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ABSTRACT

In principle, modern-day organisms retain many ancestral traits, some of which can be traced
back quantitatively to approximate the order of evolutionary events. Within skeletal research,
most studies have focused on more recently diverged vertebrate models, like mammals and
birds, or on earlier-diverged fishes. This leaves a gap in the literature as the intermediately
positioned amphibian model has been relatively under-explored. As such, amphibian skeletal
cells might retain residual information that could account for any evolutionary differences
observed between earlier- and later-diverged vertebrate clades. A comparative study of skeletal
cell development across clades may reveal how bone and cartilage cells (osteoblasts and
chondrocytes, respectively) have evolved over time. With few exceptions, many developmental
features of bone and cartilage are currently understood to be fairly conserved among
vertebrates. This includes the expression of certain skeletogenic genes that drive and
characterize the different phases of skeletal cells as they develop. This thesis investigates and
asks two specific questions regarding skeletal development. Is chondrogenic gene expression
more common among osteoblasts, as recently discovered in frogs and fish, than previously
thought? And is hypertrophy conserved within maturing amphibian chondrocytes as it is in
earlier- and later-diverged vertebrates? Generally, we hypothesize that amphibian skeletal cells
exhibit molecular and histological characteristics intermediate to those of other vertebrate
models, given their position within phylogeny. Testing this hypothesis involved comparing
osteoblasts and chondrocytes from skeletal elements in the amphibian frog homologous to those
previously examined by the Eames lab in the mouse, chick, and gar. In the western clawed frog,
Xenopus tropicalis, these elements were identified as the humerus (upper arm bone), medial
angulosplenial (a dermal bone of the lower jaw), and ceratohyal (homologous to the hyoid bone
of the larynx). Datasets from all four species were subjected to comparative analyses which were
a combination of histology, RNA in situ hybridization, immunohistochemistry, and LCM-RNAseq
(laser capture microdissection coupled with RNA sequencing). Preliminary bioinformatic analysis
was also performed, but those results still require follow-up examination. Nonetheless, our data
suggested amphibian skeletal cells have properties that did not conform to the phenotypic

spectra as defined by other vertebrate models. Osteoblasts and hypertrophic chondrocytes of



amphibians appeared to express early chondrogenic markers at levels much higher or longer than
were typically found in earlier- or later-diverged vertebrates, such as sex determining region Y-
box 9 (sox9), collagen type Il alpha 1 chain (col2a1), and possibly many other cartilage genes like
Aggrecan (acan), sex determining region Y-box 5 (sox5), and sex determining region Y-box 9
(sox6), as well. To the best of our knowledge, these findings would be considered novel
discoveries. Chondrogenic expression overall may have increased in skeletal cells of the
amphibian lineage before decreasing in later-diverged tetrapods. This could somehow be related
to the unusual hypertrophic development of amphibian head cartilages that was also revealed
by this project; namely, the rapid hypertrophy of chondrocytes, which had not been previously
characterized before, and the persistence of hypertrophic cartilage, a trait seemingly unique to

frogs.
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CHAPTER 1

Introduction

This chapter briefly summarizes the general organization of my thesis and provides an overview
of the main objectives. It also acknowledges notable contributions made by those other than
myself for each section. This thesis is comprised of six chapters. Chapters 2 and 3 serve as
background, one of which was already published (Chapter 3), while others are manuscript-based
(Chapters 4 and 5). The final chapter offers discussion, limitations, and future directions, and the
enclosed Appendix details the results of a supplementary side project. Since all chapters
inevitably contain some related background information, some of the same figures are referred

back to in different chapters, although efforts were made to minimize this as much as possible.

Chapter 2 begins with a general overview of skeletal cell evolution, the significance of both the
amphibian model and development in elucidating skeletal evolution, and a literature review of
the current state of skeletal development. It concludes with the rationale behind my hypotheses
for bone and cartilage evolution, respectively, and how each were tested. Chapter 3 reviews
additional information that specifically sets the stage for an investigation into the evolution of
the osteoblast, and has been published as a paper written with Dr. Eames for The FEBS Journal
entitled, “Evolutionary repression of chondrogenic genes in the vertebrate osteoblast.” This
publication introduces the idea that the expression of genes that characterize cartilage (i.e., are
chondrogenic) genes may have been lost during the evolution of the osteoblast and what steps
are needed to uncover this possibility. It also showcases a high-resolution phase-contrast image
that was scanned at the Canadian Light Source (CLS) by Jean-Sébastien Gauthier, an Artist-in-

Residence member of the Eames lab.

Chapter 4 is a manuscript in preparation with Dr. Eames on osteoblast evolution and puts into
practice many of the proposed experiments from our review paper in Chapter 3. It analyzes
chondrogenic expression of the amphibian osteoblast and compares these results to other
vertebrate models as described in the literature, as well as to unpublished datasets collected by

past and present members of the Eames lab, to assess whether chondrogenic loss was a gradual



evolutionary event. Basic histology was used to identify osteoblasts within the humerus and
lower jaw of the frog, and expression assays targeted cartilage genes and proteins within those
bone regions. RNA in situ hybridization (RNA ISH) and immunohistochemistry (IHC) were relied
upon for molecular studies. These allowed us to confirm the presence of some classic
chondrogenic markers within amphibian bone as discovered previously in published results
(Aldea et al., 2013; Bertin et al., 2014; Enault et al., 2015). LCM-RNAseq was also performed on
lower jaw osteoblasts to provide a more quantitative assessment, although analyses of the RNA-
seq data were limited. Existing RNA-seq datasets from the lower jaw of mouse, chick, and gar had
already been available for comparison thanks to previous work done by Drs. Patsy Gomez Picos
and Amir Ashique. Assistance in compiling the RNA-seq data, as well as some preliminary
bioinformatical analysis, was performed by Dr. Katie Ovens. Some histological, RNA ISH, and IHC
data on osteoblasts will be submitted for publication in collaboration with Dr. Sylvain Marcellini

and his PhD student, Fret Cervantes, from the University of Concepcion in Chile.

Chapter 5 is a third manuscript being co-authored with Dr. Eames on cartilage evolution and
focuses on whether chondrocyte hypertrophy is conserved within the frog. Hypertrophy
generally follows a very particular pattern during vertebrate development. To make these
observations, the maturation of cartilages in the frog humerus and ceratohyal were
characterized, compared to each other, and then to other vertebrates. Previous frog samples and
work done by a former summer student, Yiwen Liu (who was supervised by Dr. Patsy Gomez Picos
in 2015-16), were used to identify the relevant stages for studying the humerus and to narrow
down when hypertrophy would occur within the ceratohyal. The analysis for this portion of the
project depended mostly on histological and expression data, but some comparative RNA-seq
analysis was performed as well to support any conclusions. Again, homologous datasets from the
mouse, chick, and gar obtained by Drs. Patsy GOdmez Picos and Amir Ashique were used for
comparison, and Dr. Katie Ovens aided with handling of the RNA-seq data. Due to interesting
findings in the ceratohyal, a side project involving thyroid hormone inhibition was carried out.
Results for that experiment are still under investigation, however, and not directly related to the
thesis objective, thus were limited to an appendix item. Although this side project has yet to be

successfully replicated due to technical issues, important contributions were made by



collaborators from the National Museum of Natural History in France (Drs. Barbara Demeneix
and Jean-Baptiste Fini) in providing us with a thyroid hormone competitor (NH-3), and from
Michelle Whalen, our current lab manager for the Eames lab, who had assisted with multiple

attempts at repeating this experiment.

Chapter 6 summarizes all results and conclusions, offers discussion points, speculations, and
highlights any limitations that needed to be considered. Future directions are also proposed here.
Aside from supplementary data and observations pertaining to the thyroid hormone inhibition
experiment, the appendix also presents some 3D scans from PhD candidate, Oghenevwogaga
(Joseph) Atake and Dr. Arash Panahifar that were meant to aid investigations into bone and

thyroid, respectively.



CHAPTER 2

Background

This chapter provides important concepts needed to understand this thesis that are only briefly
touched upon or not covered at all in Chapter 3, which is a published review paper. Due to word
limitations imposed by the journal to which that review was submitted, some concepts are
introduced here first and any related details forthcoming in Chapter 3 will occasionally be

referenced that either summarize or expand upon them further.

2.1 The evolution of skeletal cells

Evolution is often thought of as an adaptive process, but constraint is just as foundational in
shaping how life can evolve (S. J. Gould & Lewontin, 1979). As with many biological traits, skeletal
cells have likely undergone millions of years of evolution, accumulating incremental changes
along the way (Darwin, 1859). Over such large time scales, these subtle variations contributed to
the derivation of novel skeletal traits among descendant clades (i.e., related groups of animals
that have diverged from a common ancestor; Darwin, 1859; Steel & Penny, 2010; Theobald,
2010). In opposition to adaptation, constraint has also ensured that features defining a cell type
(skeletal or otherwise) have been conserved and consistently passed on to future generations as
well (Gould & Lewontin, 1979; Dietrich, 1998). The designation of a descendant species to a
particular clade (e.g., Tetrapoda) means certain features were constrained upon them by their
ancestors for them to be classified as such. For example, this is why most land vertebrates are
tetrapods, or four-limbed, which includes many animals that have secondarily lost these limbs
like whales and snakes (Schultze & Trueb, 1991; Clack, 2007, 2009). To some degree, features at
the molecular level have also been conserved within extant animals (Dietrich, 1998), possibly
chronicling how skeletal cells may have evolved in a particular clade as well. This allows us to
probe what some shared ancestral features might have been and comparing the resultant
differences could tell us what transpired as clades diverged over time. Uncovering these long-
lasting connections is crucial for an evidence-based approach that aims to disentangle the
evolution of skeletal cells. The limitations of this approach are outlined in Chapter 6, but these

are currently the best available options for studying molecular evolution.



2.1.1 Significance of the amphibian model

Most available data on the development of skeletal cells have been based on research in mouse
and chick. Only recently has more emphasis been placed on fish and frog (Eames et al., 2012;
Aldea et al., 2013; Bertin et al., 2014; Enault et al., 2015). As an amphibian, the last common
ancestor of the frog is phylogenetically positioned between the respective common ancestors of
earlier-diverged fish and later-diverged mammalian and avian models. Frogs can potentially
provide valuable insight into the differences between these clades (Chapter 3 offers more
details). The frog model is especially interesting given the amphibian clade also diverged around
the time of a major evolutionary event, when aquatic vertebrates first began to transition onto
land (Shubin, 2002; Clack, 2012; Wood & Nakamura, 2018). This seismic shift in habitat not only
resulted in gross morphological changes to skeletal structures, but influenced changes at the
molecular level as well. Incidentally, the life cycle of the frog (particularly metamorphosis)
embodies the dramatic transformations needed for survival on land, seemingly recapitulating the
progression of vertebrate evolution (Haeckel, 1866; Schaeffer, 1941; Gray, 1968; Edwards, 1977).
While recapitulation theory has been largely overturned in favor of heterochrony (i.e., changes
in developmental timing) as the primary force behind evolutionary change (Gould, 1977,
McNamara, 1986; Hall, 2003), it remains an influential hypothesis within evolutionary
developmental biology. Either way, current amphibians remain the most accessible
intermediates for interrogating any developmental and genetic differences that exist between

skeletal cells of earlier-diverged fish and later-diverged mammalian/avian models.

2.1.2 Xenopus tropicalis and the Nieuwkoop and Faber staging system

The genome of the western clawed frog, Xenopus tropicalis, has a high degree of conservation
with humans, making it a viable model system for biomolecular and medical research (Miura et
al., 2008; Hellsten et al., 2010; Grainger, 2012; Blum & Ott, 2019). Classified as a fully aquatic
tetrapod, X. tropicalis is an amphibian that undergoes metamorphosis to form limbs and lungs.
This gives it the ability to survive on land for an appreciable amount of time when necessary (De
Villiers & Measey, 2017). X. tropicalis was the frog model chosen here to represent the amphibian
clade, but the limitations of its use are thoroughly detailed in Chapter 6. This frog species very

closely resembles its more widely used cousin, Xenopus laevis (Yanai et al., 2011), but offers some



notable conveniences over X. lagevis: quicker generation times, relatively smaller size, and a
simpler genome (Beck & Slack, 2001; Grainger, 2012). As such, many studies between the two
species are considered interchangeable, including developmental stages (Nieuwkoop & Faber,
1994), gene sequences (Miura et al., 2008; Yanai et al., 2011), and various lab techniques (Khokha
et al., 2002). Thus, to stage and track the development of X. tropicalis, the “Normal Table of
Xenopus laevis,” originally published in 1956 by Nieuwkoop and Faber (reprinted in 1994), was
used as a reference. X. tropicalis offers some significant observational advantages over other
classical vertebrates due to its external development, large embryonic size from the onset of
fertilization, and transparent skin up until the later larval stages (Beck & Slack, 2001; Grainger,

2012).

Very briefly, the Nieuwkoop and Faber system is comprised of 66 stages (Fig. 2.1; Nieuwkoop &
Faber, 1994), beginning from stage NF1, when the egg is fertilized (zygote), to stage NF66, with
the emergence of an adult frog approximately six to eight weeks later (Khokha et al., 2002).
Stages in between detail the embryonic (NF1 to NF27) and larval phases (NF28 to NF57),
concluding with metamorphosis (NF57-66) as the tadpole transforms from an immature froglet
into a four-limbed, adult frog (Kawahara et al., 1991; Nieuwkoop & Faber, 1994; Jupp et al., 2015).
Beyond the adult stage (NF66+) is primarily physical growth, sexual maturity, and finally
senescence. The stages investigated in this thesis were almost exclusively concentrated on the
early larval and early metamorphic stages (i.e., early-to-mid NF40s and mid-to-late NF50s). These
stages were when skeletal development began and when relevant skeletal cell types and

processes were widely available for a comparative study with existing datasets.



Figure 2.1| The Nieuwkoop and Faber staging system can be used to track Xenopus tropicalis
development. These are some illustrations taken directly from the “Normal Table of Xenopus laevis”
(1994). The selected images provide an idea of the embryonic phases (NF1 to NF27), early larval phases
(NF28 to NF44), late larval phases (NF45 to NF57), metamorphic climax (NF58-62), and subsequent
completion of metamorphosis (NF63-66) as the larval tadpole transforms into an adult frog. The
developmental times have been modified to reflect the rate of Xenopus tropicalis growth raised at 27-28
°C. Abbreviations: dpf=days post-fertilization; hpf=hours post-fertilization; mpf=minutes post-
fertilization. (Credit: Nieuwkoop & Faber, 1994).

2.1.3 Skeletal cell evolution can be reconstructed through comparative gene studies

Fundamentally speaking, evolutionary transitions can be explained by developmental processes
that, in turn, were driven by gene expression (Li & Graur, 1991; Carroll et al., 2001; Carroll, 2008).
At the very crux of skeletal cell evolution is the fact that the genes responsible for regulating
skeletal development (skeletogenesis) had themselves evolved over time (Dobzhansky, 1937).
This could have been attributed to multiple genetic factors like duplication events,
recombination, and random mutations, all of which often affect chromosomal DNA, and thus,
were capable of modifying skeletogenic genes and their regulatory elements (Li & Graur, 1991;
Carroll et al., 2001; Stone & Wray, 2001; Wittkopp & Kalay, 2012; Lan & Pritchard, 2016; Signor
& Nuzhdin, 2018). These natural occurrences likely influenced gene expression and gradually
steered new generations of skeletal cells along divergent developmental pathways relative to
those followed by their predecessors (Khaitovich et al., 2006; Blekhman et al., 2008). Differences

in development could then account for the skeletal variations among phylogenetic clades,
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thereby making comparative development an invaluable trove of information (Bedford & Hartl,
2009; Dunn et al., 2013). It is conceivable that recapitulation of phylogeny (evolution) might be
directly ascertainable from observations of ontogeny (development) alone, although this idea
has notable detractors and remains controversial (Haeckel, 1866; de Beer, 1930; Gould, 1977,
2002). More empirically, however, studying skeletal development within a model system
elucidates the most current state of skeletal evolution within that lineage, and might also provide

input into the ancestral traits constrained upon it.

Phylogenetic relationships are built based on the similarities and differences between clades.
Therefore, it should be feasible to reconstruct evolution at the cellular level by employing similar
tactics. When comparing skeletal cells—whether against each other or across clades—a high
degree of similarity between cell populations means many of their properties were likely
constrained (i.e., resistant to change) during the course of their evolution. Heavy constraint is
associated with a high level of gene conservation. This can be further correlated with the
development of shared skeletal traits when sampling descendant clades for comparative analysis.
On the other hand, phylogenetic differences typically arise when less constrained genes have the
freedom to vary. Herein lies the evidence for decoding how skeletal cells may have evolved.
Ideally, with enough representative data, the order in which model vertebrates were positioned
within phylogeny should map out how skeletal development and the expression of their
corresponding skeletogenic genes may (or may not) have evolved over time (Nguyen & Eames,

2020). The methodology for making this comparison is detailed in Chapter 3.

2.2 An overview of skeletal cell development

Skeletogenesis begins with the condensation (i.e., aggregation) of mesenchymal stem cells and
their expression of the regulatory genes necessary to develop into either chondrocytes or
osteoblasts (Eames et al., 2003, 2004; Eames & Helms, 2004). This describes cartilage formation
(chondrogenesis) in a nutshell as mesenchymal precursors can differentiate directly into
chondrocytes. However, vertebrate bone development (ossification or osteogenesis) can follow
two main pathways. Like chondrocytes, osteoblasts are capable of forming directly from
mesenchyme as well via intramembranous ossification. Alternatively, endochondral ossification

is an indirect route, whereby osteoblasts are introduced following the maturation of a cartilage
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template. Maturing chondrocytes differ morphologically and molecularly from immature
chondrocytes in terms of size and gene expression. Interestingly, very few genes distinguish
mature chondrocytes from osteoblasts and the literature is rife with examples of chondrocytes
transdifferentiating into osteoblasts, both from its immature and mature forms (Moskalewski &
Malejczyk, 1989; Thesingh et al., 1991; Lefebvre et al., 1995; Vortkamp et al., 1996; Inada et al.,
1999; Neuhold et al., 2001; Zaragoza et al., 2006; Abzhanov et al., 2007; Mak et al., 2008;
Hammond & Schulte-Merker, 2009; Sophia Fox et al., 2009; Eames et al., 2012; Huycke et al.,
2012; Nishimura et al., 2012; Weng & Su, 2013; Ono et al., 2014; Zhou et al., 2014; Decker et al.,
2015; Wang et al., 2017; Aghajanian & Mohan, 2018; Giovannone et al., 2019). This exemplifies
the common developmental origins (and potential evolutionary connections) shared between
these two cell types (Nakahara et al., 1990; Wagner & Lynch, 2010; Gédmez-Picos & Eames, 2015;
Nguyen & Eames, 2020). During development, the vast majority of skeletal cells available for
study exist as chondrocytes and osteoblasts, which is why skeletal research often target these
two cell types in particular. We are mostly focused on endochondral ossification as this process
produces all the skeletal cell types of interest: resting and proliferating (immature) chondrocytes;
prehypertrophic and hypertrophic (mature) chondrocytes; and osteoblasts (Fig. 2.2). Regardless
of how bone forms, osteoblasts secrete a bone-specific matrix containing tightly wound collagen
fibers like Coll (collagen type | protein) that can be seen with Aniline blue through trichrome
staining (Fig. 2.2C; Eames et al., 2003, 2004; Eames & Helms, 2004; Gentili & Cancedda, 2009).
Once osteoblasts are completely surrounded by bone matrix, they are known as osteocytes
(Erlebacher et al., 1995). In terms of gene expression, there are notable differences that exist
between osteoblasts of earlier- and later-diverged vertebrate clades, which will be covered in
Chapter 3. As for cartilage, the development and morphology of immature and mature
chondrocytes can be visualized through Safranin O (Saf O), a red stain which binds to the sulfated
proteoglycans characteristic of cartilage ECM (extracellular matrix) (Fig. 2.2A,B; Eames et al.,

2003, 2004; Eames & Helms, 2004; Gentili & Cancedda, 2009).



50 pm

Figure 2.2|Skeletal cells can be visualized with Safranin O/Fast Green and trichrome. Safranin O (red
color) stains the sulfated proteoglycans found in the extracellular matrix of [A] resting and proliferating
(immature) chondrocytes, as well as [B] prehypertrophic and hypertrophic (mature) chondrocytes. [C] An
osteoblast is indicated by the black arrow. Osteoblasts secrete ECM containing tightly wound collagen
fibers (Col1) which stain with Aniline blue from trichrome. Once completely surrounded by bone matrix,
osteoblasts become osteocytes, as shown by the red arrow.

2.2.1 Cartilage is a precursor for endochondral ossification

The commitment of mesenchymal condensations to become prechondroblasts and their
subsequent development into chondrocytes are driven primarily by the transcription factor, Sox9
(Akiyama et al., 2002; Mori-Akiyama et al., 2003). This is why Sox9 is considered the master
regulator of chondrogenesis (Lefebvre & de Crombrugghe, 1998; Bi et al., 1999). Sox9 directly
mediates the expression of at least two key indicators denoting that cells have differentiated into
chondrocytes: the secretion of sulfated proteoglycans (especially Aggrecan; Lefebvre et al., 2001)
into cartilage ECM by chondroblasts (Fig. 2.2A,B; Tew et al., 2008; Daniels et al., 2019); and the
presence of extracellular Col2 (collagen type Il protein), which is encoded by the Col2al gene
(Bell et al., 1997; Lefebvre et al., 1997; Bi et al., 1999). Epiphycan (Epyc), Decorin (Dcn), Biglycan
(Bgn), and Fibromodulin (Fmod) are also proteoglycans that characterize cartilage, with Dcn, Bgn,
and Fmod sharing significant homology with one another (Roughley & Lee, 1994; Johnson et al.,
1997; Gémez-Picos & Eames, 2015). Two other important transcription factors needed for
chondrocyte differentiation, Sox5 and Sox6, are driven by Sox9 as well (Akiyama et al., 2002).
Similarly, Col9a1 (collagen type IX alpha 1 chain), Col9a2 (collagen type IX alpha 2 chain), Col9a3
(collagen type IX alpha 3 chain), and Matn1 (matrilin 1) are important markers of immature
chondrocytes under Sox9 control (Lefebvre et al., 2001; Zhang et al., 2003; Nicolae et al., 2007,
Nagy et al., 2011; Henry et al., 2012; Liu et al., 2018).
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2.2.2 Cartilage matures during endochondral ossification

After chondrogenesis, cartilage maturation is the next necessary step for endochondral
ossification to proceed. All long bones (e.g., the humerus) and some head skeletal elements (e.g.,
the ceratohyal) are examples of (endo)chondral bones in most vertebrates. In contrast, most
bones of the craniofacial skeleton are intramembranous (or dermal), which include bones of the
lower jaw (e.g., medial angulosplenial in frog). Regardless, all ossification modes rely on Runx2
(runt-related transcription factor 2, formerly Cbfal) expression at some point (Ducy & Zhang,
1997; Komori et al., 1997; Otto et al., 1997). Runx2 is best known as the main transcription factor
of osteogenesis and is responsible for activating another key transcription factor downstream
called Sp7 (commonly referred to as osterix) that is important for osteoblast differentiation (Ducy
& Zhang, 1997; Komoriet al., 1997; Otto et al., 1997; Nishio et al., 2006; Komori, 2011)—although
a homolog to Sp7 is not present in most bird species and does not appear to be required for
osteoblasts to form in zebrafish (Kague et al., 2016; Yu et al., 2017). While Runx2 can induce
mesenchymal condensations to differentiate directly into osteoblasts (i.e., intramembranous
ossification), another major role of Runx2 involves initiating and guiding cartilage through
maturation in preparation for endochondral ossification (Kim et al., 1999; Yoshida et al., 2004;
Mackie et al., 2008). The maturation of cartilage is dependent on the coordinated actions of Sox9
downregulation and Runx2 upregulation (Eames et al., 2003, 2004; Eames & Helms, 2004; Zhou
et al., 2006). The stages of cartilage maturation are hypertrophy (an increase in cell size),
mineralization (deposition of calcium phosphates, namely hydroxyapatite), and apoptosis
(degradation through programmed cell death) (Kronenberg, 2003; Mackie et al., 2008; Long &
Ornitz, 2013). Using the humerus as an example, maturation typically begins deep within the
middle of the cartilage model—in this case, the diaphysis—and coincides with perichondral
ossification of the bone collar (Kronenberg, 2003; Mackie et al., 2008; Long & Ornitz, 2013).
Perichondral bone formation is initiated by the differentiation of osteoblasts from mesenchymal
cells located inside the perichondrium, just superficial to the region of maturing chondrocytes
(Egawa et al., 2014). As the first group of mature chondrocytes terminally differentiate and die,
blood vessels penetrate through perichondral bone and into apoptotic cartilage, bringing in red

blood cells, chondroclasts, osteoclasts, and osteoblasts (Kronenberg, 2003; Mackie et al., 2008;
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Long & Ornitz, 2013). This is how trabecular bone is formed during endochondral ossification;
perichondrial mesenchymal cells are introduced via vascular invasion and subsequently
differentiate into osteoblasts (Egawa et al., 2014; Ono et al., 2014). Altogether, these events
create the primary ossification center responsible for remodeling cartilage into chondral bone
(Kronenberg, 2003; Mackie et al., 2008; Long & Ornitz, 2013). Secondary ossification centers later
invade the epiphyses (Mackie et al., 2008). From here, cartilage maturation, perichondral, and
endochondral ossification all progress outwards bilaterally from the diaphysis, eventually
outpacing chondrocyte proliferation at the growth plates (metaphyses), then fuse with bone
from the epiphyses (Mackie et al., 2008). These ossification sites work in tandem to ossify the
entirety of the humerus, save for the articular surfaces, which persist into adulthood as immature
and mature (hyaline) cartilage (Gray & Williams, 1989; Leboy et al., 1988; Eames et al., 2003,
2004; Eames & Helms, 2004; Yang et al., 2014; Zhou et al., 2014; Hinton et al., 2017; Aghajanian
& Mohan, 2018).

2.2.3 Endochondral ossification might reveal parts of skeletal evolution

The sequential steps needed to form chondral bone (i.e., from immature to mature chondrocytes
to osteoblasts) often draw parallels to the respective evolutionary appearances of immature
cartilage and bone (~530 vs ~500 Mya; Mallatt & Chen, 2003; Rychel et al., 2006; Gomez-Picos &
Eames, 2015). As a consequence, it has been speculated whether this might yet be another
example of ontogeny recapitulating phylogeny (Haeckel, 1866; de Beer, 1930; Gould, 2002),
where the order of cartilage and bone during development might have been influenced by the
order of their evolution. Since endochondral ossification must have been shaped by an
evolutionary precedent, it is possible there are remnants of this ancestry contained within the
process itself. Information might also be derived from studying how conserved endochondral
ossification, or portions of its development are, among clades. Given that chondrogenic
downregulation is needed for chondral bone to form, might this somehow be connected to the
lack of cartilage gene expression in osteoblasts of later-diverged vertebrates (Nguyen & Eames,
2020)? As it currently stands, endochondral development appears to be fairly consistent across
vertebrate clades, such as mammals, birds, and fish (Eames et al., 2004, 2011, 2012; Eames &

Helms, 2004; Long & Ornitz, 2013). However, endochondral ossification has been described as
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being delayed in the amphibian limb (Moriishi et al., 2005; Miura et al., 2008; Egawa et al., 2014),
and in particular the head, where arrested development is common to most frogs (Porter & Vial,
1974; Thomson, 1986). What could be responsible for these unusual phenotypes? What is the
expression profile of well-established skeletal genes during amphibian bone development? Since
the progression of endochondral ossification in amphibians is not well-understood compared to
other models, especially with regard to chondrocyte hypertrophy, these inquiries with respect to

bone and cartilage development guided the subject matter under investigation in this thesis.

2.3 The osteoblast hypothesis

The latest evidence suggests there is a clear molecular difference between osteoblasts of earlier-
and later-diverged vertebrates in terms of chondrogenic expression: bone of fish and frog express
cartilage genes, whereas mouse and chick do not (Eames et al., 2012; Aldea et al., 2013; Bertin
et al., 2014; Enault et al., 2015). Chapter 3 covers this in more detail, but given that chondrogenic
markers are generally defined by research in the later-diverged mouse and chick, this led to the
hypothesis that chondrogenic gene expression became repressed during the evolution of the
osteoblast (Nguyen & Eames, 2020). One of the objectives of this thesis was to verify whether
amphibian osteoblasts were chondrogenic and at what level compared to other vertebrate
models. In order to achieve this, histology, RNA in situ hybridization, immunohistochemistry, and
LCM-RNAseq were performed, then compared against similar datasets in mouse, chick, and gar.

These results are presented in Chapter 4.

2.4 The chondrocyte hypothesis

The specific aspect of cartilage development being targeted here for comparative study was
chondrocyte hypertrophy and whether this process was conserved in amphibians. Hypertrophy
is an obvious morphological indicator of cartilage maturation given that chondrocytes increase
dramatically in size, but hypertrophy also has associated changes in gene expression. For
instance, Sox9 and Col2al levels usually drop as chondrocytes begin to mature, whereas
prehypertrophic and hypertrophic markers like /hh (Indian hedgehog) and Col/10a1 (collagen type
X alpha 1 chain) normally increase (Eames et al., 2003; Mackie et al., 2008; Long & Ornitz, 2013).

Since hypertrophy appears to be highly conserved (Eames et al.,, 2004, 2011, 2012; Eames &
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Helms, 2004; Long & Ornitz, 2013), we hypothesized that amphibian cartilages underwent a
standard hypertrophic cascade, both histologically and molecularly. This was tested by analyzing
limb and head cartilages of Xenopus tropicalis, and comparing those results to homologous
datasets from other vertebrate models. The investigation into conservation of chondrocyte

hypertrophy is presented in Chapter 5.

2.5 Evolution can be relevant to health research

Genetic factors more than likely contribute to most, if not all major diseases afflicting society
today (Khoury, 2014). Gene mutations are responsible for the abnormal function and/or
production of proteins underlying diseases like Huntington’s, cystic fibrosis, progeria, some
cancers, and many more (Verkerk et al., 1991; De Sandre-Giovannoli et al., 2003; Ratjen & Déring,
2003; Bates et al., 2015; Nielsen et al., 2016). Even for conditions where the full mechanism is
currently unknown or multifactorial (e.g., Alzheimer’s, multiple sclerosis, osteoarthritis, etc.),
chances are high that dysfunctional genes have some role to play once these pathologies are
understood at the molecular level (Burns & lliffe, 2009; Nakahara et al., 2012; Glyn-Jones et al.,

2015).

Since genes drive development, which has inextricable ties to evolution, gaining a deeper insight
into one area naturally uncovers some information about the other (Baer, 1828; Dobzhansky,
1937; Carroll, 2005; Abzhanov, 2013; Cardoso-Moreira et al., 2019). Knowledge about normal
development is critical for identifying and subsequently targeting the causes of disease (Shriver,
2001; Magrun, 2011). While observational studies can be made to reveal the progression of
development (e.g., the stages of endochondral ossification and its regulation), oftentimes that
cannot explain how or why processes came to be that way. This is where evolutionary studies
can help broaden perspectives and approaches towards health issues. For instance, the frog
appears to have a hypertrophic phenotype that would be considered aberrant in other species
(Thomson, 1986), making the amphibian a potentially intriguing model for osteoarthritic disease
(Bayles, 1950; Dreier, 2010). Why did this development come to be normal for amphibians and
not others? Could the amphibian offer some bit of information that is lacking or not easily derived
from traditional models? What genes are at play? More specifics and discussion points pertaining

to this will be raised in Chapters 5 and 6.
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CHAPTER 3

Evolutionary repression of chondrogenic genes in the vertebrate osteoblast

Nguyen, J. K. B., & Eames, B. F. (2020). Evolutionary repression of chondrogenic genes in the
vertebrate osteoblast. The FEBS Journal. Blackwell Publishing Ltd.
https://doi.org/10.1111/febs.15228

3.1 Abstract

Gene expression in extant animals might reveal how skeletal cells have evolved over the past 500
million years. The cells that make up cartilage (chondrocytes) and bone (osteoblasts) express
many of the same genes, but they also have important molecular differences that allow us to
distinguish them as separate cell types. For example, traditional studies of later-diverged
vertebrates, like mouse and chick, defined the genes Col2al and Sox9 as cartilage-specific.
However, recent studies have shown that osteoblasts of earlier-diverged vertebrates, such as
frog, gar, and zebrafish, express these “chondrogenic” markers. In this review, we examine the
resulting hypothesis that chondrogenic gene expression became repressed in osteoblasts over
evolutionary time. The amphibian is an under-explored skeletal model that is uniquely positioned
to address this hypothesis, especially given that it diverged when life transitioned from water to
land. Given the relationship between phylogeny and ontogeny, a novel discovery for skeletal cell

evolution might bolster our understanding of skeletal cell development.
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3.2 Roll the clip, Jim: Phyletic constraint and skeletal cells

In cosmology, researchers observe distant light and leftover radiation from the Big Bang in an
attempt to piece together the origins of the early universe. Evolutionary biologists take a similar
approach by categorizing traits of living things, hoping to recreate the story of how life on Earth
may have unfolded. Traditionally, bone and some cartilages were obvious targets for
evolutionary study, because mineralization made them more likely to be retained in the fossil
record (H. Gray & Williams, 1989). Digging deeper into the evolutionary relationship of skeletal
cells, however, a molecular fossil record of sorts can be unearthed from living animal models. To
a great extent, this is possible due to phyletic constraint, which asserts that there are limitations
on available evolutionary pathways in a given group of animals (i.e., a phylogenetic clade; Gould
& Lewontin, 1979). As a result, each clade might retain some features that represent ancestral
features of the last common ancestor with their sister clade. Accordingly, since amphibians
diverged ~375 million years ago (Mya) from the last common ancestor of all tetrapods, they might
exhibit better ancestral vertebrate features than mammals, who diverged from the last common
ancestor of all amniotes more recently, ~310 Mya (Clack, 2007; Wheeler & Brandli, 2009).
Therefore, we might learn more about the traits of ancestral vertebrates by studying earlier-
diverged clades. In principle, phyletic constraint would leave enduring imprints that link living
animals with the ancestors of their clade, specifically capturing in time features of an ancestral
tetrapod, for example, in modern frogs. Combining phyletic constraint with advancements in
high-throughput molecular techniques, it is feasible to quantitate the possible evolutionary
history of skeletal cells in an unbiassed, systemic fashion. Let’s play back the tape of skeletal cell

evolution by comparing gene expression in various living animals.

The standard list of genes expressed in cartilage and bone came from studies in mouse and chick,
two land animals that share a relatively-recent common ancestor (~310 Mya; Wheeler & Brandli,
2009), compared to the evolutionary appearance of bone (~500 Mya; Janvier, 1996). The cells
that make up cartilage and bone are chondrocytes and osteoblasts, respectively (Fig. 3.1).
Generally, the transcription factors Sox9 and Runx2 drive formation of chondrocytes and
osteoblasts, respectively (Eames et al., 2003, 2004). In many contexts, it is useful to subdivide

cartilage into two distinct forms: immature cartilage, made up of resting and proliferating
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chondrocytes (Fig. 3.1A); and mature cartilage, comprised of prehypertrophic and hypertrophic
chondrocytes (Fig. 3.1B; Eames et al., 2003, 2004; Eames & Helms, 2004). Immature cartilage is
characterized by high levels of “typical” cartilage genes, such as Sox9, Col2a1, and Aggrecan (Fig.
3.1A; Sandell et al., 1994; Ng et al., 1997; Smits et al., 2001). While immature cartilage can be
found throughout adults (e.g., the middle zone of articular cartilage; Gray & Williams, 1989), it
often undergoes a series of maturation events (turning into mature cartilage) during the
embryonic process of bone formation known as endochondral ossification (Eames et al., 2003,
2004; Eames & Helms, 2004; Mackie et al., 2008). Mature cartilage is marked by /hh and Col10a1
expression (Fig. 3.1B), and its formation actually requires a coordinated downregulation of Sox9
and upregulation of Runx2 (Schmid & Linsenmayer, 1985; Leboy et al., 1988; Koyama et al., 1996;
Enomoto et al., 2000; Eames et al., 2003, 2004; Eames & Helms, 2004; Mackie et al., 2008).
Mature cartilage also can be found throughout adults (e.g., deep and calcified zones of articular
cartilage; (Leboy et al., 1988; Eames et al., 2003, 2004; Eames & Helms, 2004), but most mature
cartilage is degraded during endochondral ossification (Hatori et al., 1995; Eames et al., 2003,
2004; Eames & Helms, 2004). Since mature chondrocytes can express most known “bone” genes,
including Runx2, Sppl (secreted phosphoprotein 1, formerly called Osteopontin), and Bglap
(bone gamma-carboxyglutamate protein, formerly called Osteocalcin), only Colla1 (collagen type
| alpha 1 chain) and Col1a2 (collagen type | alpha 2 chain) are considered defining markers to
discriminate osteoblasts from chondrocytes (Fig. 3.1C; Karsenty & Park, 1995; Ducy & Zhang,
1997). Further illustrating the similarities between gene expression in mature chondrocytes and
osteoblasts, some mature chondrocytes actually transdifferentiate into osteoblasts
(Moskalewski & Malejczyk, 1989; Thesingh et al., 1991; Hammond & Schulte-Merker, 2009; Zhou
et al., 2014; Giovannone et al.,, 2019). On the other hand, Col10al expression indeed
distinguishes mature chondrocytes from osteoblasts in mouse and chick (Schmid & Linsenmayer,
1985; Leboy et al., 1988; Koyama et al., 1996; Eames et al., 2003, 2004; Eames & Helms, 2004;
Mackie et al., 2008).
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Figure 3.1| The relative location and molecular markers of major skeletal cell types during endochondral
ossification. A schematic of a frog humerus illustrates where [A] resting and proliferating chondrocytes
(red cells) are found in immature cartilage, relative to [B] prehypertrophic (green cells) and hypertrophic
chondrocytes (yellow cells) of mature cartilage. The increase in cell size of maturing chondrocytes is made
very apparent through Safranin O staining of sulfated proteoglycans in the cartilaginous extracellular
matrix on tissue sections of a larval Xenopus tropicalis humerus [A vs. B]. [C] Osteoblasts (blue cells),
located near invading vasculature (purple), secrete tightly wound collagen fibers into the bony
extracellular matrix (e.g., blue perichondral bone), visualized with Aniline blue in Trichrome staining.

3.3 Osteoblasts suppressed chondrocyte genes during evolution

Recent studies have revealed that osteoblasts of earlier-diverged clades, like bony fishes and
amphibians, express molecular markers normally associated with cartilage of later-diverged
clades, such as mammals and birds (Eames et al., 2012; Aldea et al., 2013; Bertin et al., 2014;
Enault et al., 2015). A big surprise came when extremely high levels of col10a1 expression (again,
THE definitive marker of mature chondrocytes in chick and mouse) were demonstrated in
osteoblasts of both zebrafish and gar (Eames et al., 2012). Perhaps given the overlap in gene

expression among mature chondrocytes and osteoblasts of chick and mouse, such a result was a
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relatively subtle variation among animal clades. However, even immature chondrocyte genes are
expressed in osteoblasts of fish and frog. Low-to-moderate osteoblast expression of col2al,
which is usually only highly expressed in immature chondrocytes of chick and mouse, was
demonstrated in zebrafish, gar, and even the western clawed frog, Xenopus tropicalis (Fig. 3.2;
Eames et al., 2012; Aldea et al., 2013; Bertin et al., 2014; Enault et al., 2015). As far back as 1988,
often-overlooked papers described Col2 protein in fish bone (Benjamin, 1988, 1989; Benjamin &
Ralphs, 1991). Although most studies show near background Col2a1 levels in bone of mouse and
chick (e.g., Eames & Helms, 2004), one study even showed relatively high Col2al expression
levels (Abzhanov et al., 2007). Col2 protein production in chick bones was not demonstrated,
however, suggesting that evolutionary mechanisms of post-transcriptional regulation might also
be at play. These unexpected data point out that any traditional understanding of the
evolutionary relationship between the chondrocyte and osteoblast is based upon a biassed and
incomplete molecular description of osteoblasts, since the vast majority of existing studies have
focussed primarily on amniotes (e.g., mammals and birds). Therefore, any meaningful discussion
about skeletal cell evolution needs to include all of the major vertebrate classes (Fig. 3.3), and
despite some recent work, amphibians remain over-looked (Hanken & Gross, 2005; Gross &
Hanken, 2005, 2008; Moriishi et al., 2005; Kerney et al., 2007; Miura et al., 2008; Rose, 2009;
Wheeler & Brandli, 2009; Kerney, Hall, et al., 2010; Kerney, Wassersug, et al., 2010; Agliero et
al., 2012; Kerney et al., 2012; Aldea et al., 2013; Bertin et al., 2014; Rose, 2014; Enault et al., 2015;
Rose et al., 2015; Tussellino et al., 2016; Deniz et al., 2017; Porro & Richards, 2017).

Since frogs and fish shared a common ancestor further back in evolutionary time than land
animals, and phyletic constraint might preserve ancestral features, these data lead to the
hypothesis that chondrocyte genes became repressed during evolution of the osteoblast (Fig.
3.3A). As a less parsimonious, alternative argument, bony fish and frogs could have
independently converged on increased chondrogenic expression in bone. Amphibians diverged
from a common ancestor with mammals and birds approximately 375 Mya (Clack, 2007; Wheeler
& Brandli, 2009). Given that most research is carried out on zebrafish, chick, and mouse, the
intermediately positioned frog provides a critical weigh station along any vertebrate evolutionary

trajectory.
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Figure 3.2| A new(old) vertebrate model for skeletal development: Xenopus tropicalis. [A] A ventral
view of a stage NF64 X. tropicalis froglet stained with phosphotungstic acid (PTA) contrast agent and
scanned at the Canadian Light Source, the only synchrotron in Canada, using phase-contrast
imaging (Olubamiji et al., 2016, 2017). [B] Ventral, [C] dorsal, and [D] lateral views of the craniofacial
skeletal structures of a freshly metamorphosed, stage NF66 adult frog made visible through whole-mount
Alcian Blue/Alizarin Red staining, where the blue indicates cartilage and red signifies calcified bone. Having
diverged during a transitional period in evolution, the frog displays characteristics of both aquatic and
terrestrial vertebrates, potentially making it a critical resource for understanding how evolutionary
patterns in skeletal development may have arisen. Abbreviations: As=angulosplenial; Ch=ceratohyal;
L=left; Mk=Meckel's cartilage; P=posterior; R=right; V=ventral. (Fig. 3.2A credit: J-S Gauthier).
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Figure 3.3| Hypothetical evolution (and development?) of the osteoblast molecular fingerprint. [A]
Molecular fingerprints can be compared across cell types and/or species to determine chondrogenic gene
levels of osteoblasts. Comparing species, chondrogenic gene expression in osteoblasts of earlier-diverged
vertebrates are relatively high compared to land vertebrates (Eames et al., 2012), suggesting that the
vertebrate osteoblast may have evolved to become less chondrogenic. The frog osteoblast might have
levels of chondrogenic genes that are somewhere in between osteoblasts of other aquatic vertebrates
and land tetrapods, possibly revealing a gradual repression of this trait over evolutionary time. [B] Perhaps
confirming further that ontogeny recapitulates phylogeny, a comparable chondrogenic downregulation is
observed during the developmental process of endochondral ossification, when some maturing
chondrocytes transdifferentiate into osteoblasts.

3.4 Using fingerprints to solve the hypothesis

High-throughput RNA sequencing (RNA-seq) is the unbiassed and quantitative method of choice
for generating the comprehensive transcriptomic data needed to assess the levels of chondrocyte
gene expression in osteoblasts (Wang et al., 2009; Nagalakshmi et al., 2010). Rather creatively,
the transcriptome of a specific cell type of interest has been termed its molecular fingerprint
(Arendt, 2008). Similar to other traits, molecular fingerprints likely evolve through adaptation

and constraint, but comparing molecular fingerprints is a novel approach for unraveling the
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evolution of cell types (Gould & Lewontin, 1979; Arendt, 2008; Arendt et al., 2016). To evaluate
the relationships among cell types, molecular fingerprints can be compared among different cell
types in a given species (e.g., chondrocyte vs. osteoblast in mouse) or a given cell type in different
species (e.g., osteoblasts in mouse vs. frog; Fig. 3.3). These analyses reveal not only qualitative
data about what genes are included in each molecular fingerprint, but also quantitative data on
the relative expression levels of genes expressed in both cell types. The latter aspect is critical in

evaluating levels of chondrocyte gene expression during osteoblast evolution.

To test our osteoblast evolution hypothesis, several benchmarks might be used to determine

how the osteoblast molecular fingerprint can be considered more or less chondrogenic (Fig. 3.4):

A. What percentage of genes from the osteoblast molecular fingerprint are considered
classical chondrogenic markers (from the published chick and mouse literature)? How do

these percentages vary across vertebrate clades?

B. What percentage of genes are shared between the osteoblast and chondrocyte molecular
fingerprints within a vertebrate clade (immature and mature chondrocytes considered both

separately and together)? How do these percentages vary across vertebrate clades?

C. Of shared genes between the osteoblast and chondrocyte, what are the relative levels of
chondrocyte gene expression in the osteoblast? How do these levels vary across vertebrate

clades?
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Figure 3.4| Comparing osteoblast molecular fingerprints across vertebrates to determine the levels of
chondrogenic gene expression. Recent studies show that osteoblasts of earlier-diverged, aquatic clades
express genes that are normally associated with cartilage (red) (Eames et al., 2012; Aldea et al., 2013;
Bertin et al., 2014; Enault et al., 2015). In contrast, later-diverged osteoblasts express primarily “bone”
genes (blue), thereby displaying little to no chondrogenic expression. RNA-seq of chondrocytes and
osteoblasts in each vertebrate clade can reveal two important parameters to test the hypothesis that a
gradual repression of chondrogenic genes occurred during evolution of the vertebrate osteoblast. First,
an unbiassed list of the number of “cartilage” genes expressed in osteoblasts across vertebrates would be
generated. Second, the levels of expression of any “cartilage” genes common to all osteoblast fingerprints
would be determined (lighter shades of red).

3.5 Skeletal speculator

We conclude with a few further speculations. Two possible scenarios are consistent with the
published data showing chondrocyte gene expression in osteoblasts of earlier-diverged
vertebrates. First, repression of chondrocyte genes in osteoblasts might have occurred
specifically in the ancestor to chick and mouse, perhaps related to adjustment to life in a strictly
terrestrial environment. Second, this process might have been somewhat gradual during
evolution of vertebrates. As amphibians, frogs are nicely positioned to resolve among these two

possibilities. For example, if the frog osteoblast fingerprint were to present a chondrogenic level
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that falls somewhere between that of other established models, it would support the emergence
of a gradual repressive pattern (Fig. 3.3A). Of course, the more animals analyzed, the better. For
example, do cartilaginous fishes express even more chondrocyte genes in their bones than bony
fishes (yes, we and others argue that living sharks and skates make bone; Allen et al., 2007; Atake

et al., 2019)?

Expanding the relevance of this hypothesis, we suggest that an overlap in chondrocyte and
osteoblast gene expression in earlier-diverged vertebrates provides insight into the evolutionary
origins of the osteoblast. The fossil record clearly demonstrates that cartilage preceded bone,
and chondrocytes and osteoblasts have similar functional and molecular features (Mallatt &
Chen, 2003; Rychel et al., 2006; Gomez-Picos & Eames, 2015). These observations led us to
hypothesize that the osteoblast evolved from the chondrocyte (Gémez-Picos & Eames, 2015).
Embryonically, both chondrocytes and osteoblasts develop from common progenitor cells—a
nontrivial matter when establishing evolutionary connections between cell types (Nakahara et
al., 1990; Wagner & Lynch, 2010). In fact, the idea that the first osteoblast evolved from a
chondrocyte would be consistent with the fact that osteoblasts of earlier-diverged vertebrates

express many chondrocyte genes.

Finally, we pay homage to Haeckel, de Beer, and others who noted the many similarities between
development (ontogeny) and evolution (phylogeny; Haeckel, 1866; de Beer, 1930; Gould, 2002).
During endochondral ossification in mouse and zebrafish, at least a few of the cells that
differentiate into immature chondrocytes and transition to mature chondrocytes, eventually
transdifferentiate into osteoblasts (Moskalewski & Malejczyk, 1989; Thesingh et al., 1991;
Hammond & Schulte-Merker, 2009; Zhou et al., 2014; Giovannone et al., 2019). Does this
recapitulate phylogeny? Interestingly, these developmental transitions involve the progressive

|”

downregulation of “typical” cartilage genes, such as Sox9 and Col2al (Fig. 3.3B; Schmid &
Linsenmayer, 1985; Koyama et al., 1996; Enomoto et al., 2000; Eames et al., 2003, 2004; Eames
& Helms, 2004; Mackie et al., 2008; Cole, 2011). Is this further insight into the evolution of the
osteoblast? It would be fascinating to look at whether the changes to Sox9 binding loci during
this developmental transition mirror those during evolution of the osteoblast (Fig. 3.3A).

Nevertheless, skeletal cell evolution has been a longstanding topic of contention among
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researchers. Fortunately, comparing the molecular mechanisms underlying skeletal cell
differentiation among extant vertebrate clades might provide us with the very clues needed to

unravel the history of chondrocytes and osteoblasts.
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CHAPTER 4

Chondrogenic expression in amphibian osteoblasts versus other vertebrates

Nguyen, J. K. B., Gdmez-Picos, P., Liu, Y., Ovens, K., and Eames, B. F.

4.1 Abstract

Sox9, Col2al, and Col10al are traditionally referred to as genes that characterize cartilage
because research performed on mouse and chick models defined them as such. However, it was
recently discovered that bone of earlier-diverged vertebrate models like zebrafish, gar, and
Xenopus frogs also featured these markers. Considering the order in which these clades diverged
relative to one another, this suggested chondrogenic expression might have been a primitive trait
of osteoblasts that was lost during vertebrate evolution. We hypothesized that this chondrogenic
loss was an incremental process as the vertebrate osteoblast evolved over time. Since
amphibians diverged after fish but before land animals, the frog osteoblast would need to exhibit
a level of chondrogenic expression somewhere in between these earlier- and later-diverged
clades in order to support this. To test the hypothesis, histological and molecular assays were
conducted to gauge the level of chondrogenic expression in amphibian osteoblasts from the
humerus and lower jaw, then compared to other vertebrate models. Laser capture
microdissection coupled with RNA sequencing was also performed on lower jaw osteoblasts for
a limited comparative study. It was found that amphibian osteoblasts expressed many
chondrocyte genes (like col2al, acan, sox5, sox6, and more) at levels much higher than expected.
Through comparison of amphibian data to published literature, it was also discovered that
perichondral osteoblasts may have stronger expression of chondrocyte genes than dermal
osteoblasts. If these findings are validated, it would seem chondrogenic repression was not as
gradual as previously postulated during evolution. These results are still preliminary and require
more thorough bioinformatical support, but it appeared amphibian bone was more chondrogenic
than even earlier-diverged fish. This could mean chondrogenic expression actually increased in

the amphibian lineage before disappearing in later-diverged land tetrapods.
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4.2 Introduction

Bony limbs likely aided in the diversification of terrestrial life thanks to the added support bone
offers against the extra stresses of living on land (Shubin et al., 2004; Volkmann & Baluska, 2006).
Generally speaking, bone cells (osteoblasts) can either form directly without cartilage
(intramembranous ossification), or be introduced indirectly via a cartilage template
(endochondral ossification). As skeletal tissues, both cartilage and bone offer structural support
and share many properties, including a tremendous overlap in gene expression, which suggests
a possible common ancestry (Gomez-Picos & Eames, 2015; Nguyen & Eames, 2020). Of course
each skeletal type has defining markers as well, but these were classically derived from research
performed primarily in mouse and chick (Schmid & Linsenmayer, 1985; Leboy et al., 1988;
Linsenmayer et al., 1991; Sandell et al., 1994; Vortkamp et al., 1996; Bi et al., 1999). For instance,
Sox9 and Col2al are currently understood to be typical markers of resting and proliferating
chondrocytes found in immature cartilage, whereas Col1al and Coll1a2 differentiate osteoblasts
from chondrocytes (Sandell et al., 1994; Karsenty & Park, 1995; Ducy & Zhang, 1997; Ng et al.,
1997; Smits et al., 2001). Furthermore, Col10a1 distinguishes hypertrophic chondrocytes of
mature cartilage from immature cartilage (Linsenmayer et al., 1991; Poole, 1991). The latest
reports have demonstrated higher than anticipated expression of sox9, col2al, and co/10a1l in
osteoblasts of zebrafish, gar, and frogs, clades which diverged from a last common ancestor
earlier than mouse and chick (Eames et al., 2012; Aldea et al., 2013; Bertin et al., 2014; Enault et
al., 2015). We sought to quantitate how chondrogenic earlier-diverged osteoblasts were versus

later-diverged osteoblasts by comparing the molecular profiles of these vertebrate models.

A comparative study such as this relies on phyletic constraint, a limitation that generally dictates
how certain traits can evolve within future generations, including at the molecular level (Gould
& Lewontin, 1979; Arendt, 2008; Nguyen & Eames, 2020). Extant animals are assigned to
particular clades partly based on the very traits constrained upon them by their ancestors,
meaning they must retain some ancestral information. These parameters still allow for specific
adaptations to take place and it appears an ancestral feature (i.e., chondrogenic expression) may
have been lost during the evolution of the vertebrate osteoblast (Eames et al., 2012; Aldea et al.,

2013; Bertin et al., 2014; Enault et al., 2015; Nguyen & Eames, 2020). When did chondrogenic
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expression in osteoblasts (begin to) disappear? What other classical markers associated with
cartilage were present in bone of earlier-diverged clades—particularly immature cartilage
markers, given very few genes distinguish maturing cartilage from bone (Lefebvre et al., 1995;
Sophia Fox et al., 2009; Decker et al., 2015; Wang et al., 2017)? At what levels are these genes
being expressed in one clade relative to another? These details can address whether evolutionary
repression of chondrogenic genes occurred in the vertebrate osteoblast and possibly even the
rate at which this might have progressed. The amphibian is ideal for this investigation given its
position within phylogeny, having diverged during an intermediate period between clades that
either exhibit this trait or lack it altogether (Wheeler & Brandli, 2009; Eames et al., 2012; Aldea
et al.,, 2013; Long & Ornitz, 2013; Bertin et al., 2014; Enault et al., 2015). Based on these
observations, we hypothesize that the amphibian osteoblast has a chondrogenic level that is

intermediate to earlier- and later-diverged vertebrates.

To test this hypothesis, the set of genes that make the frog osteoblast unique (i.e., its molecular
fingerprint; Arendt, 2008), and the level to which these genes constitute chondrogenic
expression, are compared against published and unpublished data from mouse, chick, and gar.
To implement this comparative transcriptomic approach, the criteria for determining levels of
chondrogenic expression across clades were detailed previously in Chapter 3, although only a
limited analysis could be performed here due to time constraints. Regardless, the following steps

were involved:

1. Identification of skeletal elements homologous to those previously analyzed in mouse,
chick, and gar through whole-mount histology, i.e., the humerus (a chondral bone of the
upper limb) and the medial angulosplenial (an intramembranous/dermal bone of the
lower jaw).

2. Characterization of these elements using section histology to determine the stages and
regions from which the appropriate skeletal cells would be analyzed, i.e., immature and
mature chondrocytes from the humerus and osteoblasts from the medial angulosplenial.

3. Expression assays to confirm and semi-quantitate the presence of chondrogenic markers

(e.g., RNA in situ hybridization and immunohistochemistry).
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4. Isolation of the cells of interest with laser capture microdissection in order to avoid any
cross contamination with unwanted cell types for RNA-seq. Extraction of RNA from those
captured cells, then amplification and purification for lllumina sequencing. And finally, a
preliminary analysis relying on normalized counts of candidate cartilage genes from the

raw RNA-seq data.

It was found that amphibian osteoblasts do express many prominent chondrocyte genes and
perhaps at levels higher than both earlier- and later-diverged vertebrates. Follow-up analyses are
required in order to confirm these findings, but preliminary results suggest chondrogenic
expression may have ramped up in the amphibian clade before dissipating to negligible levels in
mammals and birds. This was an unexpected but novel discovery, and does not support the
hypothesis that amphibian osteoblasts have an intermediate level of chondrogenic expression

compared to other vertebrate models.

4.3 Materials and methods
4.3.1 Use of lab animals

Wild type adult male and female Xenopus tropicalis frogs were purchased from Xenopus 1

(www.xenopusl.com), housed in the Health Sciences Building vivarium, and cared for by the

Animal Care & Research Support (ACRS) unit, formerly known as Lab Animal Services Unit (LASU).
The protocols used for this research were approved by the University Animal Care Committee
Animal Research Ethics Board (UACC AREB) at the University of Saskatchewan (Animal Use
Protocol; AUP# 20130092).

4.3.2 Frog mating

While previous matings had been performed before by Yiwen Liu and Dr. Patsy Gémez Picos, |
was able to update and optimize our protocol to better suit the facilities and equipment available
to us for frog husbandry. This involved making use of and combining techniques from other labs
that have significant expertise working with Xenopus frogs (Sive et al., 2000; Khokha et al., 2002;
Showell & Conlon, 2009). All husbandry and experimental procedures were maintained at an
ambient water temperature of around 27-28 °C and room lighting was automated on a daily

12h:12h light-dark cycle. To mate frogs, females with prominent cloacas and bellies were paired
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with males that had dark nuptial pads (aides with grip during mating; Willaert et al., 2013),
whenever possible. Chorulon human chorionic gonadotropin (hCG) hormone was requisitioned
from the Veterinary Medical Centre on campus at the University of Saskatchewan. Injections
were administered with 30-gauge needles and directed into the dorsal lymph sac, a region just
underneath the skin, anterior to the cloaca. The day before pairing, each frog was primed with a
dose of 100 ul of hCG at 100 U/ml that had been diluted with ddH,0. After 20-24 hours, each frog
was subsequently boosted with 200 ul of hCG at 1000 U/ml (stock concentration of Chorulon),
then left undisturbed in a partially closed container filled with system water to a height of 8 cm.
The container was placed in a 27-28 °C waterbath and covered to provide privacy and to keep
the frogs from escaping. The male would mount the female shortly after the boost injections and
amplexus would last anywhere from 2 to 9 hours (sometimes longer). Once mating was complete,

eggs were sorted through and any dead or unfertilized eggs were discarded.

4.3.3 Raising tadpoles to stages of interest

Whenever stages of interest were reached, 0.02% tricaine was used to anesthetize specimens for
staging. Less than 24 hours after fertilization, embryos hatched into tadpole larvae (NF24-27) and
those exhibiting movement around NF28-32 were transitioned gradually to 0.1X MBS (Modified
Barth’s Saline) media. First, system water was replaced with 25% 0.1X MBS, then changed in a
graded fashion every 30-60 mins to 50%, 75%, and finally to 100% 0.1X MBS. This transition was
to avoid any edema that would result if larvae were transferred to a high salt solution too soon.
Once tadpoles began to swim freely by NF41-43, they were transferred to nursery tanks and daily
feedings were initiated when their embryonic yolk sacs were near depletion (*NF45). Early feeds
consisted of Sera Micron powder (16 g mixed with 1 L system water) where 10 ml was added for
every 20-50 tadpoles, twice a day. The amount of feed was increased by 10 ml per week, but
adjusted accordingly depending on the mortality and morbidity rate. Excess food was periodically
cleaned from nurseries and after two weeks, feedings were supplemented with crushed Frog &
Tadpole pellets (% powder, % pellets). Feeds were eventually modified to % powder, % pellets
during the week of visible forelimb growth (~“NF55 to NF58) until the very beginning of
metamorphic climax (*NF59), at which point feeding was no longer required. In instances where

food ran out, a home-made recipe kindly provided to us by Dr. Zachery Belak was used as a
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substitute (by weight: 1 part spirulina powder; 1 part dried small shrimp; and 1 part dried yolk
from a hard-boiled egg). Metamorphosing tadpoles obtained all their energy from the resorbing
tail during this distressful period until metamorphosis was complete at NF66 (Denver, 2010), so
sterile flotation devices were added to the habitat to prevent drowning

(https://medicine.yale.edu/lab/khokha/).

4.3.4 Fixation, processing, and sectioning for histology

Tricaine at a concentration of 0.2% was used to euthanize samples. Tissues were fixed with 4%
PFA, added at a volume of at least 10-20 times the size of the tadpole(s) collected. Fixed samples
were left on a rocker overnight at 4 °C, then washed twice with 1X PBS for 15 mins each. For long-
term storage of tissues, samples were dehydrated in ethanol series buffered with PBS (EtOH/1X
PBS) for 15 mins each, rocking at room temperature, from 25% to 50% to 75% to 100% EtOH,
then stored at -20 °C. Stored samples were rehydrated in reverse order for use in downstream
experiments. Occasionally, samples were used directly after overnight fixation and 1X PBS

washes.

Paraffin tissue processing, embedding, and microtome sectioning were performed here at the
Histology Core Facility located on 1% floor. Processing was automated via a tissue
processor through a series of chemical changes by dehydrating and clearing, and then embedded
in paraffin wax. Samples prepared for cryostat sectioning were done directly in our cluster on the
3 floor in B330. Both frozen and paraffin sections were collected at 7 um thicknesses on glass
slides (Fisherbrand™ Superfrost™ Plus Microscope Slides) for section histology. Longitudinal
sections were obtained from the humerus (stage NF57) and coronal sections were obtained from
the lower jaw (stages NF51 to NF57). Prior to cryosectioning, sample tissues were placed into
cryomolds (Tissue-Tek; Sakura Finetek USA, Torrance, CA) with OCT (optimal cutting
temperature) embedding medium (Tissue-Tek; Sakura Finetek USA, Torrance, CA), and
submerged in a beaker containing isopentane. Tissues were snap frozen with liquid nitrogen,
then cryosectioned or kept in -80 °C storage. Cryoblocks stored at -80 °C were warmed to -20 °C
in the cryostat before sectioning and frozen sections were left to dry at room temperature.

Paraffin sections were left to dry overnight in a 37 °C incubator.
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4.3.5 Histology

Whole mount Alcian blue/Alizarin red acid-free staining

For 2-3 day old tadpoles (e.g., stages NF47 and earlier), whole mount staining was performed as
described previously (Eames et al., 2011). However, for larger tadpoles (NF48 and older), some
modifications were made (e.g., increased incubation times and concentrations of certain
reagents, and extra washes to de-stain or remove excess reagents; Van Eeden et al., 1996; Walker

& Kimmel, 2006). All steps were nutated at room temperature, unless stated otherwise.

Larger samples were fixed overnight at 4 °C in 4% PFA/1X PBS (or rehydrated from -20 °C storage
if already fixed), washed twice in 1X PBS for 15 mins each, then 100 mM Tris pH 7.5/10 mM MgCl,
for 20 mins, stained with 0.04% Alcian blue/100 mM Tris pH 7.5/10 mM MgCl,/80% EtOH
overnight, washed in 100% EtOH to de-stain for at least 24 hrs (twice, if necessary), taken through
graded EtOH series for at least 1 hour each (80% EtOH/100 mM Tris pH 7.5/10 mM MgCly; 50%
EtOH/100 mM Tris pH 7.5/10 mM MgCl,; 25% EtOH/100 mM Tris pH 7.5/10 mM MgCl,), washed
three times with dH;0 for at least 2 hours each, left in trypsin for several hours or in the cold
room overnight (until soft tissues were visibly digested), rinsed briefly in dH,0, stained with
0.02% Alizarin red/0.5% KOH for 4 hours, bleached in 0.06% H,0,/0.5% KOH overnight, and de-
stained in series with 25% glycerol/0.5% KOH; 50% glycerol/0.5% KOH; 75% glycerol/0.5% KOH

for at least 24 hrs each, then stored in 100% glycerol.

Safranin O and trichrome section histology

Safranin O/Fast green staining on paraffin and frozen sections were performed as previously
described with slight modifications (McManus & Mowry, 1960). Paraffin sections were
deparaffinized in xylene for 5 mins, then dehydrated in series (100% EtOH for 5 mins; 95% EtOH
for 3 mins; 70% EtOH for 2 mins), whereas frozen sections were dehydrated in 70% EtOH only.
Sections were stained with Weigert’s iron hematoxylin for 5 mins, washed with tap water for 2-
3 mins, stained with 0.02% Fast green (Cl 42053) for 30 secs, de-stained with 0.5% Safranin O (Cl
50240) for 30-45 mins, then dehydrated with 95% EtOH and 100% EtOH for 12 dips each, and

xylene for 5 mins before mounting the slide for imaging.
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Trichrome stained sections were deparaffinized and/or dehydrated in a similar manner as above,
but rinsed with dH,0 for 3 mins prior to staining with Milligan’s trichrome for 5 mins, dH,0 for 1
min, 1% acid fuchsin stained for 30s, dH,O for 30 secs, 1% phosphomolybdic acid stained for 2
mins, 2% orange g/1% phosphomolybdic acid stained for 30 secs, dH,0 for 1 min, de-stained with
1% acetic acid for 2 mins, stained with 1% Aniline blue/0.2% acetic acid, 1% acetic acid for 3 mins,
then dehydrated in ethanol series (70%; 95%; 95%; 100%; 100%) to xylene before mounting for

imaging.

4.3.6 Expression assays

RNA in situ hybridization

Plasmids containing the Xenopus genes were kindly provided to us from various labs: sox9
(Spokony, 2002), col2al (Kerney, Hall, et al., 2010), and co/10a1 (Aldea et al., 2013). These were
chemically transformed into calcium-competent E. coli bacterial cells (OneShot, Invitrogen),
selected for with ampicillin, and cultured overnight in liquid medium, then plasmid DNA was
extracted and purified to produce minipreps. Minipreps were DNA sequenced and blasted on
NCBI online to ensure the genes were correct, then linearized accordingly to produce the proper
sense and anti-sense probes, which were transcribed in vitro, and labeled with digoxigenin (DIG)
for chromogenic RNA ISH. In addition, a col/10a1 anti-sense probe was also hydrolyzed following
a Cold Spring Harbor Protocol (Ferrandiz & Sessions, 2008; with some modifications) to improve
probe entry through the cellular membrane. Hydrolysis was done by incubating the probe with
twice the volume of RNase-free hydrolysis buffer (40 mM NaHCO3/60 nM Na,COs) at 58 °C for
about 10 mins, before stopping the reaction, re-precipitating the hydrolyzed probe, and

dissolving again with 0.1% DEPC for use in RNA ISH.

RNA ISH was carried out on tissue sections as previously described (Strahle et al., 1994; Jowett &
Yan, 1996; Eames et al., 2011), with modifications, on stage NF57 of the humerus and lower jaw.
All solutions were prepared with DEPC to preserve RNA until the actual hybridization reaction
and all incubation steps longer than 1 hour were performed in a humidity chamber with the

appropriate buffer.
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On day 1, paraffin sections were deparaffinized and rehydrated in graded fashion to 70%
EtOH/0.1% DEPC, then baked at 58 °C for at least 1 hour (frozen sections were only baked for 10-
30 mins). Slides were fixed in 4% PFA/1X PBS/0.1% DEPC for 20 mins, rinsed in 1X PBS/0.1% DEPC
for 5 mins, incubated in 0.2 N HCI/0.1% DEPC at room temp for 10 mins, rinsed twice in 1X
PBS/0.1% DEPC for 5 mins each, permeabilized with proteinase K/1X PBS/0.1% DEPC (3 ug/ml for
paraffin; 1 ug/ml for frozen) at 37 °C for 15 mins, rinsed in 1X PBS/0.1% DEPC for 5 mins, post-
fixed in 4% PFA/0.1% DEPC for 15 mins, rinsed in 1X PBS/0.1% DEPC for 2 mins, then pre-
hybridized in hybridization buffer for at least 3 hrs at 58 °C to denature and unravel RNA. RNA
probes were then prepared at a concentration of at least 1 ng/ul in hybridization buffer,
denatured for 5 mins at 70 °C, then left on ice to prevent reannealing, and loaded onto sections

to hybridize overnight at 58 °C.

On day 2, unbound probes were washed away at 58 °C in washing solution for 15 mins once, and
30 mins twice, then 1X MABT (maleic acid buffer with Tween20) at room temp for 30 mins, twice.
Slides were blocked to reduce non-specific binding at room temp for 2-3 hours in blocking
solution (with heat-inactivated sheep serum), then incubated overnight in a humidity chamber
at 4 °C with blocking solution (active sheep serum) containing a 1:1000 dilution of anti-DIG

alkaline phosphatase antibody (Roche, Sigma-Aldrich).

On day 3, slides were washed four times with 1X MABT for 30 mins each at room temp, then
twice for 10 mins with AP (alkaline phosphatase) staining buffer, and left to stain with BM-Purple
(Roche, Sigma-Aldrich) in a dark humidity chamber for at least 1 hour (up to a week in some
cases). Once a noticeable signal was achieved, slides were washed with 1X PBS, three times for 5

mins each, then dehydrated, and mounted for imaging.

Immunohistochemistry

IHC was performed on tissue sections as previously described (Eames et al., 2010), with
modifications. Before starting the protocol, paraffin sections were deparaffinized and rehydrated
in EtOH series to 70% EtOH, then kept in PBST (1X PBS/0.5% Triton X-100), whereas frozen
sections were allowed to air dry for 10 min. Slides were post-fixed in 4% PFA at room temp for

20 mins (in slide mailers), then moved to a humidity chamber and rinsed twice in PBST for 5 mins
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each, digested with 0.1% trypsin/1 mM EDTA/1X PBS for 15 mins (up to an hour) at 37 °C in a
humidity chamber, rinsed twice in PBST for 5 mins each, digested with 0.5% hyaluronidase/PBST
for 15 mins (up to an hour), rinsed twice in PBST for 5 mins each, blocked with blocking solution
(4% goat serum/2% sheep serum/PBST) for 1 hour, and then incubated overnight in the cold
room with a 1:100 dilution of mouse anti-COL Il, monoclonal antibody II-116B3 (DSHB) diluted with
blocking solution. The next day, slides were rinsed three times with PBST for 2 mins each,
incubated in the dark with a 1:1000 dilution of a fluorescent-labeled goat anti-mouse secondary
antibody in blocking solution for at least 2 hours at room temp, rinsed three times with PBST for
2 mins each, stained with 300 nM DAPI/PBST for 15 mins, rinsed twice with PBST for 5 mins each,

and then mounted for fluorescent microscopy imaging.

Laser capture microdissection coupled with RNA sequencing

For LCM-RNAseq, 10-16 um cryosections were collected from freshly sacrificed, unfixed NF57
tadpoles on MMI membrane slides (#50102; MMI Molecular Machines & Industries), in RNase-
free conditions, then stored at -80 °C until transport (on dry ice) to the MS Cameco Neuroscience
lab on 5t floor at Saskatoon City Hospital for laser capture. Single slides containing sections of
the medial angulosplenial were removed from -80 °C, then washed with 70% EtOH/0.1% DEPC
for 1 min to fix the tissues, 1 min in cold 0.1% DEPC water to remove residual OCT, and
dehydrated in EtOH/0.1% DEPC series (70%, 95%, 100%, 100%) for 1 min each to arrest the
activity of RNases (Grover et al., 2012). Slides were shaken to dry then immediately mounted on
an Olympus laser microdissection microscope (Molecular Machines & Industries CellCut system)
for cell capture and care was taken to complete the task in 30 mins or less to minimize RNA
degradation. Cells were captured into a MMI IsolationCap microtube (#50204; MMI Molecular
Machines & Industries) before adding 50 pl of extraction buffer (Arcturus PicoPure RNA Isolation
Kit) and transported on dry ice back to -80 °C storage at our lab. This was repeated for immature
and mature cartilage from the humerus and all skeletal cell types were collected in triplicate.

Captured areas were recorded for each sample (Table 4.1).
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Table 4.1| Captured areas from skeletal tissues of stage NF57 tadpoles.

Skeletal element Cell type Surface area

captured (um?)

Medial angulosplenial OST 1 232183
Medial angulosplenial 0ST 2 70451
Medial angulosplenial OST 3 47422
Humerus IMM 1 449442
Humerus IMM 2 271954
Humerus IMM 3 214610
229000

213630

162322

Following laser capture, RNA was extracted with an Arcturus PicoPure RNA Isolation Kit (Cat
#KIT0204; ThermoFisher) according to the protocol provided by the manufacturer. RNA was
isolated from osteoblasts (n = 3), immature chondrocytes (n = 3), and mature chondrocytes (n =
3), and each sample was amplified twice using a MessageAmp |l aRNA Kit (#AM1751;
ThermoFisher). Amplified samples were brought to NRC (National Research Council) here on
campus to evaluate RNA quality and concentration via a bioanalyzer, and samples meeting the
minimum requirements according to an electropherogram summary were left with NRC to
construct library preps and perform RNA sequencing. Raw RNA-seq data was downloaded from

https://lims.bioinfo.nrc.ca.

4.3.7 Preliminary RNA-seq analyses

Dr. Katie Ovens normalized the raw RNA-seq data for frog, assigned gene IDs based on sequence
alignments to online repositories (e.g., Ensembl), and determined threshold levels for gene
counts to be considered biologically relevant for downstream analyses. Similar datasets in
mouse, chick, and gar were also prepared in the same fashion thanks to previous work done
collectively by Drs. Gémez Picos, Ashique, and Ovens. From these data, a list of candidate genes
was generated (i.e., prominent chondrogenic, hypertrophic, and osteogenic markers according
to classical definitions; Eames et al.,, 2003; Cole, 2011; Gomez-Picos & Eames, 2015) for a
comparison across all four species. A manuscript in preparation by Drs. Gémez Picos, Ovens,
Ashique, et al., analyzing mouse RNA-seq data, was also consulted to identify other early
chondrogenic markers. Only one-to-one orthologs present in mouse, chick, gar, and frog were

selected for comparative analysis.
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Testing for significance of normalized gene counts using one-way ANOVA

Normalized counts in frog were analyzed to see if RNA-seq would quantitatively support
expression data from RNA in situ hybridization. Comparing candidate genes between IMM, MAT,
and OST served as internal controls since each gene was expected to be higher in one cell type
than the other two. A one-way ANOVA was also performed using IBM SPSS Statistics (Build
1.0.0.1447) to add statistical significance to any notable differences observed between the cell
types, where specific differences (i.e., significant P-values) were identified via post-hoc analysis.

Alpha levels were set at a = 0.05.

Chondrogenic ratios from normalized counts

A simple mathematical formula was employed to get a sense of chondrogenic expression levels
among osteoblasts. This involved expressing average normalized counts of candidate cartilage
genes as ratios and comparing these across species to see which animal had the most relative
expression for each gene in their osteoblasts. For example, the average normalized counts for a
chondrocyte gene (e.g., acan) in osteoblasts was divided by its average count in immature
chondrocytes (OST:IMM), then mature chondrocytes (OST:MAT), and finally both
(OST:IMM+MAT). From there, a heat map was created where chondrocyte genes were compared
across all four species to see which osteoblast was ‘most chondrogenic,” according to this metric.
A deeper blue color was assigned to a species that had a higher ratio of a particular chondrocyte
gene in its osteoblasts (e.g., less difference in normalized counts of acan between chondrocytes
and osteoblasts), and darker reds denoted it had a lower ratio (e.g., greater difference due to
lower acan counts in osteoblasts). The same color scheme was applied to each gene individually
to gauge its relative level of expression in osteoblasts for each vertebrate model to see what kind

of associations would emerge.

4.4 Results

4.4.1 Perichondral bone from the humerus and dermal bone of the lower jaw were
identified and characterized through dissected whole-mount and section histology

The Nieuwkoop and Faber staging system describes the NF57 forelimb as being unerupted and
having extensive perichondral ossification, whereas NF58 is characterized by an erupted forelimb

that has undergone vascular invasion (Nieuwkoop & Faber, 1994). Gross observations of these
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external events were possible thanks to some previous work done in the Eames lab by Yiwen Liu
(Fig. 4.1), and were supplemented further with whole-mount histology (Fig. 4.2). Extraction of
the forelimb from stages NF55-58 allowed for whole-mount visualization of the humerus
undergoing endochondral ossification (Fig. 4.2C-F), where progressive ossification was evident
according to increasing Alizarin red staining intensity. Histological sections of stages NF57 and
NF58 stained with Safranin O and trichrome agreed with their Nieuwkoop and Faber descriptions.
At stage NF57, the locations of immature cartilage in the epiphyses and mature cartilage in the
diaphysis were confirmed (Fig. 4.3A), and extensive perichondral bone formation could be seen
based on the position of osteoblasts (Fig. 4.3B). Vascular invasion was clearly visible at NF58 and
demonstrated that this stage was not suitable for investigation since it introduced contaminating
cells that would have affected the regions of interest (Fig. 4.3C,D). Downstream analyses and
experiments were therefore focused on stage NF57, which presented uncontaminated
perichondral bone for expression assays and uncontaminated mature and immature cartilage for

laser capture.

According to independent comparisons of postembryonic Xenopus laevis skeletal development,
the medial angulosplenial ossifies sometime around stages NF55-56 (Triimpy & Bernasconi, 1951;
Sedra & Michael, 1957; Brown, 1980; Trueb & Hanken, 1992). This timeframe, in combination
with some early larval stages (prior to ossification) previously assayed by Yiwen Liu, was used as
a guide to narrow down when the medial angulosplenial might begin to develop in Xenopus
tropicalis. A developmental series was generated surrounding the suspected stages of
ossification with trichrome staining and revealed the lower jaw began to ossify between NF51-
52 (Fig. 4.4). The minor amount of bone present at these stages and shortly after would likely not
have been adequate for LCM-RNAseq based on surface areas captured from previous datasets.
Since medial angulosplenial development would be more substantial by NF57, dermal
osteoblasts from the lower jawbone were analyzed at the same stage as perichondral osteoblasts

from the humerus.
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Forelimb
unerupted

Erupted
forelimb

Figure 4.1| Forelimb eruption occurs at stage NF58. According to the Nieuwkoop and Faber staging
system, forelimb eruption corresponds with vascular invasion. (Credit: samples were raised by Yiwen Liu).
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Figure 4.2|] Whole-mount Alcian blue/Alizarin red staining shows ossification in the humerus and lower
jaw. [A] Skeletal prep of a stage NF58 tadpole revealing gross anatomical positions of the humerus and
medial angulosplenial. [B] Meckel’s cartilage dissected from stage NF58 showing that the medial
angulosplenial has ossified extensively through Alizarin red staining. [C-F] Dissected forelimbs show the
progression of endochondral ossification at the mid-diaphysis of the humerus from stages [C] NF55
(cartilaginous), [D] NF56 (early perichondral bone formation), [E] NF57 (extensive perichondral
calcification), and [F] NF58 (erupted forelimb and vascular invasion). Abbreviations: h=humerus;
mAs=medial angulosplenial. (Fig. 4.2C credit: Yiwen Liu).
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Stage NF57 |

Stage NF58

Figure 4.3| Cartilage matures underneath perichondral bone before vascular invasion. Longitudinal
sections of the humerus stained with Safranin O and trichrome staining at stages (A,B) NF57 and (C,D)
NF58. [A] Saf O shows immature chondrocytes in the epiphysis and hypertrophy of mature chondrocytes
in the midsection of the diaphysis. [B] An adjacent NF57 section stained with trichrome indicating where
the perichondral bone collar is located (Aniline blue color). [C,D] Vascular invasion occurs at stage NF58
and introduces red blood cells, chondroclasts, osteoblasts, and osteoclasts. Abbreviations:
IMM=immature chondrocytes; MAT=mature chondrocytes; OST=osteoblasts; Saf O=Safranin O;
Tri=trichrome.

Figure 4.4| A developmental series with trichome pinpoints the exact moment of medial angulosplenial
ossification. The medial angulosplenial begins to develop around NF51-52 in Xenopus tropicalis, much
earlier than Xenopus laevis. Abbreviations: Ch=ceratohyal, mAs=medial angulosplenial; Mk=Meckel’s
cartilage.

41



4.4.2 The humerus has chondrogenic expression in layers inside and outside of
perichondral bone

A review of the current literature reveals that sox9, col2a1, and co/10al are expressed in
osteoblasts of X. tropicalis (Aldea et al., 2013; Bertin et al., 2014; Enault et al., 2015). To search
for these chondrogenic markers in perichondral bone of a stage NF57 humerus, expression assays
were relied upon. RNA in situ hybridization was used for direct localization of mRNA transcripts
and immunohistochemistry determined whether expression of any mRNA was functional, as well
as provided an indirect means of transcript detection in case any had been translated into
protein. Our data confirmed positive RNA ISH signals of sox9 and col2al in perichondral bone of
frog, but not co/10a1, and Col2 protein was not present anywhere in bone despite expression of
col2al (Fig. 4.5). This col2a1/Col2 discrepancy reinforced the notion that concordance rates

between mRNA and protein expression can be notoriously undependable (Pascal et al., 2008).
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o P sox¥'sense ' : sox9 sense

col2al

col10a1 ) col10a1

Figure 4.5| sox9 and col2al are expressed on the inner and outer layers of perichondral bone. [A]
Trichrome staining of a stage NF57 humerus distinguishes regions of immature cartilage (resting and
proliferating chondrocytes), mature cartilage (hypertrophic chondrocytes), and perichondral bone
(osteoblasts). [B] High magnification of the diaphysis focuses in on perichondral bone (blue), where in situ
hybridization assays (C-H) reveal typical expression patterns of [C] sox9 and [G] col2a1 in cartilage. Higher
magnification show [D] sox9 and [H] col2a1 are also found specifically in periosteum and perichondrium.
[E, F] A sox9 sense probe is absent from these distinct epithelial layers with some weak background
staining in perichondral bone matrix. Likewise, [, J] col10a1 is negative throughout the entire humerus,
save for non-specific binding in the perichondral region and weak background levels elsewhere. [K, L]
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Fluorescent immunostaining of anti-Col2 merged with DAPI displays exclusive Col2 expression in cartilage,
but none in bone. Black arrowheads point at internal and external layers of perichondral bone. Red
arrowheads point at osteocytes or bone matrix. Scale bars: A, C, E, G, |, K=200um; B, D, F, H, J, L=50um.
Abbreviations: IC=immature cartilage; MC=mature cartilage.

For reference, histological staining on longitudinal tissue sections of the humerus with trichrome
denoted exactly where perichondral bone was located in Aniline blue (Fig. 4.5A,B). Other than in
cartilage, the presence of sox9 was confirmed in bone (Fig. 4.5C,D), but signals were isolated to
the inner and outer regions of perichondral bone only (black arrowheads; Fig. 4.5D). The inner
perichondrium and outer periosteum of perichondral bone originate from a common
mesenchymal bilayer, the latter of which gives rise to osteoprogenitors (Egawa et al., 2014). This
suggested the outer perichondral layer had a population of cells differentiating into osteoblasts
that were expressing sox9, but osteocytes within bone matrix did not (red arrowheads point at
bone matrix where osteocytes would be embedded; Fig. 4.5B,D,F,H,J,L). A negative sox9 sense
control confirmed the positive result for sox9 was real (Fig. 4.5E,F). Similar expression was found
for col2al, although the signals in these layers were weaker (Fig. 4.5G,H). There was no indication
of col10a1 throughout the humerus aside from a false positive signal that was often observed in
bone matrix (Fig. 4.51,J). As an example, even the sox9 sense probe showed false staining of bone
matrix and nowhere else (Fig. 4.5E,F). This negative result for co/10al1 disagreed with the
literature showing col10al expression in perichondral osteoblasts of the femur (Aldea et al.,
2013). To ensure that our co/10a1 anti-sense probe was not producing false negatives, its efficacy
was tested on X. tropicalis teeth as a control. Teeth had recently been demonstrated as a positive
site for col10a1 (Debiais-Thibaud et al., 2019). A hydrolyzed col10al anti-sense probe indeed
produced a detectable signal in teeth at stage NF59 (Fig. 4.6), but neither a hydrolyzed nor a non-
hydrolyzed col10al probe showed up in the humerus, other than as a false positive or as non-
specific background staining. Finally, immunohistochemical staining for Col2 protein found no
evidence of its expression in bone matrix (Fig. 4.5K,L). In conclusion, there was chondrogenic
expression of sox9 and col2al in perichondral bone of the frog humerus, but not co/10a1 or Col2

protein.
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50 pm

Figure 4.6| col10a1 is expressed in maxillary teeth of a stage NF59 tadpole. [A] Trichrome and [B]
Safranin O/Fast green reveal the morphology and staining patterns of a frog tooth in the upper jaw. [C] A
black arrowhead indicates that col10a1 expression appears to be specific to dentin, which has properties
similar to osteoid found in bone (i.e., the organic component of bone matrix; Nanci, 2013).

4.4.3 ISH and IHC show little to no chondrogenic expression in lower jaw osteoblasts

Again, trichrome revealed exactly the region of interest, this time from coronal sections of a
dermal bone known as the medial angulosplenial (Fig. 4.7A,B). This skeletal element develops
intramembranously along the posteromedial side of Meckel’s cartilage. Unlike perichondral bone
of the humerus, in situs of the medial angulosplenial showed no signs of sox9 expression, which
was restricted to staining of cartilage only (Fig. 4.7C,D). An identical negative result in bone was
produced from a sox9 sense probe (Fig. 4.7E,F). There appeared to be low to moderate
expression of col2al in dermal bone when compared to background levels and the darker
staining of Meckel’s cartilage (Fig. 4.7G,H). This signal was not as distinct as it was in perichondral
bone and thus might not be real. Similar to the humerus though, the lower jaw exhibited no
col10a1 other than what appeared to be non-specific binding to bone matrix (Fig. 4.71,J). Lastly,
Col2 immunostaining revealed no protein was being expressed in dermal bone (Fig. 4.7K,L).
Therefore, the lower jaw only showed low levels of col2al (at best), but certainly no detectable

expression of sox9, col10a1, or Col2.
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Figure 4.7| Lower jaw osteoblasts of stage NF57 lack sox9 expression, exhibit faint levels of col2a1, and
have no Col2 protein expression. [A, B] Low and high magnifications of the developing lower jaw stained
with trichrome show the medial angulosplenial dermal bone (blue) develops alongside Meckel’s cartilage.
(C-H) RNA in situ hybridization with [C, D] sox9 and [E, F] sox9 sense were completely negative in bone,
but [G, H] col2al exhibited weak expression in osteoblasts. [l, J] col10a1 was negative throughout bone
(signal is just background staining). [K, L] Merged images of anti-Col2 fluorescent immunostaining with
DAPI showed Col2 was expressed in cartilage, but was absent in bone. Black arrowheads point at the
epithelial layers on either side of the medial angulosplenial, where the bottom arrowhead is periosteum,
and the top arrowhead may be periosteum and perichondrium. Red arrowheads point at osteocytes
embedded within bone matrix or just bone matrix. Scale bars: A, C, E, G, |, K=500um; B, D, F, H, J, L=50um.
Abbreviations: mAs=medial angulosplenial; Mk=Meckel’s cartilage.
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4.4.4 RNA-seq data confirmed chondrogenic expression in frog osteoblasts

LCM-RNAseq was performed on dermal osteoblasts of the medial angulosplenial as an
independent measure of chondrogenic expression (Fig. 4.8). This method increased the level of
sensitivity in detecting RNA transcripts that might not otherwise have appeared through standard
expression assays. RNA-seq also allowed for a more quantitative assessment. Data normalization
of raw counts and thresholds for each skeletal cell type (i.e., IMM, MAT, and OST) were
determined by Dr. Katie Ovens (Table 4.2). Counts below threshold were put into parentheses to
indicate expression levels that were considered to be background noise. Thresholds were: IMM
= 12; MAT = 8; and OST = 8; where sample sizes for each were n = 3. While these thresholds
appeared to be very low, it has been shown that low-count transcripts, particularly those of
transcription factors, can still be biologically relevant (Raithel et al., 2016). As internal controls,
average normalized counts of prominent skeletogenic genes were compared across IMM, MAT,
and OST (Table 4.3). It was hypothesized that classic bone markers would be highest in OST of
the medial angulosplenial, and likewise, traditional immature and mature cartilage genes would
be upregulated in IMM and MAT captured from the humerus, respectively (Fig. 4.8). This was
mostly true for MAT and OST, but not IMM.

Before capture

After capture

2) Isolation

3) Amplification ~ 4) Sequencing

Figure 4.8| Skeletal cells were laser captured from the lower jaw and humerus for RNA-seq. Dashed
lines indicate where OST were captured from the medial angulosplenial and IMM/MAT from the humerus
(Note: the ‘After capture’ image for the humerus does not illustrate actual removal of IMM). RNA was
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extracted from captured cells, put through two rounds of amplification, then submitted for Illumina
sequencing.

Table 4.2] Normalized counts of candidate skeletal genes in 3 different biological replicates for each
skeletal cell type. Typical immature cartilage genes are highlighted in red font, mature cartilage genes in
yellow, and bone genes in blue. Counts below thresholds for IMM, MAT, and OST (12, 8, 8) are in
parentheses and not considered biologically relevant. Abbreviations: IMM=immature chondrocytes;
MAT=mature chondrocytes; OST=osteoblasts (Credit: data normalization and gene ID assignment by Dr.
Katie Ovens).

humerus mAs
Gene IMM1 IMM2 IMM3 OST1 OST2 OST3
sox9 192 1331 953 1055 1330 1606 (0) 23 82
38613 47240 34606 34077 148560 138671 1850 5363 8798
8128 13835 6058 6020 24617 24908 1088 6973 1682
sox5 905 918 563 441 987 1357 (0) 155 82
386 409 121 123 325 221 14 299 72
7972 10380 4592 7492 9376 2937 (4) 97 65
col9a2 | 120966 143017 171129 174276 278601 251745 5486 5180 3300
(5) (3 M () () () 10 15 32
24150 36120 29605 61703 13766 14169 1060 1266 419
fmod @ (2) 4 (3) (0) 2) 316 520 162
@) (@) (10) 10 () 10 133 30 @)
() 23 ) () 3862 7501 (96) 568 (50)
(8) () (0) (0 () ) (3 m 10
408 371 403 744 3251 3347 1056 3354 1530
ibsp 67 80 83 101 108 25 28 90 44
669 479 422 389 4736 6298 61687 73637 119277
coltat 3026 1896 1350 1558 21627 27671 581043 1085835 846056
colla2 231 434 499 407 2357 1906 25840 48308 125924
bglap () (0) () (0) () () () (0) (0)

Unsurprisingly, average normalized counts of typical bone markers like sparc (secreted protein
acidic and rich in cysteine, formerly Osteonectin), collal, and colla2 were highest in osteoblasts,
displaying values of 84867, 837645, and 66691, respectively (Table 4.3); although only sparc and
collal were statistically significant according to a preliminary one-way ANOVA, and bglap was
not expressed at all. These reads served to somewhat alleviate any concerns regarding cross-

contamination of the RNA-seq osteoblast data with other cell types since counts of these
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osteogenic markers were much higher in bone than cartilage. Average counts of some well-
known cartilage maturation markers, such as ihh, runx2, and ibsp (3788, 2447, and 78) appeared
highest in MAT, but not significantly. col10a1 was negligible across IMM, MAT, and OST (3, 0, and
5). Some unusual counts involved many important markers of immature cartilage, which were
unexpectedly high in MAT (see Chapter 5 for a more thorough comparison and discussion of this
result for cartilage), but given these genes were still more highly expressed in cartilage than bone,
these could have simply been variations among IMM and MAT. Overall, a quick survey of the
normalized counts showed low but non-negligible levels of major chondrogenic markers in OST,
many of which were not significantly lower than their corresponding numbers in IMM. In fact,
only sox9, col9al, and col9a2 were more significantly expressed in IMM (1159, 7648, 145037)
than OST (35, 55, 4655). Instead, there were greater differences when comparing OST to MAT,
where sox9, col2al, sox5, col9al, and col9a2 were significantly higher in MAT (1330, 107103,
928, 6602, and 234874) than OST (35, 5337, 79, 55, and 4655). Conversely, there was one
chondrogenic marker, fmod, that had significantly higher counts in OST (333) than IMM (4) and
MAT (2). Another early immature cartilage marker, co/9a3, was significantly higher in OST (19)
than MAT (1). To gauge these levels of chondrogenic gene expression in osteoblasts, a
preliminary analysis was conducted to see how these counts fared against other vertebrate

models.
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Table 4.3| Average normalized counts of candidate skeletal genes in frog skeletal cells. Counts bolded
in blue observe for statistical significance of average normalized counts in OST only, compared to IMM
and MAT, and was calculated by a one-way ANOVA. Asterisks indicate significance at *p < 0.05, **p < 0.01,
and ***p < 0.001. Counts below threshold are in parentheses. Abbreviations: IMM=immature
chondrocytes; MAT=mature chondrocytes; n = sample size; OST=osteoblasts. (Credit: data normalization
and gene ID assignment by Dr. Katie Ovens).

humerus mAs
IMM MAT OST

Gene n=3 n=23 n=3

sox9 1159 *x 1330 *x 35

col2a1 40753 107103 * 5337

9,340 18515 3248
sox5 795 928 * 79
sox6 305 223 128

7648 * 6602 * 55
col9a2 145037 #**x 234874 *xx 4655

col9a3 (3) (1) * 19
29958 29879 915
fmod @4 * (2 = 333
matn1 (5) (7) 55
9) 3788 238
(3) (0) (5)
runx2 394 2447 1980
ibsp 77 78 54

523 « 3808 +x 84867
colla1 2091 #++ 16952 =+ 837645
colla2 388 1557 66691
bglap (0) (0) (0)

4.4.5 Preliminary RNA-seq analysis suggests frog osteoblasts are highly chondrogenic
Frog RNA-seq data was compared against homologous datasets previously obtained by Drs. Amir

Ashique and Patsy GAmez Picos in mouse, chick, and gar. Raw data from each species were
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normalized and assigned gene IDs by Dr. Katie Ovens in order for a preliminary comparison of
some candidate chondrocyte genes. As an alternative to the more comprehensive method of
comparing of osteoblast molecular fingerprints via bioinformatics (presented in Chapter 3), a
limited statistical approach was implemented. Normalized counts were used to calculate ratios
that determined the relative levels of chondrogenic expression in osteoblasts (Table 4.4). This
provided a rough idea of what the chondrogenic profile of frog osteoblasts might look like versus

other vertebrates and suggested it was the most chondrogenic.

Table 4.4| Heat map comparing chondrogenic ratios of osteoblasts in mouse, chick, gar, and frog. Genes
highlighted in light red are immature cartilage markers and genes highlighted in yellow are mature
cartilage markers, but are also expressed in bone. Abbreviations: I=zimmature chondrocytes; M=mature
chondrocytes; O=osteoblasts. (Credits: mouse, chick, and gar data collected by Drs. Patsy Gomez Picos
and Amir Ashique; data normalization and gene ID assignment by Dr. Katie Ovens).

o/I

s0x9 0.040409 0.048937 0.072433 0.053566 0.063552
col2a1 0.053526 | col2a1 | 0.043818 0.049831

acan 0.051402 C 8

s0X5 0.018019 0.020585 : 0.026902 0.033552
sox6 0.121732 0.281072 0.575486 0.196324 0.40318
col9a1 0.007235 0.002246 | col9a1 0.008382 0.001951 | col9a1 0.007766

col9a2 0.003448 0.003205 | col9a2 0.006719 0.005203 | col9a2 0.004727 0.003966
col9a3 | 0.004325 0.002979 col9a3 | 0.012631 0.004143 col9a3 | 0.006815 0.00353

epyc | 0.004583 0.005218 0.007474 0.010845 0.005837 0.007331

fmod 0.738047 1.505495 | 0.29638 | fmod 1.029645

matn1 0.00329 0.002124 0.001955 matn1 | 0.001647 0.002385
col10a1 0.004565

runx2 | 3.18902 5.025381

ihh g i i 0.0206

mondrogenic ratio

According to the heat map generated from chondrogenic ratios (Table 4.4), frog osteoblasts

appeared to have the highest percentage of cartilage genes. This was very consistent regardless
of whether the ratios were specifically comparing the level of cartilage gene expression in
osteoblasts against their levels in immature chondrocytes, mature chondrocytes, or both. A
deeper blue color meant higher counts of a candidate cartilage gene were present in osteoblasts
relative to chondrocytes, and a deeper red meant less. For instance, acan, col9a2, col9a3, epyc,
fmod, and matnl1 were more highly expressed in frog bone regardless of how the comparison
was made. If ratios were restricted to chondrogenic expression in osteoblasts relative to
immature chondrocytes—which would arguably be the most relevant comparison to be made

since mature cartilage and bone have a strong overlap in gene expression (Vortkamp et al., 1996;
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Inada et al., 1999; Neuhold et al., 2001; Zaragoza et al., 2006; Abzhanov et al., 2007; Mak et al.,
2008; Eames et al., 2012; Huycke et al., 2012; Nishimura et al., 2012; Weng & Su, 2013)—then
col2al, sox5, and sox6 could also be added to that list. This would mean 9 of 11 prominent
markers of immature cartilage were highest in frog osteoblasts. When comparing individual
ratios of candidate cartilage genes across clades, it seems from a relative standpoint that frogs
consistently had a higher level of chondrogenic gene expression in their osteoblasts than mouse,

chick, and gar (i.e., frog had the bluest ratios).

4.5 Discussion

Results in X. tropicalis were mixed when attempting to address whether the amphibian
osteoblast had a chondrogenic level that was intermediate to earlier- and later-diverged
vertebrates. Our findings both supported and disputed certain claims from the literature on
chondrogenic expression in amphibian bone, but this depended on the cartilage gene being
analyzed, the skeletal element, and/or whether the bone was of perichondral or dermal origin.
While it generally appears as though frog osteoblasts express classic chondrogenic markers like
sox9 and col2al, preliminary RNA-seq analysis suggested the expression levels of col2al and
other chondrocyte genes could be much higher than what is typically found in land tetrapods
(Eames et al., 2004; Eames & Helms, 2004; Long & Ornitz, 2013). In fact, overall chondrogenic
expression in frog osteoblasts might be even higher than gar osteoblasts (Eames et al., 2012). Gar
were previously assumed to be the most chondrogenic of all the models being studied (Nguyen

& Eames, 2020).

Frog RNA in situ hybridization data will be discussed first and compared to the literature
(incorporating RNA-seq where relevant), then finish with a preliminary comparative analysis of
RNA-seq data. More work needs to be done due to the challenge of comparing results obtained
from different methods and skeletal elements at various stages of development (and to different
species), but thus far some revelations have started to take shape. Amphibian osteoblasts do not
appear to have a chondrogenic level that is intermediate to earlier- and later-diverged
vertebrates. Furthermore, a possible consequence of this investigation might be the inadvertent

discovery that perichondral bone has stronger chondrogenic expression than dermal bone.
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4.5.1 Chondrogenic expression was specific to layers outside perichondral bone matrix
Starting with sox9 and col2a1, the in situ signals obtained for these genes in the outer layer of
perichondral bone of an NF57 humerus (Fig. 4.5D,H) were anatomically identical to a continuous
layer of osteoblasts found in advanced stages of an NF58 or NF60 femur showing expression of
col10a1, and other typical osteogenic markers, like spp1, collal, colla2, and sparc (Espinoza et
al., 2010; Aldea et al., 2013; Enault et al., 2015). This outer layer would have been homologous
to any mouse or chick limb data as well, but unlike fish and frog (Eames et al., 2012; Bertin et al.,
2014; Enault et al., 2015), mouse/chick osteoblasts typically do not express Sox9/SOX9 and
Col2a1/COL2A1 (Nakashima et al., 2002; Eames & Helms, 2004; Yoshida et al., 2004). Likewise,
signals found in the inner perichondral layer (Fig. 4.5D,H) may have been osteoblasts, but since
chondroprogenitors were also a possibility there (Aghajanian & Mohan, 2018), chondrogenic
expression would have been less surprising if that were the case. Positive RNA ISH results for sox9
in perichondral bone of the humerus (Fig. 4.5D) seemed to agree with published results from
perichondral bone of the femur (Bertin et al.,, 2014). However, femoral sox9 detection was
produced by RT-PCR, which was a more sensitive technique, and those tissues were not free of

chondrocyte contamination (Bertin et al., 2014).

4.5.2 sox9 in situ expression is more prominent in perichondral than dermal bone

Observations from perichondral bone of the humerus were not obviously translatable to dermal
bone of the lower jaw. Expression assays showed no expression of sox9 (Fig. 4.7C,D), but RNA-
seq was able to detect very low levels (Table 4.3). Published RT-PCR results from dermal bone of
the calvaria, which was devoid of cartilage, showed a drastic drop in sox9 compared to
perichondral bone of the femur (Bertin et al., 2014). This low detection in the skull disagreed with
our sox9 in situ data from the medial angulosplenial (Fig. 4.7D), but somewhat re-aligned with
the added sensitivity of RNA-seq (Table 4.3). The same paper also managed to produce a stronger
sox9 signal in cultured osteoblasts harvested from the frontoparietal (an intramembranous bone
of the skull; Trueb & Hanken, 1992; Bertin et al., 2014), but this was not a fair comparison given

the significant difference in experimental conditions.
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The sox9 femoral, calvarial, and primary osteoblast culture data referenced in this section (and
the last) belong to the Marcellini lab at the University of Concepcidn in Chile (Bertin et al., 2014).
They had also kindly provided us with unpublished data showing weak-to-moderate sox9 RNA
ISH signals in perichondral osteoblasts of a stage NF60 femur and NF58 of the ventral neural arch
(Cervantes et al., in preparation). Their in situ results for the femur have been the most analogous
data in agreement with ours in the humerus. Once peer-reviewed, our results will be published
in collaboration with theirs (Figs. 4.5 and 4.7). For now, the evidence seems to suggest that

perichondral osteoblasts in the frog have higher expression of sox9 than dermal osteoblasts.

4.5.3 col2al might have reduced expression in dermal bone, too

When comparing our co/2a1 data to similarly published results in the femur, calvaria, and primary
osteoblasts from cell culture (Bertin et al., 2014), a moderate difference between perichondral
and dermal expression of col2a1 existed as well. There were some distinctions worth mentioning,
however. In our data, col2al was positive in the humerus (Fig. 4.5H), and possibly the lower jaw
(Fig 13H), though appeared weak in either case. Signals in the medial angulosplenial were
especially ambiguous and it could not be ascertained if chondrogenic expression was localized to
the periosteal layer outside of dermal bone matrix (Fig. 4.7H). If background levels could be
accounted for, a slightly darker expression layer of osteoblasts might have been resolved (like in
the humerus). From the literature, older cultured dermal osteoblasts experienced a dramatic fall
off in col2al expression (Bertin et al., 2014). This further fueled the idea that dermal expression
of chondrogenic genes might be weaker. Moreover, the col2al signal in dermal bone of the lower
jaw was difficult to distinguish due to moderate staining of the bone matrix (Fig. 4.7G,H).
Regardless, the corresponding col2al counts from RNA-seq of the medial angulosplenial seemed
relatively high considering how nondescript the in situ signal was (Table 4.2). This could have
been a technical issue with the RNA ISH protocol, but at least the differences in relation to RNA-
seq were consistent for col2al as they had been for sox9 in dermal bone. Both genes seemed
weaker in RNA ISH only to have more noticeable expression in RNA-seq. One way to reconcile
these discrepancies would be to perform LCM-RNAseq on perichondral osteoblasts to see if the
pattern persisted (i.e., counts of sox9 and col2al would be expected to be higher than in dermal

osteoblasts). There was also some conflicting co/2al published data that had shown negative in
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situ results from NF60 perichondral osteoblasts of the femur (Enault et al., 2015). Yet the same
paper also managed to present positive col2al in situ data from stage NF57 perichondral
osteoblasts of the vertebrae (Enault et al., 2015), a chondral bone in X. tropicalis (Slater et al.,
2009). Despite both being limbs, perichondral data from the femur (col2al-negative; Enault et
al., 2015) contradicted ours from the humerus (col2al-positive; Fig. 4.5H). The femur and
humerus are long bones that undergo endochondral ossification, so presumably they should have
exhibited similar traits. Considering how weak col2al expression was already in the humerus, it
could be the femur was simply weaker. Developmental timing might also have been a factor in
this instance since the femur develops much earlier than the humerus (Nieuwkoop & Faber,
1994). As demonstrated by the loss of col2a1 signal strength in older cultured osteoblasts (Bertin
et al., 2014), timing can affect its level of expression. At the very least, it was quite clear there
was no Col2 protein in frog bone, regardless of location or levels of co/l2a1 expression (Figs. 4.5K,L
and 4.7K,L). This result was similar to previous findings in chick, where COL2A1 mRNA was

expressed but COL2 protein was not (Abzhanov et al., 2007).

The discrepancies in sox9 and col2al expression between perichondral and dermal osteoblasts
might be due to subtle differences in the ossification process itself, anatomical location, timing
of development, or other technical issues like sensitivity of the experiment. For instance,
osteoblast differentiation during perichondral ossification relies on signals from prehypertrophic
chondrocytes (St-Jacques et al., 1999; Eames et al., 2003), whereas dermal osteoblasts that form
intramembranously are cartilage-independent (Eames & Helms, 2004). Since sox9 and col2a1 are
heavily associated with cartilage development, perhaps this dependence (i.e., on the immediate
presence and transduction signals from nearby chondrocytes) was a differentiating factor
somehow. The timing of development could have influenced results as well since ossification of
the lower jaw occurred earlier at NF51-52 (Fig. 4.4), whereas the humerus ossified much later at
NF55-56 (Fig. 4.2C,D). Given that each skeletal element developed at a different rate and were
at different phases of development by NF57, this might have affected levels of sox9 and possibly
col2al as well (Bertin et al.,, 2014; Enault et al.,, 2015). As a counterargument, however,

osteoblasts are usually at different phases of development at any given time. Generally speaking,
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sensitive techniques like RT-PCR and RNA-seq can detect very low levels of RNA transcripts that

RNA ISH might not, which could impact the interpretation of positive versus negative results.

4.5.4 Expression assay results were insufficient to draw any definitive conclusions

RNA ISH assays of sox9 and col2al alone could not determine clearly whether chondrogenic
expression in frog osteoblasts was intermediate to earlier-diverged fish and later-diverged mouse
and chick. Perichondral bone expression of sox9 and co/2a1 would appear to be more similar to
earlier-diverged vertebrates (Eames et al., 2012), which does not support an alternative
hypothesis that frog osteoblasts are more similar to other tetrapods. On the other hand, a lack
of sox9 and weak col2a1 dermal bone expression would seem to be more similar to land
tetrapods (Eames et al., 2004; Eames & Helms, 2004; Abzhanov et al., 2007; Long & Ornitz, 2013).
Together, these conflicting perichondral and dermal data could potentially support that
chondrogenic expression in frog osteoblasts is intermediate to earlier- and later-diverged
vertebrates. Though ultimately, a comprehensive look at the RNA-seq data through comparative

transcriptomics should provide a more definitive answer.

4.5.5 The humerus and medial angulosplenial have little to no co/10a1 expression

Comparison of col10a1 expression in frog osteoblasts with published results was discordant, but
technical issues and differences in the protocols used were likely significant contributors. From
our RNA ISH data, col10a1 was essentially absent from osteoblasts of the humerus and lower jaw
(Figs. 4.51,J and 4.71,J), but present in published results from similar testing of the femur (Aldea
et al., 2013). RT-PCR of cultured dermal osteoblasts, calvaria, and hindlimb also presented
positive results, although signals seemed very low in the hindlimb and extremely low in calvarial
osteoblasts compared to primary cultures (Bertin et al., 2014). This reaffirmed an earlier
comment that culture conditions perhaps amplified chondrogenic signals and were not
comparable to in situ data. Firstly, some support could still be derived from these published RT-
PCR data. It was more sensitive—although still only semi-quantitative, at best—yet col10a1
barely registered in calvaria and was still quite weak even in the hindlimb (Bertin et al., 2014).
Secondly, this was another example of weaker dermal expression of a cartilage gene (i.e., co/10a1

was weaker in calvaria than hindlimb osteoblasts; Bertin et al., 2014). Thirdly, our negative
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col10a1l in situ results from the humerus (Fig. 4.51,J) were independently validated by the same
result in the medial angulosplenial (Fig. 4.71,J), then again from RNA-seq data (Table 4.2). And
finally, it had been consistently demonstrated that cultured osteoblasts seemed to inflate the
expression strength of chondrogenic genes (e.g., sox9, col2al, and co/10a1) when compared to
their levels in situ (Bertin et al., 2014), so those findings may not be as relevant. Once again, it is
up for debate whether anatomical location, developmental timing, or sensitivity of the protocols
used might account for these differences, but it is telling that the two most sensitive protocols

(i.e., RT-PCR and RNA-seq) agreed with our data more.

Opposing conclusions were drawn based on the presence or lack of col10al expression in
amphibian bone. It was pointed out that since co/10al expression was found in bone of
actinopterygians but not mammals (Eames et al., 2012), amphibian osteoblasts must be more
similar to that of earlier-diverged fishes (Aldea et al., 2013). According to our findings, bone in
frog is more like that of other tetrapods in this respect since mouse/chick bone typically only
have trace levels of Col10a1/COL10A1 (Nakashima et al., 2002; Eames & Helms, 2004; Yoshida et
al., 2004). However, if expression in osteoblasts of mouse and chick are above the negligible
col10al1 amounts found in frog, this would suggest the amphibian osteoblast does not have a
chondrogenic profile intermediate to earlier- and later-diverged vertebrates. Then again, it must
also be taken into consideration that co/10al is a marker of mature cartilage, which has more
similarities to bone than to immature cartilage (Vortkamp et al., 1996; Inada et al., 1999; Neuhold
et al., 2001; Zaragoza et al., 2006; Abzhanov et al., 2007; Mak et al., 2008; Eames et al., 2012;
Huycke et al., 2012; Nishimura et al., 2012; Weng & Su, 2013). A preliminary look at the RNA-seq

data between mouse, chick, frog, and gar will attempt to address chondrogenic expression levels.

4.5.6 Amphibian osteoblasts might be more chondrogenic than mouse, chick, and gar

An early examination of the RNA-seq data appeared to refute the hypothesis and suggested the
frog osteoblast may be more chondrogenic than earlier- and later-diverged clades. Stronger
conclusions can certainly be drawn once more thorough bioinformatic analyses are performed,
but further collaborative work is needed in that area. According to a heat map generated of 14
cartilage candidate genes shared among all four species (Table 4.4), the ratios of their expression

in osteoblasts relative to chondrocytes showed that frog was the most chondrogenic. This was
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overwhelmingly true when restricting analysis to just immature cartilage markers (11 of the 14
genes), which further strengthened the case since many markers of mature cartilage (e.g.,
col10al, runx2, and ihh) are often found in bone (Vortkamp et al., 1996; Inada et al., 1999;
Neuhold et al., 2001; Zaragoza et al., 2006; Abzhanov et al., 2007; Mak et al., 2008; Eames et al.,
2012; Huycke et al., 2012; Nishimura et al., 2012; Weng & Su, 2013). In that situation, at least 6
of 11 to as many as 9 of the 11 genes, were in favor of the frog being the most chondrogenic.
This depended on whether chondrogenic expression levels in osteoblasts were being compared
to expression levels in immature chondrocytes (arguably the most relevant), mature

chondrocytes, or both.

The limited approach employed here seems inherently biased at first, but the list of candidate
genes purposely highlighted some of the most important markers of cartilage (Eames et al., 2003;
Cole, 2011; Gémez-Picos & Eames, 2015; GOmez-Picos et al., in preparation), so this was not an
insignificant result. These genes generally define what a chondrocyte is, in terms of gene
regulation and cellular makeup, at least in a classical sense. This list also contained the single
most important driver of cartilage differentiation, sox9. Interestingly enough, sox9 had the

highest ratio in gar osteoblasts, relative to mouse, chick, and frog (Table 4.4).

In reality, most of these ratios were very low amongst all groups with very few exceptions, but
relatively speaking, frog was consistently highest. For instance, a previous assessment of col2al
expression in amphibian osteoblasts had been described as being “moderate” (Enault et al.,
2015) and comparable to levels in mouse (Hilton et al., 2007) and chick (Abzhanov et al., 2007).
If this was true, then levels of col2al must be considered moderate across all vertebrates,
including fish. This preliminary analysis offered support to the frog as being the most
chondrogenic because it appeared to have the most high levels of chondrocyte genes being
expressed in its osteoblasts. As a consequence, the current interpretation of this data does not
support the hypothesis that frog osteoblasts have a level of chondrogenic expression
intermediate to other clades. Any limitation due to gene selection bias, though, does emphasize
the importance of the work being done by Drs. Patsy Gédmez Picos and Katie Ovens in the Eames
lab on skeletal GRNs (gene regulatory networks). The most comprehensive definition of what

makes a chondrocyte, an osteoblast, or how similar an osteoblast is to a chondrocyte involves
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not only all the genes being expressed, but how they regulate and interact with one another. It
seems reasonable that GRNs should be the most convincing method to evaluate and support
whichever vertebrate is most chondrogenic when it comes to comparing the osteoblast

molecular fingerprints from each clade.

On arelated note, Drs. Patsy Gomez Picos and Katie Ovens kindly supplied some differential gene
expression data from osteoblasts incorporating frog with mouse, chick, and gar (Fig. 4.9). A gene
was considered to be differentially expressed if the log, fold change was +/- 2. While this
comparison was comprehensive and unbiased, as it contained all genes that were one-to-one
orthologs in osteoblasts of all four species, it did not tell us which osteoblast was the most
chondrogenic, or even how chondrogenic. To do this, the focus would still have to be on genes
expressed in osteoblasts that were shared with chondrocytes, particularly those which defined
the cartilage cell type, classical or otherwise. The resulting Venn diagram depicted the gene
expression distribution of all genes expressed in osteoblasts above threshold that were shared
across all four species (2623, or ~32% of 8197 total genes; Fig. 4.9A). It was found that frog
osteoblasts shared more genes with osteoblasts of land tetrapods (52% with mouse and chick),
than with osteoblasts of an aquatic animal (41% with gar). This suggested that frog osteoblasts
were more like other tetrapods in terms of all genes being expressed, not necessarily genes that
characterized them as being osteoblasts or made them chondrogenic. While gene ontology
analysis showed enriched biological processes that included osteoblast differentiation and bone

mineralization, many housekeeping genes that occur in every cell were also enriched (Fig. 4.9B).
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Figure 4.9| Evolution of the osteoblast gene regulatory network. [A] Venn diagram showing gene
expression distribution among mouse, chick, gar, and frog. Total genes in OST among the four species
expressed above threshold: 8197 genes. Genes shared between OST of the four species: 2623, or ~32% of
total genes. Tetrapods (mouse, chick, and frog) share 4265 genes (2623 + 1642), or 52% of total genes.
Land tetrapods (mouse and chick) share 5307 genes (2623 + 1642 + 565 + 477), or 65% of total genes.
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Aquatic animals (frog and gar) share 3379 genes (2623 + 144 + 118 + 494), or 41% of total genes. [B] Gene
ontology analyses of enriched biological processes. (Credit: Patsy Gomez Picos and Katie Ovens).

4.5.7 Summary

In summary, the data presented here regarding chondrogenic expression in amphibian
osteoblasts have mostly agreed with published results, though a notable disagreement had been
whether or not co/10a1 was expressed. Previous data demonstrated that co/l10a1 was present in
bone of X. tropicalis (Aldea et al., 2013), whereas we did not. Our respective results came from
different skeletal elements and stages of development so perhaps these were confounding
factors. We did find support that amphibian osteoblasts appeared to be more chondrogenic than
later-diverged vertebrates. Furthermore, preliminary analysis of candidate genes through RNA-
seq suggested amphibians may be more chondrogenic than earlier-diverged vertebrates as well.
This would be a novel finding if confirmed further through validation studies. Additionally, it may
have been discovered that expression of sox9 and col2a1 are stronger in perichondral bone than
dermal bone, which had not been stated explicitly before despite more examples supporting this
than not from the literature. Based on the data available, the hypothesis that amphibian
osteoblasts have a chondrogenic level intermediate to earlier- and later-diverged vertebrates
was not supported. If this is the case, it would also suggest that chondrogenic expression during
the evolution of the vertebrate osteoblast might have actually increased before being lost, and
therefore, was not a gradually repressive event as previously hypothesized (Nguyen & Eames,
2020). There is still much work left to be done, specifically regarding bioinformatic analyses
before stronger conclusions can be drawn. It is possible a gradual repressive trend might still be

established once more thorough data are incorporated into this study.
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CHAPTER 5

Characterizing hypertrophy of amphibian chondrocytes

Nguyen, J. K. B., Gdmez-Picos, P., Liu, Y., Ovens, K., and Eames, B. F.

5.1 Abstract

Hypertrophic chondrocytes are enlarged cartilage cells that are one of the more obvious
morphological features of endochondral ossification (a process by which bone forms indirectly
via a cartilage template). All common vertebrate lab models, including mouse, chick, and
zebrafish, basically undergo the same histological and molecular progressions during
hypertrophy. Examples of chondral bones are the humerus and ceratohyal. In frog, previous
research had shown ossification of these skeletal elements was delayed or incomplete, though
chondrocytes matured and became hypertrophic as usual. Therefore, we hypothesized that
maturation of amphibian cartilages still followed the standard hypertrophic cascade. To test this,
we analyzed histological and molecular markers of developing limb and head cartilages of the
western clawed frog, Xenopus tropicalis. Indeed, the standard histological pattern occurred
during development of the humerus, where chondrocytes gradually became hypertrophic prior
to ossification. Consistent with the standard molecular cascade, the chondrogenic markers
col2a1 and sox9 were downregulated in hypertrophic chondrocytes of the humerus.
Interestingly, however, expression of the classical hypertrophic marker col10al was not
upregulated in these chondrocytes. Unexpectedly, some head cartilages, such as the ceratohyal,
a skeletal element homologous to the hyoid bone of the larynx, underwent histological
hypertrophy extremely rapidly (within mere hours of becoming chondrocytes). In addition, the
ceratohyal halted at the hypertrophic stage and persisted as such throughout metamorphosis
into adulthood, never ossifying. Meckel’s cartilage and the palatoquadrate also displayed similar
behavior. Unlike the humerus, hypertrophic chondrocytes in the head cartilages continued to
express relatively high levels of col2al and sox9, but similarly lacked col10a1 expression. As such,
these unusual discoveries present a unique opportunity to investigate the molecular mechanisms

that might explain why frog cartilages deviate from the standard histological and molecular
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hypertrophic cascade of other vertebrates. Such findings might shed light upon osteoarthritic

cartilage, which often has ectopic hypertrophic differentiation.
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5.2 Introduction: Cartilage development and the hypertrophic cascade

Cartilage cells can be categorized as either resting and proliferating (immature) chondrocytes, or
prehypertrophic and hypertrophic (mature) chondrocytes. Both immature and mature
chondrocytes can remain indefinitely as hyaline cartilage at the articular surfaces of joints (Gray
& Williams, 1989; Leboy et al., 1988; Eames et al., 2003, 2004; Eames & Helms, 2004; Yang et al.,
2014; Zhou et al.,, 2014; Hinton et al., 2017; Aghajanian & Mohan, 2018). However, many
immature chondrocytes also become part of cartilage templates that mature to form chondral
bone (Kronenberg, 2003; Mackie et al., 2008; Long & Ornitz, 2013). The hypertrophic
enlargement of chondrocytes during maturation tends to be a progressive and gradual
morphological event. Usually hypertrophy begins centrally within a cartilage model before
spreading outwards over the course of several days and/or weeks as endochondral ossification
transforms cartilage into bone (Pechak et al., 1986; Nieuwkoop & Faber, 1994; Marks et al., 2000;
Miura et al., 2008; Eames et al., 2012; Kozhemyakina et al., 2015). Predictable changes also occur
at the molecular level in terms of gene expression (Eames et al., 2003, 2004; Miura et al., 2008).
Maturing chondrocytes that progress to hypertrophic differentiation typically show decreased
levels of Sox9 and Col2a1 (Eames et al., 2003; Tchetina et al., 2014). Mature markers like /hh,
Runx2, and Col10al instead start to increase (Eames et al., 2003; Tchetina et al., 2014). /hh is
recognized as a marker of prehypertrophic chondrocytes (St-Jacques et al., 1999; Karsenty &
Wagner, 2002; Kronenberg, 2003; Long & Ornitz, 2013). Runx2 is generally expressed throughout
the entire maturation process and regulates the expression of many downstream targets (Eames
et al., 2003; Zheng et al., 2003; Mackie et al., 2008; Li et al., 2011; Nishimura et al., 2012). This
includes Ihh (Yoshida et al., 2004), Col10al (Linsenmayer et al., 1991; Poole, 1991), and a late
marker of mature cartilage, Ibsp (Komori, 2010). Incidentally, if Sox9 levels remain high, Runx2 is
unable to guide chondrocytes through maturation and highlights the importance of this
coordinated regulation (Eames et al., 2004; G. Zhou et al., 2006; Gémez-Picos & Eames, 2015).
Together, these histological and molecular changes characterize the hypertrophic cascade
(Eames et al., 2003, 2004; Mackie et al., 2008). Given that cartilage maturation is highly
conserved among vertebrates (Eames et al., 2004, 2011, 2012; Eames & Helms, 2004), we were

interested to see if the hypertrophic cascade was conserved in amphibian cartilages as well.
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In Xenopus tropicalis, hypertrophy was analyzed within the limb (humerus) and head
(ceratohyal). We hypothesize that maturing chondrocytes of the amphibian undergo the same
histological and molecular progressions of the hypertrophic cascade common to all vertebrates.
To test this, we characterized the development of cartilages from the limb and head of frog by
using histology, RNA in situ hybridization, immunohistochemistry, and RNA sequencing, then

compared these results within the frog and to other vertebrate models.

Our results suggested hypertrophy was mostly conserved in amphibian limb cartilage, but not
molecularly or temporally conserved in the head. Compared to other vertebrates, mature
cartilage in the amphibian maintained or upregulated many chondrogenic genes that would
normally be more highly expressed in immature cartilage. The hypothesis was therefore only

partially supported and makes the frog a very unique model for studying hypertrophy.

5.2.1 Amphibian cartilage maturation has some differences versus other vertebrates

A general overview of cartilage development in the amphibian was important in order to pinpoint
the pertinent stages for analysis of hypertrophy. The humerus and ceratohyal specifically probed
cartilage maturation from the appendicular as well as the cranial skeleton. This gauged the
consistency of development within an amphibian from anatomically and mechanically different
sources of cartilage. These skeletal elements also allowed for a comparative study since
homologous datasets were already available in other vertebrate models, from the literature and
from previous work in our lab. Unpublished studies of limb cartilage had been done in mouse and
chick, whereas head cartilage data came from chick and gar (previous work by Drs. Gdmez Picos,
Ashique, and Ovens). Expression assays and LCM-RNAseq had been performed on stages where
skeletal elements were undergoing overt maturation (i.e., hypertrophy) during endochondral
ossification, just prior to vascular invasion (Kronenberg, 2003; Mackie et al., 2008; Long & Ornitz,
2013). This was to ensure no cellular contaminants were introduced, while abundant amounts of
immature and mature chondrocytes would be available for downstream analyses. To further
remain consistent with previous data collection, comparable stages of development needed to
be ascertained in the frog. This minimized the differences between models with fewer variables

to account for when drawing conclusions.
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A review of humerus development had determined that stage NF57 would be the ideal stage for
analysis of hypertrophy. The Nieuwkoop and Faber staging system describes the forelimb as
being cartilaginous at stage NF55 and having extensive perichondral ossification by NF57
(Nieuwkoop & Faber, 1994). Stage NF58 was noted for forelimb eruption and vascular invasion
(Nieuwkoop & Faber, 1994). This meant NF58 was to be avoided and many chondrocytes of the
diaphysis should have been maturing and hypertrophic at NF57. Specific details regarding the
hypertrophic cascade in the humerus of X. tropicalis were limited from published results.
Hindlimb data (e.g., femur, tibia, and fibula) indicated endochondral ossification was delayed,
resulting in less trabecular bone and poor growth plates compared to other vertebrates, and
sometimes even lacked secondary ossification sites (Moriishi et al., 2005; Miura et al., 2008).
Typical early chondrogenic markers like sox9 and col2a1 were upregulated in immature cartilage
and downregulated in mature cartilage (Miura et al., 2008; Enault et al., 2015). Hypertrophic
chondrocytes of the femur had been shown not to express col10al at all, which would
differentiate the frog from other models (Aldea et al., 2013). While ihh was upregulated in
prehypertrophic chondrocytes, these cells were noted as being slightly offset (i.e., more towards
the epiphyses) from where they would usually be found in the growth plates of mice (Moriishi et
al., 2005). An interesting observation related to this was that Hedgehog signaling did not result
in expression of typical downstream targets like ptchl (protein patched homolog 1) and glil
(glioma-associated oncogene 1) in proliferating chondrocytes (St-Jacques et al., 1999; Moriishi et
al., 2005; Hadden, 2014). Given that this pathway and the involvement of proliferating
chondrocytes are critical for the differentiation of mesenchymal cells into osteoblasts (St-Jacques
et al,, 1999; Long et al., 2004), and the regulation of cartilage maturation (Vortkamp et al., 1996;
Chen et al., 2008); Macica et al., 2011), this was speculated as a possible reason for the slight
abnormalities observed in frogs pertaining to endochondral ossification (Moriishi et al., 2005).
Lastly, expression of runx2 was said to be weak in hypertrophic chondrocytes of the hindlimb

compared to other animals (Miura et al., 2008).

The literature on amphibian head cartilage development was not overly extensive. Most papers
focused on chondrogenesis and very little was published about hypertrophy or exactly when it

occurred (Lukas & Olsson, 2017). A review of the ceratohyal—a structure homologous to the
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hyoid, which is a chondral bone situated in the upper larynx of humans—revealed that it
remained cartilaginous, hypertrophic, and did not ossify in Xenopus laevis (Thomson, 1986).
Upon further review, it appears this phenotype is a common trait among anuran frogs that
separates them from more ancient amphibians (Porter & Vial, 1974). In contrast, elements
homologous to the ceratohyal in other animals would normally progress through the usual stages
of cartilage maturation beyond hypertrophy to become chondral bone (Eames et al., 2004, 2011,
2012; Eames & Helms, 2004). Persistent hypertrophy of the ceratohyal and Meckel’s cartilage
were demonstrated from light and electron microscopy of Xenopus laevis, which had focused on
head cartilage development at stages just before, during, and after metamorphosis (i.e., from
NF57 to NF66; Thomson, 1986). Similar observations had not yet been made in Xenopus
tropicalis. Lineage tracing experiments confirmed that larval chondrocytes contributed to the
post-metamorphic forms of both the ceratohyal (known as the hyale after metamorphosis; Rose,
2009) and Meckel’s cartilage (Kerney et al., 2012). RNA in situ hybridization assays revealed sox9
and col2al were upregulated in many NF57 head cartilages despite chondrocytes being
hypertrophic (Kerney, Hall, et al., 2010); even by NF64, col2a1 was still being expressed (Kerney,
Hall, et al., 2010). The only notable change in morphology was a slight decrease in size
experienced by hypertrophic chondrocytes at later stages (e.g., NF60 and beyond; Thomson,
1986). This was eventually attributed to increased cartilage ECM pushing against the lacunar

spaces in which the cells resided (Thomson, 1986, 1987).

Considering how sparse the literature was on characterizing amphibian cartilage maturation,
some atypical results had already begun to stand out. This was especially true of head cartilage,
which displayed persistent hypertrophic features that were atypical of homologous elements
found in other vertebrate models (Porter & Vial, 1974; Thomson, 1986). Instead of ossifying, the
ceratohyal remained cartilaginous (Rose, 2009). These observations and insufficient published
resources describing the precise timing of amphibian cartilage hypertrophy warranted further
investigation. We discovered hypertrophy in the head occurred very rapidly, shortly after
cartilage differentiation, and did so globally, rather than progressively like in the limb. Both
maturing head and limb cartilages were revealed to lack a prominent hypertrophic marker in

col10al. And finally, early chondrogenic markers of cartilage (e.g., sox9 and col2a1) were found
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to either persist (in head cartilage) or have prolonged expression (in limb cartilage) during

hypertrophy.

5.2.2 Higher precision ZO staging was used to track head cartilage development

A finer ZO staging system was utilized to interrogate cartilage development of the ceratohyal in
Xenopus tropicalis (Ziermann & Olsson, 2007). This alternative system was especially relevant
given its focus on the condensation to cartilage differentiation stages (Lukas & Olsson, 2017). ZO
staging also claimed higher accuracy at time points that were specifically targeted for study (i.e.,
the early larval stages, or around when chondrogenesis began in the head). These stages
corresponded traditionally to NF32-46, but were further subdivided into 20 ZO stages (Fig. 5.1;
Ziermann & Olsson, 2007). ZO staging detailed more internal and external landmarks, allowing

for an increase in the precision and timing of development.
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Figure 5.1| ZO staging subdivides NF stages of early larval development in Xenopus tropicalis. The 20
stages of Ziermann and Olson correspond to stages NF32-46 of early larval development. These figures
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are meant to show physical features only. Scale bars are not accurate. Only side profiles are depicted here,
but ventral views were also available for staging purposes. Images were extracted from their original
supplementary files and reoriented for comparative purposes. (Credit: Ziermann & Olsson, 2007).

5.3 Materials and methods

5.3.1 Use of lab animals

Please refer to previous materials and methods in Chapter 4 (see page 29).

5.3.2 Frog mating

Please refer to previous materials and methods in Chapter 4 (see page 29).

5.3.3 Raising tadpoles to stages of interest

Please refer to previous materials and methods in Chapter 4 (see page 30).

5.3.4 Fixation, processing, and sectioning for histology

Please refer to previous materials and methods in Chapter 4 for tissue fixation, processing, and
sectioning protocols (see page 31). Longitudinal sections were obtained from the humerus
(stages NF55 and NF57) and coronal sections were obtained from the ceratohyal (stages NF39 up

to NF63).

5.3.5 Histology
Whole mount Alcian blue/Alizarin red acid-free staining

Please refer to previous materials and methods in Chapter 4 (see page 32).

Safranin O and trichrome section histology

Please refer to previous materials and methods in Chapter 4 (see page 32).

5.3.6 Expression assays
RNA in situ hybridization
Please refer to previous materials and methods in Chapter 4 for preparatory steps prior to RNA
ISH (see page 33). RNA ISH was carried out on tissue sections as previously described (Strahle et
al., 1994; Jowett & Yan, 1996; Eames et al., 2011), with modifications, on stages NF55 and NF57
of the humerus and NF40 to NF44 of the ceratohyal. Results from RNA ISH assays were compared

to similar data in other species from the literature.
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Immunohistochemistry

Please refer to previous materials and methods in Chapter 4 (see page 34).

Laser capture microdissection coupled with RNA sequencing
Please refer to previous materials and methods in Chapter 4 for details of immature and mature

chondrocyte capture from an NF57 humerus (see page 35).

5.3.7 Preliminary RNA-seq analyses

Please refer to previous materials and methods in Chapter 4 (see page 36). Dr. Katie Ovens
normalized the raw RNA-seq data from the frog humerus, assigned gene IDs based on sequence
alignments to online repositories (e.g., Ensembl), and determined thresholds for counts in
immature and mature chondrocytes to be considered relevant (IMM = 12; MAT = 8). Similar
datasets in mouse and chick humeri were also available for comparison thanks to previous work
done collectively by Drs. Gédmez Picos, Ashique, and Ovens. Immature and mature cartilage RNA-
seq data from the ceratobranchial in chick and ceratohyal in gar were provided by Drs. Gomez

Picos and Ovens.

Testing for significance of normalized gene counts using an independent samples t-test

Normalized counts in frog were analyzed to see if RNA-seq would quantitatively support
expression data from RNA in situ hybridization. An independent samples t-test was also
performed using IBM SPSS Statistics (Build 1.0.0.1447) to determine if the differences in
expression (normalized counts) of candidate cartilage genes were statistically significant
between immature and mature cartilage for each species. Alpha levels were set at a = 0.05. Frog
results were aligned against mouse, chick, and gar to compare gene expression of prominent

chondrogenic and hypertrophic markers during hypertrophy.

5.4 Results

5.4.1 Stage NF57 of the humerus was determined to be consistent with previous
datasets in the mouse and chick for analysis of immature and mature cartilage

Some preliminary results on the humerus had previously been analyzed by Yiwen Liu and Dr.
Patsy Gémez Picos. In continuing their work, it was confirmed through histology that stages NF57

and NF58 indeed followed their Nieuwkoop and Faber descriptions. This was done through
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external staging, skeletal preps, and section histology, which were previously shared in Figures
4.1-4.3 from Chapter 4. From there, the project was advanced further by illustrating the
developmental timing and patterning of hypertrophy. This involved comparing section histology
and expression assays from stages before overt hypertrophy (NF55) and during hypertrophy
(NF57) (Fig. 5.2).

Safranin O staining of stage NF55 showed most chondrocytes throughout the humerus were
similar in size to epiphyseal chondrocytes of NF57 (Fig. 5.2A,B). Maturing diaphyseal
chondrocytes of NF57 were comparatively larger as they had become hypertrophic (Fig. 5.2A,B).
These histological results confirmed the expected progression of chondrocyte hypertrophy
spatially within the developing humerus. Hypertrophy began in the middle of the diaphysis first
before progressing slowly towards the epiphyses. The elapsed time between NF55 and NF57 was
estimated to be 9 days at 23 °C for X. laevis (Nieuwkoop & Faber, 1994). Based on two separate
clutches of X. tropicalis at 27-28 °C (data not shown), NF55 and NF57 humeri demonstrated that
limb cartilage became hypertrophic in as little as 4 days, up to a week or longer, depending on
husbandry conditions. Thus, the gradual, temporal aspect of the hypertrophic cascade was also

satisfied.
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Figure 5.2| Expression assays of the humerus mostly showed the expected patterns of the hypertrophic
cascade. (A, C, E, G, |, J) Images are longitudinal sections of the humerus at stage NF55 and (B, D, F, H, K)
stage NF57. Only half the humerus is shown at stage NF57 in order to emphasize chondrocyte morphology
and gene expression from the epiphysis to the diaphysis. [A] Saf O staining of cartilage show chondrocytes
throughout NF55 are mostly small with some signs of prehypertrophy in the diaphysis. [B] Chondrocytes
become overtly hypertrophic in the diaphysis of NF57. Immature cartilage markers, such as [C] sox9 and
[E] col2a1 are upregulated throughout the entire humerus at NF55. In addition to the epiphyses, [D] sox9
and [F] col2a1 are also highly expressed in prehypertrophic and hypertrophic regions of NF57 as indicated
by dashed black lines, before the signals become downregulated in the mid-diaphysis (downward facing
red arrows). [G, H] The hypertrophic marker col10al is completely negative in the humerus at NF55
(translucent dashes outline the humerus), and even in hypertrophic chondrocytes of NF57 (dashed black
lines). [I, J] Separate immunostaining of the epiphysis and diaphysis show expression of Col2 protein (the
full humerus would have signal; data not shown). [K] Col2 is also expressed in cartilage of NF57.

5.4.2 Molecular data showed hypertrophy was mostly conserved in the humerus

At first glance, RNA in situ hybridization assays revealed the transition from immature to mature
cartilage in the humerus to be fairly typical and in-line with published results from the femur

(Miura et al., 2008; Aldea et al., 2013; Enault et al., 2015). Early chondrogenic markers like sox9
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(Fig. 5.2C,D) and col2al (Fig. 5.2E,F) were downregulated, and expression of the hypertrophic
marker col10al was absent (Fig. 5.2G,H). Upon further inspection, it was noted specifically that
there were regions of hypertrophic chondrocytes that still exhibited expression of sox9 (Fig. 5.2D)
and col2al (Fig. 5.2F). Immunostaining showed that Col2 protein was present in cartilage

throughout the entire humerus at stages NF55 (Fig. 5.21,J) and NF57 (Fig. 5.2K).

5.4.3 Average normalized counts from RNA-seq revealed mature cartilage in the frog
humerus had high expression of many immature cartilage markers

In frog, 11 immature cartilage genes were assessed (Table 5.1), of which only 5 exhibited higher
counts in IMM (immature chondrocytes) than MAT (mature chondrocytes) ): sox6 (305 vs 223),
col9al (7648 vs 6602), col9a3 (3 vs 1), epyc (29958 vs 29879), and fmod (4 vs 2); although none
were statistically significant, according to a preliminary independent samples t-test, and two
(col9a3 and fmod) were well below the threshold levels for IMM and MAT (thresholds were 12
and 8, respectively) to even be considered biologically relevant. Frog had higher average
normalized counts for the 6 other immature cartilage genes analyzed in MAT than IMM: sox9
(1330 vs 1159), col2a1 (107103 vs 40153), acan (18515 vs 9340), sox5 (928 vs 795), col9a2
(234874 vs 145037), and matn1 (7 vs 5). Only co/9a2 counts were significantly higher in MAT than
IMM and counts for matn1 were below threshold, and therefore, not relevant in either cell type.
The remaining candidate genes were prominent markers of mature cartilage and displayed
higher average counts in MAT than IMM: jhh (3788 vs 9), runx2 (2447 vs 394), and ibsp (78 vs 77),

except for col10a1 (0 vs 3), which was negligible throughout cartilage.

When comparing cartilage RNA-seq data from the frog humerus to datasets previously obtained
in mouse, chick, and gar, frog had consistently higher expression levels of several early
(immature) chondrogenic markers in MAT (Table 5.1). In gar, all immature cartilage genes tested
had higher counts in IMM. Chick had higher counts of only one immature cartilage marker: matn1
in MAT than IMM (74474 vs 44262), although this was not statistically significant. Mouse had two
genes with higher counts in MAT than IMM: col9a1 (28533 vs 24782) and epyc (1952 vs 833), but
neither were significantly different from their counts in IMM. Generally speaking, the difference
in counts for most candidate genes was not statistically significant across all datasets, even

though almost all counts were higher in their expected cell types (except frog). The remaining
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four candidate genes were markers of mature cartilage (ihh, col10a1, runx2, and ibsp) and all had
expression that were highest in MAT across all species, except two: ibsp in gar and col10al in
frog. Counts for these genes were essentially negligible in both immature and mature
chondrocytes of both species. The lack of col10a1 transcripts in MAT of frog matched its RNA ISH
result. RNA-seq also validated that sox9 and col2al were still being expressed at high levels in
MAT. Taking the RNA-seq and in situ data together, it appeared early hypertrophic chondrocytes
in the frog humerus might have increased expression of early chondrogenic markers like sox9
and col2al before dropping as they continued to mature. Also, it was determined that co/10a1
was not a marker of hypertrophy, according to RNA ISH, RNA-seq, and published results (Aldea
et al., 2013).
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Table 5.1| Comparison of candidate cartilage gene counts in immature and mature chondrocytes of
mouse, chick, gar, and frog. Average normalized counts of 11 early chondrogenic markers and 4
hypertrophic markers. Higher counts are bolded and counts below threshold in frog are in parentheses.
An independent samples t-test was employed to determine any differences between counts of IMM and
MAT. Asterisks indicate significance at *p < 0.05 and **p < 0.01. Abbreviations: IMM=immature
chondrocytes; MAT=mature chondrocytes; n = sample size. (Credits: mouse, chick, and gar data collected
by Drs. Patsy Gdmez Picos and Amir Ashique; data normalization and gene ID assignment by Dr. Katie

Ovens).

———te ® :

Gene MM MAT IMM MAT IMM MAT IMM M2
sox9 260 150 1159 1330 1198 668 11723 =+ 6331
194955 106827 40,153 107103 23224 12453 129705 105639

25628 15372 9,340 18515 12186 9464 16072 15086

sox5 3852 2351 795 928 3408 s+ 1382 4275 =+ 971
3298 2854 305 223 595 * 188 3519 + 1387

1106 *+ 108 7648 6602 141205 128227 24782 28533

col9az2 1677 * 400 145037 =* 234874 78122 =+ 40093 11442 7047
29364 s+ 10055 3) ) 62368 44842 32478 + 21619

2270 1391 29958 29879 8126 3910 833 1952

fmod 983 x 59 (4) 2) 74 36 6754 147
2333 1412 (5) v 44262 74474 25385 20027

69 685 (9) 3788 1 23 7 « 2274

21 11238 (3) () 1 1928 8 30432

128 326 394 * 2447 890 1456 332 w2617

ibsp 2 0 77 78 10 * 143 169 38662

5.4.4 The frog ceratohyal undergoes rapid hypertrophy early and remains cartilaginous
These results built upon preliminary work done by Yiwen Liu, who had investigated many of the
later larval stages when hypertrophy was already evident. These narrowed down the stages of

interest for this histological study (i.e., NF39 to NF44).

A developmental series with Safranin O revealed precisely when hypertrophic differentiation
took place within the ceratohyal (Fig. 5.3). Mesenchymal condensations were completing the
process of shaping the cartilage model from stages NF39-40.5 (ZO7 to Z010-11). Within a few
hours, the rising intensity of Saf O became apparent as chondroblasts increased secretions of
sulfated proteoglycans into the ECM, indicating that chondroblasts had differentiated into

chondrocytes by NF41.5-NF42 (ZO13-14). Flattened cells surrounding the element were also
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beginning to form the perichondrium. Less than 8 hours after chondrocyte differentiation, signs
of hypertrophy were obvious by NF43 (ZO15). From NF44 (Z0O17) onwards, chondrocytes
continued to increase in size, but always remained hypertrophic (Fig. 5.4). These findings for

stages NF57 and up agreed with published results (Thomson, 1986).
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Figure 5.3| Sub-staging early ceratohyal development revealed chondrocyte differentiation and
hypertrophy. (A-J) Saf O staining of early larval stages show the progression of ceratohyal development
from stages NF39 to NF44. Mesenchyme condenses from [A-D] NF39 to N41. Overt chondrocyte
differentiation occurs from [E] NF41.5 to [F] NF42. Hypertrophy begins around [G] NF42.5 to [H] NF43
and takes less than 5 hours to become noticeable. From [I] NF43.5 and beyond [J] NF44, chondrocytes

remain hypertrophic. The ceratohyal differentiates and becomes hypertrophic in less than 24 hours.
Approximate developmental times underneath images are based on 6 matings at 27-28 °C.

NE45 ~68 hpf | NF46 3-4 dpr | NEGT 4-5 dpf
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NF53 ~16 dpf | NF55 ~18 dpf § NF57 ~23 dpf | NF60 ~31 dpf NF@B 31+ dpf

Figure 5.4| From stages NF45 onwards, ceratohyal chondrocytes remained hypertrophic and never
ossified. (A-J) Chondrocytes of the ceratohyal further increase in size, but are always hypertrophic.
Approximate developmental times for [A-D] NF45 to NF48 were based on 6 matings at 27-28 °C.
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Developmental times for [E-J] NF50 and up were only based on the average of 2 matings. (Credit: Images
for Figs. 5.41,) were taken by Yiwen Liu).

Col2 immunostaining further validated cartilage differentiation and hypertrophy of the
ceratohyal (Fig. 5.5). No Col2 protein was detected at stage NF40 (ZO8-9; Fig. 5.5A). By NF41.5,
extracellular Col2 was abundant and yet another sign that chondrocytes had differentiated (Fig.
5.5B). From NF42 to NF44 (Fig. 5.5C-E), it could be seen that hypertrophy was occurring and that

it happened throughout the entire element all at once.

Figure 5.5|] Col2 immunostaining independently confirmed differentiation and hypertrophy of
ceratohyal cartilage. Red arrowheads point at one half of the ceratohyal. [A] No Col2 protein was
expressed at NF40. [B] The presence of Col2 protein indicated chondrocytes had formed by NF41.5. [C]
NF42, [D] NF43, and [E] NF44 showed chondrocytes became hypertrophic all at once.

From a histological standpoint, ceratohyal chondrocytes increased in size and satisfied one major
morphological feature of hypertrophy. The temporal and spatial aspects of the hypertrophic
cascade, however, were not followed at all by amphibian head cartilages. Ceratohyal
chondrocytes became hypertrophic very rapidly and hypertrophy did not progress gradually from
the middle of the element outwards, as had been the case in the humerus. Instead, it appeared

as though all chondrocytes increased in size at the same time.

5.4.5 Regulation of chondrogenic genes is not conserved in amphibian head cartilage

RNA ISH and IHC assays of the ceratohyal were focused on the differences between stages NF42
and NF43, when chondrocytes had first become overtly hypertrophic (Fig. 5.6). During this
transition, there was no downregulation of sox9 or col2al, and no upregulation of col10a1l in
hypertrophic chondrocytes of the ceratohyal. Immunostaining showed Col2 protein was
expressed throughout the entire element before and during hypertrophy. Even analysis of a
much later stage NF57 revealed expression of sox9, col2al, and Col2 had never ceased

completely (Fig. 5.7A,B,D). In contrast, co/10a1 was still not present in hypertrophic chondrocytes
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(Fig. 5.7C). It appeared that molecularly, the frog ceratohyal did not follow the hallmark patterns
of sox9 and col2al downregulation and col10a1 upregulation during the hypertrophic cascade
(Eames et al., 2003; Tchetina et al., 2014). This makes amphibian head cartilage very unique

among vertebrates.

Figure 5.6| Analysis of the ceratohyal during hypertrophy showed gene regulation was not conserved.
(A-E) Stage NF42 of the ceratohyal just before or as hypertrophy was about to begin. (F-J) Stage NF43
shows that hypertrophy has clearly begun as chondrocytes have visibly increased in size. Saf O staining
demonstrates the difference in chondrocyte size before [A] and after [F] the onset of hypertrophy. Neither
sox9 [B, G] nor col2al [C, H] were downregulated as chondrocytes entered hypertrophy. [D, 1] The
hypertrophic marker co/10al was not expressed at all. [E, J] Col2 protein continued to present before and
during hypertrophy and reaffirmed that hypertrophy occurred throughout the entire element at once.
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Figure 5.7| Expression assays of sox9, col2al, and Col2 continued to be expressed at stage NF57 and
col10a1 was still negative. Dashed red lines indicate one half of a stage NF57 ceratohyal. (A-C) were frozen
sections of RNA ISH and (D) was a paraffin section of IHC. Approximately 3 weeks after ceratohyal
chondrocytes first became hypertrophic, [A] sox9 and [B] col2a1l still had signals, but [C] co/10a1 remained
negative. [D] Col2 protein expression was present throughout the ceratohyal and other head cartilages.

5.5 Discussion

The hypothesis that maturing chondrocytes of the amphibian undergo the standard histological
and molecular progressions of hypertrophy common to all vertebrates was mostly supported in
humerus cartilage, but not in ceratohyal cartilage. We discovered hypertrophy in the humerus
was comparable to that of other models with the exceptions that sox9 and col2al did not
immediately downregulate (Fig. 5.2D,F), and no expression of co/10al was found in mature
cartilage (Fig. 5.2G,H). Eventually, sox9 and col2al did downregulate in more advanced
hypertrophic chondrocytes located centrally in the mid-diaphysis when cartilage maturation
progressed towards the epiphyses. Similar to the humerus, maturing chondrocytes of the
ceratohyal had high levels of sox9 and col2al, with no indication that the hypertrophic marker
col10a1 was present (Figs. 5.6 and 5.7). Likewise, both the humerus (Fig. 5.21-K) and ceratohyal
(Fig. 5.6) expressed Col2 protein before and during hypertrophy. These patterns of Col2 protein
expression were similar to what had been seen in other tetrapods (Von Der Mark et al., 1976;

Blitz et al., 2013). Unlike the humerus, sox9 and col2al expression continued in the ceratohyal
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and chondrocytes underwent hypertrophy very rapidly, almost all at once, then remained this
way without ever ossifying. In most other vertebrate models, the ceratohyal—or a skeletal
element homologous to it (e.g., the ceratobranchial in chick)—undergoes endochondral
ossification (Eames et al., 2004, 2011, 2012; Eames & Helms, 2004). The continued expression of
sox9 and col2al during hypertrophy were consistent with the literature, which had previously
been reported in other head cartilages at stage NF57, and at NF64 for col2al (Kerney, Hall, et al.,
2010). The lack of col10a1 was also in agreement with negative results that were published in
mature cartilage of a stage NF58 femur (Aldea et al., 2013). In fact, there were no observations
throughout this cartilage study that were discordant with published data on the Xenopus frog.
The unusual findings pertaining to sox9, col2al, and col10al in amphibian cartilage had simply
not been recognized as abnormal before, and thus, were never subjected to further scrutiny.
Therefore, our novel findings revealed that hypertrophy in the frog can occur without the
immediate downregulation of immature cartilage markers like sox9 and co/2a1, without the need
for expression of a mature cartilage marker like co/10a1, and that sustained levels of sox9 and
col2al corresponded to (and possibly have something to do with) the rapid maturation and

persistent hypertrophy of the head cartilages.

5.5.1 Early chondrogenic markers are highly expressed in mature cartilage of frogs

A molecular aspect of the hypertrophic cascade not being followed by maturing chondrocytes of
the humerus was the sustained expression of early chondrogenic markers like sox9 and col2al.
Although unusual, these genes did eventually downregulate dramatically in older, more
advanced hypertrophic chondrocytes of the humerus, but not the ceratohyal. Their contradictory
expression levels at the start of hypertrophy, however, could be parsed out and corroborated
guantitatively by RNA-seq. Average normalized counts in the frog humerus revealed that sox9,
col2al, and other prominent markers of immature cartilage (e.g., acan, sox5, sox6, col9al,
col9a2, etc.) had higher counts in MAT rather than IMM (Table 4.4). This was generally not the
case for normalized counts in mouse, chick, or gar, with the caveat being that gar cartilage data
was collected from the ceratohyal since gar are limbless. These non-amphibian species
expectantly had higher counts of early cartilage genes in IMM, with very few exceptions (e.g.,

col9a1 and epyc in mouse, and matn1 in chick were higher in MAT). If RNA ISH and RNA-seq from
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the frog data are analyzed together, it seems newly hypertrophic chondrocytes were responsible
for the higher counts of sox9 and col2al in MAT. This suggests these genes might have been
upregulated during the initial phases of hypertrophy, which would be a trait unique to
amphibians, if verified. Had LCM-RNAseq been performed specifically on more centralized and
advanced hypertrophic chondrocytes of the mid-diaphysis, the relative counts for these early
chondrogenic markers likely would have been reversed (i.e., higher in IMM than MAT). Such a

result would be more typical of the expression patterns seen in other vertebrate models.

In situ data from the frog ceratohyal during the initial phases of hypertrophy were consistent
with results from the humerus. Signals for sox9 and co/2a1 remained intense during hypertrophy,
which could lend support the notion that levels of sox9 and co/2al1 might actually be higher in
chondrocytes when they first became hypertrophic. What distinguished the ceratohyal from the
humerus was that sox9 and col2al levels never dropped completely as hypertrophic
chondrocytes advanced. Furthermore, this persisted into adulthood as the ceratohyal remained

cartilaginous and hypertrophic. This also differentiates the amphibian from other vertebrates.

5.5.2 col10a1 did not appear to be a marker of hypertrophy in amphibians

The absence of co/10a1 during cartilage maturation was also an atypical finding in frog. Neither
limb nor head cartilages exhibited this hypertrophic marker in RNA ISH assays. Normalized counts
of col10a1 from RNA-seq were negligible in both immature and mature cartilage of the humerus
(3 and 0 counts, respectively; Table 4.4), further validating these negative results. Of the other
candidate genes considered to be hypertrophic markers (ihh, runx2, and ibsp), all averaged more
counts in MAT than IMM. Only runx2 was statistically significant (2447 vs 394), even though the
difference in average counts for ihh was actually larger (3788 vs 9). The lack of co/10a1 expression
in hypertrophic chondrocytes was not entirely unprecedented. Studies of Co/10a1-null mice had
determined its expression was not necessary for hypertrophy itself (Kwan et al., 1997; Rosati et
al., 1994). Data from the frog appears to support this idea, but one major difference would be

that this happened naturally without gene manipulation.
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5.5.3 Amphibian head cartilage is especially unique compared to other cartilages

One of the most fascinating observations from this study was how rapidly hypertrophic the
ceratohyal became in the frog, mere hours after differentiating into cartilage (Fig. 5.3). This was
apparent even externally as the rounded head shape of an NF41.5-NF42 tadpole could be
witnessed transforming into a wedge shape through to NF42.5-NF43 in roughly eight hours or
less (presumably due mostly to hypertrophy; Zahn et al., 2017). The initial transition of cells from
tightly packed immature chondrocytes to visibly prehypertrophic chondrocytes occurred in only
2-3 hours and could be reliably timed. Hypertrophy happened very soon after fertilization (~48
hpf) and occurred throughout the entire ceratohyal, unlike in zebrafish, gar, and chick, which
happen more slowly and progressively (Eames & Helms, 2004; Eames et al., 2012). The humerus
took days to become mature in comparison, where hypertrophy started off in the mid-diaphysis
before progressively spreading outwards. Since this was not the case for the ceratohyal, a
transition zone did not exist. Unlike the humerus, there were no flattened columns of
proliferating cells that could be distinguished from prehypertrophic and progressively more
hypertrophic chondrocytes. Only proliferating chondrocytes at the perichondrium of the
ceratohyal were non-hypertrophic. This suggested that the rapid pace of hypertrophy was
continually taking place as new cells were added from stage NF44 onwards. Hence, the

ceratohyal always appeared hypertrophic, even at much later stages (Fig. 5.4).

The closest comparison to the frog ceratohyal in terms of timing might be the zebrafish
ceratohyal. These results are unpublished, but according to histological studies done by Elham
Koosha, a PhD candidate in the Eames lab, the ceratohyal in zebrafish underwent cartilage
differentiation sometime between 48 and 72 hpf. Furthermore, her molecular data presented
col10al expression at ~96 hpf, suggesting signs of hypertrophy, which aligned with previous
reports (Eames et al., 2011, 2012). Thus, in terms of developmental timing, it appears frog head
cartilages are more similar to teleosts than other tetrapods. In regards to the developmental
arrest of bony cranial structures, the non-ossification of head cartilages had been deemed a novel
trait in anurans (Porter & Vial, 1974). These data do not support the hypothesis that maturation
is conserved within amphibian head cartilages and highlights that hypertrophy seems to be very

unique in this particular region.
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5.5.4 Summary

The following statements can be made regarding amphibian cartilage (summarized in Table 5.2):

1) sox9 and col2a1 are highly expressed early in hypertrophy.
2) col10a1 is not a marker of hypertrophy.

3) Amphibian limb cartilage follows the hypertrophic cascade as most vertebrates
(with the exceptions noted above).

4) Amphibian head cartilages do not follow the standard molecular, temporal, or
spatial progressions of hypertrophy.

Table 5.2| The similarities and differences between limb and head cartilage maturation in Xenopus.

Skeletal
| Zin | similarities | Differences

sox9 and col2al * Hypertrophy initiates in the mid-diaphysis and spreads gradually

Humerus highly expressed *  sox9 and col2al decrease dramatically as cartilage maturation progresses
during early * Ossifies as chondrocytes terminally differentiate and die
hypertrophy *  Hypertrophy occurs rapidly shortly after chondrogenesis and is global
Ceratohyal +« Nocol10a1 * sox9 and col2al expression persist indefinitely
expression * Remains cartilaginous and chondrocytes stay hypertrophic

The hypertrophic cascade appears mostly conserved in the frog humerus, with some minor
exceptions, namely delayed sox9 and col2al downregulation and the absence of col10a1
upregulation. On the other hand, it seemed quite clear that ceratohyal development was very
unigue on multiple fronts, and thus, not conserved. The ceratohyal did not follow the molecular,
temporal, or spatial aspects of the hypertrophic cascade: gene regulation was not conserved
since sox9 and col2al never downregulated completely; hypertrophy occurred much more
rapidly compared to other models; and almost all chondrocytes became hypertrophic at once,

regardless of location.

Given that sustained hypertrophic cartilage can be a natural phenomenon in frog, yet an aberrant
condition in humans that often accompanies osteoarthritis (Bayles, 1950; Dreier, 2010),
amphibian cartilage could be a useful model for studying this widespread disease. Regardless,

the driving forces behind hypertrophy are poorly understood (Cooper et al., 2013), and since
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interesting things are happening in the frog that do not occur in other vertebrate models, this

might teach us something new about cartilage disease, development, and evolution.
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CHAPTER 6

Discussion, limitations, and future directions

6.1 Discussion

The goal of this thesis was to unravel a small part of skeletal cell evolution by investigating specific
aspects of bone and cartilage development in an amphibian. This was accomplished primarily
through histological and gene expression assays. Amphibian results were compared against other
vertebrate models to uncover any similarities, differences, and patterns among representatives
of earlier- and later-diverged clades. In theory, this could potentially provide an estimation of
what might have occurred in the past, although enticing insights into the unique development of
a present-day frog were revealed as well. Traditional functional studies were not the main focus
here as the purpose was to infer how the transcriptome (i.e., the molecular fingerprint) of
skeletal cells may have evolved through these comparisons. We argue that the ultimate assay for
elucidating the functional roles of transcription factors, such as ones known to drive
skeletogenesis like Sox9 and Runx2 (Eames et al., 2003, 2004; Eames & Helms, 2004), involves
analyzing the very outputs generated by them. There has been substantial evidence over the
years to support that certain portions of these transcriptional outputs are critical for skeletal cell
differentiation (Gémez-Picos & Eames, 2015; GOmez-Picos et al., in preparation). For instance,
Sox9 and Runx2 control downstream expression of genes that characterize cartilage like col2al
and col10a1, respectively, and can regulate many other factors that are either necessary or often
important for cartilage and bone development in most vertebrates, such as Sox5, Sox6, and Sp7
(Linsenmayer et al., 1991; Poole, 1991; Lefebvre et al., 1996; Bell et al., 1997; Ducy & Zhang,
1997; Komori et al., 1997; Otto et al., 1997; Akiyama et al., 2002; Eames et al., 2003, 2004; Zheng
et al., 2003; Eames & Helms, 2004; Nishio et al., 2006; Komori, 2011; Li et al., 2011; Gédmez-Picos
& Eames, 2015; Kague et al.,, 2016; Yu et al., 2017). However, quantitating these outputs
comprehensively through comparative transcriptomics in an attempt to reconstruct skeletal cell
evolution is a novel approach that is still in its infancy. Any changes in expression of skeletal genes

across species have yet to be investigated thoroughly, particularly in amphibians. This gap in the
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literature has led to biased notions as to what genes characterize skeletal cells and what the

standard progression of skeletal development is currently understood to be.

Our investigation has revealed a novel transcriptional output which is likely driving some atypical
developmental patterns observed in frog skeletal cells. Osteoblasts of the frog appeared to be
more chondrogenic compared to other animals but lost this feature once they became
osteocytes, which is somewhat similar to what happened during osteoblast evolution. Some
speculation will be offered as to why this may have taken place. Furthermore, some differences
in chondrogenic expression were discovered that depended on where and how bone formed.
Regarding amphibian cartilage, it appeared as though chondrocyte hypertrophy in the head and
limb displayed some conserved features, but development of the head cartilages was especially
peculiar compared to other models. Overall, it seems amphibian skeletal cells expressed high
levels of early (immature) chondrogenic genes, relatively speaking. How much this contributes or

relates to some of the unusual traits found in the frog remains to be seen.

6.1.1 Osteoblast evolution

In bone, it was discovered that osteoblasts of fishes expressed cartilage genes that, by classical
definition, were typically not found in osteoblasts of land tetrapods (Eames et al., 2012). Follow-
up studies were presented in Chapter 4 which seemed to suggest that amphibian bone might be
more chondrogenic than fish, though these findings were preliminary and require more in-depth
bioinformatical support. The basis for this observation came from a limited comparison that
showed many prominent cartilage genes had relatively higher expression in amphibian
osteoblasts than other species (Table 4.4). If supported, this could mean chondrogenic genes
were not gradually repressed during the evolution of the osteoblast as previously hypothesized
in Chapter 3 (Nguyen & Eames, 2020). However, this interpretation hinged upon the assumption
that osteoblasts of earlier-diverged fishes were more chondrogenic to begin with, which these
results have also called into question (i.e., gar exhibited the reddest ratios in Table 4.4). The same
preliminary analysis used to measure chondrogenic expression in the frog appeared to place the
gar on a similar level to the mouse and chick, meaning that frog was the outlier. Recent
dissertations by Drs. Patsy Gémez Picos and Katie Ovens have only partially supported gar

osteoblasts as being more chondrogenic than osteoblasts of mouse and chick. Therefore, the
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possibility that the frog osteoblast is most chondrogenic could actually be valid. Comparative
transcriptomic analyses incorporating frog data with mouse, chick, and gar should provide
further resolution and elucidate if this is truly the case. Evolutionarily speaking, the current
analysis suggests chondrogenic gene expression in osteoblasts may have actually increased in the
amphibian lineage first, before being repressed in later-diverged tetrapods (Eames et al., 2012;
Aldea et al., 2013). Since frogs are a transitional animal that can exist in both aquatic and
terrestrial environments, perhaps the expression of this trait may be related somehow. This
remains highly speculative, however. The path moving forward to address these issues and other

discrepancies are presented in future directions.

6.1.2 Amphibian osteoblasts appeared to downregulate chondrogenic expression
before maturing into osteocytes

Chondrogenic signals from RNA in situ hybridization assays have thus far been restricted to layers
outside of the bone matrix. To recap these findings, sox9 (Cervantes et al., in preparation) and
col10al (Aldea et al., 2013) expression were found in osteoblasts of the femur, and our data
showed col2al in humerus osteoblasts (Fig. 4.5H). Two important observations follow as a result:
1) The cells inside the bone matrix (osteocytes) appeared not to express chondrocyte genes, and
2) osteoblasts must have downregulated chondrocyte genes as they matured into osteocytes.
Rephrased another way, amphibian osteoblasts expressed similar molecular characteristics to
chondrocytes early in their development, only to lose them later on. This could offer some
support to the hypothetical evolutionary loss of chondrogenic markers in osteoblasts as a
recapitulation event (Nguyen & Eames, 2020). Given that osteoblasts and chondrocytes develop
from common osteochondroprogenitors (Nakahara et al., 1990), their subsequent differentiation
into more specialized cells could have also involved losing the expression of genes that initially
made them similar. A recent chondrocyte-to-osteogenic precursor model supports this idea,
where a population of chondrocytes (or chondrogenic cells) lose the expression of genes that
classified them as chondrogenic, before transdifferentiating into osteoblasts (Ono et al., 2014;
Aghajanian & Mohan, 2018). Whether or not this has any relation to how the osteoblast evolved
has yet to be determined, but this could possibly be an explanation for why expression of

chondrogenic markers is present in osteoblasts of earlier-diverged vertebrates (Benjamin, 1988,
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1989; Benjamin & Ralphs, 1991; Eames et al., 2012; Aldea et al., 2013; Bertin et al., 2014; Enault
et al., 2015).

6.1.3 Why did bone of later-diverged vertebrates lose chondrogenic expression?

Cartilage has increased flexibility since chondrocytes have an ECM containing mostly loose Col2
fibers, whereas mineralized bone matrix is more rigid partly due to tightly wound collagen fibers
like Coll secreted by osteoblasts (Gémez-Picos & Eames, 2015). A skeleton predominantly
fortified by bone rather than cartilage likely aided in the diversification of life on land (Volkmann
& Baluska, 2006; Wood & Nakamura, 2018). Therefore, losing any skeletal traits associated with
cartilage could theoretically make bone stronger to resist the additional mechanical load of living
in this new environment (Volkmann & Baluska, 2006). This might be a potential reason for why
bone of later-diverged vertebrates no longer needed the (arguably weaker) characteristics
associated with cartilage. Further support for this idea can be tested for by analyzing aquatic
mammalian osteoblasts. If the hypothesis is correct, these cells should have a molecular profile
that reverted back to a more ‘chondrogenic’ form. This would offer some insight into how an
osteoblast was capable of evolving and provide yet another step in clarifying whether or not bone
might have evolved from cartilage (Gédmez-Picos & Eames, 2015). If chondrogenic expression is a
trait that osteoblasts can lose or regain during its evolution, that means the programming was
there all along. It could be a relic that was shared between osteoblasts and chondrocytes before

these cell types diverged that still persists today.

6.1.4 Perichondral and intramembranous ossification are similar, but different

In Chapter 4, it had been suggested that chondrogenic expression might be higher in osteoblasts
of perichondral bone than of dermal bone. Perichondral and intramembranous ossification are
often referred to as being the same, but these osteogenic programs evolved at different times
(intramembranous is thought to have evolved first; Vaskaninovd, 2020). Many texts and papers
will refer to the formation of perichondral bone as being an intramembranous process. This is
due to the fact that descriptively, they sound identical since mesenchymal cells of the
perichondrium differentiate directly into osteoblasts (Egawa et al., 2014). However, one key

difference is that perichondral ossification requires Ihh signals from prehypertrophic and
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hypertrophic chondrocytes (St-Jacques et al., 1999), whereas intramembranous bone forms
without the need for cartilage at all (Eames & Helms, 2004; Abzhanov et al., 2007; Huycke et al.,
2012). Moreover, increased Hedgehog signaling has been shown to induce transdifferentiation
of hypertrophic chondrocytes into osteoblasts during endochondral ossification, further adding
to the complexity of skeletal development (Vortkamp et al., 1996; Hammond & Schulte-Merker,
2009). Since Ihh is also important for regulating cartilage maturation (Vortkamp et al., 1996), we
can begin to appreciate these minor differences between perichondral and intramembranous
ossification could actually be important details of skeletal cell evolution (Vaskaninovd, 2020). Our
RNA in situ hybridization results showing increased chondrogenic expression in perichondral over

dermal osteoblasts might yet be another example that separates these ossification types.

6.1.5 Where and how skeletal cells form could be clues into evolution

From an evolutionary perspective, these findings in the head and limb might be telling us
something about previous iterations of the chondrogenic and ossification programs. This relates
to the fact that limbs developed as a novel trait in tetrapods during vertebrate evolution (Shubin,
2002; Wood & Nakamura, 2018). Since the appendicular skeleton evolved after the axial and
cranial skeleton (Berendsen & Olsen, 2015), the pathways associated with forming bone in the
head might be showcasing more primitive features than those from the limb, assuming these
pathways have been constrained. Likewise, this could explain the differences observed between
the head and limb when comparing how their cartilages mature. Many bones of the skull are
dermal, but some are chondral as well. Since perichondral bone typically accompanies
endochondral ossification, this adds yet another layer to be considered when comparing
evolution and development. It has been hypothesized that intramembranous bone predates
endochondral bone (Hirasawa & Kuratani, 2015; Cervantes-Diaz et al., 2017; Wood & Nakamura,
2018), and that perichondral bone likely evolved somewhere in between (Vaskaninova, 2020).
This might also be why chondrogenic expression levels in perichondral and dermal osteoblasts

have been shown to vary.
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6.1.6 Chondrocyte hypertrophy

Our research into cartilage evolution and development has also yielded some very interesting
results, particularly regarding chondrocyte hypertrophy—an integral part of endochondral
ossification. Hypertrophy is highly conserved within vertebrates, following a very particular
histological and molecular progression that had not been thoroughly characterized in frog yet.
The hypertrophic cascade has associated changes in terms of gene regulation, morphology, and
developmental timing that have been very consistent across non-amphibian clades (Eames et al.,
2004, 2011, 2012; Eames & Helms, 2004). Given that previous studies imaging head cartilage of
Xenopus laevis showed them to be permanently hypertrophic (Thomson, 1986), this raised the
guestion of whether or not the standard hypertrophic cascade was still valid for this unusual
phenotype. It was found that arrested endochondral development in head cartilage was a
common feature of anuran frogs (Porter & Vial, 1974). Our results confirmed this and elaborated
further on the molecular and histological details that made this trait unique. On the other hand,
a review of humerus development revealed some notable deviations from the norm, such as
decreased trabecular bone and incomplete Hedgehog signaling in proliferating chondrocytes
(Moriishi et al., 2005; Miura et al., 2008). These were described as possible causes for what
appeared to be delayed endochondral ossification in frog limbs. We are not certain these were
valid arguments for such a conclusion, however. Our own analyses of the humerus and ceratohyal
confirmed that co/10a1 was not a hypertrophic marker in frogs (Figs. 5.2 and 5.6; Table 4.1). This
had been previously shown in the femur as well (Aldea et al., 2013). Together, these negative
results supported past studies that had revealed hypertrophy could occur unimpeded in Co/10a1-
null mice (Rosati et al., 1994; Kwan et al., 1997). Instead, we showed early hypertrophy in frog
cartilage was associated with high levels of sox9 and col2al expression. These genes would
eventually become downregulated completely in the humerus as cartilage maturation
progressed (Fig. 5.2), but not in the head cartilages (Figs. 5.6 and 5.7). High chondrogenic
expression of sox9 and col2al during the initial phases of hypertrophy in the humerus could be
considered a subtle variation, but the continued levels of sox9 and col2al long after hypertrophy
had occurred in the ceratohyal certainly were not. Either result might be considered novel

discoveries given these markers are normally associated with immature and not mature cartilage.
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Overall, hypertrophy in amphibian limb cartilage was fairly conserved, especially with later-
diverged tetrapods since more aspects of the hypertrophic cascade were followed than not.
Amphibian head cartilages, however, appeared more conserved with earlier-diverged teleosts in
terms of its early development and timing (Eames et al., 2012). Although, as a separate clade,
anurans featured some very specific properties like rapid and global hypertrophy that have

expanded our views on how chondrocytes can develop.

6.1.7 Amphibians have many unusual features during development compared to other
vertebrates that generate more questions than answers about skeletal cell evolution

Finally, to address the general hypothesis posited back in Chapter 1, our findings suggested
amphibian bone and head cartilages did NOT have molecular and histological profiles
intermediate to that of earlier- and later-diverged vertebrates. Osteoblasts of frog were more
chondrogenic than other vertebrate models and chondrocytes from frog head cartilages
underwent rapid hypertrophy, coupled with associated patterns of gene regulation that were
non-standard. Hypertrophy of amphibian limb cartilage, on the other hand, matured in a manner
similar to other models. This could be considered relatively intermediate (and thus, conserved)
since the hypertrophic cascade within amphibian limb cartilage did not deviate much compared
to earlier- and later-diverged clades (Leboy et al., 1988; Karsenty & Wagner, 2002; Eames et al.,
2003; Kronenberg, 2003; Eames & Helms, 2004; Mackie et al., 2008; Eames et al., 2012; Long &
Ornitz, 2013).

6.2 Limitations

While precautions were taken to produce the best possible data and analyses for this thesis,
there were certain issues that could not be overcome and will be expanded upon further. As
much as we would like to reconstruct the past, it is impossible to know with absolute certainty
what happened during evolution. All that can be done is to gather as much information as
possible in the hopes of building and improving a model that best represents what might have
occurred. Further complicating this particular endeavor was the fact that amphibians underwent
drastic changes during their skeletal development (i.e., metamorphosis), whereas other
vertebrate models generally did not need to take that into account. Finally, there were other

variables, such as technical limitations or erroneous practices that could have unintentionally
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impacted results adversely, though efforts were always taken to minimize these as much as

possible. Each of these limiting factors will be expanded upon in the next several sections.

6.2.1 Phyletic constraint is an unproven hypothesis

Although phyletic constraint might allow us to learn about the past (S. J. Gould & Lewontin, 1979),
convergent evolution could also be leading us astray (Doyle, 1996; Wake et al., 2011; Currie,
2013). All modern-day animals have evolved for the same amount of time, meaning there have
been ample opportunities for certain traits to evolve independently. What might seem like an
evolutionary pattern of connected events could turn out to be chance, and therefore, completely
unrelated. Many similar biological traits can also evolve out of necessity or because of some
adaptive advantage being offered, not because they were inherited from a common ancestor
(Blackburn, 1992; Doolittle, 1994; Kozmik et al., 2008; McGhee, 2011). Furthermore, evolution
could have potentially wiped out or warped the history of an event beyond recognition, erasing
the very information needed to trace back the lineage of a particular trait. Clade-specific
adaptations could have altered or hidden ancestral features to an extent that animals today no
longer contain a decipherable record of a distant relationship. Though on an evolutionary scale,
with the enormous number of connections that currently exist, continue to form, and are
available as evidence for phylogenetic reconstruction, remnants of the past are not so easily lost
(S.J. Gould & Lewontin, 1979; Woese & Fox, 1977). All life on earth (discovered thus far) has been
constrained to same building blocks after all, which has allowed science to confidently establish
connections from hundreds of millions to billions of years ago (Woese & Fox, 1977; Chiappe,
2009). Perhaps in the far future, if the world encounters some greater catastrophic event that
we have yet to anticipate, or through some technological advance that may alter the course of
evolution, then life as we currently know it might no longer be recognizable or quantifiable

(Bostrom, 2002; Rowe & Beard, 2018).

6.2.2 More species are needed for a robust evolutionary study
With all the model systems available for evolutionary and developmental study, relying on a
single species to represent an entire clade is not reasonable and limits the strength of the

conclusions that can be drawn (Weinstein & Ciszek, 2002). This is especially true when attempting
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to discern among the variety of traits that have arisen due to evolution. The same can be said for
any biological study, where incorporating multi-species data will almost always undoubtably
improve the resolution of what is being observed (Block et al., 1999; Hollowed et al., 2000). The
feasibility of performing experiments on as many different organisms as we would like must also
be considered, and is yet another limitation. At some point a balance must be struck between
working with the resources available in order to maximize useful data, and deciding whether the
time, cost, and effort of expansion is worth the trouble, or will only result in diminishing returns
(Fleming & Alexander, 2002). That said, if more frog species and other representative vertebrates
can be incorporated into this study, such as data from even earlier-diverged cartilaginous fishes
like little skate and ratfish—work that is currently being researched by PhD candidate,
Oghenevwogaga (Joseph) Atake—those datasets should add much greater insight into the
evolution of skeletal cells. Other underutilized non-avian reptilian and non-anuran amphibian
models, such as Anolis lizards and urodelian salamanders should also be considered (Kulyk &
Zalik, 1982; Benton, 1990; Rasys et al., 2019), especially for this type of study which placed

emphasis on intermediate clades for discerning patterns within vertebrate evolution.

6.2.3 Vertebrate metamorphosis is unique to amphibians

Comparing skeletal development in the amphibian to other vertebrate models is complicated by
metamorphosis (Laudet, 2011). An equivalent process is generally not found in other vertebrates,
at least to the extent experienced by amphibians. For instance, even though zebrafish undergo
metamorphosis (McMenamin & Parichy, 2013), the changes are nowhere near as dramatic, and
it could technically be argued that all vertebrates undergo a minor version of metamorphosis
during their development. The extreme transformation of a tadpole to a frog is a limitation that
must be considered when drawing conclusions. While the ceratohyal was mostly studied before
the premetamorphic stages (early NF40s; Segerdell et al., 2013), analysis of the humerus and
medial angulosplenial occurred just as metamorphosis was beginning (NF57; Nieuwkoop &
Faber, 1994). This might account for the deviations that were observed during skeletal
development. Publications have illustrated in great detail how drastic the reshaping and
reorganization of amphibian skeletal elements can be through apoptosis and resorption—

especially in the head, which makes up most of the tadpole (Rose, 2009; Rose et al., 2015). It is
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possible fluctuations in the levels of chondrogenic (and osteogenic) genes being studied could be
a direct consequence of these metamorphic changes alone and nothing to do with an

evolutionary pattern or connection.

6.2.4 Technical limitations

In terms of technical limitations, it had been mentioned before that some protocols (e.g., RNA in
situ hybridization) might not have been sensitive enough to detect low levels of gene expression,
or not quantitative enough to gauge the difference between higher and lower levels. This could
have potentially led to incorrect conclusions. For example, perhaps col10al expression was
present in mature cartilage or the expression of chondrogenic markers was much stronger in frog
osteoblasts than what had been observed. This could explain why others had shown co/10a1
expression in bone, whereas our experiments did not (Aldea et al., 2013). The added sensitivity
of RNA-seq should have alleviated most of those concerns, although a third independent
validation study (e.g., qPCR) would certainly have been useful to resolve this issue. Other
limitations regarding developmental timing and the different sources from where skeletal cells

had been analyzed were already addressed in Chapter 4.

Another issue pertaining to RNA in situ assays involved the use of plasmids that were sent from
other labs, some of which belonged to Xenopus laevis. While X. laevis and X. tropicalis genomes
are highly conserved (Yanai et al., 2011), there was a chance that expression patterns were not
as representative or as strong as they could have been. For every RNA probe that was used, the
same concentrations, temperatures, hybridization times, etc., were followed, but ideally these
steps should have been optimized for each since nucleic acids react differently according to their
GC content (Yang et al., 1999); although the concentrations and hybridization times followed
here were likely in excess. The potential for cross-reactivity of anti-sense RNA probes with mRNA
isoforms was also a concern that could have affected results. For example, co/2al has alternative
splice forms, a shorter and longer version, where only the short-form characterizes cartilage (Nah
et al., 2001). Therefore, an improperly designed probe might be detecting non-cartilage tissues
as well. This issue should have been resolved by comparing expression signals with regions of
interest through histology. Adjacent sections were stained with Safranin O or trichrome to

determine where cartilage or bone was located, respectively. Signals from RNA ISH were overlaid
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with these regions to confirm that expression was specific to a particular tissue type and not the

surrounding tissues.

LCM-RNAseq required cells to be captured within 30 mins or less since RNA has a tendency to
degrade, but what if some RNA transcripts were more prone to degradation than others
(Bernstein et al., 2002; Wang et al., 2002; Schwanhausser et al., 2011)? During laser capture, this
possibility could lead to inaccurate results, making it seem as though there were higher or lower
counts of a particular gene. Another concern with LCM-RNAseq was the possible
misrepresentation of captured cells from mature cartilage of the humerus. As highlighted in
Chapter 5, hypertrophy has a very unusual expression pattern in the frog. Newly hypertrophic
chondrocytes expressed higher levels of sox9 and col2al than older, more advanced
hypertrophic chondrocytes (Fig. 5.2). This information was not known before LCM-RNAseq was
performed. Therefore, the possibility exists that captured regions may have been more biased
towards cells that were more lateral to the mid-diaphysis (and newly hypertrophic) than to
centralized (and older hypertrophic) cells of the mid-diaphysis. This could have affected results
and been a potential reason for why average normalized counts of early chondrogenic markers
in MAT were so high compared to IMM (Table 4.4). When sectioning a humerus, the majority of
sections would have been collected from these more lateral regions of higher expression since

they exist on either side of the mid-diaphysis.

Preliminary analysis of the RNA-seq data was limited and biased since candidate cartilage genes
were chosen. However, these genes were selected based on their importance in cartilage and
bone development (Eames et al., 2003; Cole, 2011; Goémez-Picos & Eames, 2015). A problem
inherent to the RNA-seq data itself was the variation in counts between samples that could have
affected the calculations of candidate gene ratios in osteoblasts. This was evidenced by the large
fluctuation in values from sample to sample (Table 4.1), which resulted in only a small percentage
of genes having statistical significance. This was true for all species (not shown). Even with
comprehensive data, there was still the potential issue of a small sample size (n = 3) affecting

results due to this misrepresentation.
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Finally, the sheer amount of data generated by RNA-seq meant there was the potential for
mishandling or mislabeling of information due to outdated (or even incorrectly updated) online
repositories (e.g., NCBI, Ensembl). For instance, relying on the automated process of assigning
gene IDs could accidentally result in the wrong gene(s) being assigned, or a gene of interest being
missed altogether. These databases are maintained by highly qualified personnel

(https://www.ncbi.nlm.nih.gov/books/NBK3840/), but there was always the possibility of human

error. Albeit, the benefits far outweigh any risks of inaccuracy given it would be impossible to

handle these large volumes of data otherwise.

6.3 Future directions

6.3.1 Two frogs are better than one

Despite anecdotal evidence that Xenopus frogs can move on land if drier conditions required
them to migrate to new water sources (Loveridge, 1976; De Villiers & Measey, 2017), they are
classified as fully aquatic. Therefore, to complement and bolster the skeletal observations that
have been made thus far in an aquatic frog species, similar research should be performed on a
truly land-based frog, like Rana pipiens. This would narrow the types of developmental
constraints that might have been at play in shaping amphibian skeletal cell development. Other
than phyletic constraint, physical constraints can also place a limit on what biological processes
can occur (Gilbert & Barresi, 2016). Life in water versus on land are subject to a different set of
conditions that have affected how organisms have evolved and can develop (Stearns, 1992;
Volkmann & Baluska, 2006; Dawson & Hamner, 2008; Webb, 2012; Gearty et al., 2018). The idea
is to eliminate the effects of external forces and attribute the strength of phyletic constraint to
the observations being made. If land-based and aquatic frogs show similar traits, then likely it
was a constraint imposed upon them by a common ancestor. If a trait of interest, like
chondrogenic expression in osteoblasts, was completely lost in land frogs, then this would
support the environment as being the more probable cause for its disappearance in land

tetrapods.
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6.3.2 Expression data of many important skeletogenic markers still need to be assayed
Many mature cartilage and bone genes (e.g., runx2, collal, colla2, bglap, spp1, sparc, dmpl,
and more) were provided to us by collaborators that, unfortunately, have not been thoroughly
tested yet due to the Covid-19 pandemic. Future experimental assays should prioritize two
prominent markers of mature cartilage, runx2 (Eames et al., 2003, 2004; Eames & Helms, 2004;
Yoshida et al., 2004) and spp1 (also known as bone sialoprotein, or formerly, osteopontin;
Gerstenfeld & Shapiro, 1996), to see if they are expressed where col10al expression was lacking
in hypertrophic chondrocytes. Even then according to one report, runx2 was poorly expressed in
hypertrophic chondrocytes of X. tropicalis (Miura et al., 2008). Considering the role of Runx2
during cartilage maturation and its direct control in regulating Col10a1 expression (Zheng et al.,
2003; Li et al., 2011), this might account for some of the discrepancies (e.g., negative col10a1
results) we see in frog skeletal development versus other species. Published results have also
shown runx2 expression in mesenchymal precursors of the skull (Kerney et al., 2007). This was
confirmed with a trial run of runx2 that was found to be positive in the condensation phases of
some early-to-mid NF30s samples before the pandemic hit (Fig. 6.1). runx2 should be highly
expressed in bone as well and can serve as a positive control in that regard (Ducy & Zhang, 1997;
Komori et al., 1997; Otto et al., 1997; Eames et al., 2003, 2004; Eames & Helms, 2004). spp1 is a
late mature cartilage marker (Gerstenfeld & Shapiro, 1996) that might show up where col10a1
was expected to be during hypertrophy. PhD candidate, Rafa Grecco Machado, had previously
demonstrated a similar scenario in the chick humerus (data not shown). Though unlikely,
transient col10a1 expression could be the reason why it was not detected in mature cartilage of
the frog. It is possible that spp1 might immediately follow this hypothetical rapid downregulation
of col10al. Previous RNA ISH and RT-PCR studies in Xenopus tropicalis have characterized spp1
expression patterns in earlier and later stages of calvarial and limb bone development (Espinoza
et al., 2010). Another interesting skeletal gene to investigate would be bglap, a marker of
cartilage and bone maturation (McKee et al., 1992; Nakase et al., 1994; Roach, 1994; Lui et al.,
2019), since our RNA-seq data showed no bglap expression whatsoever in cartilage or bone of

the frog (Table 4.3).
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Figure 6.1| Preliminary RNA in situ hybridization assays of runx2 show expression at stages NF33/34.
[A-F] Coronal sections from ventral to dorsal are color coded and approximately correspond to the colored
lines in a ZO 3 (NF33/34) schematic taken from Ziermann & Olsson, 2007. Arrowheads point at expression
of runx2 in anterior head structures. Abbreviations: C=cement gland; Ch=ceratohyal. (Credit: ZO 3 image
adapted from Ziermann & Olsson, 2007).

To further validate RNA-seq and ISH data, immunohistochemical and other functional studies
with Sox9 and Col10 (collagen type X protein encoded by the Co/10al gene; Apte et al., 1991)
should be performed to complement those already completed with Col2. In fact, unpublished
data from our collaborators have already demonstrated Sox9 protein expression in frog
osteoblasts (Cervantes et al., in preparation), which supports the notion that low counts of
transcription factors (e.g., seemingly negligible sox9 levels from our RNA-seq data) can still be
biologically relevant (Raithel et al., 2016). It is expected that Col10 protein would be negative
throughout the skeletal regions being investigated, given previous co/10al RNA in situ results.
For a positive control, Col10 could be tested on teeth of a stage NF59 (or later) since co/10a1

appeared to be expressed in dentin of the teeth (Fig. 4.6). Also, gPCR (quantitative PCR)
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experiments would be highly recommended to serve as yet another independent method to

verify all the results presented in this thesis.

6.3.3 Hedgehog signaling may have a different role in amphibian skeletogenesis
Comparison of limb and head structures within the frog and to published results may have led to
some novel discoveries. There appeared to be molecular features that distinguished frog skeletal
cells based on anatomical location and mode of ossification that had not previously been
characterized before. Firstly, our results demonstrated that the maturation of chondrocytes can
vary in the humerus and ceratohyal. Secondly, and more speculatively, perichondral osteoblasts
of the limb versus dermal osteoblasts of the lower jaw might have different levels of
chondrogenic expression. A common thread amongst all these observations is the expression of
Ihh (Indian hedgehog), which regulates cartilage maturation and is needed for bone formation
(Vortkamp et al., 1996; St-Jacques et al., 1999; Abzhanov et al., 2007; Huycke et al., 2012; Shi et
al., 2015).

Hedgehog signaling is a ligand-dependent transcription pathway mediated by two
transmembrane protein receptors, Patched (PTC, encoded by the Ptchl gene) and Smoothen
(SMO) (Wilson & Chuang, 2010; Hadden, 2014). PTC exerts inhibitory control over SMO, and as
such, releases this blockage when bound by IHH or one of its homologs (Vortkamp et al., 1996).
This leads to a cascade of phosphorylation events that culminates in the activation and nuclear
translocation of a GLI transcription factor (encoded by Gli1), which subsequently drives
expression of Hedgehog target genes (Wilson and Chuang 2010). One of these downstream
targets, either directly or indirectly, is PTHrP (parathyroid hormone-related protein; Vortkamp et
al., 1996). Together, Ihh and PTHrP form a negative feedback loop that regulates chondrocyte
proliferation and the rate of hypertrophy (Vortkamp et al., 1996; Chen et al., 2008). During
endochondral ossification, /hh signals are required from prehypertrophic chondrocytes to
activate PTHrP in periarticular and proliferating chondrocytes, and this PTHrP expression, in turn,
limits hypertrophy by suppressing /hh (Minina et al., 2001; Chen et al., 2008; Long & Ornitz, 2013;
Yang et al., 2015). The complexities of this interaction might account for why both over- and
under-expression of /hh in transgenic and mutant mice have demonstrated the ability to delay

hypertrophic differentiation of chondrocytes (St-Jacques et al., 1999; Minina et al., 2001). On the
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other hand, mice that have /hh knocked out completely fail to produce PTHrP, whose under-
expression results in the premature hypertrophic differentiation of chondrocytes (Karaplis et al.,
1994), since PTHrP is normally needed to keep chondrocytes in a proliferative state (Kronenberg,
2003); further validation of this is seen when PTHrP overexpression instead causes a delay in
hypertrophy (Weir et al., 1996). Control of chondrocyte hypertrophy by /hh can also be more
direct with opposing effects that are independent of PTHrP (Vortkamp et al., 1996; Kobayashi et
al., 2002, 2005; Mak et al., 2008). PTHrP-null mice that have /hh knocked out experience delays
in chondrocyte hypertrophy, whereas overexpressing /hh in these same mutants promotes
hypertrophy (Mak et al., 2008). With PTHrP deactivated, acceleration of hypertrophy can
similarly be achieved through inactivation of Ptch1, a negative regulator of Hedgehog signaling,

(Mak et al., 2008).

It would be interesting to do functional studies involving Hedgehog signaling given its importance
in limb development and craniofacial morphogenesis (Riddle et al., 1993; Cordero et al., 2007),
to see if similar effects are observed in the frog. Published results on the Xenopus homolog of ihh
during endochondral ossification have already shown that the usual downstream targets of
Hedgehog signaling, like gli1 and ptch1, are absent in proliferating chondrocytes (Moriishi et al.,
2005). Proliferating chondrocytes from articular cartilage and the growth plates express PTHrP
and therefore have a very important role in regulating the rate of cartilage maturation (Lee, 1995;
Vortkamp et al., 1996; Kronenberg, 2003; Chen et al., 2008; Macica et al., 2011). Perhaps this has
something to do with why early chondrogenic markers are so highly expressed during amphibian
skeletal cell development, since gli1 and ptchl are part of the Hedgehog pathway that (directly
or indirectly) regulates chondrocyte proliferation and maturation (Vortkamp et al., 1996; Karp et
al., 2000). If this pathway is disrupted, proliferating chondrocytes might not be able to control
the rate of hypertrophic differentiation by repressing prehypertrophy through ihh-induced PTHrP
expression (Vortkamp et al., 1996; Chung et al., 1998). This could be a factor for why hypertrophy
occurs so quickly in the head cartilages. The rapid rate of expansion could also be related to why
immature cartilage markers remain so high even once chondrocytes begin to mature (i.e., not
enough time for downregulation). Therefore, in limb cartilage and bone, knocking out ihh (or

PTHrP) warrants further investigation. A working hypothesis is that this may have less deleterious
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effects in the frog compared to other vertebrates since the Hedgehog pathway appears to be
incomplete even under normal conditions. Based on the preliminary information available, it
seems Hedgehog signaling could have something to do with the unusual development of

amphibian skeletal cells.

6.3.4 Why are chondrogenic genes so highly expressed in amphibian skeletal cells?

Immature cartilage markers like sox9 and col2al (and possibly more) were being expressed in
mature cartilage and bone of amphibians at levels not usually found in other vertebrate models
(Table 4.3). Do the persistent expression of these genes have anything to do with the rapid and
sustained hypertrophy of the head cartilages? Could this be preventing parts of the anuran
cranial skeleton from undergoing endochondral ossification (Porter & Vial, 1974)? Sustained Sox9
expression is known to suppress Runx2—and hence, prevent cartilage maturation and bone
formation (Eames et al., 2003, 2004; Eames & Helms, 2004; Zhou et al., 2006)—though more
specific to this situation, persistent levels of Sox9 in hypertrophic chondrocytes have been shown
to impair their transdifferentiation into osteoblasts in mice (Lui et al., 2019). It would be
interesting to knock down or silence these chondrogenic genes with siRNA and/or miRNA to see
what effect this might have on skeletal development in the frog. Some studies have shown that
the ceratohyal can calcify in tadpoles with underdeveloped or missing thyroid glands, though in
a very specific region (Kerney, Wassersug, et al., 2010). This demonstrates a slight possibility that
the frog ceratohyal might still have the ability to undergo endochondral ossification. Moreover,
if col10a1 is not associated with hypertrophy in the larval head cartilages of the frog, perhaps
persistent or increasing levels of sox9 and col2al can be considered frog-specific hypertrophic
signatures. Overexpressing these genes should be able to test this hypothesis since the timing of
hypertrophy in both the head and limbs have been well established. It would be possible to make
precise measurements to see if ectopically inducing sox9 and col2al were able to reduce the
amount of time it takes to become hypertrophic. In adult skate, it has been shown that the
persistence of sox9 and col2al (also sox5 and sox6) correlate with their ability to spontaneously
repair cartilage injuries (Marconi et al., 2020). Could this be related to the ability of Xenopus frogs
to regenerate limbs and quickly repair skull injuries as well (Suzuki et al., 2006; Mitogawa et al.,

2018; Mufioz et al., 2018)?
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6.3.5 Mature chondrocytes may share more genes with immature chondrocytes than
osteoblasts in the amphibian

Originally, it had been proposed that osteoblasts may have evolved by co-opting the gene
regulatory network of mature chondrocytes (Gédmez-Picos & Eames, 2015). This arose from the
observation that mature chondrocytes have more genetic overlap with osteoblasts than
immature chondrocytes (Vortkamp et al., 1996; Inada et al., 1999; Neuhold et al., 2001; Zaragoza
et al., 2006; Abzhanov et al., 2007; Mak et al., 2008; Eames et al., 2012; Huycke et al., 2012;
Nishimura et al., 2012; Weng & Su, 2013). It would be interesting to see if this were still true in
the frog as well, or if the expression of sox9 and col2al in persistently hypertrophic chondrocytes
was a sign of a stronger overlap between mature and immature cartilage instead. Normalized
counts from the frog humerus showed many early chondrogenic genes were at higher levels in
mature cartilage than immature cartilage (Table 5.1), which seemed to blur the line between
these two cell types. LCM-RNAseq on immature and mature cartilage from the ceratohyal would
be the next logical step to verify if this trend continued. It would be challenging to capture
immature cartilage from the ceratohyal for two reasons: 1) there is a very small window of
opportunity to capture cells before they become hypertrophic, so immature and mature cartilage
would have to be captured at different stages; 2) the immature ceratohyal is miniscule, therefore
multiple samples would need to be pooled together in order to have enough RNA concentration

for sequencing.

6.3.6 Thyroid hormone inhibition

Due to the rapid maturation of amphibian head cartilages and known role of thyroid hormone in
facilitating hypertrophy in mammals (Bassett & Williams, 2016), we were interested in what
effect inhibiting thyroid hormone would have on cartilage development. This experiment had
actually already been carried out (see Appendix A), but results were preliminary. To summarize,
the goal was to slow down ceratohyal development specifically, but inhibiting thyroid hormone
seemed to introduce a global delay instead. These initial findings were promising nonetheless
and worth reproducing with a different inhibitor to verify if those observations were indeed

accurate.
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6.3.7 Amphibian head cartilage could be a useful model for osteoarthritis

The persistent hypertrophy of amphibian head cartilage could potentially serve as a model for
osteoarthritis research. Ectopic hypertrophic differentiation of chondrocytes frequently
accompanies osteoarthritic cartilage, but it is unclear why (Bayles, 1950; Dreier, 2010). While
mature cartilage can persist in healthy adults, this is generally restricted to certain regions, like
articular cartilage (Yang et al., 2014; Zhou et al., 2014; Hinton et al., 2017; Aghajanian & Mohan,
2018). Articular joints also contain resting chondrocytes, and it is the abnormal hypertrophy of
these chondrocytes that are associated with osteoarthritis (Dreier, 2010). In the amphibian,
hypertrophic cartilage makes up major structures of the cranial skeleton, such as the ceratohyal,
palatoquadrate, and Meckel’s cartilage (Porter & Vial, 1974; Rose, 2009; Rose et al., 2015). What
is the difference between hypertrophic cartilage that can exist indefinitely as healthy tissue
versus hypertrophic cartilage that becomes pathological? Furthermore, hypertrophic cartilage
can also mineralize and die during a normal process like endochondral ossification (Kronenberg,
2003; Mackie et al., 2008; Long & Ornitz, 2013). Even though Col/10a1 is a classical hypertrophic
marker, here we have an amphibian model that naturally lacks its expression and lives with
arthritic-like cartilage in its head. Are frogs able to maintain ‘healthy’ hypertrophy because of the
absence of a gene that would normally be upregulated? Or perhaps are higher levels of sox9 and
col2al important for maintaining this phenotype without having any deleterious effects? What
would happen if these genes were ectopically expressed or knocked down? The driving
mechanism behind chondrocyte hypertrophy is still poorly understood despite recent advances
in this area of research (Cooper et al., 2013). Perhaps this is a yet-to-be defined subclass of
cartilage that can be considered as “hypertrophic” immature cartilage. Investigating how
amphibian head cartilages develop and are able to maintain this hypertrophic state may provide

new insights into osteoarthritis that had previously not been explored.

In closing, these are just some of the potential topics for future research that can give us insight
into evolution, development, and health. For the time being, there are plans for myself, Dr. Patsy
Gomez Picos, and Dr. Katie Ovens to collaborate on an osteoblast evolution paper that will

incorporate my frog data with theirs to address some of these issues. Dr. Eames and | also have
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plans to publish of our cartilage results and are working on a skeletal development manuscript

for Xenopus tropicalis.
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APPENDIX A

Thyroid hormone inhibition

Al.1 Thyroid hormone affects many aspects of skeletal development

The thyroid is an endocrine gland best known for maintaining metabolic homeostasis (Mullur et
al., 2014). It also has important roles in skeletal development, bone maintenance, and repair
(Mackie et al., 2008; Kim & Mohan, 2013; Bassett & Williams, 2016). Whether the thyroid had a
part to play in skeletal cell evolution (or other systems and cell types, in general) is currently not
known (Sachs & Campinho, 2019). In recent years, some prominent skeletal biologists have even
begun to advocate that bone itself should be considered as part of the endocrine system, due to
its own ability to regulate certain metabolic processes (Guntur & Rosen, 2012; Karsenty & Oury,
2012; Kim & Mohan, 2013). The hormones secreted by the thyroid gland have two forms (Fig.
Al): T4 (inactive thyroxine) and T3 (biologically active triiodothyronine), the latter of which
directly influences many skeletogenic pathways, including, but not limited to the proliferation
and differentiation of chondrocytes and osteoblasts (Kim & Mohan, 2013). Of particular interest
to us was the direct influence T3 had over hypertrophy (Bassett & Williams, 2018). This was due
to the observation that head cartilages of Xenopus tropicalis became hypertrophic very rapidly,
early in development (Fig. 5.3), and then remained this way into adulthood (Porter & Vial, 1974;
Thomson, 1986). Since thyroid hormone (TH) has been known to influence hypertrophy (Bassett

& Williams, 2016), we hypothesize inhibiting thyroid hormone slows the rate of hypertrophy.
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Figure A1| A simple schematic illustrates how thyroid hormone is biologically activated. lodine uptake
by the thyroid gland combines with tyrosine to form T4, which is converted to T; by deiodinases.

Ts is active even before the thyroid begins to function

The thyroid forms at stage NF43 but does not begin to secrete TH until NF48 (Fini et al., 2012).
Some TH could potentially be introduced exogenously at NF45/46, around the time when
tadpoles lose their yolk and begin to feed on their own (Brown et al., 2005; Rose, 2014). It had
been discovered recently that levels of TH were already present at the embryonic and very early
larval stages (before a functional or fully formed thyroid gland) thanks to maternally-provided
stocks of both T4 and T3 (Morvan-Dubois et al., 2008; Fini et al., 2012). These levels were also
demonstrated to be biologically relevant since blocking endogenous T3 impacted neuronal
development (Fini et al., 2012). This was highly informative as TH is famously known for
facilitating metamorphosis, but does not begin to ramp up production until stage NF56 (Brown
& Cai, 2007; Wen & Shi, 2016). Synthesis of TH receptors begins around stage NF35 (Yaoita &
Brown, 1990; Eliceiri & Brown, 1994; Brown & Cai, 2007). Unbound TH receptors repress nuclear
transcription to slow growth and development (Hu & Lazar, 2000; Morvan-Dubois et al., 2008).
Further evidence to support this came from knocking down TH receptors, which increased the
rate at which tadpoles grew (Wen & Shi, 2015; Wen & Shi, 2016). Once bound to a T3 ligand, this
releases the inhibition and allows for the regulatory processes that drive metamorphosis

(Buchholz et al., 2006; Brown & Cai, 2007; Wen & Shi, 2016).

T3 competitors were required to inhibit binding of thyroid hormone to receptors
Since it was revealed that thyroid hormone could indeed play a role at the stages our skeletal

studies were focused on, an inhibitor was needed that would specifically bind to or compete
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against T3. Most thyroid research in frogs used drugs designed to block TH production during the
metamorphic stages (Callery & Elinson, 2000; Degitz et al., 2005; Buchholz et al., 2006; Coady et
al., 2010; Tietge et al., 2010; Smirnov & Vassilieva, 2014; Rose & Cahill, 2019). This would not
have been suitable for our purposes since our investigations were much earlier in development
(pre-NF44), when T3 had not begun production but was already present (Morvan-Dubois et al.,
2008; Fini et al., 2012). Two candidates known to block thyroid activity in Xenopus frogs at stages
before thyroid gland formation were found: 1) TBBPA (tetrabromobisphenol A), a naturally-
occurring flame retardant with structural similarities to TH (Johnson-Restrepo et al., 2008; Fini et
al., 2012; Zhang et al., 2014; Yamauchi, 2016; Mengeling et al., 2017; Wang et al., 2017) and 2)
NH-3, a synthetic Ts antagonist (Lim et al., 2002; Nguyen et al., 2002; Fini et al., 2012; Mengeling
et al., 2017). NH-3 was kindly sent to us by Drs. Jean-Baptiste Fini and Barbara Demeneix from

the National Museum of Natural History in France.

Rationale for the thyroid hormone inhibition experiment

The purpose of this experiment was to learn what effect TH had on the maturation of
chondrocytes in the skeletal head structures of the developing tadpole. From Chapter 5, it was
shown that the ceratohyal became hypertrophic in mere hours after differentiating into cartilage.
By exposing early larvae to a TH inhibitor just prior to the formation of the ceratohyal, the hope
was to induce a delay in maturation. Instead, our preliminary results from a single trial of TBBPA
exposure demonstrated a global delay in development, not just cartilage maturation. This was
consistent with previous research which had sped up tadpole development by knocking down TH

receptors (Wen & Shi, 2015, 2016).

A1l.2 Materials and Methods
Use of lab animals

Please refer to previous materials and methods in Chapter 4 (see page 29).

Frog mating

Please refer to previous materials and methods in Chapter 4 (see page 29).

107



Exposure of tadpoles to thyroid hormone inhibitor

We adapted a thyroid inhibition protocol based on work described previously (Fini et al., 2012;
Zhang et al., 2014; Wang et al., 2017), with modifications to suit our stages of interest (Fig. A2).
Stage NF35 tadpoles were targeted since this was when TH receptor synthesis began (Yaoita &
Brown, 1990; Eliceiri & Brown, 1994; Brown & Cai, 2007) and chondrogenesis had not yet begun
(NF40-41; Lukas & Olsson, 2017). Ten individual beakers containing NF35 tadpoles were placed
into a 27-28 °C water bath. Each beaker was an experimental group filled with 100 ml| of TBBPA
or TBBPA with 1 nM T; at concentrations of 10 nM, 100 nM, 500 nM, and 1000 nM, respectively.
The remaining control groups were 0.01% DMSO and 1 nM Ts. Experimental groups were exposed
for 5 hrs, 7 hrs, 10 hrs, 26 hrs, and 30 hrs, then compared to untreated tadpoles through Safranin

O staining. Untreated tadpoles were raised in standard 0.1X MBS alongside experiment groups.

Fixation, processing, and sectioning for histology
Please refer to previous materials and methods in Chapter 4 for tissue fixation, processing, and

sectioning protocols (see page 31). Coronal sections were obtained from the ceratohyal at stages

NF35 to NF45.

Histology
Safranin O and trichrome section histology

Please refer to previous materials and methods in Chapter 4 (see page 32).

Figure A2| Experimental design of thyroid hormone inhibition experiment. NF35 tadpoles (27 hpf)
were exposed to varying concentrations of TBBPA for up to 30 hours.
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Statistical analysis

An independent samples t-test was used to determine if there was any significant difference
between each experiment group and untreated samples. Alpha levels were set at a = 0.05. Only
the 1000 nM experimental groups were analyzed. From these datapoints, a line graph was

generated with IBM SPSS Statistics (Build 1.0.0.1447).

A1.3 Preliminary results

Exposing tadpoles to 1000 nM TBBPA produced a global delay in development, even if 1 nM T3
was added to counteract the effects of TBBPA (Fig. A3). By 30 hrs of exposure time, TBBPA-
treated tadpoles had fallen up to three stages behind untreated tadpoles. According to a one
sample t-test comparing experimental groups to untreated samples, differences were significant
after 5 hrs (for the Tz group), 7 hrs (T3), 10 hrs (DMSO and TBBPA), 26 hrs (TBBPA and TBBPA+T3),

and 30 hours (TBBPA and TBBPA+T3). There were no other obvious defects otherwise.
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Figure A3| Inhibiting thyroid hormone with TBBPA produced a global delay in development. [A]
Histological sections of all experimental groups stained with Safranin O. A representative sample was

chosen for each group and time point. White arrows point at one half of the ceratohyal in experimental
groups at 5h, 7h, and 10h after exposure. Samples at 26h and 30h after exposure show all groups have
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undergone hypertrophy, but according to external staging, groups exposed to TBBPA are up to 2-3 stages
behind in development. [B] A one sample t-test was performed for each group and plotted on a graph.
Each experimental group at each time point consisted of at least n = 3 up to n = 7. Asterisks indicate
significance at *p < 0.05, **p < 0.01, and ***p < 0.001.

Al.4 Discussion

The experiment was stopped after 30 hours of exposure once untreated tadpoles had reached
stage NF44-45 after the thyroid had already formed by NF43, but before production of new TH
would have begun at NF48 (Fini et al., 2012). The p-values obtained from the one sample t-test
were two-tailed, meaning there was no directionality to the test. Testing only signified there was

a difference, not whether development was faster or slower.

A second attempt had been made to reproduce the results from the first TH inhibition
experiment, this time by including NH-3 (a synthetic T3 competitor) and a higher concentration
of T3 (5 nM). Unfortunately, due to technical difficulties those results were not included.
Treatment had been initiated at stage NF32 (instead of NF35) and both TBBPA groups (with and
without 1 nM Ts) died approximately 10-15 hrs after exposure. The 5 nM T3 group may have
experienced slightly accelerated growth, but significance testing was not performed to support

this. Otherwise, no other groups exhibited any noticeable deviation from untreated samples.
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APPENDIX B

MicroCT and K-Edge Subtraction images

These images were taken by Dr. Arash Panahifar (CLS) and Oghenevwogaga (Joseph) Atake

(microCT scanner). Scans searched for iodine levels and looked at mineralized head structures.

Figure B1| 3D images of stage NF57 and NF58 tadpoles during early metamorphosis. [A] A stage NF58
tadpole scanned at the CLS using K-Edge Subtraction imaging (Panahifar et al., 2016). MicroCT scans of
stages [B] NF57 and [C] NF58. Abbreviations: A=anterior; D=dorsal; FP=frontoparietal; mAs=medial
angulosplenial; OC=optic capsule; PS=parasphenoid; V=ventral. (Fig. B1A credit: Dr. Arash Panabhifar; Figs
B1B,C credit: Oghenevwogaga Joseph Atake).
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