short
limbs, is one such diseases caused by mutations in Fgf Receptor 3 (Fgfr3) that stabilize
its binding to Fgfl18, leading to decreased chondrocyte proliferation (Monsonego-Ornan
et al., 2000; Rousseau et al., 1994). Therefore, potential treatments for this disease
would need to disrupt the interaction between Fgf18 and Fgfr3, which would allow

chondrocytes to proliferate normally. Following this reasoning, ongoing efforts to



develop a treatment to this disease via use of a soluble Fgfr3 recombinant protein to act
as a decoy for Fgf18 illustrate how basic understanding of the processes controlling
bone elongation has the potential to improve the lives of people living with these

diseases (Garcia et al., 2013).

In my thesis, | use development of the zebrafish jaw to study how cartilage
ossification patterns and their feedback mechanisms are initially established. The
ceratohyal (ch), which supports the jaw, is a rod-like cartilage that begins ossifying in its
mid-region, develops secondary ossification zones at its distal ends, and eventually
forms growth zones in between, much like GPs of long bones. However, the ch cartilage
contains several orders of magnitude fewer cells than a mammalian long bone, making
it an ideal model to manipulate the feedback mechanisms controlling GPs. Hence, | use
the ch cartilage for most of my studies. In Chapter Il, | show evidence that Pthlh
determines where cartilages initially ossify and suggest that Pthlh also establishes the
direction of the feedback mechanisms in GPs. In Chapter 1ll, | show that mechanical
force is required for the onset of cartilage ossification. In chapter IV, | show preliminary
data on the initial formation of the perichondrium, a thin cell layer that insulates and
provides important regulatory cues to cartilages, and | identify Cellular Retinoic Acid
Binding Protein 2B (crabp2b) as an early perichondrial marker. Finally, in Chapter V, |
describe preliminary attempts using 2-photon laser ablation to test mechanisms of

propagation of cartilage polarity, a process that is critical for cartilage morphogenesis.



Morphogen Gradient versus Reaction-Diffusion Models in Pattern Formation

One of the most fundamental questions in developmental biology is how cells acquire
distinct fates depending on their location. In 1924, Spemann and Mangold found that
the dorsal edge of a gastrulating amphibian embryo, also known as the Spemann
Organizer, induced dorsal fates and formed a new embryonic axis if transplanted to the
ventral side of a host embryo (Spemann and Mangold, 1924; Wolpert et al., 2006).
Hence, a small group of cells determines the fates of others throughout the early
embryo, prompting the question of how this small group of cells could transmit this
information to others. Through various other sets of experiments, a consensus model
for morphogen gradients was established. The key premises of this model are diffusion
of a signal, which forms a gradient, and which induces different cell fates at different
thresholds (Figure 1.1A). First, a localized group of cells secretes a signal that diffuses
through tissues creating a concentration gradient such that cells closer to the source
have more exposure to the signal than cells that are farther away. Neighboring cells
receiving the signal have threshold sensitivities to this signal such that different cell
fates are acquired as a function of local signal concentration (Wolpert, 1969; Wolpert et
al., 2006). Therefore, according to this model, a morphogen was secreted from the

Spemann Organizer that determined dorsal to ventral cell fates.

However, the Morphogen Gradient model fails to explain how systems self-
regulate. Since the formation of a signal gradient through diffusion is a critical
component of the model, this would suggest that the range and shape of the signal
gradient are critical parameters for tissue patterning. When a Spemann Organizer is

transplanted into the ventral side of an embryo, a prediction would be that two partially
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Figure 1.1: Morphogen Gradients versus Reaction Diffusion models. (A) Graphical
representation of the Morphogen Gradient Model. A morphogen is secreted from a
source on the left of the curve and diffuses to the right, generating a concentration
gradient that creates a gradient of signaling activity (represented by the red curve) that
induces different cell fates at different signaling thresholds. (B) A graphical
representation of a Turing Pattern from the Reaction Diffusion Model. An activator
signal is secreted to the left of the curve, creating a gradient of signaling activity (blue).
The activator signal induces its own expression and that of a Repressor (red). The
repressor functions to repress the activity of the activator and is more diffusible than the
activator, so the signaling activity of the repressor prevents signaling of the activator at
longer ranges. This results in the morphogenetic activity of the activator remaining
restricted to a certain range and introduces a feedback mechanism for the repressor to
modulate its own activity range. SA=signaling activity, d=distance, A=activator,
R=repressor.



overlapping gradients, one from the dorsal side, and one from the ventral side (ectopic)
would form, yet ventral fates are still specified in embryos with an ectopic Spemann
Organizer. Therefore, a pertinent question would be whether the introduction of an
ectopic Spemann Organizer somehow redefines the range and shape of the
endogenous gradient, which would suggest the presence of a feedback mechanism.
The current model for gastrula dorsal-ventral patterning proposes two signaling centers
that interact with each other (De Robertis, 2006; De Robertis and Kuroda, 2004). Bone
Morphogenetic Protein 4 (BMP4) is secreted from the ventral side of the gastrula and
induces ventral fates (Gawantka et al., 1995; Joly et al., 1993; Kawahara et al., 2000),
while Chordin and Noggin, which antagonize BMP ligands and prevent them from
binding to their receptors, are secreted from the Spemann Organizer (Piccolo et al.,
1996; Zimmerman et al., 1996). Although the feedback mechanisms between these
signaling centers are not completely understood, BMP signaling promotes ventral
expression of Sizzled, an inhibitor of Tolloid-related proteases that degrade Chordin
(Bijakowski et al., 2012; Lee et al., 2006; Ploper et al., 2011). Depletion of Sizzled leads
to BMP signaling upregulation and ventralization of the embryo (Collavin and Kirschner,
2003). Therefore, the ventral signaling center can modulate the shape and range of the

Chordin gradient generated by the Spemann Organizer.

Such an example illustrates the need to include feedback into models of
morphogenetic events. The RD model has been very useful in understanding various
morphogenetic events in embryogenesis. As previously mentioned, the RD model was
formulated by Alan Turing to explain how a pair of diffusible molecules interact and

produce steady states. The Turing Pattern is one of these steady states and is



represented as a non-linear wave in which wavelength is determined by interactions
between the two hypothetical molecules and their diffusion rates (Turing, 1990). Gierer
and Meinhardt postulated that RD systems required a short-range activator signal that
induces both itself and a long-range signal that represses the activator (Gierer and
Meinhardt, 1972), essentially forming a negative feedback loop between two diffusible

signals (Figure 1.1B).

The feedback mechanism between Nodal and Lefty in left-right (LR) asymmetry
of the vertebrate body axis is a good example of RD. In this case, Nodal is the activator
signal for left identity, and Lefty acts as an inhibitory signal for Nodal. Apparently due to
ciliary motion in the embryo, Nodal accumulates on the left side of the embryo (Nonaka
et al., 1998). Nodal induces its own expression and that of Lefty (Nakamura et al., 2006;
Saijoh et al., 2000). Since Lefty is more diffusible than Nodal, despite both signals
originating on the left side, Lefty’s gradient has longer range, which ensures that Nodal
is unable to target the right side of the embryo (Muller et al., 2012; Nakamura et al.,
2006; Sakuma et al., 2002). In this example, Nodal, the activator signal, defines left side
identities and where Lefty is to be expressed. Hence, the activator signal source defines
the position and direction of the negative feedback loop. However, is this a requirement
in all negative feedback loops regardless of how well they fit the RD model? Despite
understanding how various negative feedback mechanisms such as BMP-Chordin or

Nodal-Lefty work throughout development, how they initially form is less understood.

The anterior-posterior patterning of limbs is another example of a patterning
system involving a signaling network that includes a negative feedback loop, the origin

of which is not well understood. In the limb, the Zone of Polarizing Activity (ZPA) is



responsible for this patterning, which forms in the ventral side of the limb bud and
expresses Shh (Riddle et al., 1993). Here, Shh induces its own expression and that of
BMP. In turn, BMP represses Shh expression (Bastida et al., 2009). This negative
feedback loop, which maintains the ZPA, does not fit the RD model. Despite this, how
this system is initially established is unknown. Just as in LR asymmetry, one possibility
is that Shh, the activator, is expressed first, which in turn induces BMP expression. In
this scenario, Shh determines the position and direction of the morphogenetic wave.
However, it is also possible that a BMP gradient initially forms such that BMP signaling
is low on the ventral side of the limb bud, allowing the ZPA to form. Next, the ZPA would
induce BMP expression and change the shape of the BMP gradient accordingly. In this
scenario, BMP, not Shh, determines the position and direction of the morphogenetic
wave. Could negative feedback loops form as described by the second scenario?
Would this also apply to RD models? For my thesis work, | have used endochondral
ossification patterning in the zebrafish jaw cartilage to test if the inhibitory signal in the
negative feedback loop operating in GPs can determine how the loop forms. This is in
contrast to LR asymmetry, for example, where the activator signal determines the

direction of the negative feedback loop.

Cartilage Differentiation

Before discussing how bones form from cartilages, we must first understand how
cartilages form. Cartilages start from mesenchymal progenitors that begin differentiating
into chondrocytes when they receive a BMP signaling pathway (Buckland et al., 1998;
Healy et al., 1999; Pizette and Niswander, 2000). This was inferred from the

observation that BMP4-coated beads strongly induced chondrogenesis in the 5-day



chick limb bud (Buckland et al., 1998). However, chondrogenesis occurs in two stages.
First, BMP signaling initiates the formation of mesenchymal precartilage condensations,
a process in which mesenchymal cells tightly pack and condense due to upregulation of
N-Cadherin (Oberlender and Tuan, 1994; Pizette and Niswander, 2000; Widelitz et al.,
1993). Monoclonal antibodies against N-Cadherin can inhibit condensation formation in
micromass cultures in a dose-dependent manner (Oberlender and Tuan, 1994). Next,
BMP signaling leads to activation of SRY-Box Transcription Factor 9 (Sox9), which is
necessary and sufficient to induce chondrocyte differentiation (Bi et al., 1999; Healy et
al., 1999). In addition to its role in sex determination (Kent et al., 1996; Morais da Silva
et al., 1996; Wagner et al., 1994), Sox9 is considered the “master regulator” of cartilage
differentiation because it is required cell autonomously in mesenchymal cells to
differentiate into chondrocytes (Bi et al., 1999), and because its misexpression is
sufficient to induce cartilage differentiation ectopically (Healy et al., 1999). This
requirement for Sox9 is conserved in all vertebrates in which it has been examined (Bi
et al., 1999; Foster et al., 1994; Healy et al., 1999; Wagner et al., 1994; Yan et al.,
2002). Thus, BMP signaling and Sox9 are two major factors that initiate and control

chondrocyte differentiation.

One of the consequences of Sox9 activation in differentiating chondrocytes is the
secretion of cartilage-specific extracellular matrix (ECM). One of the main components
of this ECM is Type-Il Collagen. Encoded by the Collagen Type Il Alpha 1 Chain
(Col2al) gene, Type-ll Collagen is only expressed in cartilage, and it is required for
normal differentiation and maintenance of chondrocytes (Barbieri et al., 2003; Zhao et

al., 1997). Mutations in the Col2al gene can lead to Achondrogenesis Type II,



Osteoarthritis, Achondroplasias, Chondrodysplasias, and dwarfism (Ala-Kokko et al.,
1990; Chan et al., 1995; Korkko et al., 2000; Vissing et al., 1989). Sox9 directly binds an
enhancer in the Col2al locus and activates its expression in chondrocytes (Bell et al.,
1997; Ng et al., 1997; Zhao et al., 1997). However, how does Sox9 activate Col2al
expression in chondrocytes and not in other tissues? It turns out that Sox9 alone is
insufficient to drive Col2al expression to the high levels detected in chondrocytes. Sox9
must first be phosphorylated by Cyclic AMP-Dependent Protein Kinase A (PKA) in two
of its residues in order for it to bind and activate the Col2al locus (Huang et al., 2001,
Huang et al., 2000). Pthih, which plays an important role in GP maintenance, is one of
the factors secreted by cartilage driving the phosphorylation of Sox9 via PKA (Huang et

al., 2001), which plays important roles in the maintenance of GPs.

Finally, recent reports suggest that mechanotransduction may play a role in
cartilage differentiation and GP maintenance. Mechanotransduction is a term that
encompasses multiple signaling pathways by which cells sense mechanical force. It
includes the release of Transforming Growth Factor 3 ligands from the extracellular
matrix (ECM) of tendons by muscle contraction to signal tenocytes to mature
(Subramanian et al., 2018), as well as mechanical load sensing in bones via Integrins
for osteocyte survival (Aguirre et al., 2006; Noble et al., 2003; Plotkin et al., 2005). In
cartilage, it was noticed that paralysis in chick led to smaller skeletal elements (Hall and
Herring, 1990). Closer examination of paralyzed chick embryos showed that mechanical
force via muscle contraction is required for chondrocyte proliferation (Germiller and
Goldstein, 1997). In addition, Sox9 and Col2al expression requires the activity of

Transient Receptor Potential Vanilloid 4 (Trpv4), which is a Ca*?/Na* channel that is

10



activated by both mechanical forces and hypotonic stress (Muramatsu et al., 2007;
Nilius et al., 2004; O'Conor et al., 2014). This implicates mechanical force in
chondrocyte differentiation. While other studies have suggested roles for mechanical
force in ossification and bone growth (Hosseini and Hogg, 1991; Hu and Albertson,
2017), it is unclear whether these are related to the effects of mechanical force on

cartilage differentiation or separate effects.

Cartilage Morphogenesis

The fact that Sox9 mutant cells are excluded from precartilage condensations in
chimeric mice suggests that Sox9 also plays some role in the movements of
differentiating chondrocytes (Bi et al., 1999). As it turns out, Sox9 also initiates the
process of cartilage morphogenesis, which consists of differentiating chondrocytes
intercalating perpendicular to the long axis of the cartilage element (Le Pabic et al.,
2014; Sisson et al., 2015). This process is remarkably similar to convergent extension
(CE), the process that elongates the anterior-posterior axis of vertebrate embryos

during gastrulation (Huebner and Wallingford, 2018) (Figure 1.2).

While failure to express N-Cadherin contributes to Sox9 mutant cells being
excluded from cartilages, it was eventually found that cartilage elongation requires
assistance from Planar Cell Polarity (PCP) signaling (Le Pabic et al., 2014). PCP is the
polarity of cells in the plane of a tissue, a phenomenon that has been best studied in
epithelia. Examples of PCP are the orientation of hairs and ommatidia in the fruit fly
wings or eyes, respectively, as well as the orientation of hairs in our skin and hair cells

in the inner ear (Goodrich and Strutt, 2011; Sienknecht, 2015). However, PCP signaling
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Figure 1.2: Cartilages form via convergent extension. (A) Representation of
mesenchymal cells prior to cartilage differentiation. (B) Representation of convergent
extension of differentiating cartilage. Chondrocyte differentiation begins with Sox9 and
Col2al upregulation (red arrows) in the middle of the mesenchyme, which intercalate
with each other (convergence, green arrows) to elongate the forming cartilage in the
perpendicular direction (extension, black arrows). (C) Representation of a cartilage after
convergent extension. Chondrocytes have swollen and are stacked as coins along the
long axis of the cartilage. The cells in the periphery of the mesenchyme that do not
upregulate Sox9 remain outside the chondrocyte stack and become the perichondrium.
M=mesenchymal cell, P=perichondrium, C=chondrocyte.

12



was later found to be involved in other processes such as directional cell migration,
axon guidance, and CE movements such as those seen in cartilage morphogenesis

(Davey and Moens, 2017; Le Pabic et al., 2014, Sisson et al., 2015).

PCP signaling involves at least two distinct pathways that have been most
extensively studied in Drosophila melanogaster: the core pathway, and the Fat
(Ft)/Dachsous (Ds) Pathway. The core pathway depends on the intracellular
asymmetrical distribution of six core PCP proteins. The transmembrane components
Frizzled (Fz), Vang Gogh (Vang), and Flamingo (Fmi) are required for PCP propagation
from cell to cell (Chen et al., 2008; Strutt and Strutt, 2008; Wu and Mlodzik, 2008). On
the other hand, cytosolic components Dishevelled (Dsh), Prickle (Pk), and Diego (Dgo)
interact with the intracellular domains of Fz, Vang, and Fmi and form a complex that is
required for their intracellular asymmetric distribution (Axelrod, 2001; Das et al., 2004;
Feiguin et al., 2001; Shimada et al., 2001). The mechanism leading to the asymmetrical
distribution of these components is not well understood, but there is evidence to
suggest, at least in some cases, that distribution of core pathway components depends
on the activity of the Ft/Ds pathway (Olofsson et al., 2014; Sharp and Axelrod, 2016;
Yang et al., 2002). Mutations in any of these 6 components leads to complete PCP loss
(Wong and Adler, 1993). Wingless (Wg), a Wnt signaling ligand, was previously
proposed to serve as an upstream signal generating asymmetry (Adler et al., 1997), but
this idea fell out of favor since mutations in several fruit fly Wnt ligands had no PCP
phenotypes (Chen et al., 2008; Lawrence et al., 2002). This idea remains controversial
in cartilage morphogenesis since Wnt5a is required for the asymmetric subcellular

localization of the vertebrate Vang ortholog Vangl2 and cartilage CE (Gao et al., 2011;
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Qian et al., 2007). Hence, the core pathway is also known in vertebrates as a type of
non-canonical Wnt signaling, sometimes referred to as Wnt-PCP. The Tyrosine Kinase
Orphan Receptor 2 (Ror2) acts downstream of Wnt5a to activate the JINK pathway
(Oishi et al., 2003). Mutations in Wnt5a and Ror2 cause Robinow Syndrome,
characterized by limb shortening, spine segmental defects, brachydactyly, and facial
dysmorphism (Afzal et al., 2000; Person et al., 2010; van Bokhoven et al., 2000).
Additionally, the Wnt5a paralog, wnt5b, and Wnt signaling coreceptor Glypican 4 (gpc4)
are required for zebrafish cartilage morphogenesis (LeClair et al., 2009; Sisson et al.,

2015), but how these two genes relate to PCP in mammalian cartilages is unclear.

In contrast, the Ft/Ds pathway relies on heterotypic binding of protocadherins Ft
and Ds (Matakatsu and Blair, 2004). The Golgi resident protein Four-jointed (Fj)
constitutes a third component. In Drosophila imaginal discs both Ds and Fj are
expressed in opposing gradients, which modulates Ft and Ds interactions and their
asymmetric distribution at the plasma membrane via Fj-dependent phosphorylation of
Ds extracellular domains (Simon, 2004; Strutt et al., 2004; Yang et al., 2002; Zeidler et
al., 1999). These interactions modulate the activity of intracellular effectors such as
Dachs (D) and Atrophin (Atro) (Fanto et al., 2003; Mao et al., 2011). Hence, the Ft/Ds
pathway relies on expression gradients to generate asymmetry. In cartilage, fat3, dchs2,
and Arginine-Glutamic Acid Dipeptide (RE) Repeats A (rerea), which are orthologs for
fruit fly Ft, Ds, and Atro, respectively, are all required for chondrocyte intercalation in
zebrafish jaw cartilage morphogenesis. In addition, fat3, dchs2, and rerea form a
positive feedback loop with sox9a, the zebrafish Sox9 ortholog, through an unknown

mechanism. Absence of either fat3 or dchs2 prevents sox9a expression and vice versa.

14



In contrast, rerea mutations lead to increased chondrocyte differentiation (Le Pabic et
al., 2014). Given the role of rerea in recruiting nuclear deacetylases for gene
inactivation (Fanto et al., 2003), the opposite phenotypes of fat3/dchs2 and rerea have
led to the speculation that fat3/dchs2 signaling serves, at least in part, to recruit rerea to
the intracellular domain of fat3 at the plasma membrane to prevent DNA deacetylation
and allow sox9a to be expressed in chondrocytes (Le Pabic et al., 2014). The
mechanism by which rerea modulates PCP or chondrocyte intercalation is not known.
Furthermore, functional interactions between Wnt-PCP and Fat/Dchs signaling

pathways have not been studied in cartilage.

Cartilage Ossification

Following cartilage morphogenesis, most cartilages undergo endochondral ossification,
a process where cartilage is replaced by bone. Morphologically, hypertrophic
chondrocytes (HC) are swollen and round due to the presence of large vacuoles. As
they swell, HCs secrete ECM that prepares the cartilage for the transition to bone.
When HCs finish their maturation process, they undergo apoptosis, leaving large ECM
deposits that serve as a scaffold for osteoblasts forming in the perichondrium
surrounding HZs. In the long bones of mice and chickens, this process begins in the mid
region of the cartilage and is often referred to as the primary ossification center (OC)
(Figure 1.3A). During development, the primary OC expands in both directions of the
long axis of the cartilage via endochondral ossification. As this process continues, two
secondary OCs form at the distal ends of the cartilage (Figurel.3B). As the primary OC
continues to expand, the remaining cartilage between OCs forms GPs (Figure 1.3C).

These GPs direct longitudinal bone growth by transitioning chondrocytes through three
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Figure 1.3: Long bones ossify first in the middle then on their distal ends. (A)
Representation of a long bone cartilage as it begins to ossify. Ossification initially begins
in the mid region of the cartilage, forming the primary ossification center (OC). (B)
Representation of an ossifying long bone cartilage. As the primary OC expands along
the long axis of the cartilage, secondary OCs appear on the distal ends of the cartilage.
(C) Representation of a long bone. The primary OC continues to expand along the
length of the cartilage until the remaining cartilages between the primary and secondary
OCs form growth plates (GP), which constantly produce new cartilage for the primary
OC via chondrocyte proliferation while preventing their own ossification.
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zones: the resting zone (RZ), the proliferation zone (PZ), and the HZ (Figure 1.4A).
While, the RZ is located adjacent to secondary OCs, the HZ is located adjacent to the
primary OC. The PZ is located between the RZ and the HZ. The RZ contains resting
chondrocytes (RCs) that are slow proliferating chondrocytes that serve as a reserve
population. These zones can be recognized by the expression of marker genes (Figure
1.4B). The distal tip of the RZ is characterized by Pthlh expression. Chondrocytes in
both the RZ and PZ express Sox9 and Col2al, which are required for chondrocyte
maintenance. Finally, chondrocytes in the HZ express both Indian Hedgehog (Ihh) and
Coll0al, which are needed for the ossification process. Chondrocytes at the RZ slowly
transition into the PZ in which proliferating chondrocytes (PCs) divide rapidly. Finally,
PCs transition in the HZ to become hypertrophic and make more bone (Figure 1.4C). In
short, GPs ensure that bones continue growing via a combination of proliferation and
hypertrophic differentiation (Kronenberg, 2003). In humans, GPs gradually ossify and
disappear by the beginning of adulthood. Thus, both spatial and temporal control of GPs

is critical for achieving an adult bone of the appropriate size and shape.

Several signaling pathways are involved in controlling different aspects of GP
biology. However, interactions between Ihh and Pthlh signaling pathways constitute the
main regulatory mechanism regulating GP (Figure 1.5). Ihh is the main signal directing
HZ maturation. Ihh is expressed in hypertrophic chondrocytes (HCs), and it has multiple
targets in the GP. First, Ihh targets HCs and PCs adjacent to the HZ to induce
hypertrophic differentiation and feed the HZ with new chondrocytes (Mak et al., 2008).
In addition, Ihh targets the PZ to promote chondrocyte proliferation, ensuring production

of chondrocytes to transition into the HZ (Karp et al., 2000; St-Jacques et al., 1999). Ihh
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Figure 1.4: GPs function requires that chondrocytes transition through multiple
layers. (A) Representation of a long bone GP. The GP is made of multiple layers. To
the left is the resting zone (RZ), which is made of resting chondrocytes (RC) that divide
slowly. Next is the proliferative zone (PZ), composed of rapidly dividing proliferative
chondrocytes (PC) that drive elongation of the cartilage. The pre-hypertrophic zone
(PHZ) is a transition zone where PCs stop dividing and begin the hypertrophic
differentiation process, becoming pre-hypertrophic chondrocytes (PHC). As these
mature, they enter the hypertrophic zone (HZ) and become hypertrophic chondrocytes
(HC) themselves by swelling and secreting extracellular matrix required for the
ossification process. HCs eventually undergo apoptosis and leave a porous matrix that
is used by osteoblasts (O) from the primary OC to produce more bone. Meanwhile, the
perichondrium (P, blue), which is made of flat cells in the peripheries of the RZ and PZ,
become periosteum (Po, green) as adjacent cartilage ossifies and contribute to the
production of new osteoblasts. (B) Representation of the expression of GP markers.
Pthlh is expressed in the distal tip of the RZ. Sox9 and Col2al are markers for
differentiating chondrocytes and are actively expressed in the RZ and PZ. Ihh and
Col1l0al are mainly expressed in the PHZ and HZ. (C) Representation of the direction in
which chondrocytes transition through the different zones in GPs.
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also induces osteoblast differentiation in the perichondrium adjacent to the HZ to begin
the ossification process (Felber et al., 2011; St-Jacques et al., 1999). Mutations in Ihh
lead to short cartilages with severely delayed ossification (St-Jacques et al., 1999).
Finally, Ihh induces expression of Pthlh in the perichondrium and distal tip of the RZ.
This generates a gradient of Pthlh protein that delays hypertrophic differentiation in a
subset of cells in the HZ called prehypertrophic chondrocytes (PHCs), which are the
transition between the PZ and the HZ (Vortkamp et al., 1996). However, Pthlh also
targets the PZ to prevent premature hypertrophic differentiation (Chung et al., 1998;
Weir et al., 1996). Pthih accomplishes this by repressing expression of Runt-Related
Transcription Factor 2 (Runx2), which is required for Ihh expression (Li et al., 2004;
Yoshida et al., 2004). Mutations in Pthlh lead to severe skeletal dysplasia and
accelerated ossification (Karaplis et al., 1994). In addition to the Ihh/Pthih negative
feedback loop, another mechanism acting through the perichondrium modulates the
proliferative effect of Ihh in chondrocytes (Figure 1.5). Ihh-dependent induction of
osteoblasts in the perichondrium leads to upregulation of Runx2 in these cells (Eames
et al., 2011), which promotes Fgfl8 expression in perichondrial cells to restrict
chondrocyte proliferation, thereby checking the proliferative influence of Ihh in the PZ
(Hinoi et al., 2006; Ohbayashi et al., 2002). Hence, these functional interactions
between Ihh and Pthih, as well as between Ihh and Fgf, form a negative feedback loop
that maintains the distinct zones within the GP and governs how chondrocytes transition

through these zones.
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Figure 1.5: GP homeostasis is controlled by negative feedback mechanisms. lhh
is expressed in the HZ and promotes hypertrophic differentiation in adjacent cells,
inducing its own expression. Ihh also induces expression of Pthlh on the distal end of
the RZ. From this location, Pthlh forms a gradient of decreasing concentration towards
the HZ. Pthlh signaling represses Runx2, which is required for Ihh expression, in the RZ
and PZ, effectively maintaining these zones free of hypertrophic differentiation. In
addition, Ihh also promotes chondrocyte proliferation in the PZ. However, this activity is
modulated from the perichondrium by Runx2, which is also induced by Ihh as
perichondrial cells become osteoblasts. Runx2 expression in the perichondrium leads to
Fgfl8 upregulation in perichondrial cells, which signals to PCs to repress proliferation.
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Ossification Patterning

Despite our understanding of how GPs and OCs are maintained, the mechanisms that
determine where HZs form are not understood. In zebrafish, Ihh, which induces its own
expression and promotes hypertrophic differentiation, is not expressed at the site of HZs
prior to the onset of chondrocyte hypertrophic differentiation (Eames et al., 2011).
Therefore, we hypothesize that Pthlh, a repressor of hypertrophy induced by Ihh, could
determine HZ position and negative feedback loop direction within cartilages by
restricting where Ihh is initially expressed. In support of this hypothesis, in situ
hybridization for pthlha, the zebrafish ortholog for Pthlh, has shown that it is expressed
in domains in the cartilage primordium well before the onset of hypertrophic
differentiation, though the precise expression pattern has not been closely examined
(Yan et al., 2012). However, previous manipulations of Pthlh signaling in mice and
chicks failed to change the ossification pattern of long bones. Expression of Pthlh
throughout the cartilage inverted the order in which primary and secondary OCs formed
but did not change their location (Weir et al., 1996). A different study made chimeric
mice that had chondrocytes lacking a functional Pthlh receptor, Pthrl, embedded within
wild-type (WT) cells in the PZ. As expected, mutant cells became hypertrophic
prematurely. In addition, PZs with mutant cells were enlarged, likely due to increased
Pthih expression around the clones, and small ectopic OCs formed in some cases, but
the locations of the primary and secondary OCs were still unchanged (Chung et al.,
1998). It is possible that these manipulations failed to change basic ossification patterns
because of the size of chick and mouse long bone cartilages, such that signals were

diluted. In addition, none of the previously mentioned studies addressed the roles of
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Figure 1.6: Could interactions between Ihh and Pthlh in ossifying cartilages fit the
RD Model? Representation of our hypothesis for the induction of pthlha expression
near the HZ by Ihh from the developing HZ. (A) First, pthiha is expressed in the distal
ends of the cartilage prior to chondrocyte hypertrophic differentiation (1), generating
gradients of Pthlh signaling activity that restrict formation of HZs to the mid region of the
cartilage. (B) As the HZ develops (2), it expresses Ihh that forms a sharp gradient and
induces pthliha expression in adjacent perichondrium (3). From these locations (3),
pthlha forms a shallower gradient with longer range, effectively restricting expansion of
the HZ. For simpler visualization of the gradient, the contributions to the gradient from
the distal ends of the cartilage (1) were omitted in (B). SA=signaling activity, d=distance.
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Pthlh expression domains at early stages of cartilage morphogenesis and differentiation

that might initiate ossification patterns.

Finally, some aspects of the Ihh/Pthlh negative feedback loop may fit the RD
model, yet this possibility remains unaddressed. For instance, in the chimeric mouse
experiment previously described, the authors hypothesize that the enlargement of the
PZs containing mutant clones was due to induction of Pthlh expression near the clones
by Ihh (Chung et al., 1998). If true, one explanation for this observation could be that,
even though Ihh from the clones could induce hypertrophic differentiation in some
adjacent chondrocytes, the longer range of Pthlh diffusion around the clones ensured
that they remained isolated from endogenous HZs. This proposed mechanism would fit
the RD model in that an additional Turing Pattern was formed in the clone by lhh
(Turing, 1990). Therefore, while we hypothesize that Pthlh expression domains initially
define where Ihh is expressed in ossifying cartilages, and that subsequent Ihh
expression acts on adjacent cartilage to modify the shape of the Pthlh gradient,
preventing the forming primary HZ from expanding rapidly and preventing the formation

of secondary HZs near the primary HZ (Figure 1.6).

Could endochondral ossification patterns originate from signaling events

preceding cartilage morphogenesis?

Many of the embryonic molecular events that give rise to the distinct cartilage
elements of the craniofacial skeleton are known. Yet whether these earlier patterning
events influence how the signaling components required for endochondral ossification
are expressed is unknown. In all vertebrates, craniofacial cartilages largely derive from

neural crest cells (NCC), which originate from the dorsal neural tube (Le Douarin, 1980;
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Noden, 1988; Schilling and Kimmel, 1994). Specifically, craniofacial cartilages form from
segments of post-migratory cranial NCC that colonize the pharyngeal arches (PA). In
zebrafish, PA1 makes the jaw, PA2 makes jaw supporting cartilages, and PA3-7 make
the branchial arches (Mork and Crump, 2015; Schilling and Kimmel, 1994). The identity
of these segments is patterned anterior-posteriorly by Hox genes (Minoux and Rijli,
2010). PA1 expresses no Hox genes, while PA2 requires the function of Hox2 genes.
Mutations or knockdown of Hox2 genes lead to homeotic transformation of PA2 to a
PALl identity (Gendron-Maguire et al., 1993; Hunter and Prince, 2002; Miller et al., 2004;

Rijli et al., 1993).

Within each pharyngeal segment, cartilages are patterned dorsal-ventrally (D-V)
post NCC migration (Clouthier et al., 2010). This patterning results in the formation of
ventral, intermediate, and dorsal domains that eventually result in the formation of
ventral and dorsal skeletal elements in each arch. BMP4 (bmp4) induces Heart And
Neural Crest Derivatives Expressed 2 (hand2), which defines the ventral domain
(Alexander et al., 2011; Liu et al., 2005b; Liu et al., 2004; Zuniga et al., 2011). Although
Endothelin-1 (ednl) contributes to patterning of the ventral domain (Clouthier et al.,
1998; Kempf et al., 1998; Miller et al., 2000), it later plays a more prominent role in the
formation of the intermediate domain (Zuniga et al., 2011), which it accomplishes by
promoting the nested expression of Distal-less Homeobox 5 (DIx5) and DIx6 (Sato et
al., 2008; Zuniga et al., 2011). Finally, Jagged 1B (jaglb) is required for the
specification of the dorsal domain, which is defined by the expression of this ligand and
the downstream Notch signaling transcriptional effector Hes Related Family bHLH

Transcription Factor with YRPW Motif 1 (heyl) (Zuniga et al., 2010). Disruptions in any
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of these signals leads to partial or complete homeotic transformations of individual D-V
elements of the jaw. For instance, overexpression of a dominant-negative form of BMP
receptor 1A (bmprla) to block BMP signaling during arch patterning transforms ventral
cartilages to a dorsal identity (Alexander et al., 2011). Furthermore, mutations in ednl
and Myocyte Enhancer Factor 2CA (mef2ca), a transcription factor downstream of ednl
in the intermediate domain, lead to homeotic transformations of the dermal bones
associated with these cartilages: the branchiostegal ray 3, which forms in the

intermediate domain, acquires a more dorsal opercular identity (Kimmel et al., 2003).

Despite this detailed understanding of the early patterning events in the PAs,
currently there is no evidence to suggest that D-V patterning influences the positions of
endochondral bones within cartilages. Therefore, two aims of my thesis work were to (1)
find evidence for the existence of expression domains of morphogens such as Pthlh that
may pattern HZs in the zebrafish jaw and (2) investigate the mechanisms that initiate
the process of endochondral ossification. Here, | show that expression domains of
pthlha in the mesenchyme surrounding the cartilage are necessary and sufficient to
pattern HZs in the zebrafish jaw cartilage by using a combination of analysis of pthlha
loss-of-function mutants, in situ hybridization for pthlha, and mosaic ectopic
misexpression of pthlha in the cartilage. These findings suggest that Pthlh signaling
helps establish the Pthlh/lhh negative feedback loop that regulates GP homeostasis and
bone elongation (Chapter Il). In addition, using paralysis of zebrafish embryos, | show
that mechanical force has at least two distinct functions in developing cartilages: it
promotes chondrocyte proliferation in chondrocytes excluded from the hypertrophic

zone, and it is required for HZs to develop (Chapter Il). In Chapter IV, | identify a new
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perichondrial marker, which | use to show that tendon-cartilage attachments and
endochondral ossification form in mutually exclusive zones. Finally, in Chapter V, |
describe attempts to use laser ablation to study correlations between chondrocyte
morphogenesis and polarity and endochondral ossification zones. This work furthers our
understanding of endochondral ossification initiation and patterning in embryonic
cartilages and helps establish a foundation for further studies to explore the relationship
between endochondral ossification patterns and D-V patterning by identifying a

population of cells that produce the inhibitory signal that patterns endochondral bones.
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CHAPTER II

Patterning of the hypertrophic zone in embryonic zebrafish cartilages requires

pthlha

Introduction

Most bones in our bodies are derived from cartilage via endochondral
ossification, a process of cartilage replacement that requires the formation of
hypertrophic zones (HZ). In these zones, chondrocytes undergo hypertrophy, which is
the last stage of chondrocyte differentiation and the initial step of the ossification
program. The locations of these HZs within cartilages determines the position of the
growth plates (GP), cartilage structures within bones that drive bone elongation via
proliferation and hypertrophic differentiation. The main signals and mechanisms
maintaining GPs in bones are known. However, the mechanisms that initially pattern

HZs within naive cartilages are not well understood.

Interactions between different cell types within the cartilage involve multiple
signaling pathways that maintain mature GPs. Two secreted signals, Indian Hedgehog
(Ihh) and Parathyroid Hormone-Like Hormone (Pthlh) form a negative feedback loop
that is considered the master regulator of GPs, controlling both their size and shape
(Vortkamp et al., 1996). The long bones of higher vertebrates have a primary
ossification center, or primary spongiosa, that appears midway along the long axis of
the cartilage anlagen, followed by secondary ossification centers that appear at both
ends. The chondrocytes in between these centers form GPs, which are subdivided into

three basic zones: the HZ adjacent to the primary ossification center, the resting zone
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(RZ) adjacent to the secondary ossification center, and the proliferating zone (PZ) in
between. The HZ at the leading edge of ossification consists of hypertrophic
chondrocytes (HC), which exit the cell cycle, swell with vacuoles, secrete large amounts
of extracellular matrix (ECM) proteins such as Collagen X (Col10al), express Indian
Hedgehog (Ihh), and initiate apoptosis (Kronenberg, 2003). Ihh from the HZ induces
osteoblasts in the perichondrium, a thin layer of cells surrounding cartilages, which use
the ECM left by dying HCs as a template to make bone (St-Jacques et al., 1999). Ihh
from the HZ also induces Pthlh in the RZ, which maintains a reserve chondrocyte
population that subsequently proliferates and hypertrophies as the bone grows
(Vortkamp et al., 1996). In turn, Pthlh delays hypertrophic differentiation in the PZ by
inhibiting Ihh expression indirectly via its repression of Runt-Related Transcription
Factor 2 (Runx2), allowing proliferating chondrocytes (PC) to expand the PZ (Chung et
al., 1998; Li et al., 2004; Schipani et al., 1997; Weir et al., 1996; Yoshida et al., 2004).
As PCs move further away from the RZ and become exposed to Ihh from the HZ, PCs
become HCs (Vortkamp et al., 1996). Hence, this Ihh/Pthlh signaling loop controls the

rate at which GPs produce HCs, thereby controlling bone growth rates.

Once GPs are established, Pthlh continues to maintain GP architecture due to its
long-range and indirect repression of Ihh. However, whether Pthih performs this same
function in embryonic cartilages and nascent HZs as they form is unclear. Previous
studies disrupting Pthlh signaling have been inconclusive. First, Pthlh knockout leads to
premature ossification and decreased cartilage proliferation due to PC depletion, while
cartilage-targeted expression of constitutively active Pthlh receptor, Pthlr, decreases

both ossification and proliferation due, at least in part, to reduced lhh expression.
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However, these manipulations do not change the locations of initial ossification
(Schipani et al., 1997). Second, in mouse chimeric GPs containing a mixture of wild-
type (WT) and Pthlr-/- mutant cells, mutant cells hypertrophy prematurely, and if
located within the PZ, these mutant cells increase PZ size due to local Pthlh
upregulation. Large enough Pthlr-/- mutant cell islands within the PZ form ectopic
ossification centers, but these do not alter the basic primary and secondary ossification
center patterns of the developing bone, likely due to the relatively large size of mouse
cartilages and a preference of cartilages to respond to the presence of small ectopic
HZs via proliferation (Chung et al., 1998). Furthermore, cartilage-targeted expression of
ectopic Pthlh leads to severe ossification delay and morphological defects in primary
and secondary ossification centers, which form in a reversed temporal order than their
normal sequence of appearance, but basic HZ patterning is largely unaffected (Weir et
al., 1996). These studies show that cartilage proliferation and ossification actively adapt
to changes in Pthlh signaling. However, previous manipulations were either performed
too late in cartilage development or were diluted by the size of fetal mouse cartilages to

test roles of Pthlh in the initial positioning of HZs.

Craniofacial cartilages in the embryonic and larval zebrafish provide a relatively
simple system for testing these early roles for Pthlh. Most of these cartilages start out
with only a few linear rows of chondrocytes with orders of magnitude fewer cells than
their mammalian counterparts. The ceratohyal (ch) cartilage in particular, which
supports the jaw, is a rod-like cartilage with a primary ossification center in the middle
forming between 72-96 hours post-fertilization (hpf), and secondary ossification centers

near the ends forming between 6-21 days post-fertilization (dpf), much like cartilages
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that prefigure mammalian long bones (Brinkley et al., 2016). However, unlike their
mammalian counterparts, zebrafish jaw cartilages do not proliferate until after 96 hpf
(Kimmel et al., 1998), meaning that the primary HZ forms before proliferation can play a
role in the process. Primary HZ formation in ch has been described using in situ
hybridization for ihhb, coll0ala, runx2b, and ptchl (Eames et al., 2011). However, new
transgenic lines that label HCs simplify detection of primary HZs (Mitchell et al., 2013).
Zebrafish have two Pthlh homologs, pthlha and pthlhb. While pthlhb has a very
restricted expression pattern in the zebrafish jaw, pthlha is more similar to mammalian
Pthlh in expression pattern, homology, and loss of function phenotype (Yan et al.,
2012). The combination of these factors is ideal to test pthlha signaling manipulations
on ch primary HZ patterning while avoiding proliferation-dependent effects that

complicate interpretation.

Here, using entpd5a:kaede transgenic zebrafish as a marker for HZs, we show
that pthlha expression in the ch cartilage is inversely correlated to that of the forming
primary HZ, and that pthlha prevents premature primary HZ expansion along the ch.
Furthermore, we show that mosaic ectopic pthlha expression in subsets of cells within
the ch disrupt primary HZ formation depending of their proximity to one another and can
produce ectopic HZs well before the normal establishment of secondary ossification
sites. This suggests that these ectopic HZs represent true changes in primary HZ

patterning.
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Materials and Methods

Ethics statement

All animals were handled in strict accordance with good animal practice as defined by
the relevant national and/or local animal welfare bodies, and all animal work was
approved by the University of California, Irvine Institutional Animal Care and Use

Committee.

Animals and transgenics

All zebrafish used were of the AB strain. Zebrafish were raised and staged as previously
described (Kimmel et al., 1995; Schilling and Kimmel, 1997). For anesthesia, a tricaine
stock solution was prepared as previously described (Westerfield, 2000), and a working
solution was prepared by using 5% of the stock solution in embryo medium (EM). The
sox10:lyn-tdTomato transgenic line was previously generated in our lab (Schilling et al.,
2010). Transgenic lines entpd5a:kaede, entpd5a:PK-Red, and coll0ala:YFP were
kindly provided by Dr. Stefan Schulte-Merker (Lleras Forero et al., 2018; Mitchell et al.,

2013).

Mosaic pthlha expression was done using the Gateway Tol2 system (Kawakami
and Shima, 1999; Kwan et al., 2007) in combination with Gibson cloning (Gibson et al.,
2009). Briefly, primer pairs caaaaaagcaggctggacATGAGGATGTTGTGTTGCAG and
ccggatccGCAGCTGTACGGCTGCAG were used to amplify the open reading frame of
pthlha from the pGEMT-pthlha (see in situ hybridization section below) by PCR. Primer
pairs acagctgcGGATCCGGAGCCACGAAC and

gtgctatagggctgcaTCAGGAGAGCACACACTTGC were used to amplify T2A-eGFP-
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CAAX from Tol2 Kit plasmid p3E-2A-EGFP-CAAXpA by PCR. Finally, primer pairs
tgagagagGGATCCGGAGCCACGAAC and
gtgctatagggctgcaCTTGTACAGCTCGTCCATGC were used to amplify T2A-nlsmCherry
from Tol2 Kit plasmid p3E-2A-nIsmCherrypA by PCR. To generate pME-pthlha-T2A-
eGFP-CAAX middle entry vector, Ncol/Pstl-digested Tol2 Kit pME-eGFP vector was
combined with pthlha and T2A-eGFP-CAAX amplicon in a Gibson reaction prepared as
previously described (Gibson et al., 2009). Similarly, pME-pthlha-T2A-nIsmCherry
middle entry vector was generated using pthlha and T2A-nIsmCherry amplicons by
Gibson cloning. We used a p5E-col2ala plasmid (Dale and Topczewski, 2011) as a
promoter. These plasmids were transformed into DH5a competent cells (in-house
generated). pDestTol2pA2-col2ala:pthlha-T2A-eGFP-CAAX and pDestTol2pA2-
col2ala:pthlha-T2A-nIsmCherry were assembled according to the Tol2 Kit protocol and
transformed into DH5a competent cells. Transposase mMRNA was synthesized from the
pCS2FA-transposase plasmid (Kwan et al., 2007) digested with Notl using Invitrogen
MMESSAGE mMACHINE™ T7 ULTRA Transcription Kit (Catalog # AM1345). 500 pl of
coctail mixes containing 40 ng/ul of plasmid and 60 ng/ul of transposase mMRNA were

injected into 1-cell stage embryos.

Alizarin red staining

Alizarin Red S (EM Science, Catalog # AX0485-3) staining was carried out as
previously described (Walker and Kimmel, 2007), but with some modifications. Briefly,
Alizarin Red was dissolved to 0.5% in H20 as a stock solution. Staining solution was
prepared by adding 10 pl of this stock solution to 1 ml of EM without methylene blue.

Live embryos were kept in staining solution at 28.5°C for 1 hour. After removing the
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staining solution and rinsing embryos three times, embryos were left in embryo medium

for 30 minutes. After this, embryos were ready for live imaging.

Cyclopamine A treatments

A stock solution of Cyclopamine A (CyA) from LC Labs (Catalog # C-8700) was
prepared by resuspending CyA in 100% ethanol to a final concentration of 10 mM. This
solution was aliquoted and stored at -20°C. Zebrafish embryos were staged to 72 hpf
and treated with a working CyA solution prepared by diluting the stock solution to a final
CyA concentration of 50 uM and a final ethanol concentration of 0.5% in zebrafish EM
with no methylene blue. A solution of 0.5% ethanol in EM was used as control.
Treatments were carried out in a 28.5°C incubator. Embryos were removed from CyA at
96 hours post-fertilization (hpf), washed with EM 5 times, and placed in EM until they

were 120 hpf. At this point, embryos were ready for live imaging.

CRISPR/Cas9 mutagenesis

CRISPR/Cas9 mutagenesis was performed to generate FO mutants, which were used
for our analysis. CRISPR/Cas9 mutagenesis for pthlha was carried out was carried out
following a recently published protocol (Wu et al., 2018). Spacers used to make pthlha
primers for guide RNA synthesis were the same as in the protocol:
GGGCATCGACGGGCCGGLCCG, AGGATTTTAAGCGGCGCATG,
TCCGGGAGGCGCAGCAGCCC, and TGGTGCCGCCGGCGGGTTTG. After
assembling pooled Guide RNA templates by PCR as instructed in the protocol, guide
RNAs were synthesized using the MEGAshortscript T7 Transcription Kit from Invitrogen

(Catalog # AM1354). Alt-R S.p. Cas9 nuclease 3NLS protein was obtained from
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Integrated DNA Technologies (Catalog # 1074182). An injection mix was prepared by
diluting the Alt-R S.p. Cas9 nuclease 3NLS protein to 5 uM and pooled pthliha guide
RNAs to approximately 800 ng/ul in H20. This mix was incubated at 37°C for 5 minutes,

then proceeded to inject about 500 pl of this mix into 1-cell stage embryos.

Imaging

Embryos for live imaging were embedded in 1% low melting point agarose (APEX,
Catalog # 9012-36-6) diluted in EM containing 5% of tricaine stock solution. Embryos
labeled by in situ hybridization were mounted on slides, then imaged on a Zeiss
Axioplan 2 microscope equipped with a MicroPublisher 5.0 RTV camera using Volocity
software (Improvision). All live imaging, except for Alizarin red stained embryos, was
done using a Leica Sp8 confocal microscope equipped with a HC PL APO CS2
40x/1.10 W objective. Imaging of live Alizarin red stained embryos was done using a
Nikon ECLIPSE Ti confocal microscope equipped with a Plan Apo VC 20X/0.75 DIC N2
objective. ImageJ/Fiji was used for image processing. R-suite and plugins dplyr,
ggplot2, ggsignif, and plyr plugins were used for quantification, analysis and statistical

tests (t-test and Wilcox test).

In situ hybridization

To make a pthlha probe, primers CAGGACGTAATGCTGAGCCG and
GTGGACGTGAGCATTTAGGC were used to amplify pthlha cDNA prepared from 72
hpf embryo mRNA. The PCR product was cloned into Promega’s pGEM-T Easy Vector
(Catalog # A1360) to make a pGEMT-pthlha plasmid and transformed it into DH5a cells

(in-house generated). The plasmid was digested with Ncol and probe synthesized using
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Roche DIG RNA Labeling Mix (Catalog # 11277073910) and SP6 RNA Polymerase
(Catalog # 10810274001) as directed. Whole-mount in situ hybridization was carried out
as previously described (Thisse et al., 1993), with the following modifications.
Synthesized probe was diluted in hybridization buffer to 100 pg/ul. Anti-Digoxigenin-AP,

Fab fragments antibody (Roche, Catalog # 11093274910) dilution was 1/1000.

Results

The primary HZ in some embryonic cartilages forms soon after differentiation

The HZ in higher vertebrates is marked by expression of Ihh and Col10al, and their
zebrafish orthologs show similar expression patterns (Eames et al., 2011; Girkontaite et
al., 1996; Vortkamp et al., 1996). The zebrafish coll0ala:YFP transgene marks HZs
and associated osteoblasts starting at 120 hpf (Mitchell et al., 2013). Surprisingly, we
found that the entpd5a:kaede transgene, which had previously been reported to mark
osteoblasts associated with cartilage and the notochord during development and wound
repair (Geurtzen et al., 2014; Lleras Forero et al., 2018; Lopez-Baez et al., 2018),
appeared to be expressed in the center of the ceratohyal (ch) cartilage at 72 hpf, in a

region similar to coll0ala:YFP expression but two days earlier.

To determine the identities of these cells, we first generated sox10:lyn-
tdTomato;entpd5a:kaede double transgenic embryos, in which chondrocyte plasma
membranes were labeled in red, and looked for co-expression with entpd5a:kaede
(green) in the ch cartilage from 72-96 hpf. At 72 hpf, we detected a few kaede-positive
chondrocytes in the pre-HZ (Figure 2.1A, B). By 96 hpf, the number of labeled

chondrocytes had increased within the forming HZ (Figure 2.1C, D). The position of
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Figure 2.1: Ceratohyal chondrocytes express hypertrophic zone markers soon
after embryonic differentiation. (A, B) Live imaging of sox10:lyn-
tdtomato;entpd5a:kaede double transgenic embryos at 72 hpf, ventral views. (C, D) Live
imaging of sox10:lyn-tdtomato;entpd5a:kaede double transgenic embryos at 96 hpf,
ventral views, anterior to the left. (A, C) Optical slice. (B, D) 3D-projections showing the
entpd5a:kaede channel. (E-H) Live imaging of coll0ala:YFP;entpd5a:PK-Red double
transgenic embryos at 78 hpf, ventral views. (I-L) Live imaging of
coll0ala:YFP;entpd5a:PK-Red double transgenic embryos at 144 hpf, ventral views.
(E, 1) An optical slice showing the DIC channel. (F, J) Z-projections showing the
entpd5a:PK-Red channel. (G, K) Z-projections showing the coll0ala:YFP channel. (H,
L) Z-projections of coll0ala:YFP;entpd5a:PK-Red double transgenic embryos. (M-Q)
Cyclopamine A treatments of sox10:lyn-tdtomato;entpd5a:kaede double transgenic
embryos at 120 hpf. (M, N) Vehicle-treated embryos. (O, P) Cyclopamine A-treated
embryos. (M, O) Optical slice. (N, P) Z-projections showing the entpd5a:kaede channel.
(Q) Quantification of entpd5a:kaede-positive chondrocytes. White arrowheads indicate
the position of the HZ. Blue arrowheads indicate the position of the branchiostegal ray
3. pg= palatoquadrate, ch=ceratohyal, D=dorsal, V=ventral, HZ=hypertrophic zone,
BR3=branchiostegal ray 3.
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these entpd5a:kaede-labeled chondrocytes was consistent with that of well
characterized HZ markers (Eames et al., 2011; Mitchell et al., 2013). To confirm that
entpd5a:kaede-labeled chondrocytes were part of the forming HZ, we generated
entpd5a:PK-Red;coll0ala:YFP double transgenic embryos and looked for co-
expressing cells within the ch cartilage. At 78 hpf, entpd5a:PK-Red was already
expressed in a few chondrocytes within the forming primary HZ, but no coll0ala:YFP
expression was detected (Figure 2.1E-H). At 144 hpf, the number of entpd5a:PK-Red
expressing cells within the primary HZ had increased, and a few coll0ala:YFP
expressing cells were present within the same zone (Figure 2.1I-L). Moreover, some
coll0ala:YFP-labeled chondrocytes co-expressed entpd5a:PK-Red (Figure 2.1, L),
suggesting that both transgenic lines mark the same HZ. Together, these results

suggest that entpd5a:kaede precedes collO0ala:YFP expression in developing HZs.

If entpd5a:kaede marks HZs, it should respond to hedgehog signaling
perturbations. HZ formation is delayed in mutants that disrupt Ihh signaling (Long et al.,
2001; St-Jacques et al., 1999). Therefore, we used the Smoothened (Smo) antagonist
cyclopamine A (CyA) to treat sox10:lyn-tdTomato;entpd5a:kaede double transgenic
embryos from 72-96 hpf and examined the number of entpd5a:kaede-labeled
chondrocytes at 120 hpf. While mock-treated embryos had an average of 9.9
entpd5a:kaede-labeled chondrocytes (n=10), CyA-treated embryos had significantly
fewer kaede-positive cells (1.8/embryo; n=8; p = 0.016) indicating that entpd5a:kaede
expression requires Hh signaling (Figure 2.1M-Q). Together, these results support the
hypothesis that entpd5a:kaede is the earliest known HZ marker, and that HZs are

specified soon after embryonic cartilage differentiation.
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Distal expression of pthlha is required to pattern the HZ in ch

In the Ihh/Pthlh feedback loop that maintains GP homeostasis, Pthlh expressed in the
RZ represses expansion of the HZ (Chung et al., 1998; Schipani et al., 1997). Its
zebrafish ortholog, pthlha, is expressed in developing craniofacial cartilages prior to the
onset of ossification (Yan et al., 2012). However, the locations of pthlha expression with
respect to forming HZs have not been carefully examined. If pthlha plays a role in
patterning HZs in embryonic cartilages, we expect an inverse correlation between sites
of pthlha expression and HZ patterning. Therefore, we performed whole mount in situ
hybridization for pthiha in zebrafish and found that, both at 66 and 72 hpf, pthlha
expression in ch was restricted to the ventral and dorsal ends of the cartilage (Figure
2.1), while the mid-region of ch, which corresponds to the location of entpd5a:kaede
expression and primary HZ formation, showed no pthlha expression. These results
suggest that pthlha is already excluded from the region that forms the primary HZ at
early embryonic stages, consistent with a role in spatial and temporal regulation of its

formation.

Null Pthih mouse mutants have increased and premature ossification, a lack of
chondrocyte proliferation leading to smaller cartilages, and post-natal lethality likely due
to respiratory failure as a consequence of ribcage defects (Karaplis et al., 1994).
Similarly, morpholino (MO) knock-down of zebrafish pthlha led to increased
endochondral ossification (Yan et al., 2012), suggesting functional conservation
between zebrafish pthlha and mouse Pthlh. However, this is unlikely to represent a

complete pthlha knock-down since MOs lose their effectiveness as development
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Figure 2.2: pthlha is expressed at the distal ends of ch. (A, B) In situ hybridization
for pthlha mRNA at 66 hpf (A) and 72 hpf (B), ventral views, anterior to the left. White
arrowheads indicate pthlha expression zones. ch=ceratohyal, D=dorsal, V=ventral.
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progresses. In order to test if pthiha patterns HZs, we took advantage of a recent
method for efficient CRISPR-Cas9 FO mutagenesis (Wu et al., 2018), generated pthlha
FO mutants in the sox10:lyn-tdTomato;entpd5a:kaede double transgenic background
and examined changes in numbers and locations of entpd5a:kaede-labeled
chondrocytes at 120 hpf. While non-CRISPR-Cas9 injected controls had 15.6
entpd5a:kaede-labeled chondrocytes on average (n=8), pthlha FO mutants had
significantly more entpd5a:kaede-labeled chondrocytes on average (28.5/embryo; n=15;
t-test p=0.0005) compared with non-injected controls (Figure 2.3A, B, D, E, G). The
zone of entpd5a:kaede-labeled chondrocytes expanded dorsally along the ch in pthlha
FO mutants, as evident from the presence of entpd5a:kaede-labeled chondrocytes and
perichondrial osteoblasts much closer to branchiostegal ray 3, which extends away from
the dorsal edge of the ch, than in non-injected controls (Figure 2.3B, E). Therefore,

pthlha is required to dorsally restrict PHC in the ch cartilage.

The ch cartilage in juvenile zebrafish, like mammalian long bones, has primary
ossification zones in the mid-region along its long axis and secondary ossification zones
at the ends. The ventral secondary zone is first visible in Alizarin Red stained embryos
at 144 hpf (Figure 2.4D), while the dorsal zone becomes visible by Alizarin Red staining
at approximately one month of age (nhot shown). Interestingly, all pthlha CRISPR FO
mutants showed entpd5a:kaede-labeled chondrocytes at the ventral end of the ch at
120 hpf, compared to only 1 out of 8 non-injected controls (Figure 2.3A, B, D, E),
suggestive of a premature ventral secondary HZ. No entpd5a:kaede-labeled
chondrocytes were ever observed at the dorsal end of the ch in either controls or FO

mutants at this stage. Furthermore, all pthlha CRISPR FO mutants had an
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Figure 2.3: pthlha restricts dorsal expansion of the ch primary HZ. (A-C) Live
imaging of wild-type sox10:lyn-tdTomato;entpd5a:kaede double transgenic embryos,
ventral views. (D-E) Live imaging of pthlha CRISPR FO sox10:lyn-
tdTomato;entpd5a:kaede double transgenic embryos, ventral views. (A, D) Optical
slices. (B, E) 3D-projections showing the entpd5a:kaede channel. (C, F) Optical slices
showing the sox10:lyn-tdTomato channel. Chondrocyte doublets are shown in insets.
(G) Quantification of entpd5a:kaede-positive chondrocytes in the ceratohyal. (H)
Quantification of chondrocyte doublets in the ceratohyal. White arrowheads indicate the
position of the hypertrophic zone. Blue arrowheads indicate the position of the
secondary hypertrophic zone. Green arrowheads indicate the position of chondrocyte
doublets. pg=palatoquadrate, ch=ceratohyal, HZ=hypertrophic zone, SHZ=secondary
hypertrophic zone, D=dorsal, V=ventral, BR3=branchiostegal ray 3.
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entpd5a:kaede-free zone between the center and the ventral end of the cartilage
(Figure 2.2A, B, D, E). These results suggest that loss of Pthlh signaling leads to early

onset and expansion of both primary and secondary HZs.

In addition to the obvious increase cell number and size of the entpd5a:kaede-
labeled domain, pthlha FO mutants also appeared to have shorter cartilages. Since
Pthlh mutant mice also have smaller cartilages due to decreased proliferation (Karaplis
et al., 1994), we examined proliferation rates in pthlha FO mutants. PCs secrete large
amounts of ECM that encapsulates and separates them from each other. However,
chondrocytes that have just undergone cytokinesis do not have ECM in between their
cellular membranes and appear as symmetrical “doublets”. We took advantage of this to
guantify the number of doublet chondrocytes in the same dataset and found that while
non-injected controls had 14.8 doublets on average (n=8), pthlha FO mutants had
significantly less (1.9/embryo; n=15; p= 0.0001) suggesting that proliferation rates at
120 hpf are reduced in pthlha FO mutants (Figure 2.3 C, F, H). Furthermore, most
doublet chondrocytes were detected on the ventral portion of the ch cartilage. Together,

these results suggest that pthlha plays roles in patterning HZs and maintaining PCs.

Mosaic misexpression of pthlha in cartilage leads to bone collar disruption.

Targeted expression of the Jansen Syndrome (constitutively active) human
PTHLH receptor (PTH1R) to differentiating chondrocytes in mice under the control of a
rat Col2al promoter delays primary HZ formation, yet ossification patterns appear
normal (Schipani et al., 1997). In contrast, targeted expression of human PTHLH in
mouse cartilages using a mouse Col2al promoter severely delays primary HZ

formation, allowing secondary HZs to form first. The primary HZ eventually forms in the
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Figure 2.4: Mosaic pthlha expression disrupts bone collar as a function of
proximity and number of expressing cells. (A, D) Live imaging of wild-type embryos
treated with Alizarin Red, ventral views. (B, C, E, F) Live imaging of mosaic
col2ala:pthlha-2A-lynGFP transgenic embryos treated with Alizarin Red, ventral views.
(A-C) Optical slices showing the DIC channel. (D-F) 3D-projections. White arrowheads
indicate the position of the HZ. Blue arrowheads indicate the position of col2ala:pthlha-
2A-lynGFP expressing cells. Yellow arrowheads indicate the position of the SHZ.
Magenta arrowheads show the position of a col2ala:pthlha-2A-lynGFP-positive cell
disrupting bone collar formation. Orange arrowheads indicate the position of the
branchiostegal ray 3, which is undisrupted by pthlha. pg=palatoquadrate, ch=ceratohyal,
HZ=hypertrophic zone, SHZ=secondary hypertrophic zone, D=dorsal, V=ventral,
BR3=branchiostegal ray 3.
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center of the cartilage element, but only the outermost part of this HZ ossifies (Weir et
al., 1996). We hypothesized that the discrepancy between these two experiments is
because, unlike PTH1R, which should be available in all chondrocytes irrespective of
their position within the cartilage, PTHLH forms a gradient that accumulates more in the
center of the cartilage element, inhibiting ossification. Since both experiments perturbed
PTHLH or PTHR1 globally throughout cartilage, we might expect that primary HZ
patterning will change if pthlha is expressed in localized, ectopic zones within the

cartilage.

To test this hypothesis, we made a fusion construct to polycistronically co-
express pthlha and lyn-GFP under the control of a zebrafish col2ala promoter using a
backbone that uses a Tol2 transposase-dependent system to integrate into the genome,
and injected DNA encoding this construct into 1-cell stage embryos. This resulted in
mosaic transgenic FO zebrafish, which were assessed for effects of localized pthlha
expression, marked by lyn-GFP expression, on ossification (i.e. formation of a bone
collar) around the primary HZ. Bone collars formed normally in non-injected 144 hpf
embryos, as assessed by live Alizarin Red staining (Figure 2.4A, B). However, mosaic
transgenic ch cartilages with ectopic pthlha expression in the mid-region of the cartilage
had no bone collars (Figure 2.4B, C, E, F), while they formed normally in ch cartilages
lacking ectopic pthlha expression, including the contralateral ch in many cases, serving
as an internal control. In addition, ectopic pthlha expression did not disrupt formation of
dermal bones, such as the branchiostegal rays associated with ch cartilages (Figure
2.4C, F), which do not develop from a cartilage intermediate and are largely Ihh and by

inference Pthlh, independent (Felber et al., 2011). Interestingly, reductions in bone
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collar formation were more severe when the ectopic pthlha-expressing cells were
greater in number and closer to the middle of the cartilage (Figure 2.4C, F). We never
observed ectopic bone collars form in any mosaic transgenics. Together, these results
suggest that, if located sufficiently close, cells expressing ectopic pthlha can potently
inhibit bone collars forming around primary HZs, though this does not alter the location

of these bone collars at 144 hpf.

Mosaic misexpression of pthlha in cartilage disrupts primary HZ patterning.

Ectopic mosaic expression of pthlha in cartilage led to bone collar loss or
reduction but not bone collar patterning changes. However, our analyses of effects at
144 hpf were potentially too early to detect these effects given that previous studies
targeting ectopic human PTHLH to mouse cartilages led to initial delay in HZ formation,
HZ patterning disruptions at later stages, and late bone collar formation at these ectopic
HZs (Weir et al., 1996). Therefore, it is possible that ectopic pthlha expression
simultaneously disrupts HZ patterning and delays bone collar formation, particularly
given osteoblast susceptibility to Ihh signaling perturbations (Felber et al., 2011). To test
this idea, we made a similar DNA construct in which we replaced lyn-GFP with nuclear
localized mCherry, then tested the effects of mosaic ectopic pthlha on entpd5a:kaede
reporter expression patterns. Since the entpd5a:kaede reporter expression is not limited
to HZs, brightfield optics were used to draw outlines of ch cartilages, and HCs were
localized within the outlines (Figure 2.4A-D). In 120 hpf mosaic transgenic FO zebrafish,
within the same fish, while HZs formed normally in ch cartilages that did not express
ectopic pthlha (Figure 2.4E, F), HZs had decreased numbers or complete absence of

HCs in ch cartilages that expressed ectopic pthlha where we expected the HZ to form
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Figure 2.5: Mosaic pthlha expression disrupts HZ patterning. (A-D) Live imaging of
a wild-type sox10:lyn-tdTomato;entpd5a:kaede double transgenic embryo, ventral
views, anterior to the left. (A) An optical slice. (B) DIC channel, used to draw an outline
of the ceratohyal. (C) 3D-projection showing the sox10:lyn-tdTomato channel, outline
drawn in (B). (D) 3D-projections showing the entpd5a:kaede channel, outline drawn in
(B). (E-H) Live imaging of an entpd5a:kaede transgenic embryo made mosaic
transgenic for col2ala:pthlha-2A-nmCherry, ventral views. (E, F) Control side with no
col2ala:pthlha-2A-nmCherry expression; entpd5a:kaede in the HZ is undisrupted. (E)
An optical slice. (F) 3D-projection only showing the col2ala:pthlha-2A-nmCherry
channel. (G, H) Transgenic side with col2ala:pthlha-2A-nmCherry expression,
entpd5a:kaede in the HZ is disrupted. (G) An optical slice. (H) 3D-projection only
showing the col2ala:pthlha-2A-nmCherry channel. (I, J) Live imaging of an
entpd5a:kaede transgenic embryo made mosaic transgenic for col2ala:pthlha-2A-
nmCherry, ventral views; col2ala:pthlha-2A-nmCherry expression moves the HZ to the
ventral part of the ceratohyal. () An optical slice. (J) 3D-projection showing the
col2ala:pthlha-2A-nmCherry channel. (K, L) Live imaging of an entpd5a:kaede embryo
made mosaic transgenic for col2ala:pthlha-2A-nmCherry, ventral views;
col2ala:pthlha-2A-nmCherry expression moves the HZ to the dorsal part of the
ceratohyal. (K) An optical slice. (L) 3D-projection showing the col2ala:pthlha-2A-
nmCherry channel. White arrows indicate the position of the HZ. pg=palatoquadrate,
ch=ceratohyal, hs=hyosymplectic, HZ=hypertrophic zone, D=dorsal, V=ventral,
BR3=branchiostegal ray 3.
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(Figure 2.4G, H). These results suggest that disruption of bone collar in our mosaic

transgenic zebrafish was likely due to abrogation of HZ formation.

Interestingly, in some cases when ectopic pthlha expression was in much of the
ch cartilage, ectopic HCs appeared either on the ventral (Figure 2.41, J) or dorsal edge
of the ch cartilage (Figure 2.4K, L). In all these cases, at least a few of these ectopic
HCs expressed ectopic pthlha. Furthermore, chondrocytes expressing ectopic human
PTHLH, as well as constitutively active PTH1R, become hypertrophic, albeit with some
delay (Schipani et al., 1997; Weir et al., 1996). However, none of the ectopic HZs had
any adjacent osteoblasts, which is consistent with our analysis of bone collars in our
col2ala:pthlha-2A-lyn-GFP mosaic transgenic embryos. Altogether, these results
suggest that pthlha not only restricts the primary HZ to the mid-cartilage region but also
determines HZ position along the length of the cartilage. These results also suggest that
HZ positioning and chondrocyte hypertrophic differentiation potential are not pre-

determined in cartilages but rather plastic and relative to Pthlh signaling.

Discussion

In this study, we show, for the first time, that pthlha contributes to determining the initial
location of the primary HZ during early patterning of cartilage elements. We find that
HZs in embryonic zebrafish cartilages form much earlier than previously suspected, that
they require Hh signaling, and that the early onset of distinct zones of pthlha expression
prefigures these HZs. Perturbation of pthlha alters both the timing and spatial
distribution of HZs. Thus, the same Pthlh/Ihh feedback loop that maintains GPs later in
endochondral bones appears to establish their spatial patterns in the embryo. These

results are consistent with previous studies showing that Pthlh signaling maintains a
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pool of PCs by controlling the rate of hypertrophic differentiation in HZs (Chung et al.,
1998; Schipani et al., 1997; Vortkamp et al., 1996; Weir et al., 1996). However, our
analysis of mosaic cartilages ectopically expressing pthlha also revealed that Pthih
signaling is both necessary and sufficient to pattern the locations of early HZs along the
length of the cartilage, which differs from similar studies in mice where the locations of
HZs were essentially unchanged after similar manipulations of Pthih signaling (Chung et

al., 1998; Schipani et al., 1997; Weir et al., 1996).

Expression of entpd5a:kaede reveals an early primary HZ in embryonic cartilages

Several lines of evidence support the hypothesis that entpd5a:kaede transgenic
zebrafish mark early HZs, at least in the ch cartilage. First, some entpd5a:kaede-labeled
chondrocytes co-expressed collOala:YFP at 144 hpf. The prehypertrophic zone (PHZ)
is a transitional zone between the PZ and the HZ that is defined by prehypertrophic
chondrocytes (PHC) that express Col10al and high levels of Sox9, contrasting with the
HZ which completely lacks Sox9 expression since Sox9 functions in PHC to block
further hypertrophic differentiation (Akiyama et al., 2004; Bi et al., 2001; Hattori et al.,
2010; Zhao et al., 1997). Since entpd5a:kaede-labeled chondrocytes lack classic HC
morphology, the presence of chondrocytes co-expressing entpd5a:kaede and
coll0ala:YFP suggests that at least some entpd5a:kaede-labeled chondrocytes are
PHCs. Second, the expression of entpd5a:kaede in chondrocytes was sensitive to Ihh
signaling perturbations. Ihh signaling is required for hypertrophy and ossification to take
place and for PCs to embark in hypertrophic differentiation (Chung et al., 2001; Mak et
al., 2008; St-Jacques et al., 1999). In addition, Ihh signaling is required between 72-96

hpf in zebrafish ch cartilage for bone collars to form, suggesting an early requirement for
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Ihh in the perichondrium adjacent to developing HZs (Felber et al., 2011). If expression
of entpd5a:kaede in chondrocytes is sensitive to Ihh signaling disruptions, it would

suggest that entpd5a:kaede-labeled chondrocytes are a type of PHC.

Finally, entpd5a:kaede was detected in the center of the ch cartilage at 72 hpf, a
timepoint when HZ zone markers such as ihha, ihhb, runx2b, and coll0ala are absent
in the middle of the ch cartilage (Eames et al., 2011). Indeed, col0ala:YFP expression
was preceded by entpd5a:kaede and entpd5a:PK-Red expression in chondrocytes in
our study. Since Coll0al is the earliest known marker for PHCs (Girkontaite et al.,
1996), and considering the sensitivity of entpd5a:kaede to Ihh signaling disruptions and
its co-expression with coll0ala:YFP in HZ chondrocytes, these results suggest that
entpd5a:kaede is then the earliest known marker for chondrocytes in the hypertrophic
lineage. For instance, Transcription Factor 7 (sp7; also known as Osterix) is required for
osteoblast differentiation (Nakashima et al., 2002). Despite this, osteoblasts surrounding
the notochord are sp7 negative, but the entpd5a:kaede transgene specifically marks
these osteoblasts, suggesting that the pattern of notochord and subsequent vertebral
segmentation is encoded in notochord sheath cells (Huitema et al., 2012; Lleras Forero
et al., 2018; Wopat et al., 2018; Yu et al., 2017). Therefore, early entpd5a:kaede-
labeled chondrocytes may represent the initial stages of hypertrophy and patterning of
HZs. Previous work has shown that a subset of chondrocytes within the ch cartilage HZ
express sp7 and contribute to matrix mineralization starting at 120 hpf (Hammond and
Schulte-Merker, 2009). Furthermore, a subset of osteoblasts can be traced to col2ala-

expressing chondrocytes in juvenile zebrafish cartilage GPs, suggesting that some
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PHCs differentiate into osteoblasts (Giovannone et al., 2019). It would be interesting to

test if entpd5a:kaede can mark this set of chondrocytes as well.

Pthlh signaling controls spatial-temporal patterns of embryonic chondrocyte

hypertrophic differentiation

We show that pthiha expresses at the dorsal and ventral edges of the ch between 66
and 72 hpf, timing and pattern which correlate with that of the early primary HZ in the ch
cartilage. Using pthlha FO CRISPR mutants, we demonstrate that pthlha is required to
prevent dorsal expansion of the primary HZ and to delay the formation of the ventral
secondary HZ. In addition, using mosaic zebrafish embryos ectopically expressing
pthlha in cartilages, we show that pthlha disrupts HZ and bone collar formation as a
function of number and proximity of pthiha-expressing cells to HZs. Finally, we show a
few cases in which expression of pthlha in ch cartilages can change the location where
the primary HZ emerges, especially in cases where the primary HZ forms on the dorsal
side of the cartilage since the secondary HZ only forms on the dorsal side of the
cartilage at 4 weeks of age. Together, these results suggest that Pthlha protein forms
gradients that are necessary and sufficient to control the timing and pattern of HZ
expansion and localization. While manipulations in Pthlh signaling disrupt the rate of HZ
expansion and the timing of HZ emergence in mice, the same manipulations failed to
change the locations along the cartilage where HZs initially formed (Chung et al., 1998;
Schipani et al., 1997; Weir et al., 1996). We attribute this difference to a combination of
factors. First, mouse long bone cartilages contain orders of magnitude more cells than
zebrafish cartilages. Therefore, unlike in zebrafish embryonic cartilages, mosaic

manipulations in a few cells likely fail to have global effects on murine cartilages.
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Second, murine cartilages can respond to Pthlh signaling manipulations by proliferation.
For instance, PZs were enlarged in mosaic mice that contained a few cells mutant for
the Pthih receptor Pthlr within these PZ compared to WT while the locations of
endogenous HZs remained unchanged, which is attributed to the ability of Pthlh to
maintain surrounding WT cells in a proliferative state (Chung et al., 1998). In contrast,
while we did not examine proliferation prior to 120 hpf, zebrafish craniofacial cartilages

are known not to proliferate until after 96 hpf (Kimmel et al., 1998).

However, we also showed that the primary HZ failed to expand ventrally in pthlha
mutants. Furthermore, the bulk of chondrocyte proliferation that we detected in the
ceratohyal was found on the ventral side of the cartilage. It is generally understood that
PCs must stop proliferating in order to become PHCs. However, this could not account
for failure of the primary HZ to expand ventrally since our pthlha mutants had a marked
decrease in proliferation at 120 hpf. Therefore, an unknown mechanism appears to
prevent ventral expansion of the primary HZ. One possibility is the action of additional
components of the Pthlh signaling pathway. The pthlhb gene is a zebrafish orthologue
that is less conserved than pthlha with mammalian Pthlh. Expression of pthlhb appears
to be restricted to dorsal craniofacial cartilages and bones and not in ch, but long-range
interactions cannot be disregarded (Yan et al., 2012). In addition, zebrafish have two
Pthih receptors, pthrla and pthrlb, the activation sensitivity of which varies depending
on the ligand they bind (Rubin and Juppner, 1999). Moreover, Parathyroid Hormone 1
(Pth1l) acts like Pthlh in cartilages and can be carried in the bloodstream in rodents (Jee
et al., 2018; Yukata et al., 2018). Finally, pth4 is an ancestral Pth found in zebrafish but

lost in eutherian mammals that is expressed in the central nervous system, activates
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Pthrl receptors, and acts to repress mineralization in the skeleton at long range
(Suarez-Bregua et al., 2017). Therefore, it is possible that at least some of these factors
may play a role in repressing ventral expansion of the primary HZ in pthlha mutants.
Since all these genes are present in the zebrafish genome, mutating each of these
genes and testing their effects in pthlha mutants should help elucidate their individual

contributions to endochondral ossification patterning.

Conserved requirements for Pthlh signaling in vertebrates

Loss-of-function mutations in murine Pthilh lead to increased and premature
hypertrophic differentiation, smaller cartilages due to failure to maintain PCs, and
lethality associated with abnormal skeletal morphology (Karaplis et al., 1994). Pthlh
signaling represses hypertrophic differentiation by repressing Runx2 transcription, which
leads to decreased Ihh expression (Li et al., 2004; Yoshida et al., 2004). MO
knockdown of pthlha in zebrafish leads to increased endochondral bone mineralization,
consistent with what is known about Pthlh in mice and chicks (Yan et al., 2012). Using
CRISPR FO mutants, we show that pthlha is required to restrict PC entry into the
prehypertrophic state, thereby limiting osteoblast differentiation and bone ECM
mineralization in HZ adjacent perichondrium. Our results show that Pthlh’s role in

regulating hypertrophic differentiation is conserved in zebrafish pthlha.

In addition, Pthih mutants have smaller cartilages (Karaplis et al., 1994).
Increased hypertrophic differentiation in HZs leads to upregulation of Runx2 in adjacent
perichondrium, which leads to upregulation of Fgfl8 in the perichondrium to inhibit
proliferation in the PZ, thereby limiting the number of PCs that transition into the HZ

(Hinoi et al., 2006; Liu et al., 2002; Ohbayashi et al., 2002). Although we did not test this
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model directly, we show that pthlh mutants have decreased proliferation rates at 120
hpf. This effect is likely not due to depletion of the PC pool since we detected most
proliferating chondrocytes (doublets) in the ventral ch region that was free of
entpd5a:kaede-labeled chondrocytes. Therefore, our results suggest that the role for

Pthlh in maintaining the pool of PCs is conserved in zebrafish pthiha.

Pthlh helps establish the Ihh/Pthlh negative feedback loop in embryonic

cartilages

We show that pthlha expression in the ch cartilage is found mostly at the distal ends
and outside of the cartilage. In addition, we show that pthlha expression is required to
restrict the expansion of the ch primary HZ. In addition, using mosaic pthliha
misexpression in zebrafish craniofacial cartilages, we show that Pthlha protein inhibits
chondrocyte hypertrophic differentiation and bone formation as a function of the amount
and proximity of the pthlha source, observation which suggest that Pthliha protein can
form gradients. Together, our results suggest that Pthlha protein is initially expressed
from these distal domains and restricts the initial HZ to the mid region of the ch
cartilage. It was previously thought that the Ihh/Pthlh negative feedback loop was not
active until 3 weeks post hatching in chick GPs since Pthlr expression was absent from
PCs and PHCs before this stage (Vortkamp et al., 1996). However, our results suggest
that Pthih signaling is active close to 72 hpf in the ch cartilage since the primary HZ
arises and is patterned from this stage onwards. This is earlier in cartilage development
than in the studies in the chick. In addition, pthlha appears to be expressed through
most of the ch cartilage at a 144 hpf (Yan et al., 2012). We suggest a model in which

pthlha expression at the distal tips of the ch cartilage restricts development of the
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primary HZ to the mid region of the cartilage by restricting the domains of Ihh
expression. As the primary HZ develops, Ihh from the primary HZ promotes expression
of pthlha in nearby perichondrium. In turn, this induced pthlha expression ensures that
the primary HZ can only expand slowly and that additional HZs do not form near the
primary HZ as the cartilage grows via proliferation. Our model does not contradict the
model for the Ihh/Pthlh negative feedback loop in growth plates since our analysis was
done in cartilages preceding the formation of growth zones/plates. However, the
formation of ectopic HZs by Pthi1r cells that do not mix with endogenous HZ and that
enlarge the PZs of mosaic Pth1r” mutant mice, due to induction of Pthlh near Pth1r’
cells, supports our model (Chung et al., 1998). Finally, unlike the establishment of left-
right asymmetry, where Nodal, the activator signal, accumulates on the left side of the
embryo first and induces expression of Lefty, the inhibitory signal, on the left side of the
embryo (Tabin, 2006), our model suggests that pthlha, the inhibitory signal, is
expressed first and patterns the expression of Ihh, the activator signal. Once the
activator signal expression domains are established, however, both models are very
similar in that the longer range of the inhibitory signal ensures that the activator signal
expression remains restricted. Hence, our proposed model for early HZ patterning
resembles Reaction-Diffusion models once Ihh expression domains are established

(Turing, 1990).
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CHAPTER Il

Initiation of hypertrophic differentiation in embryonic zebrafish cartilages

requires mechanical force

Introduction

Most of our bones form via endochondral ossification, a process that replaces cartilages
with bone at stereotypical locations. These are called hypertrophic zones (HZ) because
they are made of hypertrophic chondrocytes (HC), chondrocytes in their final
differentiation stage that secrete signals that initiate the ossification process. While most
cartilage is eventually replaced by bone, most endochondral bone growth is driven by
Growth Plates (GP), locations within bones that are retained as cartilage in order to
drive bone elongation via a combination of proliferation and hypertrophic differentiation.
While the mechanisms that maintain GPs are known, those that initiate GP formation

and HZ development in embryonic cartilages are poorly understood.

GPs drive bone elongation through continuous chondrocyte proliferation,
differentiation, and transition through its three distinct zones: The resting zone (RZ), the
proliferating zone (PZ), and the HZ. The RZ contains resting chondrocytes (RC) that are
slow dividing and provide a reserve pool for the GP. RCs slowly transition into the PZ
and increase their proliferating rate, becoming proliferating chondrocytes (PC). As
proliferation increases PCs distance from the RZ, they transition into the HZ to become
HCs and initiate the ossification process (Kronenberg, 2003). The prehypertrophic zone
(PHZ) is a transition zone between the PZ and the HZ made of pre-hypertrophic

chondrocytes (PHC) that express SRY-box Transcription Factor 9 (Sox9), which delays
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their hypertrophic differentiation, but also express Indian Hedgehog (Ihh) (Akiyama et
al., 2004; Bi et al., 2001; Hattori et al., 2010; Zhao et al., 1997). Ihh promotes
proliferation in the PZ, hypertrophic differentiation in the HZ, and osteoblast
differentiation in the perichondrium adjacent to the HZ (Mak et al., 2008; St-Jacques et
al., 1999). However, these effects are modulated by two secreted signals. Pthlh is
expressed and secreted from the distal part of the RZ and forms a gradient that
determines PZ size through repression of Ihh expression (Chung et al., 1998). In turn,
Ihh promotes Pthlh expression in the RZ through an unknown long-range mechanism,
forming a negative feedback loop that controls hypertrophic differentiation rates
(Vortkamp et al., 1996). In addition, Ihh from the HZ induces expression of Fgfl18 in the
PZ adjacent perichondrium, which represses proliferation in the PZ, thereby forming a
negative feedback loop with Ihh that controls the rates at which PCs exit the Pthih
gradient (Hinoi et al., 2006; Ohbayashi et al., 2002). However, it is thought that Ihh is
not expressed at sufficient levels in locations that will become HZs in embryonic
cartilages (Eames et al., 2011), so it is unlikely that any of these mechanisms are
present prior to the formation of HZs in embryonic cartilages. Therefore, an additional

early signal may be required to start hypertrophic differentiation.

Mechanical force has emerged as an important aspect of development and
homeostasis of a variety of tissues (Hamada, 2015). For instance, tendon
morphogenesis depends on activation of TGF[3 signaling in tenocytes, which is thought
to be initiated via mechanical force-induced release of TGF ligands from the
extracellular matrix (ECM) (Subramanian et al., 2018). In bone, appropriate levels of

mechanical stimulation are required for osteocyte survival (Aguirre et al., 2006; Noble et
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al., 2003; Plotkin et al., 2005). Mechanical force is also known to be required for normal
GP homeostasis. Mechanical stimulation by muscle contraction is required for
chondrocyte proliferation in the PZ of chick GPs (Germiller and Goldstein, 1997).
Furthermore, oscillatory tensile forces applied to the cranial base GP of rabbits increase
the size of the PZ, suggesting increased chondrocyte proliferation (Wang and Mao,
2002). Interestingly, compressive force has been shown to accelerate hypertrophic
cartilage differentiation in the midpalatal suture of rats, but it is unclear if this effect is
linked to an increase in chondrocyte proliferation (Saitoh et al., 2000). In addition, the
length of the retroarticular process, a dentary bone that forms in association to the
Meckels cartilage, varies between closely-related species of cichlid larvae depending on
their differential muscle-dependent mechanical stimulation of the jaw, as measured by
gaping rate, an opening and closing of the mouth that helps pump water of the gills.
Fish that gape more frequently have longer retroarticular processes and higher levels of
Patched 1 (ptchl) expression (Hu and Albertson, 2017), though whether cartilage is
involved in this effect is unclear. Finally, both Piezo Type Mechanosensitive lon
Channel Component 1 (Piezol) and Transient Receptor Potential Vanilloid 4 (Trpv4)
mechanosensory channels have been shown to be expressed and active in
chondrocytes in vitro (Muramatsu et al., 2007; O'Conor et al., 2014; Servin-Vences et
al., 2017). However, only Trpv4 has been shown to affect SRY-box Transcription Factor
9 (Sox9) and Collagen Type Il Alpha 1 Chain (Col2al) expression in vitro, genes which
play roles in chondrocyte differentiation but not directly on hypertrophic chondrocyte

differentiation (Muramatsu et al., 2007; O'Conor et al., 2014). Therefore, no study has
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ever demonstrated direct effects of mechanical force on hypertrophic chondrocyte

differentiation independent of effects on the RZ and PZ such as increased proliferation.

In this study, we show, for the first time, that mechanical force is required for
chondrocyte hypertrophic differentiation independently of chondrocyte proliferation.
Taking advantage of the fact that HZ development in the zebrafish ceratohyal (ch)
cartilage precedes chondrocyte proliferation by 24 hours (See Chapter II), we show that
the ch cartilage HZ does not develop in paralyzed zebrafish embryos. We also show
that this effect is not due to developmental delay and is cartilage-specific since dermal
bones, which develop independently of cartilages, form normally during paralysis.
Finally, we show that the bulk of chondrocyte proliferation is found outside the forming
HZ, and that this proliferation is severely reduced in paralyzed embryos. Together,
these results suggest that mechanical force promotes bone growth via chondrocyte

proliferation and hypertrophic differentiation in GPs.

Materials and Methods

Ethics statement

All animals were handled in strict accordance with good animal practice as defined by
the relevant national and/or local animal welfare bodies, and all animal work was
approved by the University of California, Irvine Institutional Animal Care and Use

Committee.

Animals and transgenics

All zebrafish used were of the AB strain. Zebrafish were raised and staged as previously
described (Kimmel et al., 1995; Schilling and Kimmel, 1997). For anesthesia, a tricaine
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stock solution was prepared as previously described (Westerfield, 2000), and a working
solution was prepared by using 5% of the stock solution in embryo medium (EM). The
sox10:lyn-tdTomato transgenic line was previously generated in our lab (Schilling et al.,
2010). The transgenic line entpd5a:kaede was kindly provided by Dr. Stefan Schulte-

Merker (Lleras Forero et al., 2018).

Alizarin red staining

Live Alizarin Red S (EM Science, Catalog # AX0485-3) staining was carried out as
previously described (Walker and Kimmel, 2007), but with some modifications. Briefly,
Alizarin red was dissolved to 0.5% in H20 as a stock solution. Staining solution was
prepared by adding 10 ul of this stock to 1 ml of EM without methylene blue. Live
embryos were kept in staining solution at 28.5°C for 1 hour. After removing the staining
solution, embryos were washed three times with embryo medium then placed in EM for

30 minutes. After this, embryos were ready for live imaging.

a-Bungarotoxin injections

a-Bungarotoxin (a-BTX) was acquired from TOCRIS (Catalog # 2133). Embryo
paralysis was achieved by injecting 5 nl of a-BTX at 500 uM into the bloodstream near
the heart outflow just posterior to the otic vesicle of 68 hours post-fertilization (hpf)

embryos.

Bromodeoxyuridin (BrdU) labeling and staining

BrdU (SIGMA, Catalog # B9285-250MG) labeling and staining was carried out as
previously described (Kimmel et al., 1998), with the following modifications. Primary
mouse monoclonal anti-BrdU (Clone BU 33) antibody (SIGMA, Catalog # B2531) was
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used at 1/100 dilution. Secondary Alexa-647 Donkey anti-mouse 1gG (H+L) antibody

(Jackson Immunoresearch Laboratories, Catalog # 715-607-003) was used at 1/200.

Imaging

Embryos for live imaging were embedded in 1% low melting point agarose (APEX,
Catalog # 9012-36-6) diluted in EM containing 5% of tricaine stock solution. Alizarin red
staining was imaged either using a Nikon ECLIPSE Ti microscope equipped with a Plan
Apo VC 20X/0.75 DIC N2 and a Plan Apo VC 60X/1.20 WI DIC N2 objectives, or using
a Leica Sp8 confocal microscope equipped with a HC PL APO CS2 40x/1.10 W
objective. ImageJ/Fiji was used for image processing. R-suite and plugins dplyr,
ggplot2, ggsignif, and plyr plugins were used for quantification, analysis and statistical

tests (t-test and Wilcox test).

Results

Paralysis during the onset of jaw movements prevents HZ formation in the ch

In Chapter II, we showed that the entpd5a:kaede transgene marks chondrocytes in the
developing ch cartilage HZ starting at 72 hpf. We also showed that this expression
precedes collO0ala:YFP expression, which marks PHCs (Mitchell et al., 2013), and that
both entpd5a:PK-Red and coll0ala:YFP transgenes co-localize in the ch cartilage HZ
at 144 hpf. Finally, we showed that expression of entpd5a:kaede in the ch cartilage HZ
requires lhh signaling between 72 and 96 hpf. Together, these results suggest that
entpd5a:kaede is the earliest known marker for HZs, and that HZs are specified shortly

after embryonic cartilage differentiation.
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Figure 3.1: Paralysis between 68-96 hpf prevents HZ formation. (A, B) Live imaging
of a wild-type sox10:lyn-tdTomato;entpd5a:kaede double transgenic embryo at 96 hpf,
ventral views. (A) An optical slice. (B) 3D-projection showing the entpd5a:kaede
channel. (C, D) Live imaging of a paralyzed sox10:lyn-tdTomato;entpd5a:kaede double
transgenic embryo at 96 hpf, ventral views; the HZ does not develop. (C) An optical
slice. (B) 3D-projection showing the entpd5a:kaede channel. (E) Quantification of
number of entpd5a:kaede-positive chondrocytes in the ch. White arrowheads indicate
the position of the HZ. pg=palatoquadrate, ch=ceratohyal, hs=hyosymplectic,
HZ=hypertrophic zone, D=dorsal, V=ventral.
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Two studies have implicated mechanical force in bone growth (Hu and Albertson,
2017; Wang and Mao, 2002). However, mechanical force also promotes cartilage
proliferation in PZ, so given the organization of GPs, this would be expected to result in
increased hypertrophic differentiation as PCs move away from the RZ at faster rates.
Therefore, whether mechanical force has a proliferation-independent effect on
chondrocyte hypertrophic differentiation remains unaddressed. Given that zebrafish
craniofacial cartilages do not proliferate until after 96 hpf (Kimmel et al., 1998), that
craniofacial muscles begin contracting and applying force to cartilage between 66-72
hpf (Subramanian et al., 2018), and our observation that HZ development in the ch
cartilage begins around 72 hpf, we hypothesized that mechanical initiates hypertrophic

differentiation.

To test this hypothesis, we paralyzed 68 hpf sox10:lyn-tdTomato;entpd5a:kaede
double transgenic embryos by injecting them with alpha bungarotoxin (a-BTX), an
acetyl-choline receptor antagonist into the bloodstream, and examined the number of
co-expressing cells in the primary HZ of the ch cartilage at 96 hpf. While non-injected
embryos had 12.70 co-expressing cells in the primary HZ on average (n=20), a-BTX-
injected embryos had significantly fewer co-expressing cells on average (0.45/embryo,
n=20; p=1.286e-07), suggesting that HZ development in embryonic cartilages requires
mechanical force (Figure 3.1). In addition, ch cartilages in paralyzed embryos appeared
shorter than those of non-injected embryos. This effect is not due to reduced
proliferation since chondrocytes do not proliferate between 68 and 96 hpf (Kimmel et al.,
1998). Together, these results suggest that mechanical force is required for the onset of

HZ formation in embryonic cartilages.
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Loss of hypertrophic differentiation during paralysis is not due to developmental

delay.

Our results from paralyzed embryos suggested that mechanical force is required for HZ
development. However, one concern is that this effect may be due to developmental
delay and not a specific effect on chondrocytes. The branchiostegal ray 3 (BR3) is a
dermal bone that forms independently of cartilage via direct ossification of
mesenchymal progenitors. In addition, the BR3 and the ch cartilage are derived from
adjacent neural crest-derived progenitors. Therefore, the BR3 serves as a control for
cartilage-specific versus global maturation effects. Therefore, we monitored the
development of BR3 in sox10:lyn-tdTomato;entpd5a:kaede double transgenic embryos
during paralysis (Figure 3.2A-C). At 72 hpf, the BR3 was absent, and an occasional
entpd5a:kaede-positive BR3 progenitor was detected (Figure 3.2A). By 96 hpf, Alizarin
Red live staining of sox10:lyn-tdTomato;entpd5a:kaede double transgenic embryos
revealed that the BR3 was already present and had formed mineralized bone matrix in
between the osteoblasts marked by entpd5a:kaede (Figure 3.2D-E). A developing HZ in
the ch cartilage was also present at 96 hpf (Figure 3.2F). By 144 hpf, Alizarin Red live
staining showed that the BR3 continued to grow (Figure 3.2B, C). In double transgenic
siblings that were injected with a-BTX at 68 hpf and subsequently stained live with
Alizarin Red, the BR3 was also present and had formed mineralized bone matrix just as
in non-injected embryos despite the absence of a developing HZ marked by
entpd5a:kaede-labeled chondrocytes (Figure 3.2G-1). These results suggest that
paralysis by a-BTX injection does not cause developmental delay and has a specific

effect on cartilage development.
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Figure 3.2: HZ loss during paralysis is not due to developmental delay. (A-C)
Development of the branchiostegal ray 3 (BR3). (A) A 3D-projection from live imaging of
a wild-type sox10:lyn-tdTomato;entpd5a:kaede double transgenic embryo at 72 hpf,
ventral views; BR3 has not yet formed. (B, C) Live imaging of wild-type embryos stained
with Alizarin Red, ventral views. (B) An optical slice showing the DIC channel. (C) 3D-
projection. (D-F) Live imaging of a wild-type sox10:lyn-tdTomato;entpd5a:kaede double
transgenic embryo stained with Alizarin Red at 96 hpf, ventral views. (G-I) Live imaging
of a paralyzed sox10:lyn-tdTomato;entpd5a:kaede double transgenic embryo stained
with Alizarin Red at 96 hpf, ventral views. (D, G) An optical slice. (E, H) An optical slice
excluding the entpd5a:kaede channel. (F, I) 3D-projection showing the entpd5a:kaede
channel. White arrowheads indicate the position of the BR3, which develops normally
and stains with Alizarin Red regardless of paralysis. Blue arrowheads indicate the
position of the HZ, which is absent in paralyzed embryos. pg=palatoquadrate,
ch=ceratohyal, hs=hyosymplectic, Mc=Meckels, HZ=hypertrophic zone, D=dorsal,
V=ventral, BR3=branchiostegal ray 3.
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Paralysis from 72 to 120 hpf leads to loss of chondrocyte proliferation.

Our results suggested that paralysis between 68-96 hpf caused a specific impairment of
HZ development. However, previous studies in other species suggest that mechanical
force promotes proliferation in GPs (Hu and Albertson, 2017; Wang and Mao, 2002). To
test this possibility, despite the fact that chondrocytes in zebrafish craniofacial cartilages
do not proliferate until after 96 hpf (Kimmel et al., 1998), we monitored proliferation in
paralyzed embryos with BrdU (Figure 3.3). First, we injected sox10:lyn-tdTomato
transgenic embryos at 68 hpf with an increased dose of a-BTX, which kept injected
embryos paralyzed for almost 48 hours. Next, we treated injected and non-injected
embryos with BrdU from 96-120 hpf, fixed them at 120 hpf, and performed anti-BrdU
antibody staining. By counting the number of BrdU-positive chondrocytes in the ch
cartilage using sox10:lyn-tdTomato signal as a reference, we found that most BrdU-
labeled chondrocytes in non-injected embryos were restricted to the ventral third of the
ch cartilage, with a few in the dorsal tip and occasionally one or two near the middle
where the HZ develops (Figure 3.3A, B). However, while non-injected embryos had 31.2
BrdU-labeled chondrocytes in the ch cartilage on average (n=5), a-BTX injected
embryos had a dramatic reduction in BrdU-labeled chondrocytes (0.8/embryo; n=5;
Wilcox test, p=0.011), suggesting that chondrocyte proliferation was virtually eliminated
in the absence of mechanical force (Figure 3.3). This effect was also observed in other
cartilages, but not in the surrounding cell types including muscle or the central nervous
system. We detected BrdU-labeled chondrocytes in the symplectic (sy), hyoid (hy), and
palatoquadrate (pq) cartilages of non-injected embryos. In contrast, a-BTX injected

embryos had no BrdU-labeled chondrocytes in any of these cartilages. These
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Figure 3.3: Paralysis between 72-120 hpf leads to loss of chondrocyte
proliferation. (A, B) Optical slices from BrdU Alexa-647 staining of a wild-type
sox10:lyn-tdTomato embryo, ventral views. (C, D) Optical slices from BrdU Alexa-647
staining of a paralyzed sox10:lyn-tdTomato embryo, ventral views; BrdU staining is
absent from cartilages, but not from other tissues. (A, C) Both sox10:lyn-tdTomato and
BrdU Alexa-647 channels showing. (B, D) Only the BrdU Alexa-647 channel showing.
(E) Quantification of BrdU-positive cells in the ceratohyal. pg=palatoquadrate,
ch=ceratohyal, hs=hyosymplectic, cb=ceratobranchial, D=dorsal, V=ventral.
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results suggest cartilage specific requirements for mechanical force in chondrocyte

proliferation.

Discussion

In this study, we show, for the first time, that mechanical force is required for
chondrocyte hypertrophic differentiation independent of any effects on proliferation.
Previous studies showed that mechanical force promotes chondrocyte proliferation
(Germiller and Goldstein, 1997; Wang and Mao, 2002). However, our studies suggest
that mechanical force also promotes hypertrophic chondrocyte differentiation
independently of proliferation. Since zebrafish jaw cartilages do not proliferate until after
96 hpf (Kimmel et al., 1998), and given that we previously showed that the ch cartilage
HZ forms around 72 hpf (See Chapter Il), our observation that paralysis from 68 to 96
hpf prevented ch cartilage HZ development but not dermal bone development supports
this hypothesis. In addition, we found that most chondrocyte proliferation after 96 hpf
occurred in the ventral third of the ch cartilage and outside of the developing HZ, and
that paralysis severely reduced this proliferation. In addition, our observation that
cartilages in paralyzed embryos were shorter than controls at 96 hpf could be explained
by defects in convergent extension (Shwartz et al., 2012), indicating mechanical force
requirements throughout the cartilage. These observations support the hypothesis that
mechanical force is required in chondrocytes for both proliferation or hypertrophic
differentiation, but that whether chondrocytes undergo one or the other is likely
determined by their location and/or signaling context within the cartilage. In addition,
these results suggest that reported effects of mechanical force on hypertrophic

differentiation and bone growth rates may be at least in part due to a direct effect on the
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chondrocyte differentiation program and not just chondrocyte proliferation (Hu and

Albertson, 2017; Saitoh et al., 2000).
Could Trpv4 and Piezol mediate mechanotransduction in chondrocytes?

Our results suggest that muscle contraction is required for both proliferation and
hypertrophic differentiation of chondrocytes. Since this force is relayed to cartilages
through tendons that attach only in some parts of the cartilage, it is reasonable to think
that one of the effects these forces have on cartilages is the stretching of chondrocytes.
In this context, Piezo Type Mechanosensitive lon Channel Component 1 (Piezol) and
Piezo2, mechanosensitive ion channels that are activated by stretching forces on cell
membranes, are expressed in chondrocytes (Lee et al., 2014; Servin-Vences et al.,
2017; Wu et al., 2017). Although functions for Piezo receptors in cartilage are still poorly
understood, Piezol activity has been linked to activation of apoptosis in chondrocytes
(Lawrence et al., 2017). Since Piezol is required for the epithelial cell division response
to stretching forces (Gudipaty et al., 2017), it is possible that Piezol plays a similar role
in chondrocyte proliferation given our results. However, there is insufficient data to

speculate on Piezol potential roles on chondrocyte hypertrophic differentiation.

In addition, Transient Receptor Potential Vanilloid 4 (Trpv4), a Ca*?/Na* channel
that is activated by a variety of stimuli involving mechanical force and hypotonic stress,
is expressed in chondrocytes (Muramatsu et al., 2007; Nilius et al., 2004; O'Conor et al.,
2014; Servin-Vences et al., 2017). Trpv4 activity has been shown to be required for
Sox9 expression in differentiating chondrocytes in vitro (Muramatsu et al., 2007).
Furthermore, Trpv4 activity promotes the production of Type Il Collagen and other

extracellular matrix (ECM) proteins characteristic of differentiating chondrocytes
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(O'Conor et al., 2014). Therefore, one possibility is that Trpv4 role in regulating Sox9
expression and chondrocyte-specific ECM protein secretion is required to maintain PCs
such that lack of mechanical force leads to downregulation of these factors, thereby
decreasing chondrocyte proliferation. Similarly, the decrease in hypertrophic
differentiation caused by paralysis could be an effect of Sox9 downregulation, as failure

to maintain PCs could prevent them from initiating hypertrophic differentiation.

However, identifying the type of mechanical stimulus exerted on chondrocytes by
muscle contraction will be important in determining the pertinent mechanoreceptor. For
instance, the mechanoelectrical response to stretching forces in chondrocytes is mainly
mediated by Piezol and not Trpv4 (Servin-Vences et al., 2017). If muscle contraction
mainly exerts stretching forces on chondrocytes of the zebrafish jaw cartilages, Trpv4
would be unlikely to mediate chondrocyte proliferation and hypertrophic differentiation.
However, Trpv4 may still play a role in sensing mechanical loading, which is the same
type of mechanical stimulus that osteocytes require to survive (Aguirre et al., 2006;

Noble et al., 2003; Plotkin et al., 2005).
Is chondrocyte response to mechanical force cell-autonomous?

Our results suggest that mechanical force promotes HZ development in embryonic
cartilages. However, the mechanism that controls chondrocyte hypertrophic
differentiation remains unclear. One possibility is that chondrocyte mechanotransduction
cell-autonomously modulates their ability to become hypertrophic. Since lhh from the
HZ is required for osteoblasts to form in adjacent perichondrium (Felber et al., 2011; St-
Jacques et al., 1999), the absence of perichondrial osteoblasts in the ch cartilage of

paralyzed embryos suggests that chondrocyte Ihh expression could be downregulated
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in paralyzed embryos. Since chondrocytes sense mechanical force via Trpv4 and
Piezol receptors in vitro (Servin-Vences et al., 2017), mechanotransduction may be
required for Ihh expression in developing HZs. Alternatively, Ihh signaling and
mechanotransduction are required in parallel for chondrocyte hypertrophic
differentiation. However, there is not enough data to determine the likelihood of any of

these possibilities.

Alternatively, mechanical force may be required to repress Pthlh expression,
hence regulating chondrocyte hypertrophic differentiation non cell-autonomously. The
lack of HZ development and adjacent osteoblasts in paralyzed embryos could also
support this hypothesis. However, this hypothesis is incongruent with the model for
Pthih regulation in GPs. In GPs, Ihh promotes expression of Pthlh in the RZ at a
distance while Pthlh represses Ihh expression in PCs, thus forming a negative feedback
loop (Vortkamp et al., 1996). Although we have no data on the effect of Ihh on Pthih
expression in zebrafish ch cartilages between 68 and 96 hpf, Pthih upregulation upon
HZ development failure, which would lead to Ihh downregulation, would constitute a
significant departure from the negative feedback loop model. Given that zebrafish pthiha
is already expressed in the jaw cartilage primordia from 48 hpf (Yan et al., 2012), which
is far earlier than the onset of zebrafish jaw muscle contraction (Subramanian et al.,
2018), upregulation of Pthlh in paralyzed embryos is unlikely. Furthermore, since our
results suggest that mechanical force has effects on chondrocyte hypertrophy and
proliferation in all the ch cartilage, it is unclear how mechanical force may selectively
repress pthlha expression in some parts of the cartilage so that pthiha is expressed at

the distal ends of the cartilage at 72 hpf.
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CHAPTER IV

Characterization of embryonic perichondrium

Introduction

One underappreciated cell population in cartilage is the perichondrium. During cartilage
morphogenesis, peripheral mesenchymal cells form the perichondrium by flattening and
wrapping around chondrocytes in the cartilage periphery. This process begins with
upregulation of Sox9 in cells at the center of undifferentiated mesenchyme leading to
chondrocyte differentiation and initiation of convergent extension (CE) such that
chondrocytes intercalate resembling coin stacks, which shape and elongate cartilages
(Bi et al., 1999; Kimmel et al., 1998; Yan et al., 2005). Much of what is known about the
perichondrium comes from the study of growth plates (GP) in endochondral bones in
which GPs control bone growth through a combination of proliferation and cartilage
replacement that involves signaling to and from surrounding perichondrium. However,
little is known about spatial or temporal regulation of these signals or the functions of

the perichondrium during early cartilage development.

For instance, the perichondrium is thought to be involved in a negative feedback
loop that regulates GP function. GPs elongate bones through chondrocyte proliferation
such that chondrocytes transition from the resting zone (RZ) to the proliferative zone
(P2), and then to the hypertrophic zone (HZ). Within the RZ, distally located resting
chondrocytes (RC) and perichondrium secrete Parathyroid Hormone-Like Hormone
(Pthih) to form a gradient that maintains the RZ and extends into the PZ (Vortkamp et

al., 1996). RCs that transition into the PZ form stacked columnar arrays of proliferative
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chondrocytes (PC), elongating this zone along the long axis of the bone. PCs
transitioning into the HZ become hypertrophic chondrocytes, the last stage of
chondrocyte differentiation, and secrete Indian Hedgehog (Ihh) to promote hypertrophic
differentiation in adjacent chondrocytes and induce osteoblastogenesis in adjacent
perichondrium. These osteoblasts in the surrounding extracellular matrix (ECM)
subsequently make bone after HCs have undergone apoptosis (Kronenberg, 2003).
These zones are maintained by a negative feedback loop involving Ihh and Pthlh. First,
Pthih represses Runt-Related Transcription Factor 2 (Runx2) expression in the PZ,
which is required for Ihh expression (Chung et al., 1998; Li et al., 2004; Weir et al.,
1996; Yoshida et al., 2004). Then, Ihh from the HZ promotes Pthlh expression in the RZ
through a long-range mechanism that is not well understood (Vortkamp et al., 1996).
One model suggests that Ihh acts on adjacent perichondrium to generate an
intermediary signal that relays to the RZ to promote expression of Pthlh (Alvarez et al.,
2002; Dentice et al., 2005). Testing this model requires perichondrium-specific genetic
manipulations accomplished via specific promoters. However, no perichondrium-specific

regulatory elements that could drive such expression have been identified.

Another interesting question regarding the perichondrium is how it develops.
Previous work has shown that chick perichondrium is composed of an inner cambial
layer and an outer fibroblastic layer. The inner layer is thought to differentiate into
chondrocytes that integrate in the PZ and contribute to bone elongation (Bairati et al.,
1996; Pathi et al., 1999), but there is no direct evidence for this since no perichondrium
cell tracing tools are available. Also, the inner layer likely plays more of a role in GP

regulation through regulatory factor secretion. For example, Runx2 expression in the
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perichondrium upregulates Fgf18 in these cells, which represses excessive proliferation
in the PZ, thereby controlling the number of cells that transition into the HZ (Hinoi et al.,
2006; Liu et al., 2002; Ohbayashi et al., 2002). In contrast, the outer layer likely plays
more of a structural role by providing attachment sites for ligaments and tendons (Scott-
Savage and Hall, 1980). Whether the perichondrium forms as a bilayer or from a single
non-specialized layer during initial cartilage development remains unaddressed

because tracing perichondrium cells is currently not possible.

The zebrafish craniofacial cartilages provide an advantage in testing candidate
perichondrium-specific promoters and enhancers over GPs in mammals. First,
embryonic zebrafish craniofacial cartilages are morphologically relatively simple. Each
of these cartilages in the pharyngeal arches (PA) consists of several orders of
magnitude fewer cells than their homologues in mammals such that whole cartilages
can be captured in a single confocal frame with single cell resolution (Kimmel et al.,
1998). Second, whole mount in situ hybridization in zebrafish embryos allows for
visualization of expression in the whole cartilage in 3 dimensions. In contrast, testing for
gene expression in GP perichondrial cells in mammals can only be done by either
histological sectioning followed by in situ hybridization (ISH) or dissection of the
perichondrium followed by quantitative Polylerase Chain Reaction. Third, a genomic
binding profile of modified histones indicating potential sites for transcription factor
binding is available for zebrafish (Aday et al., 2011). These data combined with genomic
conservation data across different fish and other vertebrate species can help identify
candidate regulatory regions. Finally, generating transgenic lines for live imaging in

zebrafish is straightforward using a transposon-based system and efficient enough to
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use injected embryos to test the expression patterns driven by candidate regulatory
sequences. Therefore, identifying candidate genes that express in the perichondrium,
isolating candidate regulatory sequences for these genes, and testing their expression

patterns can be performed rapidly.

Here | describe regulatory regions that drive expression of two genes in the
perichondrium in zebrafish. First, | identified candidate perichondrium marker genes
from the literature (Bandyopadhyay et al., 2008; Reed and Mortlock, 2010; Thisse,
2004). Next, | performed whole mount ISH for these genes and found that
Growth/differentiation Factor-5 (gdf5) and Cellular Retinoic Acid Binding Protein 2b
(crabp2b) were expressed in zebrafish craniofacial cartilage perichondrium. While |
failed to find regulatory regions near the gdf5 locus that could drive expression in the
perichondrium using the transient expression system, | found two regulatory regions in
the crabp2b locus that could drive expression in the perichondrium as well as in
chondrocytes. Using these regulatory regions to drive fluorescent protein expression in
living embryos | observed that the zebrafish perichondrium initially develops as a single,
1-cell thick layer. Finally, | found that expression driven by crabp2b regulatory regions
colocalized with that of a tendon transgenic marker in craniofacial cartilages, suggesting

that parts of this single layer also serve as tendon attachment sites.

Materials and methods

Ethics statement

All animals were handled in strict accordance with good animal practice as defined by

the relevant national and/or local animal welfare bodies, and all animal work was
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approved by the University of California, Irvine Institutional Animal Care and Use

Committee.

Animals and transgenics

All zebrafish used were of the AB strain. Zebrafish were raised and staged as previously
described (Kimmel et al., 1995; Schilling and Kimmel, 1997). For anesthesia, a tricaine
stock solution was prepared as previously described (Westerfield, 2000), and a working
solution was prepared by using 5% of the stock solution in embryo medium (EM). The
sox10:lyn-tdTomato transgenic line was previously generated in our lab (Schilling et al.,
2010). The scxa:mCherry transgenic line was kindly provided by Dr. Jenna Galloway

(McGurk et al., 2017).

Bacterial chromosome (BAC) recombineering was carried out by Dr. Daniel
Dranow. Bacterial strains for recombineering were obtained from the National Cancer
Institute (NCIl)—Frederick Biological Resources Branch. BAC CH73-166-016 containing
the gdf5 coding sequence including upstream sequence was obtained from the
Children’s Hospital Oakland Research Institute BACPAC Resources Center. BAC
recombineering was performed as described (Dranow et al., 2016; Suster et al., 2011).
Primers were (BAC sequence homology underlined) gdf5_eGFP_fwd:
GGTAGAGCTGTCCATTTCTCCATCACCGAAGCTCAGAGGAAGATCAGAGGgccaccat
gGTGAGCAAGGGCGAGGAGCTGTTC and gdf5_frt KAN_frt_rev:
CGATACTGTCCCCTAACGGTGGGGCATGCTGTCACACTGTTGGAGATTAAccgcgtgt
aggctggagctgcttc for amplification of the eGFP cassette. For PCR amplification of the
eGFP cassette to verify recombination and for sequencing, gdf5_fwd:

GGAGCTGGATCACTATGGTTCTGAA, gdfs_rev:
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CTGAGACTGGGGCTATCTATCACAC. Primers gdf5_fwd and pA_seqR:
GAATAGGAACTTCCTGCAGGAATTC were used as sequencing primers with the PCR
product as template. For PCR genotyping injected male founders by sperm squeeze,

gdf5_fwd and eGFP_rev: AGATGAACTTCAGGGTCAGCTTGC were used.

The -4.9s0x10:eGFP-Ntr and -5.0gdf5:eGFP-Ntr constructs were generated by
assembling multiple pieces into a pDestTol2pA2 vector (Kwan et al., 2007) using
Gibson cloning and reaction mix as previously described (Gibson et al., 2009). The
sox10:eGFP-Ntr plasmid was made using primers
gtctgaaacacaggccagatgggccGGATCCCCTTATCAGAGTCAAC (sox10F),
cgcccttgctcaccatcggtccactcGTTCTGCGGCCACAGGTG (sox10R),
gagtggaccgatgGTGAGCAAGGGCGAGGAG (eGFPF1),
ccataccagaaccaccCTTGTACAGCTCGTCCATGC (eGFPR),
cgagctgtacaagggtggttctggtATGGATATTATTAGTGTGGCC (NtrF), and
atgtctggatcatcatcgatggtacTCACACCTCTGTCAGTGTG (NtrR1) to amplify -4.9s0x10
from genomic DNA, eGFP from Tol2 kit plasmid pME-eGFP, and Ntr from pCS2-epNtr
plasmid (Addgene, Catalog # 62213). The gdf5:eGFP-Ntr plasmid was made using
primers gtctgaaacacaggccagatgggccGAGTCCTGAGCTTCACCTG (gdf5F),
cgcccttgetcacCATCCTCTGATCTTCCTCTG (gdfSR),
agatcagaggatgGTGAGCAAGGGCGAGGAG (eGFPF2), eGFPR, NtrF, and NtrR1 to
amplify -5.0gdf5 from BAC CH73-166016, eGFP from Tol2 kit plasmid pME-eGFP, and
Ntr from pCS2-epNtr plasmid. Sets of amplicons were Gibson cloned into a Apal/Kpnl
digested pDestTol2pA2 vector. Plasmids were transformed into DH5a competent cells

(in-house generated).
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The -1.1crabp2b:eGFP-Ntr, +1.2crabp2b-gata2a:eGFP-Ntr, and crabp2bL.eGFP-
Ntr plasmids were made using the Gateway Tol2 system (Kawakami and Shima, 1999;
Kwan et al., 2007) and Gibson cloning. A middle entry vector pME-eGFP-Ntr plasmid
was generated using primers tacaaaaaagcaggctggacGTGAGCAAGGGCGAGGAG
(eGFPF3), eGFPR, NtrF, and aagctgggtgtagggctgcaTCACACCTCTGTCAGTGTG
(NtrR2) to amplify eGFP from Tol2 kit plasmid pME-eGFP, and Ntr from pCS2-epNtr
plasmid, and cloning these fragments into a Ncol/Pstl-digested pME-eGFP plasmid.
The 5’ entry plasmid p5E-1.1crabp2b was made using primers
gtatagaaaagttgaaggGCATTCATAAAGGCGTTG (crabp2bF1) and
ctatagtgtcacctaaatcaGTTTCTGCGTGTCTTTCTTTCACTC (crabp2bR1) to amplify -
1.1crabp2b from genomic DNA and Gibson cloning it into a Hindlll/Stul-digested p5E-
CMV-SP6 plasmid (Kwan et al., 2007). The &’ entry plasmid pSE-1.2crabp2b was made
using primers gggccggcccttcggAAGCTCCGAAAACTTCGAG (crabp2bF2) and
ttctattaatgaatatcggCGTCCATCCACCGTAGTC (crabp2bR2) to amplify +1.2crabp2b
from genomic DNA and Gibson cloning it into an Ascl-digested p5E-Fse-Asc-gata2a
plasmid (Kwan et al., 2007). Finally, the 5" entry plasmid p5E-crabp2bL was made using
primers ttgtatagaaaagttgaaggCTTGCTGATGTGCTTTTAGGGG (crabp2bF3),
ttcggagcttGTCTTGTAGGCTATAGTGACCTGG (crabp2bR3),
cctacaagacAAGCTCCGAAAACTTCGAGGA (crabp2bF4),
ttatgaatgcCGTCCATCCACCGTAGTCTC (crabp2bR4),
tggatggacgGCATTCATAAAGGCGTTGTTCTGAC (crabp2bF5), and crabp2bR1 to
amplify -4.2crabp2b, +1.2crabp2b, and -1.1crabp2b fragments, respectively, and Gibson

cloning them into a Hindlll/Stul-digested p5E-CMV-SP6 plasmid. The plasmids
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pDestTol2pA2-1.1crabp2b:eGFP-Ntr, pDestTol2pA2-1.2crabp2b-gata2a:eGFP-Ntr, and
pDestTol2pA2-crabp2bL:eGFP-Ntr were assembled according to the Tol2 Kit protocol
and transformed into DH5a competent cells. Transposase mMRNA was synthesized from
the pCS2FA-transposase plasmid (Kwan et al., 2007) digested with Notl using
Invitrogen mMMESSAGE mMACHINE™ T7 ULTRA Transcription Kit (Catalog #
AM1345). 500 pl of coctail mixes containing 40 ng/ul of plasmid and 60 ng/ul of

transposase mMRNA were injected into 1-cell stage embryos.

Imaging

Embryos for live imaging were embedded in 1% low melting point agarose (APEX,
Catalog # 9012-36-6) diluted in embryo medium containing 5% of tricaine stock solution.
Embryos labeled by in situ hybridization were mounted on slides, then imaged on a
Zeiss Axioplan 2 microscope equipped with a MicroPublisher 5.0 RTV camera using
Volocity software (Improvision). All live imaging, except for Alizarin red stained embryos,
was done using a Leica Sp8 confocal microscope equipped with a HC PL APO CS2
40x/1.10 W objective. Imaging of live Alizarin red stained embryos was done using a
Nikon ECLIPSE Ti microscope equipped with a Plan Apo VC 20X/0.75 DIC N2

objective. ImageJ/Fiji was used for image processing.

In situ hybridization

Probes were made from the following primers: AGTTCAGTGACGATGCCAGG
(coll4alaF), ACTGGCCCATGATGTACTGC (coll4alaR),
TAAACTGACCTGGGACACGC (col14albF), GTACTGTGTGTTCGGGCTCA

(coll4albR), CTGCGCAACTTTCTCCCTGA (Igals2aF),
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GACAATGGTTAGCATGTACCGC (lgals2aR), AGCTCCACCAACAACTCAGC
(Igals2bF), AGTGGATTTATTGACACTGCAGT (lgals2bR),
GGAGCAAACGATGAGTGACG (dkk3aF), GAGTAAAGTGTGTCGGTGAGC (dkk3aR),
CAGTGGGCAGTTCAGTTCAC (dkk3bF), TGTCTCTCATCCACACACACT (dkk3bR),
GGAGGTGCTGGGAAACATGA (thbs2F), GGCATCGTTCTCAGGACACA (thbs2R),
TAAAGGCTGACGGAAACCCT (gdf5F), CTGGATGATGGCGTGATTGG (gdf5R),
AGTGAAAGAAAGACGCGCAG (crabp2bF), TGCCTAAACTCACCATTAGTTCA
(crabp2bR). We assembled the corresponding PCR products into Promega’s pGEM-T
Easy Vector (Catalog # A1360) and transformed them into DH5a cells (in-house
generated). We digested the vector with Spel or Ncol, depending on the plasmid, and
synthesized the probe using Roche DIG RNA Labeling Mix (Catalog # 11277073910),
SP6 RNA Polymerase (Catalog # 10810274001), and T7 RNA Polymerase (Catalog #
10881767001) as required and directed by the protocol. Whole-mount in situ
hybridization was carried out as previously described (Thisse et al., 1993), with the
following modifications. Anti-Digoxigenin-AP, Fab fragments antibody (Roche, Catalog #

11093274910) dilution was 1/1000.

Metronidazole treatments

Metronidazole (Mtz) treatments were done as previously described (Curado et al.,
2008). Mtz was obtained from SIGMA (Catalog # M3761-25G). Mtz solution was always
prepared fresh from powder. Mtz was dissolved in EM without methylene blue
containing 0.2% dimethyl sulfoxide (DMSOQO). Mtz final concentrations ranged between

2.5 and 10 mM. EM with 0.2% DMSO solution was used as a negative control.
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Results

Both gdf5 and crabp2b express in embryonic perichondrium

Genes previously described as expressed in the perichondrium in chick include Cellular
Retinoic Acid Binding Protein-1 (Crabpl), Collagen Type XIV Alpha 1 Chain (Coll4al),
ABI Family Member 3 Binding Protein (Abi3bp), Dickkopf WNT Signaling Pathway
Inhibitor 3 (Dkk3), Thrombospondin 2 (Thbs2), Galectin 1 (Lgalsl), and MAF bZIP
Transcription Factor B (Mafb) (Bandyopadhyay et al., 2008). To determine if these
genes have similar perichondrial expression in zebrafish, we performed ISH in embryos
between 48-96 hours post-fertilization (hpf). Previous studies suggested that crabpla,
crabplb, and mafb are not expressed in zebrafish craniofacial cartilages (Liu et al.,
2005a; Rauch et al., 2003; Toro et al., 2009), evidence for coll4ala, Igals2a, and
Igals2b was equivocal (Thijssen et al., 2006; Thisse, 2001), and no expression data
were available for abp3bpa, abi3bpb, dkk3a, dkk3b, or thbs2a. However, the crabplb
paralog crabp2b appeared to be expressed in zebrafish craniofacial cartilages (Sharma
et al., 2005; Thisse, 2004). In addition, Gdf5 is well known to express in the interdigital
mesenchyme of murine and avian phalanges (Brunet et al., 1998; Merino et al., 1999;
Storm and Kingsley, 1996), and zebrafish gdf5 is expressed in craniofacial cartilage
perichondrium (Reed and Mortlock, 2010). We selected coll4ala, lgals2a, Igals2b,
dkk3a, dkk3b, thbs2a, crabp2b, and gdf5 for our ISH screening. We never tested for

abp3bpa or abi3bpb expression.

ISH for these potential perichondrial marker genes revealed that, while coll4alb

expression was non-specific, coll4ala was expressed in the pharyngeal endoderm,
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Figure 4.1: Neither coll4ala, Igals2b, dkk3b, or thbs2 are expressed in the
perichondrium. (A) In situ hybridization for coll4ala at 72 hpf, ventral view. (B) In situ
hybridization for Igals2b at 72 hpf, ventral view, head. (C) In situ hybridization for Igals2b
at 72 hpf, lateral view, tail. (D) In situ hybridization for dkk3b at 72 hpf, ventral view. (E-
H) In situ hybridizations for thbs2 at 48 (E, F) and 72 hpf (G, H). (E, G) Ventral views.
(F, H) Lateral views. ch=ceratohyal.
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stomodeum, and in the pectoral fin apical ectodermal ridge (AER) at 60 hpf (Figure
4.1A). In addition, while Igals2a was expressed ubiquitously (not shown), Igals2b
appeared to be expressed only in the intestinal tract at 72 hpf (Figure 4.1B, C). Also,
dkk3a expression was entirely absent in the jaw (not shown), and dkk3b was expressed
in the ceratohyal cartilage ventral tendon attachments at 72 hpf (Figure 4.1D). Finally,
thbs2a expression was detected in a subset of central nervous system (CNS) neurons
between 48-96 hpf (Figure 4.1E-H). Thus, none of these genes presented themselves

as perichondrial markers between 48-96 hpf.

Next, we found that gdf5 was transiently expressed in the perichondrium.
Expression of gdf5 was first detected in the undifferentiated mesenchyme of the pq at
54 hpf (Figure 4.2A). At 60 hpf, gdf5 was expressed in the pg and ch perichondrium,
and in the jaw synovial joint. Expression of gdf5 was also detected in the Mc and dorsal
part of the hs cartilages, but whether this expression included the perichondrium could
not be determined (Figure 4.2B, C). This gdf5 expression pattern was maintained at 66
hpf, and increased in the ventral ch cartilage (Figure 4.2D, E). Finally, gdf5 expression
became restricted to the jaw synovial joint and the ventral part of the ch cartilage at 72

hpf (Figure 4.2F).

Finally, we tested for crabp2b expression between 48-72 hpf and found a
dynamic expression pattern. At 48 hpf, crabp2b expression was detected in Meckels
(Mc), ceratohyal (ch), hyosymplectic (hs), ceratobranchials (cb), and pectoral fin
cartilage primordia (Figure 4.2G). At 54 hpf, crabp2b expression was detected in Mc,
ch, hs, cb, and pectoral fin cartilages. Most crabp2b expression in Mc and ch cartilages

was detected in the perichondrium (Figure 4.2H). At 66 hpf, crabp2b expression was
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Figure 4.2: gdf5 is expressed in the perichondrium. (A-F) In situ hybridizations for
gdf5 at 54 (A), 60 (B, C), 66 (D, E), and 72 hpf (F), lateral views. pg=palatoquadrate,
ch=ceratohyal, Mc=Meckels, hs=hyosymplectic, mj=mandibular joint, D=dorsal,

V=ventral.
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detected in ch and hs perichondrium, as well as in cb and pectoral fin cartilages (Figure
4.21, J). By 72 hpf, crabp2b was expressed in ch, hs, cb, and pectoral fin cartilages. In
ch cartilage, crabp2b expression was only detected in the perichondrium (Figure 4.2K,
L). Together, these results suggest that gdf5 and crabp2b are perichondrial markers

and good candidates to isolate perichondrium-specific regulatory regions.

Analysis of regulatory regions upstream of gdf5 failed to identify perichondrial

elements

A recent study found that mouse Gdf5 expression was controlled by two sets of
regulatory regions. One set contains R1 and R2. R1 is 5 kilobases (kb) upstream of the
Gdf5 promoter and its sequence is not conserved in chick. R2 is adjacent to the
promoter and is somewhat conserved in zebrafish. Another set of three regulatory
regions is within the introns of Uqccl, a gene downstream of Gdf5. The sequences of
this set are conserved in chick but not in zebrafish (Chen et al., 2016). In order to find
zebrafish gdf5 regulatory regions that would drive perichondrium-specific expression in
zebrafish, we sought to obtain bacterial chromosomes (BAC) that contain genomic
regions syntenic to those in the mouse where gdf5 regulatory regions are found. First,
we used BAC recombineering to generate transgenic lines containing these regulatory
elements. Dr. Daniel Dranow in our lab did this part due to his extensive experience in
BAC recombineering. Second, | used these BACs as templates to isolate smaller
regulatory regions and test their expression pattern in zebrafish embryos injected at the
1-cell stage. Therefore, | obtained CH73-166016 (Accession number CU463256.4), a
BAC which encompasses the whole gdf5 locus and the upstream regulatory regions

(Figure 4.4A). However, no suitable BACs encompassing ugccl were available.
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Figure 4.3: crabp2b is expressed in the perichondrium. (A-F) In situ hybridizations
for crabp2b at 48 (A), 54 (B), 66 (C, D), and 72 hpf (E, F), ventral views. ch=ceratohyal,
Mc=Meckels, hs=hyosymplectic, cb=ceratobranchial, pf=pectoral fin.
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Moreover, we were unable to design primers to isolate candidate regions within ugccl

from genomic DNA.

We focused our efforts on regulatory regions upstream of gdf5. Therefore, |
isolated a 5 kb DNA fragment upstream of gdf5 coding sequence, which contained the
promoter region (-5.0gdf5) and cloned it directly upstream of an eGFP-Nitroreductase
(Ntr) fusion protein. Ntr is a bacterial protein and a target of the antibiotic Metronidazole,
which crosslinks genomic DNA when in its active form, activating apoptosis. Expression
of Ntr under the appropriate promoter and timed addition of Mtz provides a method for
spatial-temporal control of cell ablation in live animals. Furthermore, fusing Ntr with a
fluorescent protein facilitates detection of ablated cells (Curado et al., 2008). As a
positive control regulatory sequence, | used a 4.9 kb fragment upstream of sox10 (-
4.9s0x10) that is well characterized and expresses in differentiating chondrocytes (Le
Pabic et al., 2014; Wada et al., 2005). | injected these constructs into 1-cell stage
zebrafish embryos and looked for expression in jaw cartilages between 48-120 hpf. No
expression was detected for the -5.0gdf5:eGFP-Ntr construct at any stage (not shown).
In contrast, my -4.9s0x10:eGFP-Ntr construct expressed mosaically in chondrocytes at
78 hpf, as expected (Figure 4.4B, E). Then we treated these embryos with either 2.5 or
10 mM Mtz at 78 hpf. At 120 hpf, only eGFP-positive cell debris was left in place of the
cells that expressed the fusion construct at 78 hpf (Figure 4.4C, F). In contrast, embryos
treated with DMSO only had intact cartilages (Figure 4.4D). Because both constructs
shared the same fusion protein DNA fragment, and because the only difference
between them was the upstream regulatory sequence, these results suggest that the

lack of expression from our -5.0gdf5:eGFP-Ntr construct was not due to a defective
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Figure 4.4: gdf5 upstream sequence yielded no expression. (A) A snapshot of
Ensembl genome browser showing the genomic sequence covered by the CH73-
166016 (Accession number CU463256.4, shown in blue). Ensembl denomination for
two gdf5 isoforms are shown in red (gdf5-001) and yellow (gdf5-002). Vertebrate cDNA
and EST cluster alignments are shown in green. (B-F) Metronidazole (Mtz) treatments
of -4.9s0x10:eGFP-Ntr mosaic transgenic embryos, lateral views. (B, E) Before Mtz
treatment. (C, F) After Mtz treatment. (D) Embryo treated with vehicle (DMSO). (B, C)
10 mM Mtz treatment. (E, F) 2.5 mM Mtz treatment. Red arrowheads indicate ablated
cells before and after Mtz treatment. pg=palatoquadrate, ch=ceratohyal.
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fusion protein. In addition, Dr. Daniel Dranow recombined our CH73-166016 BAC such
that the gdf5 coding sequence was replaced by eGFP. However, this construct failed to
express in any tissue (not shown). These results prompted us to stop pursuing gdf5 as

a perichondrial marker.

Two regulatory regions from crabp2b drive expression in the perichondrium

The crabp2b gene is expressed throughout zebrafish jaw cartilage morphogenesis, but
becomes restricted to the perichondrium of the Mc, ch, and hs cartilages (Figure 4.3).
We reasoned that this may be due to the presence of different regulatory sequences in
the vicinity of crabp2b that control expression in different tissues and at different
developmental timepoints. Therefore, | sought to isolate candidate genomic regions
around crabp2b. | identified regions of interest using the University of California Santa
Cruz (UCSC) Genome Browser (GB) in combination with a track displaying curated data
from a study that used Chromatin Immunoprecipitation combined with Deep DNA
Sequencing to identify genomic regions that were bound to Histone 3 that were either
mono or trimethylated at lysine 4 (H3K4mel or H3K4me3, respectively) in 24 hpf
zebrafish embryos (Aday et al., 2011; Zhang et al., 2008). H3K4mel indicates possible
enhancers, while H3K4me3 indicates promoter regions. In this manner, | identified three
regions of interest: a 1.1 kb region upstream of crabp2b coding sequence (-1.1crabp2b)
that was marked by H3K4me3, a 1.2 kb region that corresponded to crabp2b intron 1
(+1.2crabp2b) and was marked by H3K4mel, and a 4.2 kb region located 2.4 kb
upstream of crabp2b coding sequence (-4.2crabp2b) that was marked by H3K4mel and
displayed some sequence conservation with O. latipes, G. aculeatus, and X. tropicalis

(Figure 4.5A). We noticed some sequence conservation in non-coding regions within
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Figure 4.5: Identification of two genomic regions within the crabp2b locus that
drive perichondrial expression. (A) A snapshot of the University of California Santa
Cruz Genome Browser showing the genomic region around the crabp2b locus. Isolated
genomic regions by PCR are labeled -4.2crabp2b, -1.1crabp2b, and +1.2crabp2b, which
correspond to an upstream sequence, the sequence upstream of the crabp2b start
codon, and intron 1 of the crabp2b gene, respectively. H3K4mel marks are shown in
blue and hotspots indicated by green arrowheads. H3K4mel marks are shown in red
and hotspots indicated by orange arrowheads. (B-D) Graphical representation of the
constructs made from the isolated genomic regions around the crabp2b locus for testing
of the expression pattern they drive. (B) The -1.1crabp2b:eGFP-Ntr construct. (C) The -
+1.2crabp2b-gata2a:eGFP-Ntr construct. (D) The -4.2crabp2b-1.2crabp2b-
1.1crabp2b:eGFP-Ntr construct, or crabp2bL:eGFP-Ntr construct for short.
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introns 2 and 3 and in a small downstream region, but we did not test these as their
histone modification profile did not appear promising (Figure 4.5A). We isolated the -
1.1crabp2b, +1.2crabp2b, and -4.2crabp2b fragments directly from genomic DNA and
made constructs such that our candidate regulatory regions would drive eGFP-Ntr
fusion protein expression. We cloned -1.1crabp2b directly upstream of eGFP-Ntr since -
1.1crabp2b contained the native crabp2b promoter (Figure 4.5B). In contrast,
+1.2crabp2b lacks a promoter, so we cloned it upstream of a gata2a minimal promoter,
and eGFP-Ntr fusion protein downstream of gata2a (Figure 4.5C). We failed to clone -
4.2crabp2b independently into a construct, but we concatenated -4.2crabp2b,
+1.2crabp2b, and -1.1crabp2b, in that order, which we termed crabp2bL, and used this
to drive expression of eGFP-Ntr fusion protein (Figure 4.5D). Next, we injected these
constructs into 1-cell stage sox10:lyn-tdTomato transgenic embryos, which mark
differentiating chondrocyte plasma membranes in red, and looked for e GFP-Ntr
expression between 72 and 96 hpf. However, none of these constructs reproduced the
crabp2b native gene expression pattern. First, our -1.1crabp2b:eGFP-Ntr and
+1.2crabp2b-gata2a:eGFP-Ntr constructs both drove expression in several tissues,
including perichondrium and chondrocytes (Figure 4.6A-D). Second, expression in the
perichondrium appeared to be enhanced in our crabp2bL:eGFP-Ntr construct, but
remained unrestricted as in the previous two constructs at 72 hpf (Figure 4.6E, F). In all
three cases, we detected eGFP signal in the pq cartilage, a further indication that these

regulatory regions were insufficient to reproduce the crabp2b native expression pattern.

Since crabp2b gene expression became restricted to the perichondrium by 72

hpf, | hypothesized that GFP-Ntr positive chondrocytes in our 72 hpf crabp2bL:eGFP-
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Figure 4.6: Two crabp2b regulatory regions drive expression in the
perichondrium. (A-C) Live imaging of sox10:lyn-tdTomato embryos injected with the -
1.1crabp2b:eGFP-Ntr construct at the 1-cell stage, imaged at 72 hpf, lateral views. (A,
B) Optical slices. (C) 3D projection of the embryo head. (D) Live imaging (optical slice)
of sox10:lyn-tdTomato embryos injected with the +1.2crabp2b:eGFP-Ntr construct at the
1-cell stage, imaged at 72 hpf, lateral views. (E-I) Live imaging of sox10:lyn-tdTomato
embryos injected with the crabp2bL:eGFP-Ntr construct at the 1-cell stage, imaged
between 72 and 96 hpf, lateral views. (E) An optical slice at 72 hpf. (F-1) 3D projections.
(F) The ceratohyal (ch) cartilage prior to eGFP photobleaching at 72 hpf. (G) The
ceratohyal cartilage after eGFP photobleaching at 72 hpf. (H) Fluorescent recovery after
photobleaching of the ch at 96 hpf. (I) Fluorescent recovery after photobleaching
showing the whole embryo head at 96 hpf. (J, K) Live imaging (optical slices) of
sox10:lyn-tdTomato embryos injected with the +1.2crabp2b:eGFP-Ntr construct at the
1-cell stage and treated with metronidazole (Mtz) for 24 hours, imaged between 72 and
96 hpf, lateral views. (J) The embryo before Mtz treatment. (K) The embryo after 24
hour Mtz treatment. White arrowheads indicate the position of perichondrial cells
labeled with the crabp2b constructs. Blue arrowheads indicate the position of ablated
chondrocytes. pg=palatoquadrate, ch=ceratohyal, hs=hyosymplectic, Mc=Meckels.
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Ntr injected embryos indicated residual expression from earlier timepoints. Therefore,
we photobleached eGFP in the ch cartilage of one of these embryos at 72 hpf. We
stopped our eGFP photobleaching when we noticed complete photobleaching of lyn-
tdTomato in ch chondrocytes. This left some eGFP signal in the perichondrium (Figure
4.6F, G). At 96 hpf, lyn-tdTomato signal recovered in chondrocytes while eGFP signal
recovered both in perichondrium and chondrocytes (Figure 4.6H, I). Furthermore,
treatment of crabp2bL:eGFP-Ntr injected embryos with Mtz led to ablation of
perichondrium and chondrocytes (Figure 4.6J, K). These results suggest that while the
regulatory elements we isolated from crabp2b drove perichondrial expression, this was
not entirely cell-type restricted, complicating interpretation of ablations or other

manipulations using these elements.

Embryonic zebrafish perichondrium forms as a single layer that contributes to

tendon attachment site formation

One outstanding question in cartilage biology is how the perichondrium develops into a
bilayer. Histological observations in the ossifying ch and cb cartilage suggest that the
perichondrium of these cartilage elements consists of a single cell layer (Eames et al.,
2011; Laue et al., 2008; Reed and Mortlock, 2010). Our data on gdf5 and crabp2b gene
expression, as well as crabp2bL:eGFP-Ntr transgenic embryos, gave us an insight into
perichondrium morphology during zebrafish embryonic development. First, the
perichondrium of the early pq and ch cartilages appeared to consist of only a single cell
layer. Expression of gdf5 in the pq was detected one layer of flattened cells surrounding
the cartilage (Figure 4.2B-E). This was also the case with crabp2b expression in ch

perichondrium (Figure 4.3E). By 72 hpf, crabp2bL:eGFP-Ntr expression in pq and ch
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Figure 4.7: Tendon attachment zones colocalize with crabp2b regulatory region-
driven expression. (A-D) Live imaging (optical slices) of scxa:mCherry transgenic
embryos injected with the crabp2bL:eGFP-Ntr construct at the 1-cell stage, imaged at
120 hpf, lateral views. (A) Colocalization of the transgenic markers at the ventral
ceratohyal tendon attachment zone is shown. (B) Colocalization of the transgenic
markers at the Meckels tendon attachment zone is shown. (C, D) Colocalization of the
transgenic markers at the palatoguadrate tendon attachment zones is shown, with a
closer look (D). White arrowheads indicate the positions of colocalization of the two
transgenic markers. pg=palatoquadrate, ch=ceratohyal, Mc=Meckels, D=dorsal,
V=ventral.
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perichondrium showed a single layer of flattened cells (Figure 4.5A-D, F-H). The Mc
perichondrium was the exception. Expression of crabp2b was detected in a 2-cell thick
layer around the Mc cartilage at 54 hpf (Figure 4.3B), and our crabp2bL:eGFP-Ntr
transgenic embryos reflected this observation (Figure 4.6E). However, we did not
observe any morphological differences between inner and outer cells of this layer.
These results suggest that the embryonic perichondrium surrounding at least most

cartilages in zebrafish forms as a single layer.

Given our results, we wanted to know if tendons attached directly to the single-
layered perichondrium. Therefore, we injected our crabp2bL:eGFP-Ntr construct into
scxa:mCherry transgenic embryos, which label tendons in red (McGurk et al., 2017),
and looked for colocalization in the perichondrium. We found that crabp2bL:eGFP-Ntr
co-expressed with scxa:mCherry in perichondrium where tendon or ligament attachment
sites were present in the Mc, pq, and ch cartilages (Figure 4.7A-D). Together, these
results suggest that, despite being a single layer, the early perichondrium is

heterogeneous, and cells within it can contribute to tendons or ligaments.

Discussion

To identify genes expressed in the embryonic perichondrium in zebrafish and isolate
perichondrial regulatory elements that might be used as drivers, we found two promising
candidate genes, gdf5 and crabp2b. gdf5 was transiently expressed in the jaw
perichondrium between 60 and 66 hpf, while crabp2b was expressed earlier in jaw
cartilage perichondrium, except in pq cartilage, starting around 54 hpf. However, neither
a gdf5 BAC nor upstream sequence drove expression in cartilage. In contrast, two

crabp2b regulatory regions drove expression in the perichondrium, but also in
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chondrocytes and other tissues. We made a crabp2bL:eGFP-Ntr construct by
concatenating these two regions with a third one, which resulted in enhanced, but still
not totally specific, perichondrium expression. The expression patterns of gdf5, crabp2b,
and the crabp2bL:eGFP-Ntr transgene in the pg and ch cartilages suggest that
zebrafish perichondrium initially forms as a single layer, which is in agreement with
histological observations from previous studies in ch and cb cartilages (Eames et al.,
2011; Laue et al., 2008; Reed and Mortlock, 2010). Furthermore, co-expression of the
crabp2bL:eGFP-Ntr transgene with scxa:mCherry in the perichondrium suggests that
parts of this single-layered perichondrium also functions in cartilage-muscle
attachments, observation which is congruent with mammalian long bone entheses

arising from in Sox9 and Scx co-expressing perichondrial cells (Blitz et al., 2013).

Early perichondrial markers differ from those in mature perichondrium

We show that gdf5 is expressed transiently in embryonic perichondrium between 60-66
hpf. Moreover, we show that gdf5 expression becomes restricted to the mandibular
synovial joint and ventral edge of the ch at 72 hpf, and this expression pattern maintains
after 72 hpf (Reed and Mortlock, 2010). Gdf5 in amniotes is initially expressed in the
peripheral mesenchyme of precartilage condensations to induce chondrocyte
differentiation by potently inducing Sox9 expression, but it eventually becomes
restricted to joint primordia to maintain developing joints (Buxton et al., 2001; Francis-
West et al., 1999; Hatakeyama et al., 2004; Merino et al., 1999; Tsumaki et al., 2002).
Therefore, zebrafish gdf5 likely promotes chondrocyte differentiation during cartilage
morphogenesis between 60-66 hpf and maintains joint primordia at later stages (Le

Pabic et al., 2014; Yan et al., 2005).
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Expression of crabp2b becomes restricted to the perichondrium between 54-72
hpf. We never tested for crabp2b expression beyond 72 hpf, but fluorescence recovery
after photobleaching driven by the crabp2bL:eGFP-Ntr transgene suggests that -
1.1crabp2b and +1.2crabp2b regulatory regions can drive expression beyond 72 hpf.
Circumstantial evidence for crabp2b continued expression beyond 72 hpf is provided by
the expression of Cytochrome P450 Family 26 Subfamily B Polypeptide 1 (cyp26b1l) in
the 84 hpf perichondrium, where it delays and patterns ossification zones (Laue et al.,
2008). While crabp2b is a Retinoic Acid (RA) binding protein that likely transports RA
within the cell, cyp26b1 is an enzyme that degrades RA and helps and likely helps
shape RA gradients (Cai et al., 2012; Laue et al., 2008). This co-expression in
embryonic cartilage perichondrium hints at the possibility that crabp2b plays a role in

early cartilages by aiding the patterning of ossification zones.

In contrast, we failed to find evidence for expression of any of the genes known
to be expressed in chick GP perichondrium in embryonic zebrafish perichondrium.
Crapbl, Abi3bp, and Coll4al are expressed in the outer perichondrial layer, while
Dkk3, Mafb, Thbs2, Lgalsl are expressed in the inner layer (Bandyopadhyay et al.,
2008). We never tested for abi3bpa or abi3bpb expression in embryonic zebrafish
cartilages, nor did we for crabp2b in juvenile zebrafish GPs. However, our observations
support the hypothesis that gene expression in the perichondrium changes as
development progresses such that gdf5 and crabp2b are required early in embryonic
cartilage development, while genes such as coll4ala and thbs2 likely play roles in

mature perichondrium found in GPs.
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Perichondrial expression of gdf5 and crabp2b is likely controlled by multiple

regulatory regions

A previous report found that murine Gdf5 expression was controlled by two regions
upstream of the Gdf5 promoter and three other regions located within the introns of
Uqccl, a gene downstream of Gdf5. These regions were isolated from an upstream
BAC that contains the two upstream regions and a downstream BAC that contains all
five regions. However, only the regulatory region proximal to the Gdf5 promoter displays
some conservation in zebrafish. The murine upstream regions drive expression in jaw,
ribs, vertebrae, and limbs (Chen et al., 2016), yet we failed to detect any expression
driven by these elements contained within the CH73-166016 BAC or the 5 kb region we
isolated. This suggests that the upstream regulatory elements are insufficient to drive

expression in the zebrafish jaw.

It is possible that zebrafish require the downstream regulatory elements to drive
gdf5 expression in jaw cartilage perichondrium. We were unable to test the downstream
regulatory elements in zebrafish, which mainly drive limb expression in mice (Chen et
al., 2016). However, there are several lines of evidence that suggest that the
downstream regulatory elements are required for regulation of zebrafish gdf5. First,
syntenic conservation in the genomic region containing Ugccl and Gdf5 in mice,
humans, and zebrafish suggests interdependency between these the Gdf5 and Uqccl
loci. Second, regulatory elements can be functionally conserved across species despite
lacking sequence conservation. This is due to shuffling of transcription factor binding
sites (TFBS) and changes in TFBS motif sequence in diverging species (Weirauch and

Hughes, 2010). For instance, regulatory elements driving rhombomere-specific
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Homeobox B2 (Hoxb2) expression are found in the Hoxb2-Hoxb3 intergenic region and
contain TFBS that are functionally conserved from zebrafish to humans, but their
location and orientation within this intergenic region varies across species (Scemama et
al., 2002). In addition, regulatory region sequences for Ret Proto-Oncogene Receptor
Tyrosine Kinase (RET) are not conserved between humans and zebrafish, yet the
human RET regulatory elements drive ret specific expression in zebrafish (Fisher et al.,
2006). Therefore, additional gdf5 elements likely exist in other locations relative to the
gene in zebrafish. Finally, the spatial-temporal expression patterns produced by Gdf5
downstream elements or BAC in murine phalanges and by zebrafish gdf5 in jaw
cartilage are similar (Chen et al., 2016; Merino et al., 1999). In addition, the downstream
BAC that has all five regulatory elements have very similar expression pattern to that of
the Gdf5 construct containing the downstream elements in mice (Chen et al., 2016),
suggesting that the downstream elements modulate the activity of the upstream
elements in mice, and that zebrafish downstream elements may play a similar role in
gdf5 regulation. Therefore, it could be worthwhile looking for gdf5 downstream

regulatory elements in zebrafish if an appropriate BAC became available.

In addition, we found two regulatory regions in the crabp2b locus, -1.1crabp2b
and +1.2crabp2b, that drive expression in the perichondrium as well as in chondrocytes
and other tissues. Several lines of evidence suggest that these two regulatory elements
are insufficient to reproduce crabp2b native expression, let alone drive perichondrium-
specific expression. First, we show that crabp2b expression is largely restricted to
cartilage between 48 and 72 hpf, in agreement with previous reports (Sharma et al.,

2005; Thisse, 2004). Furthermore, single and concatenated crabp2b regulatory
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elements drove expression in the pq perichondrium, contrasting with native crabp2b
gene expression which is absent in the pq cartilage. These results would suggest that
additional regulatory regions are needed to restrict this expression to the perichondrium.
Two regions located within crabp2b introns and another one located downstream of
crabp2b coding sequence showed some conservation, but histone modification profiles
indicates weak or no transcription factor binding activity at 24 hpf (Aday et al., 2011,
Zhang et al., 2008). The unavailability of similar histone modification binding profile data
between 48-72 hpf limited our analysis. Obtaining different BACs that contain different
sequence sizes around the crabp2b locus and that are appropriate for BAC
recombineering could help identify distant elements regulating crabp2b expression.
However, one conclusion that can be drawn from our study is that spatial-temporal
regulation of perichondrial expression is likely controlled by multiple enhancers and
repressors as cartilages mature. For instance, crabp2b was initially expressed in whole
cartilage primordia at 48 hpf but progressively became restricted to the perichondrium
by 72 hpf, timing that coincides with increasing sox9a activity in differentiating
chondrocytes (Yan et al., 2005). Since Sox9 can act as a repressor in differentiating
chondrocytes, it is possible that either sox9a or its downstream transcriptional effectors
binds a regulatory region in the crabp2b locus to repress it in differentiating

chondrocytes (Leung et al., 2011).

Perichondrial contributions to tendon and bone are likely modulated by multiple

signaling pathways

We show that some crabp2bL:eGFP-Ntr-labeled perichondrial cells co-express

scxa:mCherry, a marker for tendons, in specific cartilages sites where attachments to
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muscles and tendons form (McGurk et al., 2017; Subramanian et al., 2018).
Interestingly, we find that crabp2bL:eGFP-Ntr;scxa:mCherry co-expressing
perichondrial cells are never anywhere near sites of endochondral ossification (Brinkley
et al., 2016). For instance, we detected co-expressing cells across most of the length of
the pg perichondrium except near the mandibular joint, the initial site of endochondral
ossification in the pq cartilage. Similarly, endochondral ossification in the ch cartilage
begins in the middle, but we only observed attachment sites in distal locations,
suggesting a mechanism that selects tenogenic versus osteogenic differentiation exists
in the perichondrium. Recent studies have shed light on this mechanism. The enthesis
of murine long bones arises from cells co-expressing Scx and Sox9 (Blitz et al., 2013).
On the one hand, perichondrial osteogenic differentiation requires hedgehog (HH)
signaling activation in the perichondrium to repress perichondrial Sox9 expression,
thereby repressing chondrogenic fate (Hojo et al., 2013; Leung et al., 2011). On the
other hand, Fibroblast Growth Factor 2 (Fgf2) is expressed in cells surrounding the
condyle in the murine jaw and targets Fibroblast Growth Factor Receptor 2 (Fgfr2) in
adjacent perichondrium to promote enthesis formation via upregulation of Scx (Roberts
et al., 2019). In turn, Scx activates Bmp4 expression, which promotes Sox9 expression
at the enthesis primordium (Blitz et al., 2013; Blitz et al., 2009). Therefore, our
observation that crabp2bL:eGFP-Ntr;scxa:mCherry co-expressing perichondrial cells
that form cartilage-tendon attachment sites away from ossification zones is consistent
with a model in which high HH signaling patterns ossification zones and represses
tenogenic fate while high Fgf signaling is left to promote tenogenic fate away from

ossification zones.
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One caveat in this model is that the perichondrium forms in zebrafish craniofacial
cartilages from cells in the periphery of cartilage primordia that fail to activate a positive
feedback loop between fat3/dchs2 signaling and sox9a. Consequently, perichondrial
cells lack sox9a expression levels found in differentiating chondrocytes (Le Pabic et al.,
2014). Sox9 is required at high levels in RCs and PCs of GPs to promote chondrogenic
fate (Bi et al., 1999; Zhao et al., 1997). Sox9 is also required in other tissues such as
the dorsal neural tube to promote neural crest specification but is eventually
downregulated in most migrating neural crest (Cheung and Briscoe, 2003). However,
Sox9 expression in other tissues appears to be lower than that in cartilage (Zhao et al.,
1997). Therefore, one possibility is that low levels of sox9a , when co-expressed with
scxa, are sufficient to specify enthesis formation in zebrafish cartilages. Alternatively,
scxal/sox9a co-expressing cells may only exist transiently during the initial stages of
cartilage differentiation such that sox9a is subsequently be turned off in the
perichondrium as cartilages develop. If the crabp2bL:eGFP-Ntr transgene is expressed
in Mc cartilage primordium at 48 hpf embryos as crabp2b is, it would be possible to
monitor Mc cartilage primordium development in live crabp2bL:eGFP-Ntr;scxa:mCherry
double transgenic embryos and determine when scxa:mCherry-labeled perichondrium

arises. This would provide context for when to look for sox9a/scxa co-expressing cells.
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CHAPTER V

Correlations between chondrocyte polarity and ossification patterning

Introduction

Cartilages contribute to bone formation by serving as templates for most of our bones
during embryonic and fetal development and by promoting bone growth via growth
plates (GP) until adulthood. The formation of GPs requires that cartilages begin
ossifying in specific locations. The basic pathways involved in shaping cartilages and
those driving ossification of cartilages are known. However, whether the mechanisms

involved in shaping cartilages influence where ossification zones begin is unknown.

A lot of what is known about endochondral ossification was learned studying the
GP in amniote long bones. The GP is a specialized structure where chondrocytes
transition from the Resting Zone (RZ) to the Proliferation Zone (PZ), and finally to the
Hypertrophic Zone (HZ) where ossification begins. The RZ is where slow-dividing
Resting Chondrocytes (RC) that serve as a reserved population for the GP reside.
These eventually transition into the PZ and become Proliferating Chondrocytes (PC),
which expand the PZ via proliferation. PCs eventually transition into the HZ and become
hypertrophic chondrocytes (HC), the final stage of chondrocyte differentiation
(Kronenberg, 2003). Two signals, Indian Hedgehog (lhh) and Parathyroid Hormone-Like
Hormone (Pthlh), form a negative feedback loop that coordinates transition between
zones and ossification rates (Vortkamp et al., 1996). Ihh from the HZ promotes
hypertrophic differentiation in PCs adjacent to the HZ and promotes Pthlh expression in

the resting zone (St-Jacques et al., 1999; Vortkamp et al., 1996). Pthlh is expressed in
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the RZ and represses hypertrophic differentiation in the PZ (Chung et al., 2001;
Schipani et al., 1997; Weir et al., 1996). However, the mechanism that patterns initial

HZs in cartilages is not well understood.

Prior to initiation of HZ development, embryonic cartilages are formed by
convergent extension (CE)-like movements controlled by pathways known to coordinate
Planar Cell Polarity (PCP) in epithelia (Kronenberg, 2003). PCP is the polarity of
epithelial cells along the plane of the tissue, and two pathways known to control this
process are required for cartilage morphogenesis and bone elongation. The first one
has been more extensively studied in Drosophila. It involves heterotypical binding of
protocadherins Fat (Ft) and Dachsous (Ds) (Matakatsu and Blair, 2004). Ft is expressed
across the tissue uniformly, while Ds is expressed in a gradient (Yang et al., 2002). The
Golgi resident protein Four-jointed (Fj) is expressed in an opposite gradient to Ds and
adds phosphate groups to the cadherin extracellular domains of Ds, which modifies Ds
ability to bind Ft (Simon, 2004; Strutt et al., 2004; Yang et al., 2002; Zeidler et al., 1999).
This in turn creates a gradient of PCP activity across tissues that influences the
asymmetrical subcellular localization of effectors such as Dachs (D) (Mao et al., 2011).
Additionally, Atrophin (Atro), a transcriptional repressor, interacts with the Ft intracellular
domain and is required for fruit fly eye polarization, though how it accomplishes this is

still unclear (Fanto et al., 2003).

A recent study shows that CE in zebrafish jaw cartilages requires fat3, dchs2,
and rerea, which are orthologs of Drosophila’s Ft, Ds, and Atro, respectively. However,
fat3 and dchs2 also form a positive feedback loop with sox9a, which is required for

chondrocyte differentiation, such that only differentiating chondrocytes in the center of
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the cartilage anlagen undergo CE. This results in stacking of chondrocytes like a pile of
coins along the length of the cartilage where the orientation of Microtubule Organizing
Centers (MTOC), an indicator of cell polarity, is reproducibly biased in specific directions
within cartilages. Peripheral cells of the primordium become perichondrium, a thin layer
of cells that wrap around chondrocytes, (Le Pabic et al., 2014). Despite these findings,
no graded expression for any of these PCP components has been observed in

cartilages.

The second pathway controlling PCP is known as the core pathway. In
Drosophila, it relies on asymmetrical subcellular distribution and recruitment to
adherens junctions of 6 proteins. The first three are transmembrane components
Frizzled (Fz), Van Gogh (Vang), and Flamingo (Fmi), and the remaining ones are
cytosolic components Dishevelled (Dsh), Prickle (Pk), and Diego (Dgo) (Goodrich and
Strutt, 2011). Their asymmetrical distribution is transmitted to neighboring cells via
interactions between Fz, Fmi, and Vang (Chen et al., 2008; Strutt and Strutt, 2008; Wu
and Mlodzik, 2008). While the mechanism that generates core PCP component
asymmetrical distribution is not well understood, it is thought that it involved an
upstream signaling gradient that, and there is evidence to suggest that this upstream
signaling gradient may involve the Ft/Ds pathway (Olofsson et al., 2014; Sharma and
McNeill, 2013; Sharp and Axelrod, 2016; Yang et al., 2002). In contrast, there is no
evidence to suggest that this signaling gradient involves Wnt signaling through Fz since
polarization proceeds normally in absence of several Wnts (Chen et al., 2008; Lawrence

et al., 2002).
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In contrast, core PCP signaling in vertebrates requires non-canonical Wnt
signaling, or Wnt-PCP. In cartilage, Wnt Family Member 5A (Wnt5a) ligand binds to
Tyrosine Kinase Orphan Receptor 2 (Ror2) (Oishi et al., 2003), activating a downstream
signaling cascade that is required for proper Vangl Planar Cell Polarity 2 (Vangl2)
asymmetrical subcellular localization (Gao et al., 2011; Qian et al., 2007). These
observations and the fact that Wnt5a expression is highest within the HZ of murine GPs
has led to the proposition that Wnt5a signaling gradients may be responsible for
generating core PCP component asymmetry in cartilages (Andrade et al., 2007).
However, no direct evidence for this has been found. Recent studies in zebrafish show
that wnt5b, a Wnt5a paralog, and gpc4 are required for CE in jaw cartilages during the
same developmental stage as fat3 and dchs2 (LeClair et al., 2009; Sisson et al., 2015).

Beyond this, nothing else is known regarding how Wnt-PCP works in cartilages.

Interestingly, chondrocyte polarity appears to mark the location of future
ossification zones. Unpublished observations from our lab show that the 72 hpf
ceratohyal (ch), a rod-like cartilage that provides support for the zebrafish jaw and
begins ossifying in the middle like mammalian long bones, can be subdivided in two
zones along its length. While the ventral half of the ch is defined by a dorsally oriented
chondrocyte polarity bias, the dorsal half is defined by a ventrally oriented chondrocyte
polarity bias. The polarity transition zone between these two segments corresponds to
the future HZ initial location. However, this correlation is unlikely to reflect a causal
relationship since the location of HZs in gpc4 zebrafish mutants is largely unchanged
(LeClair et al., 2009). In addition, unpublished observations from our lab show that HZ

patterning is also unaffected in wnt5b mutants. These observations suggest that
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chondrocyte polarity does not determine HZ patterning. However, cartilage HZ and

polarity patterning may be determined by shared upstream signals.

To test mechanisms of polarity propagation during cartilage morphogenesis and
to address correlations between chondrocyte polarity and HZ patterning, we used 2-
photon laser ablation to disrupt chondrocyte polarity and reduce cartilage size. Here we
show that ablating differentiating chondrocytes in the ch reduced total cell numbers and
appeared to disrupt their polarity at 72 hpf in the ablation zone, though the difference
was not significant. In addition, this local ablation did not disrupt chondrocyte polarity in
adjacent non-ablated zones of the cartilage. Finally, we were unable to test correlations
between chondrocyte polarity and ossification patterning in the ch due to technical

reasons.

Materials and methods

Ethics statement

All animals were handled in strict accordance with good animal practice as defined by
the relevant national and/or local animal welfare bodies, and all animal work was
approved by the University of California, Irvine Institutional Animal Care and Use

Committee.

Animals and transgenics

All zebrafish used were of the AB strain. Zebrafish were raised and staged as previously
described (Kimmel et al., 1995; Schilling and Kimmel, 1997). For anesthesia, a tricaine
stock solution was prepared as previously described (Westerfield, 2000), and a working
solution was prepared by using 5% of the stock solution in embryo medium (EM). The
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sox10:lyn-tdTomato transgenic line was previously generated in our lab (Schilling et al.,
2010). The entpd5a:kaede transgenic line was kindly provided by Dr. Stefan Schulte-

Merker (Lleras Forero et al., 2018).

Dr. Daniel Dranow generated the ubi:cent4-GFP transgenic line using the
Gateway Tol2 system (Kawakami and Shima, 1999; Kwan et al., 2007) in combination
with Gibson cloning (Gibson et al., 2009). First, primers
gtacaaaaaagcaggctggacGCCACCATGGTGAGCAAGGG (eGFPF),
gaagccggacgccatTAGGGCTGCAGAATCTAGAGGCTC (eGFPR),
gattctgcagccctaATGGCGTCCGGCTTCAGGAA (cent4F), and
gtgctatagggctgcagaatctagTCAGTACAGATTGGTTTTCTTCATAATCC (cent4R) were
used to amplify eGFP and Centrin 4 (cent4) from a pME-eGFP plasmid (Kwan et al.,
2007) and cDNA, respectively, by PCR. These fragments were cloned into a pME-eGFP
Ncol/Xbal-digested plasmid via Gibson cloning as previously described (Gibson et al.,
2009) to generate middle entry vector pME-cent4-eGFP. The 5’ entry vector carrying a
Ubiquitin B (ubb) promoter, p5SE-ubb, has previously been described (Mosimann et al.,
2011). These plasmids were transformed into DH5a competent cells (in-house
generated). pDestTol2CG2-ubb:cent4-GFP was assembled according to the Tol2 Kit
protocol (Kwan et al., 2007) and transformed into DH5a competent cells. Transposase
MRNA was synthesized from the pCS2FA-transposase plasmid (Kwan et al., 2007)
digested with Notl using Invitrogen mMMESSAGE mMACHINE™ T7 ULTRA
Transcription Kit (Catalog # AM1345). 500 pl of coctail mixes containing 40 ng/ul of

plasmid and 60 ng/ul of transposase mMRNA were injected into 1-cell stage embryos.
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Stable ubb:cent4-GFP transgenic zebrafish lines were maintained by selecting for

embryos with green fluorescent hearts (Kwan et al., 2007).

Imaging

Embryos for live imaging were embedded in 1% low melting point agarose (APEX,
Catalog # 9012-36-6) diluted in EM containing 5% of tricaine stock solution. Embryos
labeled by in situ hybridization were mounted on slides, then imaged on a Zeiss
Axioplan 2 microscope equipped with a MicroPublisher 5.0 RTV camera using Volocity
software (Improvision). Live embryos between 50-52 hours post-fertilization (hpf) from
Figure 1 were imaged on a Zeiss LSM780 confocal microscope using a 63x/1.15 W C-
APO objective. Live embryos between 72-120 hpf were imaged using a Nikon ECLIPSE
Ti confocal microscope equipped with a PLAN APO VC 60X/1.20 WI objective.
ImageJ/Fiji was used for image processing. For cell polarity measurements, each cell
was divided into 4 quadrants to determine MTOC position. MTOC positions were plotted
as rosette diagrams and Watson's U2 tests for significance were conducted using
Vector Rose (PAZ software). Cartilage length plot (Figure 4) was made using Excel, and
one-way ANOVA test was conducted independently using an online calculator

(Stangroom, 2018).

In situ hybridization

The coll0ala probe was previously described (Avaron et al., 2006). The plasmid
containing the probe was transformed into DH5a cells (in-house generated). The
plasmid was digested with EcoRI and probe synthesized using Roche DIG RNA

Labeling Mix (Catalog # 11277073910) and T3 RNA Polymerase (Catalog #
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11031163001) as directed. Whole-mount in situ hybridization was carried out as
previously described (Thisse et al., 1993), with the following modifications. Anti-
Digoxigenin-AP, Fab fragments antibody (Roche, Catalog # 11093274910) dilution was

1/1000.

2-photon laser ablation

2-photon laser ablations for this study were done using in two different units. 2-photon
palatoquadrate (pq) laser ablations (Figure 1A-D) and in the ch of sox10:lyn-
tdTomato;ubi:cent4-GFP double transgenic embryos (Figure 3D, E) were done in a
Zeiss LSM780 confocal microscope using a 63x/1.15 W C-APO objective and equipped
with a Spectra-Physics MAI TAI 2-photon Laser. The remaining ablations were done in
a Zeiss LSM880 confocal microscope using an Olympus LUMPIlanFL N 40x/0.80 W
Details objective and equipped with a Spectra-Physics MAI TAlI HP 1020 2-photon
laser. For ablations in the pq, the 2-photon laser was targeted to a rectangle of about
16x16 um in the desired region of interest. For ablations in the dorsal ceratohyal (ch),
the 2-photon laser was targeted to two rectangles of about 16x16 um drawn next two
each other along the length of the cartilage, one at a time. For ablations in the ventral
ch, the approach was as in dorsal ch ablations, except that the rectangles were of about
12x12 pum. In all cases, 2-photon laser power was set to 100%, and scanning speed
was set to the fastest. Using detectors for the visible spectra, we waited for an air

bubble to form in the region being ablated in order to stop laser exposure.
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Results

Disruption of chondrocyte intercalation after ablation is restricted to the ablation

zone

Zebrafish jaw cartilages begin CE around 50 hpf. By 54 hpf, cartilage stacks are clearly
visible in sox10:lyn-tdTomato transgenic embryos, which mark chondrocyte plasma
membranes in red. Chondrocyte CE slows down after 54 hpf, and chondrocyte CE is
done in most jaw cartilages by 72 hpf (Le Pabic et al., 2014). To disrupt cartilage
morphogenesis without causing holes in the cartilage, we ablated patches of cells within
the cartilage condensations at 52 hpf, when chondrocyte progenitors are still moving
and intercalating. We selected ablation zones by observing where cells were actively
intercalating in developing cartilages. Intercalating cells are often triangular, a result of
their CE movements (Le Pabic et al., 2014). We noticed that intercalating cells in the pq
were brighter than surrounding cells and easier to identify. This is due upregulation of
the sox10:lyn-tdTomato transgene that serves as an indirect readout of sox9a activation
in differentiating chondrocytes, which leads to fat3 and dchs2 upregulation. (Le Pabic et
al., 2014). The lateral part of the pq cartilage began intercalating first, and forming
chondrocyte stacks were visible by 52 hpf (Figure 5.1A). The remainder of the pq
formed by progressive chondrocyte intercalation from the anterior, medial, and posterior
edges of the formed stack, resulting in a flat cartilage which in cross section appears as
a single cell row (Figure 5.1D). Since polarization relies on non-cell autonomous
induction of PCP component asymmetrical distribution via cell-to-cell contact
(Ambegaonkar et al., 2012; Bosveld et al., 2012; Brittle et al., 2012; Chen et al., 2008;

Strutt and Strutt, 2008; Wu and Mlodzik, 2008), we hypothesized that these movements
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Figure 5.1: Laser ablations locally disrupt cartilage intercalation and polarity. (A-
D) Live imaging (optical slices) of sox10:lyn-tdTomato embryos laser ablated in the
palatoquadrate (pq) at 52 hpf, imaged between 52 and 72 hpf, lateral views. (A) The
forming pq is shown before laser ablation at 52 hpf. (B) The forming pq is shown after
laser ablation at 52 hpf. (C) The ablated pq is shown after laser ablation at 72 hpf. (D)
The pqg of a non-ablated embryo is shown at 72 hpf. (E-J) Live imaging (optical slices)
and analysis of sox10:lyn-tdTomato;ubi:cent4-GFP double transgenic embryos laser
ablated in the dorsal ceratohyal (ch) at 50 hpf, imaged between 50 and 72 hpf. (E) The
dorsal region of the forming ch is shown prior to laser ablation at 50 hpf, lateral views.
Only the sox10:lyn-tdTomato channel is shown. (F) A representation of the developing
ceratohyal at 50 hpf is shown, including the zones targeted by laser ablation and the
anterior-posterior and dorsal-ventral axis used to quantify cell polarity, lateral view. (G,
H) The chs of wild-type (G) and ablated (H) embryos are shown, including the anterior-
posterior and dorsal-ventral axis used to quantify cell polarity, and the zone where 10-
cell chondrocyte rows were counted, ventral views. (I, J) Graphical representation of the
number of cells polarized in any direction in 4 embryos that were either wild-type (1) or
ablated (J). White arrows indicate the sites of ablation in the pg. White and black
arrowheads indicate the directions of the anterior-posterior and dorsal-ventral axis.
Bidirectional arrows indicate the region where 10-chondrocyte rows were counted.
pg=palatoquadrate, ch=ceratohyal, sy=symplectic, Mc=Meckels, A=anterior,
P=posterior, D=dorsal, V=ventral.
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could help relay a spatial-temporal gradient of PCP signaling across the pq cartilage.
Therefore, we ablated a patch of intercalating cells on the lateral edge of the pq
cartilage primordium and looked for intercalation defects (Figure 5.1A, B). We observed
sox10:lyn-tdTomato-positive cell debris was apparent at the ablation zone at 72 hpf,
which marked the ablation zone and suggested that laser cell ablations were successful
(Figure 5.1C). While non-ablated pq cartilages stacked normally and formed single cell
rows, cells within the ablated zone in ablated pq cartilages failed to form a single cell
row at 72 hpf (Figure 5.1C, D). Chondrocyte stacking in adjacent regions of the cartilage
was not disrupted (Figure 5.1C). Since medial pq cartilage forms after the more lateral
intercalating stacks that we targeted for ablation, this result suggests that laser ablation

does not disrupt CE beyond the ablation zone.

Ablations disrupt cartilage polarity bias

We showed that laser ablation led to CE defects in the pq cartilage, leading us to
hypothesize that chondrocyte polarity would also be disrupted by 72 hpf. To test this, we
used sox10:lyn-tdTomato;ubi:cent4-GFP double transgenic embryos in which
chondrocyte membranes are labeled red, and microtubule organizing centers (MTOCS)
are labeled green. Next, we assigned quadrants, which corresponded to ventral, dorsal,
anterior, and posterior orientation of the ch within the embryo to each individual
chondrocyte. Next, we assigned a polarity for each chondrocyte based on which
guadrant the MTOC was located, and we quantified the number of chondrocytes
polarized in either direction. A similar approach was used previously (Le Pabic et al.,

2014).
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In order to test the effects of laser ablations on chondrocyte polarity, we targeted
the dorsal half of the ch primordium at 50 hpf, which we identified by using the
intercalating symplectic (sy) cartilage and a group of bright sox10:lyn-tdTomato positive
cells posterior to the sy as a reference (Figure 5.1E, F). We were unable to determine
the number of ablated cells for each experiment due to low sox10:lyn-tdTomato signal
and photobleaching in the ch anlagen, limiting image quality during the ablation
process. We mounted these embryos ventrally in order to see a cross section along the
length of the ch and determine chondrocyte polarity. We observed that ablated ch
cartilages had decreased total number of chondrocytes when compared to wild-types
(WT) in average at 72 hpf, though this decrease in ablated cartilages was variable. We
interpreted ablated cartilages with lower total cell count to be successful ablations.
Therefore, we selected 4 ablated ch cartilages with the lowest total cell count and 4
WTs for analysis. Average total cell counts were 138.75 in WT (n=4) and 90.75 in
ablated embryos (n=4). We first compared polarity bias in the ablated dorsal part of the
ch cartilage. Since we were unable to see cell debris from our ablations, we selected a
segment of the ch starting from the dorsal edge where 10 intercalated cells in a row
could be counted along the length of the ch and quantified the polarity of all cells
contained within the length of the selected cell row (Figures 5.1G, H). We counted a
total of 116 cells in ablated embryos (n=4) and 190 cells in WT embryos (n=4). Within
this section of the cartilage, we noticed several instances where chondrocyte polarity
was reversed in adjacent chondrocytes, and the locations of these reversals appeared
random from embryo to embryo. Despite this, our cell polarity counts in WTs showed

that 131 were ventrally biased, 43 dorsally biased, 10 anteriorly biased, and 6
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posteriorly biased, reflecting a ventral polarity bias within this segment and confirming
previous observation in our lab showing that the dorsal half of the ch cartilage is
ventrally biased (Figure 5.11). In contrast, cell polarity counts in ablated cartilages
showed that 60 were ventrally biased, 35 dorsally biased, 8 anteriorly biased, and 13
posteriorly biased, suggesting that ventral polarity bias was reduced in ablated dorsal ch
when compared to WTs (Figure 5.1J). The difference in polarity bias between ablated
and WT dorsal ch was not significant. This result suggests that laser ablation disrupts

chondrocyte polarization.

Laser ablations do not affect chondrocyte polarity in distant parts of the cartilage

Given the two distinct zones of polarity bias within the ch, our observation that
intercalation defects were localized to the ablation zone in pq cartilages led us to
hypothesize that the polarity of one zone was independent of the other zone. To test
this idea, we used sox10:lyn-tdTomato,ubi:cent4-GFP double transgenic embryos and
carried out 2-photon laser ablations in the ventral sections of the ch at 50 hpf (Figure
5.2A). Then, we mounted these embryos laterally and quantified polarity bias in the
dorsal portion of the ch at 72 hpf. Ablations on the ventral ch decreased sox10:lyn-
tdTomato expression locally when compared to WT, suggestive of chondrocyte failure
to differentiate (Figure 5.2B, C). For this reason, we were unable to determine total cell
number in ablated ch cartilages. Like in the previous experiment, we counted 10-cell
rows along the length of the ch cartilage starting from the dorsal edge and quantified the
polarity of the chondrocytes located within the length of the cartilage covered by the 10-
cell row. We counted the polarity of 135 chondrocytes in WTs (n=4) and 150

chondrocytes in ablated embryos (n=4). We attributed this difference in cell counts to
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Abl, 72 hpf

4 embryos, 135 cells 4 embryos, 150 cells

Figure 5.2: Laser ablations in the ventral section of the ch do not affect cell
polarity dorsally. (A) A representation of the developing ch at 50 hpf is shown,
including the zones targeted by laser ablation and the anterior-posterior and dorsal-
ventral axis used to quantify cell polarity, lateral view. (B, C) Live imaging (3D
projections) of sox10:lyn-tdTomato,ubi:cent4-GFP double transgenic embryos laser
ablated in the ventral ch at 50 hpf, imaged at 72 hpf. Only the sox10:lyn-tdTomato
channel is shown. The ch of wild-type (B) and ablated (C) embryos are shown, including
the zone where 10-cell chondrocyte rows were counted, ventral views. (D, E) Graphical
representation of the number of cells polarized in any direction in 4 embryos that were
either wild-type (D) or ablated (E). Black arrowheads indicate the directions of the
anterior-posterior and dorsal-ventral axis. Bidirectional arrows indicate the region where
10-chondrocyte rows were counted. pg=palatoquadrate, ch=ceratohyal,
hs=hyosymplectic, Mc=Meckels, A=anterior, P=posterior, D=dorsal, V=ventral.

123



the fact that the ch appeared transversely into the z-stack due to our lateral mounting,
so small variations in mounting angle may have slightly affected the angle in which the
ch was imaged, slightly changing the number of cells contained within the length of the
10-cell row. Cell polarity counts in WTs showed that 84 were ventrally biased, 36
dorsally biased, 24 anteriorly biased, and 6 posteriorly biased, showing that the ventral
bias is still observed in this segment regardless of the angle in which the ch cartilage is
imaged (Figure 5.2D). In comparison, cell polarity counts in ablated cartilages showed
that 84 were ventrally biased, 24 dorsally biased, 22 anteriorly biased, and 5 posteriorly
biased, a polarity bias distribution that appears virtually unchanged when compared to
WTs (Figure 5.2E). This result suggests that, just as in CE, laser ablations can only

disrupt chondrocyte polarity locally.

Testing correlation between chondrocyte polarity and ossification patterning

A recent study showed that the PZ of juvenile gpc4 mutant zebrafish GPs lose their
flattened and stacked morphology, yet ossification patterning was undisrupted (LeClair
et al., 2009). In addition, CE in zebrafish jaw cartilages requires wnt5b and gpc4 (Sisson
et al., 2015), and preliminary data from our lab shows that jaw cartilage polarity is
disrupted in wnt5b and gpc4 mutants. Together, these observations suggest that
polarity itself does not determine HZ locations within cartilages. Since we confirmed that
ablations reduce total cell numbers in 72 hpf cartilages and that polarity is only
disrupted locally by ablations, we thought that the position of the ch HZ would relocate
to the new mid region of ch cartilage if we could reduce ch cartilage length on one side
via laser ablation. This hypothesis was based on the premise that a long-range

repressive signal such as Pthlh may be responsible for initial HZ patterning.
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50 hpf ch

col10ata

entpdba:kaede

Figure 5.3: The effects of laser ablations in the ventral ch assayed by in situ
hybridizations and live imaging are incongruent. (A) A representation of the
developing ch at 50 hpf is shown, including the zones targeted by laser ablation and the
anterior-posterior and dorsal-ventral axis used to quantify cell polarity, lateral view.
(B,C) In situ hybridizations for col10ala in embryos where the ventral section of the
right ch was laser ablated at 50 hpf, ventral views. Embryos were fixed at 108 hpf. (B)
Example of an ablation showing a mild effect. No cartilage size or ch coll0ala
expression differences are noticeable. (C) Example of an ablation showing a more
severe effect. The ablated ch cartilage appears slightly smaller and coll0ala
expression appears reduced. (D, E) Live imaging (3D projections) of a sox10:lyn-
tdTomado:entpd5a:kaede double transgenic embryo showing the non-ablated left ch (D)
and the right ch (E) ablated at 50 hpf, imaged at 120 hpf, ventral views. This embryo
showed the biggest reduction in ch length (87% the length of the non-ablated ch), and
the hypertrophic zone is absent. Black arrowheads indicate the directions of the
anterior-posterior and dorsal-ventral axis. The white arrow indicates the position where
coll0ala expression is decreased. Dashed lines outline the ch cartilage. White brackets
show the length of the right and left ch cartilages in the severe example of an ablation
(C). White arrowheads indicate the position of the HZ. pg=palatoquadrate,
ch=ceratohyal, cb=ceratobranchial, HZ=hypertrophic zone, D=dorsal, V=ventral,
BR3=branchiostegal ray 3, Ctrl=control, Abl=ablated.
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To test this idea, we grew the embryos that we ablated in the ventral ch to 108
hpf, performed in situ hybridization for col10ala, which marks the ch cartilage HZ
(Eames et al., 2011; Girkontaite et al., 1996; Mitchell et al., 2013), and used the ch
cartilage in the non-ablated side of the embryo as an internal control to monitor the
effects of ablations on HZ development and position within the cartilage. While some
ablated cartilages appeared largely undisturbed when compared to the control side
(Figure 5.3B), other ablated ch cartilages showed decreased coll0ala staining in the ch
cartilage HZ when compared to the control side (Figure 5.3B). In addition, some ablated
ch cartilages appeared shorter when compared to their control side, and the HZ moved
dorsally as if to maintain the distance from the HZ to the ventral edge of the cartilage at
the expense of the distance from the HZ to the dorsal edge (Figure 5.3B). However, we
did not quantify this since fixing, staining, and mounting these embryos could have
introduced artifacts that could affect our measurements. Instead, we used sox10:lyn-
tdTomato;entpd5a:kaede double transgenic embryos, which mark chondrocyte plasma
membranes in red and osteoblasts in green (Geurtzen et al., 2014; Le Pabic et al.,
2014). We repeated our 2-photon laser ablation on the ventral side of the ch, imaged
live embryos at 120 hpf to allow the entpd5a:kaede transgene to sufficiently mark the
HZ (Figure 5.3D, E), and measured ch cartilage length. We carried out several sets of
ablation experiments but the ch cartilage length reductions we obtained were often
negligible. To avoid diluting our results with seemingly unsuccessful ablation attempts,
we selected the ablation experiment where we obtained the biggest ch cartilage size
reduction. We ablated the right ch cartilage in 9 embryos at 50 hpf and compared them

to 6 WT embryos. In WTs, average cartilage length was 237.24 (Std. Dev. 7.62)
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ch cartilage length after ablation (120 hpf)

Left ch Right ch
EWT 237.24 235.06
N Ablated 23467 224.03

300.00
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50.00

0.00

Figure 5.4: The difference in length between ablated and non-ablated ch
cartilages in live imaged embryos is negligible. Graphical representation of ch
cartilage length corresponding to the experimental set in Figure 5.3D and E. The X axis
shows left versus right ch cartilages and wild-type (blue) versus ablated (orange)
embryos. Only the right chs were ablated. Error bars represent the standard deviation.
ch=ceratohyal, WT=wild-type.
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microns (um) for the left ch and 235.06 (Std. Dev. 6.83) um for the right ch (Figure 5.4).
In contrast, average cartilage length in ablated embryos was 234.67 (Std. Dev. 10.02)
um for the left ch and 224.03 (Std. Dev. 16.25) um for the right (ablated) ch (Figure 5.4).
The right ch was 4.5% of the length of the left ch in ablated embryos, suggesting that
ablations caused a small reduction in ch cartilage length. However, one-way ANOVA
revealed that this reduction was not significant (F-ratio=2.04; p=0.135). The single
largest difference in ch cartilage length obtained in this experiment was for an embryo
for which we measured the left ch at 218.78 um and the right ch at 189.73 um (Figure
5.3D, E). This was a 13.3% reduction in ch cartilage length, yet most ablations failed to
reduce ch cartilage length beyond 5%. Such cartilage length reduction was insufficient

to test our hypothesis. After realizing this, | stopped working on this project.

Discussion

This work describes the effects of laser ablation on chondrocyte polarity in the ch
cartilage. First, we showed that laser ablations in the pq cartilage anlagen at the onset
of cartilage morphogenesis can lead to local stacking defects that are contained to the
ablation zone at 72 hpf. Next, we found that laser ablations performed at 50 hpf in the
ch primordium appear to locally disrupt chondrocyte polarity without affecting
chondrocyte polarity in unablated regions of the cartilage at 72 hpf. Finally, initial
observations suggested that ch cartilages that were ablated in their ventral region were
shorter, but that the position where the HZ formed was unchanged relative to the ventral
edge such that the length of the cartilage between the HZ and the dorsal edge of the ch
cartilage was reduced. This led us to hypothesize that endochondral bones were likely

patterned by a repressive signal originating from the ventral edge of the ch. However,
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we were unable to test this hypothesis because we failed to detect similar reductions of

ch cartilage length in live embryos.

Long-range chondrocyte polarity propagation cell-to-cell is unlikely

Unpublished data from our lab shows that zones of chondrocyte polarity bias
exist within craniofacial cartilages, so one of our aims was to determine how these
patterns arise. We first observed that CE in the pg cartilage primordium initiates at the
lateral edge of the cartilage and proceeds medially as a wave. This phenomenon has
also been observed during fruit fly eye morphogenesis and zebrafish gastrulation CE
(Heberlein et al., 1993; Myers et al., 2002). Since asymmetrical distribution of Ft and Ds
and core PCP components depends on non-cell autonomous cell-to-cell interactions
(Ambegaonkar et al., 2012; Bosveld et al., 2012; Brittle et al., 2012; Chen et al., 2008;
Strutt and Strutt, 2008; Wu and Mlodzik, 2008), we thought that a polarity pattern could
arise initially at the lateral edge of the pq cartilage primordium and be relayed to more
medial cells as the CE front advances. Our approach was to cause disruptions in
stacking and/or polarity by laser ablation. However, perturbations of stacking on the
lateral edge of the pq cartilage primordium were restricted to the ablation zone and did
not propagate medially. Similarly, perturbations of cell polarity in the ch appeared to be
contained to the ablation zone and did not affect the opposite side of the cartilage.
Ablations likely disrupt cell-to-cell interactions between cells repopulating the ablation
zone resulting in mislocalization of core PCP components, which we infer from MTOC
orientation. However, cells beyond the ablation zone retain undisturbed PCP signaling,
so they polarize properly. Either the degree of polarity disruption we achieved by

ablations is insufficient to propagate polarity defects beyond the ablation zone, or
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chondrocyte polarity propagation likely depends on local cues and not long-range cell-

to-cell interactions.

A different model proposes that signaling activity between Ft and Ds regulate a
secondary signal that polarizes cells at distance independently of cell contacts. The
observations that Ft and Ds regulate polarity through physical interactions with Atro, a
transcriptional repressor, and that fruit fly ommatidial polarity inside of Ft and Ds mutant
clones is rescued more than one cell row inside the clone boundary led to the
proposition of this model (Fanto et al., 2003; Sharma and McNeill, 2013). However,
chondrocytes contact and slide past each other, which complicates any interpretation of
mosaic analysis aimed to test this model. Furthermore, detection of subtle long-range
effects by mosaic manipulations in the fruit fly eye is aided by the fact that polarity is
predictable and uniform starting from the eye equator up to the poles. On the other
hand, it seems as if individual chondrocyte polarity can only be defined by the
probability of a given chondrocyte to be polarized in a direction, which depends on the
zone of the cartilage where a chondrocyte is found. This makes the effects of small
mosaic manipulations harder to detect, which is why our polarity disruptions failed to
pass the significance threshold. Finally, testing such subtle effects on neighboring cells
requires tracking of individual chondrocytes next to the disrupted zone. Such tracking
requires time-lapsed live imaging, which we avoided because it could lead to CE
defects. Additionally, tracking individual cells could be achieved by photoconverting the
ablation zone, but this was beyond our technical capability because we lacked a

technique to photoconvert in three dimensions, and because we were already using
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GFP to image MTOCs. Therefore, we could not address this model with our technique.

Despite this, our results do not contradict this model.

A final model for polarization across tissues involves upstream signaling
gradients that either pattern graded expression of PCP components across tissues or
modify PCP component asymmetrical subcellular distribution. The opposing graded
expression of Ds and Fj promoted by Wingless (Wg) at the poles and notch signaling at
the equator of the fruit fly eye, respectively, exemplifies how graded expression of PCP
components across tissues leads to their asymmetrical subcellular distribution (Simon,
2004; Yang et al., 2002; Zeidler et al., 1999). Furthermore, although core PCP proteins
promote polarization by their asymmetrical subcellular localization, studies into different
isoforms of Prickle (Pk) suggest that asymmetrical subcellular localization of core PCP
components likely results from their interpretation of an upstream signaling gradient,
which is thought to be related to Ft/Ds activity (Olofsson et al., 2014; Sharp and
Axelrod, 2016). Although in situ hybridizations do not show graded expression of dchs2
across jaw cartilages (Le Pabic et al., 2014), it is possible that dchs2 gradients are weak
or temporal and in situ hybridizations are not sensitive enough to detect it. Though we

could not directly test this model with our technique, our results do not rule it out.

Despite these limitations, we confirmed that average chondrocyte polarity in the
dorsal half of the ch cartilage is biased towards the mid region (ventrally). Though we
observed contiguous groups of chondrocytes that are polarized in the opposite direction
at random positions, the average chondrocyte polarity bias is reproducible. One critical
piece of evidence that we are missing is whether individual chondrocyte polarity is

maintained between 54-72 hpf. One possibility is that all chondrocytes may be polarized
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uniformly at first, but contiguous groups of chondrocytes may revert their polarity as
cartilages matures. Though downregulation of critical PCP components in contiguous
groups of chondrocytes as cartilages develop may cause randomization of chondrocyte
polarity, this would not explain the coordinated polarity reversals that we observe.
Alternatively, if polarity reversals appear as chondrocyte polarity is specified and
subsequently maintained until 72 hpf, then long-range cell-to-cell polarity propagation
across cartilages is unlikely because the polarity reversals found within zones of polarity
bias would impede such propagation. Since fat3, dchs2, and rerea are required for
chondrocyte polarization (Le Pabic et al., 2014), it is possible that weak dchs2 and fjx1
expression gradients may be sufficient to establish polarity bias in cartilage zones but
insufficient to generate a uniform polarity field. In this context, an alternative
interpretation for the observed polarity bias reduction upon laser ablation in the ch
cartilage may be that removal of a subset of cells within the cartilage disrupts gradients
of dchs2 and/or fjx1 expression in the cartilage, leading to increased polarity

randomization at the ablation zone.

Alternatively, a polarizing signal downstream of fat3 and dchs2 could also
propagate polarity bias in cartilages. The fact that transplantation of a few WT cells into
either fat3, dchs2, or rerea deficient embryos can rescue chondrocyte stacking beyond
cell-to-cell contacts provides evidence for this possibility in cartilages (Le Pabic et al.,
2014). Though the effective range such a signal is unclear, local fluctuation of this signal
acting downstream of fat3 and dchs2 may be sufficient to produce the polarity reversals
we observed within the dorsal ch. One study shows that Wnt5a is asymmetrically

expressed in developing murine phalanges. Furthermore, Wnt5a activates Ror2, which
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phosphorylates Vangl2 in a Wnt5a dose-dependent manner, allowing for asymmetrical
subcellular localization of core PCP components. Finally, overexpressing Wnt5a
disrupts the asymmetrical subcellular distribution of core PCP proteins. These
observations led to a model where Wnt5a gradients direct asymmetrical subcellular
localization of core PCP proteins in the developing mouse phalanges (Gao et al., 2011).
Interestingly, wnt5a paralog wnt5b, which is required for jaw cartilage morphogenesis, is
expressed in chondrocytes (Sisson et al., 2015). However, there is no evidence to
suggest that Wnt5a acts downstream of Ft/Ds signaling. Additionally, functional
disruption of several Wnts in Drosophila yield no PCP phenotypes (Chen et al., 2008;
Lawrence et al., 2002), suggesting that Wnt ligand requirements for PCP may be

vertebrate-specific.

Laser ablations possibly make cartilages thinner, not shorter

We thought that shortening the ch cartilage on one side by ablation would reveal
that HZ initial locations are determined by long-range repressive signals such as Pthlh
such that the location of the HZ would adapt to different cartilage lengths, unlike polarity
which does not adapt in ablated cartilages. In situ hybridizations for coll0ala suggested
this, but we failed to repeat it in live imaged embryos. One explanation is found in our
ablations of dorsal ch cartilages. Despite measuring the same 10-cell row length of
cartilage, we counted 190 cells in 4 WT embryos but only 116 cells in ablated embryos,
suggesting that ablated cartilages were likely thinner on the ablated side, and that
cartilages likely maintain their length over thickness when ablated. Because fixation and

the subsequent treatments from the in situ hybridization process tend to shrink the
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embryos, these results could be explained as an artifact caused by laser-induced

changes to the ECM properties, causing wounded cartilages to shrink differently.

Additionally, the incongruence between the in situ hybridization and live imaging
results could be attributed, at least in part, to differences in power output from the 2-
photon laser units we used to ablate cartilages. In fact, the 2-photon laser unit we used
to ablate sox10:lyn-tdTomato;entpd5a:kaede double transgenic cartilages had much
lower power output than the one used for the coll0ala in situ hybridizations. Though we
increased ablation time to compensate for lower power output, we cannot rule out that
we ablated less cells in double transgenic embryos since we could not assess the total
number of ablated cells. Because of these reasons, we are unable to draw meaningful

conclusions from this part of the study.
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CHAPTER VI
Conclusions

Understanding how negative feedback loops form in signaling systems that pattern
tissues during embryogenesis is a fundamental goal in developmental biology. In RD
systems, a negative feedback loop forms between two signals: an activator that induces
its own expression and that of an inhibitory signal that has longer range than the
activator. The establishment of left-right asymmetry by Nodal and Lefty is an example of
a negative feedback loop where the orientation of the loop is determined by the initial
expression of Nodal, the activator signal, and the longer range of Lefty, the inhibitory
signal (Tabin, 2006). In GPs of developing bones, Ihh and Pthlh also form a negative
feedback loop that controls the rate and direction of endochondral ossification. Ihh,
which promotes hypertrophic differentiation, activates itself and Pthih. In turn, Pthih has
a longer range and represses Ihh expression elsewhere (Kronenberg, 2003). However,
how HZs, which control the direction of the loop, are initially established is unclear. In
Chapter Il, using the ceratohyal cartilage, a rod-like cartilage that initially ossifies in its
mid-region much like the long bones found in mice and chicks, | show that the Pthlh
zebrafish orthologue pthlha is expressed in the distal parts of the cartilage, and that this
expression is required to restrict HZ formation to the mid-region. Misexpression of
pthlha in the cartilage can disrupt this pattern and lead to HZ formation in ectopic
locations. Together these results suggest that Pthih signaling determines where HZs
initially form, thereby controlling the direction of the Ihh/Pthlh negative feedback loop. In
Chapter Ill, I showed that chondrocytes require mechanical force for hypertrophic

differentiation and proliferation, depending on their location within the cartilage.
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Together, these results suggest that the direction of a negative feedback loop can be
determined by the initial source of the inhibitory signal, unlike Nodal and Lefty in left-
right asymmetry. In addition, these results support a model where chondrocytes
respond to mechanical force by becoming hypertrophic in locations within the cartilage

where Pthlh signaling is low.

Pthlh signaling establishes the feedback mechanisms that control GPs

Prior to this work, Pthlh signaling was known to maintain GP homeostasis by restricting
hypertrophy-inducing Ihh expression to the HZ in a negative feedback loop (Chung et
al., 1998; Mak et al., 2008; Vortkamp et al., 1996; Weir et al., 1996). Whether Pthlh was
required for the initial patterning of HZs in embryonic cartilages was unknown. My
results suggest that pthlha expression domains on the distal ends of the cartilage
determine the position of the developing HZ by restricting hypertrophic differentiation to
the mid-region of the embryonic cartilage element (Chapter II). Furthermore,
chondrocytes misexpressing pthlha inhibit bone collar formation as a function of the
number of cells that express it and their proximity to the bone collar, suggesting that
Pthlha protein forms a gradient (Chapter Il). My work also demonstrates that pthlha
misexpression can lead to HZs forming in different locations within the cartilage,
suggesting that Pthlh signaling not only restricts HZ expansion, but that it also
determines where HZs form within the cartilage. These observations agree with known
functions for Pthlh in GPs, but differ from the results of previous manipulations of Pthlh
signaling that failed to change the locations where HZs formed within cartilages (Chung
et al., 1998; Weir et al., 1996). This discrepancy likely reflects both the larger size of

mouse and chick cartilages compared with zebrafish and the preference of
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chondrocytes to respond to mosaic Pthlh manipulations by proliferation. My results
provide novel evidence to suggest that Pthih is the early signal that determines the
locations of Ihh expression domains within cartilages, thereby establishing both the

future locations of GPs and the orientation of the Pthih/Ihh negative feedback loop.

In addition, my studies suggest that the Ihh/Pthlh negative feedback loop is
active very early in ossifying zebrafish cartilages. HZs produce Ihh to promote
hypertrophic differentiation in adjacent chondrocytes and induce osteoblast formation in
adjacent perichondrium (Felber et al., 2011; Mak et al., 2008; St-Jacques et al., 1999). |
have shown that developing HZs expand along the length of the cartilage in pthiha
mutants, suggesting that Pthlh signaling also restricts the size of HZs (Chapter Il). Since
pthlha expression encompasses most of the cartilage after HZ formation (Yan et al.,
2012), and Ihh is known to induce Pthlh expression (Vortkamp et al., 1996), | propose
that Ihh from developing HZs induces pthlha expression in adjacent perichondrium,
thereby generating the pthlha expression pattern observed in ossifying cartilages (Yan
et al., 2012). In turn, this pthiha source would restrict HZ expansion. If true, this
suggests that a version of the Ihh/Pthlh negative feedback loop, which was found in
chick GPs (Vortkamp et al., 1996), is likely active very early in zebrafish ossifying
cartilages. Future studies are needed to test this by examining pthlha expression in the

absence of Ihh signaling.

Finally, my results suggest that another feedback mechanism controlling
proliferation in GPs is active very early in zebrafish ossifying cartilages. Increased
hypertrophic differentiation in HZs induces Runx2 expression in ossifying perichondrium

(Eames et al., 2011). This leads to Fgfl8 upregulation in the perichondrium adjacent to
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the PZ, which in turn represses chondrocyte proliferation. This reduces the rate of PZ
expansion, thereby reducing the number of PCs transitioning into the HZ (Hinoi et al.,
2006; Ohbayashi et al., 2002). | have shown that, in addition to HZ size, pthlha CRISPR
mutants had severely decreased proliferation rates. Hence, it is possible that the
Fgf18/Runx2 feedback mechanism is active in early zebrafish ossifying cartilages.

Future studies are needed to test this by examining Fgfl8 expression in pthlha mutants.

Integration of Pthlh signaling and mechanical force

Mechanotransduction has been shown to be required in differentiating chondrocytes,
but a role in direct regulation of chondrocyte hypertrophy is unknown. Muscle
contraction is required for normal chondrocyte proliferation in the PZ (Germiller and
Goldstein, 1997), and Trpv4 mechanosensory channel activity is required for Sox9
expression in chondrocytes (Nilius et al., 2004). Previous studies have suggested that
mechanical force promotes hypertrophic differentiation (Hu and Albertson, 2017; Saitoh
et al., 2000), but this could be an indirect effect of changes in chondrocyte proliferation.
My results show that mechanical force is required for HZ development in the embryonic
cartilages of zebrafish, and that this occurs at the same time Pthlh patterns HZs
(Chapter Ill). How are these two signals, force and Pthlh, integrated during HZ
development? One clue may be found in the way chondrocytes respond to mechanical
force depending on their position within the cartilage. While HZs develop in the mid-
region of the ceratohyal (ch) cartilage, my studies show that the bulk of chondrocyte
proliferation occurs outside of developing HZs (Chapter Ill). Since pthlha expression
domains located in the distal edges of the cartilage are responsible for restricting HZs to

the mid region (Chapter I1), it is possible that Pthlh signaling modulates chondrocyte
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Figure 6.1: Model for the integration of mechanical force and Pthlh signaling in
GPs. (A) Representation of a mammalian GP depicting the resting zone (R2),
proliferation zone (PZ), pre-hypertrophic zone (PHZ), hypertrophic zone (HZ), and bone
marrow (BM). (B, C) In my model, mechanical force can promote chondrocyte
hypertrophy through Runx2 and Ihh and maintain differentiating chondrocytes and their
proliferation through Sox9. (B) In the RZ and PZ, which are made of differentiating
chondrocytes, Pthlh signaling represses Runx2 expression, blocking the pathway for
mechanical force to promote hypertrophy. (C) In contrast, in the HZ, Pthlh signaling is
too low. This leads to upregulation of Ihh, which represses Sox9 expression, thereby
blocking the pathway for mechanical force to maintain differentiating chondrocytes and
their proliferation.
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responses to mechanotransduction (Figure 6.1). For instance, chondrocytes under the
influence of Pthlh are unable to express Runx2 or Ihh (Li et al., 2004; Yoshida et al.,
2004). Hence, mechanotransduction maintains differentiating chondrocytes via
upregulation of Sox9 at these locations (Bi et al., 1999; Muramatsu et al., 2007) (Figure
6.1B). In contrast, chondrocytes outside the influence of Pthlh may respond to
mechanotransduction by upregulating Runx2 through an unknown mechanism (Figure
6.1C). Future studies are needed to test this model, such as determining if Runx2
and/or Ihh in developing HZs respond to mechanical force. In addition, if this model is
correct, paralysis should prevent HZ formation even in absence of Pthlh signaling. In
conclusion, mechanotransduction induces HZ development, and Pthlh restricts their

locations.

Could Pthlh signaling contribute to tendon attachment zone formation?

Using mosaic crabp2bL:eGFP-Ntr transgenic embryos that mark the perichondrium, my
work has shown that the tenogenic marker scxa:mCherry is expressed in the
perichondrium of musculoskeletal attachment zones, or entheses. This scxa:mCherry
expression is restricted to perichondrial cells that are not ossifying. In fact,
scxa:mCherry is expressed in most of the palatoquadrate (pq) cartilage perichondrium,
except in the zone next to the mandibular joint (Chapter V), which is where the pq
begins ossifying (Brinkley et al., 2016). Studies in mouse long bones have shown that
entheses form from cells on the edge of the cartilage co-expressing Scx and Sox9, and
that loss of Sox9 expression prevents enthesis formation (Blitz et al., 2013).
Furthermore, Fibroblast Growth Factor 2 (Fgf2) expression in the mouse jaw condyle is

required for Scx expression in cells of the same region (Roberts et al., 2019). In turn,
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Figure 6.2: Tentative model for the formation of tendon attachment zones in
developing cartilages. (A) Representation of a zebrafish ch cartilage at the onset of
endochondral ossification. Briefly, Pthih is expressed at the distal ends of the cartilage,
restricting HZ formation to the mid-region. Ihh from the forming HZ signals to adjacent
perichondrium to begin differentiating into osteoblasts and repress Sox9 (green).
However, this activity is contained by a gradient of Pthilh, allowing perichondrial cells
elsewhere to express Sox9 (red). Concurrently, tendons attach to the perichondrium in
discrete distal domains in the cartilage that express Fgfs (blue). (B) Representation of
signaling activities (SA) along the length (d) of the ch cartilage. Fgf signaling domains
occur in zones of high Pthlh and low Ihh signaling.
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Scx activates Bmp4 expression, which promotes Sox9 expression in these cells (Blitz et
al., 2013; Blitz et al., 2009). The mouse jaw condyle is analogous to the edge of the
mouse long bone where Scx/Sox9 double positive cells are found, suggesting that Fgf2
plays a role in maintaining Scx/Sox9 double positive cells at developing entheses.
Incidentally, entheses form on the distal regions of the ch cartilage (Subramanian et al.,
2018), which is where pthlha expression is detected (Chapter Il). Whether or not Fgfs
play a similar role in zebrafish entheses has not been determined, but there appears to
be a correlation between pthlha expression and enthesis formation domains in the ch
cartilage. Since osteoblast formation in the perichondrium requires Sox9 repression by
Ihh from the HZ (Hojo et al., 2013; Leung et al., 2011), it is possible that Pthlh signaling
protects Sox9 expression by repressing hedgehog signaling in the perichondrium where
entheses form (Figure 6.2). However no evidence for a potential Pthlh role in enthesis
formation has been previously found, likely because Pthlh mutations are postnatally
lethal, so tendon attachments in Pthlh deficiency models have never been examined
(Karaplis et al., 1994; Schipani et al., 1997). Future studies examining scxa:mCherry in
pthiha CRISPR FO mutants are needed to test if Pthlh signaling plays a role in enthesis

formation.

Could dorsal-ventral (D-V) jaw patterning influence endochondral ossification?

One big question in developmental biology is how early patterning events lead to
segmentation and compartmentalization of the embryo. In the introduction, | discussed
the possibility that D-V patterning of the craniofacial cartilages results in the formation of
expression domains of Pthlh that pattern the formation of HZs in endochondral bones.

My work confirms that Pthlh expression domains are necessary and sufficient to pattern
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HZs in embryonic cartilages. Though there is no evidence to connect Pthlh expression
domains to earlier patterning events in the craniofacial skeleton, my work contributes to
a growing body of evidence that indicates that early patterning events during
embryogenesis can influence the outcome of later events via subcompartmentalization

of previously specified domains in various systems.

One such system is the patterning of connective tissues in the limb. The
Homeobox (Hox) genes are a group of very conserved genes that pattern the anterior-
posterior axis of embryos ranging from insects to humans. During the evolution of
species, these set of genes duplicated to generate four Hox clusters in mammals:
HoxA, HoxB, HoxC, and HoxD, each containing up to 13 genes. Within a cluster, genes
are expressed along the anterior-posterior axis in roughly the same order as their
locations in the cluster from 3’ to 5’, such that Hox1 genes pattern the most anterior part
of the embryo and Hox13 genes pattern the posterior part of the embryo (Wellik, 2007).
In contrast, vertebrate limbs are patterned by the most 5’ Hox genes in the cluster (Hox
9-13). The limb can be subdivided into the proximal stylopod, which corresponds to the
humerus and femur, the medial zeugopod, which corresponds to the radius/ulna and
tibia/fibula, and the distal autopod, which corresponds to hand and foot bones. Their
segmental information is required prior to differentiation of any tissues in the limb.
Hoxa9 and Hoxd9 contribute to patterning of the proximal joint of the stylopod
(Fromental-Ramain et al., 1996a). Hoxal0, Hoxc10, and Hoxd10 are all required for the
formation of the stylopod (Wellik and Capecchi, 2003). Hoxall, Hoxcl11, and Hoxd11
are required for zeugopod formation (Boulet and Capecchi, 2004; Wellik and Capecchi,

2003). Finally, Hoxal3 and Hoxd13 are required for proper patterning of the autopod
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(Fromental-Ramain et al., 1996b). Interestingly, the expression of Hox11 genes is
maintained in the zeugopod as limb skeletal tissues differentiate but becomes restricted
to the perichondrium and mesenchymal precursors of connective tissues of the limb.
Loss of Hox11 gene function lead to myotendinous junction patterning defects without
disrupting cartilage-tendon junctions, highlighting how subdomains within a segment of
the limb require the function of genes that specify whole segment identity (Swinehart et
al., 2013). Since Fgf2 expression domains are required to specify cartilage-tendon
junction progenitors in the perichondrium of the developing mouse jaw, one potential
mechanism for the specification of tendon attachment zones may be that genes such as
Hox11 become progressively restricted and define domains of morphogen expression
that are required to specify cell types that will make tendon attachment zones. Although
these findings require much more investigation, they hint towards a model where
perichondrial and mesenchymal progenitors contain subsegmental information to

encode tendon attachment zones.

The formation of vertebral segments represents another example of perichondrial
and mesenchymal tissues carrying pre-patterned segmental information. Segmentation
of the axial skeleton of vertebrates relies on an oscillatory mechanism whereby the
timing of Notch signaling turning on and off as it moves along the anterior-posterior axis
determines somite boundaries (Saga and Takeda, 2001). Manipulations that accelerate
this clock generate more somites, and correspondingly increase the number of
vertebrae (Harima et al., 2013). In contrast, manipulations that decrease the clock
speed generate fewer vertebrae (Schroter and Oates, 2010). A recent report revealed

that the axial skeleton segmentation clock is not required for segmental patterning of the
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notochord. Though it does not identify the signals that produce this pattern, the study
proposes a reaction-diffusion model where the interplay between inhibitory and activator
signals form Turing waves across the notochord to define the positions for each
vertebra, and that the information to produce these waves is pre-patterned in the
notochord sheath cells (Lleras Forero et al., 2018). Interestingly, the pthlha expression
pattern | have shown in the ch cartilage appears to be, at least partially, in the
perichondrium and surrounding tissues, prompting the question of whether the cartilage
perichondrium plays a similar role by determining the zones where pthlha is expressed,

thereby patterning hypertrophic differentiation of chondrocytes.

Finally, a model for subcompartmentalization of the zebrafish jaw cartilages
emerges when considering all previous examples of pre-patterning. For instance, my
work confirms that chondrocyte polarity (see Chapter V), which depends on the graded
expression of certain components known to control PCP in Drosophila (Ambegaonkar et
al., 2012; Simon, 2004, Strutt and Strutt, 2008; Yang et al., 2002; Zeidler et al., 1999),
correlates with zones of endochondral ossification. Since | have shown that pthiha
determines zones of ossification in cartilage, this correlation could reflect
subcompartmentalization of the dorsal, intermediate, and ventral domains such that
morphogens required to pattern the expression of PCP components as well as pthliha
are expressed from specific subcompartments. For instance, DIx genes, which define
the intermediate domain of PAs, are initially expressed in a broad transitional ventral-
intermediate domain, but their expression becomes restricted to the intermediate
domain as Hand2 expression activates in the ventral part of the this broad domain due

to DIx gene network activity and BMP signaling (Alexander et al., 2011; Barron et al.,
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2011; Meinecke et al., 2018; Talbot et al., 2010; Zuniga et al., 2011; Zuniga et al.,
2010). However, whether this transcriptional cascade results in subcompartmentalized
expression of downstream transcription factors later in development has not been

addressed. Therefore, the presence of such subcompartments is currently speculative.

Future studies tracing cells in the PAs are needed to investigate the potential role
of D-V patterning in the specification of pthlha expression domains in the craniofacial
cartilages. Given the complexity of this process and the time gap with endochondral
ossification, identifying specific genes that may play a role in the formation of pthlha
expression domains will be challenging. However, it is possible to permanently label
individual cells in the PAs and trace them to cartilages that are beginning to ossify. The
permanent labelling of NCCs has been done previously (Rodrigues et al., 2012). Using
this technique in combination with the generation of mosaic transgenic embryos via
NCC transplantation, as done recently in our lab (Le Pabic et al., 2014), would allow us
to trace individual groups of cells in the PAs to their final position in endochondral
cartilages and their surrounding mesenchyme. With this information, we can then
identify subsets of cells in the PAs that eventually express pthlha around cartilages with
the goal of determining their gene expression signatures and testing requirements for

genes and in establishing endochondral patterns and pthlha expression.

Could some aspects of the Ihh/Pthlh negative feedback loop fit the RD model?

In the introduction, we briefly discussed the RD Model, which differs from classic
Morphogen gradient models in that RD models include negative feedback mechanisms
that allow systems to form patterns while regulating themselves. In particular, the

formation of a Turing pattern relies on two signals, one activator and one inhibitor,
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where the activator induces its own expression and that of the inhibitor, which has
longer range and represses the expression of the activator (Gierer and Meinhardt, 1972;
Turing, 1990). The Ihh/Pthlh negative feedback loop is not often understood as fitting
the RD model. However, mosaic mice with Pth1r/- mutant cells embedded in the PZ of
their GPs have longer PZ, presumably due to induction of Pthlh expression around the
Pthlr’- mutant cells (Chung et al., 1998). In this case, it is likely that a secondary Pthlh
gradient is formed from the mutant cells. This resembles the interactions between Nodal
and Lefty in the specification of left-right asymmetry of the vertebrate body axis, which
fits the RD Model (Muller et al., 2012). Since expression of the Pthlh zebrafish
orthologue pthliha appears to be initially restricted in the ch cartilage primordium but
becomes more widespread as endochondral ossification proceeds (Yan et al., 2012), |
speculate that Ihh from the developing HZ in the ch may induce pthlha expression
around it in order to prevent premature expansion of the HZ during the early stages of
endochondral ossification (See Figure 1.6). Though other models are possible, my
results in Chapter Il hint that this is the case in the forming GP. First, the HZ expands
very rapidly along the cartilage in pthlha mutants. When considering that mosaic
expression of pthlha in the cartilage only disrupts HZ or bone collar formation when the
cells expressing it are in relative close proximity, this would support the hypothesis that
pthlha expression in the distal edges of the ch cartilage is insufficient to contain this
expansion, and that the additional induction of pthlha expression near the HZ by Ihh
may be a requirement, hence the change in pthlha expression pattern at 6 days (Yan et
al., 2012). Even if the interactions between Ihh and Pthlh in the GP, a stage in which

ossification patterning has already occurred, do not fit the RD Model, if my hypothesis
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could be confirmed, it would suggest that Ihh and Pthih interact via RD during to pattern
the early HZ domains in the cartilage, thereby shaping where GPs will form. Finally,
unlike the case of Nodal and Lefty in the specification of left-right asymmetry in
vertebrates where the shape of the system is determined by the initial expression of
Nodal, the activator (Tabin, 2006), my proposed model for the early patterning of HZs in
cartilage represents a system where expression of the repressor precedes that of the
activator and determines the shape and direction of the system. Altogether, this work
establishes endochondral ossification of the early zebrafish jaw cartilage as a useful
model for understanding the general principles of formation of negative feedback loops,
and their establishment in signaling networks. Thus, it has broad implications for the

control mechanisms underlying pattern formation in many different tissues and organs.
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