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Abstract

Heterotopic Ossification (HO) is a lamellar bone formation in the soft tissues and usually
follows injury, trauma or joint replacement. A genome wide association study of HO patients
after total hip arthroplasty identified IncRNA Cancer Susceptibility 20 (CASC20) as a gene that
is strongly associated with HO severity. Previous findings from my MRes demonstrated an
unreported upregulation of CASC20 during BMP2-induced osteodifferentiation of hMSCs.
Based on these studies, | hypothesised that CASC20 is a novel regulator of bone formation.

This doctoral thesis investigated the role of CASC20 in regulating osteogenic and
chondrogenic differentiation processes. Using a diverse range of experimental models,
including hMADs, ASC52teloSOX9, and P512MSCs, this research explored CASC20's impact on
key osteogenic and chondrogenic markers. Techniques such as in silico miR prediction,
CASC20 lentiviral expression, RT-qPCR, and miR-Seq were used to assess the effect of CASC20
on microRNAs (miRs), genes and biological pathways.

Here | found that CASC20 consistently played a pivotal role in the early stages of osteogenesis
and chondrogenesis. CASC20's modulation of miRs emerged as a consistent regulatory
mechanism throughout the experiments. The study identified 13 genes commonly targeted
by the putative CASC20-interacting miRs, including well-known osteogenic and chondrogenic
players such as MAPK1.

To confirm the findings, future steps include genotyping human mesenchymal stem cells and
conducting comprehensive experiments to validate the observed effects. The creation of
human CRISPR CASC20 KO models will further elucidate CASC20's role. In conclusion, this
doctoral thesis provides valuable insights into the intricate mechanisms governed by CASC20
in osteogenesis and chondrogenesis. Further research and exploration are needed to
comprehensively elucidate the extent of CASC20's influence in these critical biological
processes.
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Chapter 1 - Introduction

1.1 Outline of the PhD Thesis

The term Heterotopic ossification (HO) describes abnormal bone formation in soft tissues
where bone is normally not found. Here, using the publication format, this thesis presents my
research focused on the molecular basis of common, complex HO. Chapter 1 presents a
literature review that | conducted as part of my PhD to appraise the depth and breadth of
current research into the cellular and molecular basis of HO, and to discuss investigational
molecular therapeutic targets. This review was published in 2022 and is presented in the
introduction as it discusses the background to the PhD project. Next, | introduce the gene of
interest of this PhD, the long non-coding RNA (IncRNA) CASC20. In this section, | present the
research that preceded the PhD: 1) An investigation into the heritable biology of HO after
total hip arthroplasty (THA) using Genome-wide Association Study (GWAS), which identified
CASC20 as a genetic susceptibility locus. 2) My CIMA MRes research project in which |
characterised the expression of CASC20 in human waste bone samples and studied its
expression during the osteodifferentiation of human mesenchymal stem cells. CASC20 is
expressed in normal bone and is upregulated during the osteodifferentiation of mesenchymal
stem cells stimulated with BMP2. | then introduce the functional biology of IncRNA and micro-
RNA (miR) in HO, and the hypothesis and aims of the PhD.

The subsequent chapters describe experimental work conducted in the course of my PhD. In
Chapter 2, | discuss in-vitro studies conducted during the initial COVID-19 lockdown showing
that CASC20 may interact with miRs that are enriched for osteogenic and chondrogenic
function during bone formation. In Chapter 3, | present preliminary studies aimed to provide
insight into CASC20 function in osteoblast differentiation of human multipotent adipose-
derived stem cells (hMADs). In Chapter 4, the functional role of CASC20 lentiviral
overexpression in osteoblast differentiation is explored using hMADs, immortalised adipose-
derived stem cells (ASCs) and P512-hBMSCs (human bone-marrow stem cells isolated from a
patient undergoing joint replacement for osteoarthritis), together with upscaling experiments
to collect sufficient material for total RNA sequencing. In Chapter 5, miR-sequencing of
datasets generated by chapter 4 experiments is used to examine the effect of CASC20
overexpression on the osteodifferentiation miRome and to predict downstream target genes.
In Chapter 6, the functional role of CASC20 lentiviral overexpression in chondrocyte
differentiation is explored using hMAD, ASCs and P512-hBMSCs. In Chapters 7, miR-
sequencing of datasets generated by chapter 6 experiments is used to examine the effect of
CASC20 overexpression on chondrogenesis miRome and to predict downstream target genes.
Chapter 8 follows as general discussion, future work and conclusions.

The GWAS data together with the expression data gathered in the CIMA MRes was previously
posted in bioRxiv. The functional analysis of KIF26B, a genetic locus that was found to be
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associated with HO severity was published in Int J Mol Sci in 2022. Where relevant, these
manuscripts are cited in the thesis and are included in its appendices.
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1.2 Review: Pathophysiology and Emerging Molecular Therapeutic Targets in
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Abstract: The term heterotopic ossification (HO) describes bone formation in tissues where
bone is normally not present. Musculoskeletal trauma induces signalling events that in turn
trigger cells, probably of mesenchymal origin, to differentiate into bone. The aetiology of HO
includes extremely rare but severe, generalised and fatal monogenic forms of the disease;
and as a common complex disorder in response to musculoskeletal, neurological or burn
trauma. The resulting bone forms through a combination of endochondral and
intramembranous ossification, depending on the aetiology, initiating stimulus and affected
tissue. Given the heterogeneity of the disease, many cell types and biological pathways have
been studied in efforts to find effective therapeutic strategies for the disorder. Cells of
mesenchymal, haematopoietic and neuroectodermal lineages have all been implicated in the
pathogenesis of HO, and the emerging dominant signalling pathways are thought to occur
through the bone morphogenetic proteins (BMP), mammalian target of rapamycin (mTOR),
and retinoic acid receptor pathways. Increased understanding of these disease mechanisms
has resulted in the emergence of several novel investigational therapeutic avenues, including
palovarotene and other retinoic acid receptor agonists and activin A inhibitors that target
both canonical and non-canonical signalling downstream of the BMP type 1 receptor. In this
article I illustrate the key cellular and molecular mechanisms involved in the pathogenesis of

HO and outline recent advances in emerging molecular therapies
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worldwide, (4, 5) in which ossification develops initially in the deeper layers of the dermis and
subcutaneous fat and spreads to include muscle and tendons as the disease progresses. Both
diseases are associated with progressive disability and early death (6). The term acquired, or
“post-traumatic” HO describes extra-skeletal bone formation that occurs following
musculoskeletal or neurological trauma and burns (7). Acquired HO occurs in 20-30% of
patients with spinal cord injury (8), 10-20% of patients with closed head injury (8), up to 50%
of patients after total hip replacement (9), and up to 70% of patients following high-energy
combat trauma (10). The present review provides an overview of our current understanding
of the molecular biology of HO initiation and development, including the cellular and genetic
origins of HO. Based on these molecular advances in our understanding of the disease, | also
review the current status of evolving molecular therapies for HO prevention and treatment.
Throughout the article, | use the term HO to describe acquired HO and the terms FOP and
POH to describe the specific monogenic disorders.

1.2.2 Overview of Normal Bone Formation

In order to understand the mechanisms of bone formation in HO, a brief review of normal
bone formation is given against which HO development will be compared. Normal mature
bone is formed through one of two mechanisms, termed intramembranous and
endochondral ossification. The progenitor cell for both processes is the mesenchymal
precursor, but the mechanism and site at which ossification occurs differs (reviewed in (11,
12)). In intramembranous ossification, a sheet of mesenchymal connective tissue, termed the
fibrous membrane, forms the template of the future bone. Bones forming through this
mechanism are typically flat, including the cranium, sternum, ribs, and scapula. The
mesenchymal precursor cells differentiate into osteoblasts or into supporting blood vessels.
The osteoblasts secrete osteoid, an extracellular matrix comprising collagen and other organic
proteins that entraps the osteoblasts as the osteoid mineralises. Once entrapped, the
osteoblasts trans-differentiate into osteocytes that remain as mechanosensing cells within
the bone matrix. Osteoblasts on the surface of the bone transdifferentiate to form a cellular
layer termed the periosteum. The periosteum is responsible for cortical bone synthesis, and
envelopes the cancellous bone that is continuous with the haematopoietic red bone marrow.
In endochondral ossification, bone formation occurs through an intermediate, cartilaginous
stage that serves as a template for the final bone. The long bones, including the clavicle,
humerus, radius, ulna, metacarpals, phalanges, femur, fibula, tibia, metatarsals, and
phalanges form through endochondral ossification. The process commences as mesenchymal
stem cells condense and differentiate into chondrocytes to form the cartilage template. This
is followed by hypertrophy and subsequent apoptosis of the central cells, whilst mesenchymal
progenitors at the template surface differentiate into osteoblasts and osteoclasts. The
hypertrophic and apoptotic cartilage core is innervated, vascularised, and replaced by bone
and bone marrow in the primary ossification centre. At the developing bone metaphysis, a
hypertrophic component of the growing cartilage is constantly substituted by trabecular bone
to mediate longitudinal bone growth. The non-vascularised cartilage at the ends of the bone
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is invaded by epiphyseal vessels to initiate the secondary ossification centre. Between the
epiphyseal and metaphyseal bone centres reside layers of chondrocytes that form growth
plates to further support longitudinal growth. Longitudinal growth stops as the growth plate
is fully resorbed to leave a single marrow cavity within the long bone.

1.2.3 Cellular Origins of HO

In HO development, following the initiating stimulus bone may form within a range of
extraosseous tissues of mesenchymal origin and may involve either of the above mechanisms
of bone formation. The architectural features of HO resemble normal bone and include a
zonal mineralisation pattern, mature cortical bone at the periphery, and a central marrow
component (13). Chalmers et al. (1975) first proposed the basic common requirements for
HO formation: osteogenic precursor cells, a permissive environment and an inducing agent
(14). This model is consistent with HO formation through either the endochondral or
intramembranous routes. A summary of current concepts of the cellular origins of HO is given
below and is reviewed further elsewhere (15, 16).

1.2.3.1 Hematopoietic Cells

In the 1970s, hematopoietic stem cells or other precursors recruited to the lesions from bone
marrow were suggested to contribute to the induction and formation of ectopic bone in
patients with FOP (17). Lymphocytes taken from FOP patients were subsequently shown to
overexpress Bone Morphogenetic Protein 4 (BMP4), a potent bone-inducing protein (18).
Olmsted-Davis and colleagues investigated hematopoietic side-population (SP) cells as
possible precursors for HO (19). These cells were known to possess multi-lineage potential,
with the ability to differentiate into skeletal myocytes (20) and vascular endothelial cells (21).
SP cells were isolated from the bone marrow of C57BL/6 CD45.2 Rosa26 mice and their
osteogenic potential was tested by transplantation into C57BL/6 CD45.1 mice. Both
osteoblasts and osteocytes from the subsequent newly formed bone stained positively for
markers of donors SP cells indicating osteogenic potential (19). Dominici and colleagues
demonstrated in Friend leukemia virus B/ NIH Jackson (FVB/NJ) mice that transplantable
fluorescently-labelled marrow cells from the non-adherent population can produce
functional osteoblasts, osteocytes and hematopoietic cells (22). Kaplan and colleagues
observed in a patient with FOP that bone marrow transplantation for treating anaemia was
not sufficient to inhibit FOP, but that pharmacological suppression of the donor’s immune
system following transplantation inhibited FOP (23). In mice, hematopoietic cells contributed
to the inflammatory and bone marrow-repopulating stages of BMP4-induced HO by recruiting
and activating osteogenic precursors, but they did not act directly as a cellular precursor of
HO (23). These findings contrast with those of Otsuru and colleagues who showed a
contribution of hematopoietic cells to bone formation in BMP2-induced intramuscular HO,
although only a minority of bone-marrow derived cells were embedded in the definitive
heterotopic bone (24, 25). More recently, analysis of clinical tissue following musculoskeletal
injury in humans has demonstrated that circulating osteogenic progenitor cells of bone
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marrow origin, characterised by both type 1 collagen and CD45 immunopositivity, are found
in early fibroproliferative and neovascular HO lesions, supporting the concept that circulating
mononuclear progenitors can seed inflammatory sites to initiate HO formation (26). Taken
together these studies suggest that haematopoietic cells of bone marrow origin contribute to
both FOP and acquired HO development most likely through their creation of the necessary
pro-osteogenic environment, but are unlikely to be significant direct osteogenic progenitors.

1.2.3.2 Endothelial Cells

Vascular endothelial cells have been suggested as a primary candidate for HO formation due
to their multilineage potential via endothelial-mesenchymal transition (EndMT) and the
expression of endothelial markers in FOP lesions (27, 28). During EndMT, endothelial cells
loose cell-cell adhesion and change polarity, reconfiguring into a spindle-shape, and reducing
the expression of endothelial markers whilst increasing mesenchymal marker expression.
Following transition, these cells are highly motile and invasive and play an important role in
both tissue development and disease (29-31). Medici and colleagues showed in vitro that
endothelial cells over-expressing Activin Receptor-like Kinase 2 (ALK2, also called ACRV1), or
treated with the ALK2 ligands TGF-B2 or BMP4, can dedifferentiate into stem cells with the
capacity to re-differentiate into cartilage or bone cells (28). In vivo data in the neuron-specific
enolase-BMP4 (NSE-BMP4) mouse also show that ectopic cartilage and bone cells express
endothelial biomarkers such as vVWF, VE-cadherin, Tiel, and Tie2 after injection of purified
BMP (27, 28), after transgenic over-expression of ALK2 (28), or after muscle injury (27). Tie2
and vWF are also expressed in chondrogenic and osteogenic lesions from FOP patients,
whereas osteoblasts and chondrocytes from normal cartilage or bone do not express these
biomarkers (28). Lineage tracing in Tie2-Cre transgenic mice found that 50% of the cartilage
and bone cells in HO lesions were of endothelial origin (27, 28). However, CD31+ endothelial
cells were shown to not contribute to heterotopic cartilage or bone formation directly in the
mouse following intramuscular BMP2 injection, but they did participate in lesion angiogenesis
(32) and to HO development following burn/tenotomy injury (33). The different outcomes in
the last two studies may be attributed to differences in the Cre drivers or in the HO models
used (16). A further limitation of the lineage trace studies is that the markers expressed by
endothelial cells can also be expressed by other cell types. Tie2, which is expressed in
endothelial cells to regulate development and maintenance of vasculature (34), is also
expressed in hematopoietic cells (35, 36), and by a population of Tie2+PDGFRa+Scal+
multipotent mesenchymal progenitors that was shown to contribute to HO initiation (32).
Furthermore, musculoskeletal injury induces expression of endothelial markers Tie2, CD31
and VE-cadherin in mesenchymal, non-endothelial cells (33). Taking together, the studies
outlined above suggest that endothelial cells can undergo EndMT to initiate HO but they are
unlikely to be pivotal, as Tie2+, CD31+ or VeCadherin+ progenitors also arise from other cell
types and vary with the HO induction model used. These inconsistencies underscore the idea
that the cellular populations contributing to HO development are highly tissue and context-
specific.
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1.2.3.3 Fibro-Adipogenic Cells

Fibro-adipogenic precursors (FAPs) are a population of PDGFRa+SCA1+ multipotent cells
located within, but not exclusive to, skeletal muscle (32, 37, 38). FAPs are found near vascular
elements, but are unlike pericytes in that they do not share a basal lamina with the
endothelium and are NG2- (32, 38). Muscle resident FAPs support muscle regeneration but
lack myogenic potential (29, 37, 38). FAPs were first discovered due to their fibrogenic and
adipogenic capacities (37, 38). They were later shown to possess osteogenic potential when
stimulated with BMP in culture and in vivo (32). Wosczyna and colleagues observed that Tie2-
Cre lineage labelled FAPs made up ~50% of heterotopic bone and cartilage in the mouse (32).
These cells have been proposed to play a major role in human FOP (39, 40). Several studies in
the mouse show that progenitors of intramuscular and intratendinous HO are frequently
PDGFRa+ and positive for cartilage and bone formation markers (38, 39, 41-44). Using a
mouse FOP model in which ACVR1 (that encodes ALK2) was genetically manipulated, Dey and
colleagues showed that FAP-like cells can be divided into two lineages, Scx+ tendon-derived
progenitors and a muscle-resident interstitial Mx1+ population (39). The Scx+ progenitors
mediated endochondral HO without exogenous injury, whilst the Mx1+ population mediated
injury-dependent HO. PDGFRa+ cells made up a minor subgroup of Mx1+ and Scx+ lineages;
however, constitutive activation of ACVR1 signalling demonstrated that PDGFRa+ subsets had
an enhanced osteogenic and chondrogenic potential compared to unfractionated Scx+ or
Mx1+ cells. Eisner and colleagues demonstrated that tissue resident FAPs in skeletal muscle
are the primary source of osteogenic cells in the murine BMP2-Matrigel model of post-
traumatic HO (44). In the same study using Notexin to induce muscle damage, they
demonstrated that FAPs contribute to the formation of mature bone without the addition of
exogenous BMP2. Moreover, when FAPs were cleared by macrophages at day 3-4 after injury,
osteogenic genes were downregulated. Taken together, these findings suggest that FAPs can
contribute to most HO presentations due to their broad distribution across tissue types and
their documented presence in HO and that cells of hematopoietic origin play a role in
stimulating their osteogenic potential.

1.2.3.4 Myosatellite Cells

Myosatellite cells are myogenic muscle-resident stem cells that are pivotal in skeletal muscle
regeneration (45). They are located between the myofibre sarcolemma and basal lamina, and
give rise to myodifferentiated cells following muscle injury (46). They were initially considered
a primary precursor for muscle HO due to their osteogenic potential in culture in response to
BMPs in the C2C12 murine myoblast model (47) and in human myogenic progenitor cells (48).
However, lineage and transplantation studies indicate that they contribute minimally to BMP-
induced HO in vivo (27, 32, 49, 50). Further, targeted expression of constitutively-activated
ACVR1/ALK2 (caACVR1) (39, 51) and ACVR1 (R206H) (40) in myosatellite cells is insufficient to
induce HO. Although Lees-Shephard and Goldhamer (16) have proposed that myosatellite
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cells do not contribute to HO initiation, several lines of in vivo data do support their role in its
pathogenesis. BMP signalling is a primary mechanism leading to the formation of acquired
and genetic HO and has also been associated with the physiological regulation of skeletal
muscle mass (52). When transplanted into the quadriceps of nude mice, skeletal muscle
myoblasts have been shown to promote osteogenic differentiation (53). Muscle-derived stem
cells express BMP4 and differentiate into bone (54). BMPs at the location of muscle injury
inhibit myogenesis and promote osteogenesis of myoblasts, both in vitro (47) and in vivo (32).
Further, serum taken from animals following a burn injury increases the osteogenic capacity
of myosatellite cells, suggesting a role in burn-induced HO (55). Taken together, these findings
indicate that the muscle tissue provides a permissive environment for HO and that following
musculoskeletal trauma BMPs can modulate endogenous muscle progenitors to form
heterotopic bone.

1.2.3.5 Other Cell Types

Through in vivo models, several other progenitor cell types have also been identified,
including pericytes, tendon and ligament progenitors, and transient brown adipocyte-like
cells (Table 1.1). Although these cell types are associated with HO initiation, their precise
contributions remain unclear. More recently, using a burn/tenotomy injury in Hoxall-
CreER™?; ROSA-LSL-TdTomato mice, Pagani and colleagues have traced the cell fate of MSCs
in HO development using single-cell sequencing (56). They found that MSCs of the Hoxal1
lineage differentiate through both the endochondral and osteogenic route into HO bone in
the mouse forelimb following burn/tenotomy injury. During HO progression, the Hoxal1-
lineage cells expressed transcriptional profiles characteristic of both osteogenesis and
chondrogenesis. Previous studies have shown that Hoxall+ multipotent stromal cells are
self-renewing and persistent throughout the life of mice, and that Hoxal1l contributes to bone
formation, maintenance and repair (57-59).

Table 1.1. Overview of cell types investigated for their contribution to heterotopic
ossification.

Cell Type Location Description Key
Papers

Hematopoietic | Bone marrow | Contribute to inflammation and marrow- | (19, 23,

cells repopulating stages. Contribution to HO is | 25, 60)
unclear.
Endothelial Blood and | Contribute to HO through EndMT route, but | (28, 35)
cells lymphatic may be overestimated due to lack of surface
vessels marker endothelial cell-specificity.
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FAPs Muscle and | Support muscle regeneration. Contribute to | (32, 43,
related soft | a high percentage of HO. 61)
tissues;
widely spread
in other
tissues

Myosatellite Muscle BMP2-induced HO. Contribution low based | (32, 48)

cells on most lineage studies.

Pericytes Vascular BMP-induced HO but assessment of | (50, 62-64)
basement contribution unclear due to high degree of
membrane heterogeneity.

Hoxall+ Tendon, Contribute to skeletal repair, express | (56-59)

Mesenchymal | muscle and | chondrogenic and osteogenic transcription

stromal cells skeletal profile following injury.
tissue

Tendon and Tendon Account for 25 and 40% of heterotopic bone | (39, 43,

. . and cartilage, respectively, after | 65)

Ilgamer.mt Ligament bone/tendonectomy based on Scx-Cre

progenitor labelling. Molecularly heterogeneous.

cells

Sensory Dermis, Mediate HO formation via substance P and | (66-69)

neurons epidermis, calcitonin gene-related peptide. BMP2 may
and muscle | induce neurogenic inflammation to remodel
spindle. nerve and release HO precursor cells. May

explain how HO occurs following traumatic
brain injury. Mice lacking sensory neurons
cells do not develop HO. Tie2+ endoneurial
progenitors the major HO cell contributorsin
a mice model, however, Tie2 marker is also
expressed in endothelial and mesenchymal
cells.

Transient Adipose Specialised pool of brown adipocytes that | (70, 71)

brown contribute to HO. Associated to deposition

adipocyte-like
cells

of cartilage. Detected in human traumatic
injury-induced HO.
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Due to the heterogenic nature of HO aetiology, several cell types contribute depending on
the site and initiating factors. This raises the issue of which cell and experimental model is
most appropriate for investigating the function of HO susceptibility genes in culture and/or in
vivo. A conclusive answer to this question remains elusive, nevertheless, the role of specific
genes may be best examined by investigating how they affect the signalling response of
precursor cells to promote bone formation and/or maintenance using an experimental model
most appropriate to the type of HO investigated.

1.2.4 Signalling Pathways in HO
1.2.4.1 BMP Signalling

BMPs are a family of signalling molecules that belong to the Transforming Growth Factor-f8
(TGF-B) superfamily of proteins. Discovered by Urist in 1965 (72), they play a crucial role in
bone formation and repair, and in HO development (73). During normal bone development
and physiological homeostasis, BMP ligands bind to a heterotetrameric complex of two
BMPRI and two BMPRII transmembrane serine/threonine kinase receptors to initiate
chondrogenesis and osteogenesis. The BMPs that initiate signalling through this mechanism
and the osteogenic processes that they initiate are summarised in Table 1.2.

Table 1.2. Overview of BMPs and their role in major cellular process and heterotopic

ossification.
Signalling Protein|Function Key Papers
BMP1 Bone formation and homeostasis. (74)

Induces bone and cartilage development. Induces
EndMT transition. Also involved in hedgehog
BMP2 . . . . ((75-78)
pathway, cardiac cell differentiation, embryonic

development.

Bone and cartilage development; antagonises
BMP3 . . o (79)
other BMPs in osteo-differentiation.

Potently induces chondro- and osteogenic
differentiation; induces EndMT transition. Also
BMP4 i . . . . |(80-83)
involved in embryonic development, adipogenesis,

neurogenesis.

Bone and cartilage development; may play a role
BMP5 in some cancer types; expressed in the visual|(84-86)
apparatus.
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Osteogenic differentiation; closely related to
BMP6 : ) (87-89)
BMP5 and BMP7; regulates iron metabolism
Bone homeostasis; induces osteoblast
BMP7 differentiation through SMAD canonical pathway;|(90-92)
involved in embryonic development, adipogenesis.
Expressed in developing skeleton; osteogenesis
BMPS P ping BeNe1S 93.96)
and germ cell generation.
Induces chondro- and osteogenesis; cannot be
BMP9/GDF2 blocked by BMP3 unlike most BMPs; involved in|(97-99)
lymphatic development.
Involved in the trabeculation of the heart and
BMP10 regulates monocyte recruitment to the vascular(100-102)
endothelium.
Augments bone formation; induces embryonic
BMP11/GDF11 (103, 104)
development.
Inhibits endochondral bone growth; induces
BMP12/GDF7  tenogenic differentiation; regulates  bone|(105)
structure
Establishes the boundaries between skeletal
elements during development; induces tenogenic
CDMP2 differentiation
BMP14/GDF5 Regulates skeletal development and joint(106 108)
CDMP1 formation; promotes fracture healing.
BMP15 Involved in fertilisation and ovulation (109, 110)

Four type | BMP receptors (ALK1, ALK2 (also termed ACVR1), ALK3 and ALK6) bind BMP
ligands. Three receptors (BMPR2, ALK4 and ALK7) serve as type Il BMP receptors. ALK4 and
ALK7 (also termed ActR-IIA and ActR-IIB), also act as receptors for activins, whilst BMPR2 only
binds BMPs (Figure 1.1).
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Figure 1.1. BMP receptor activation and downstream signalling and its antagonism through
the Activin A pathway. In the canonical pathway, SMAD1/5/8 is activated and interacts with
SMAD4 to promote expression of target genes that induce bone formation. In the non-
canonical SMAD pathway, p38 MAPK, ERK1/2 and/or JNK are activated to promote the
expression of osteogenic target genes. BMP signalling is antagonised by the binding of Activin
A toits receptor complex to initiate SMAD2/3 signalling that acts to suppress BMP target gene
transcriptional activation.

Downstream signalling following BMP receptor activation occurs through 2 distinct pathways:
1. SMAD canonical pathways, in which SMAD 1/5/8 proteins are phosphorylated to promote
expression of chondro- or osteogenic genes (111); 2. Non-canonical SMAD pathways where
p38 MAPK, ERK or JNK are activated (112-115). Under normal physiological conditions, these
chondro- and osteogenic signalling pathways are antagonised by Activin A (another TGF-f
superfamily member) binding to a heterotetrameric receptor complex comprising two ActR
BMPRII receptors and two BMPRI receptors to initiate SMAD2/3 phosphorylation and
downstream signalling as a negative feedback mechanism for gene transcriptional activation
that is initiated by BMP signalling (116). These pathways should not be viewed as
independent, as crosstalk between them occurs (117-120). BMP2 is overexpressed in clinically
evolving HO tissue after trauma (121, 122). Augmented BMP signalling also occurs following
trauma-induced HO development in animal models whilst BMP antagonism reduces HO
severity (123, 124). Experimental models of HO therefore commonly use exogenous BMP2
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(27, 68) or overexpression of BMP4 (125), or recombinant BMP2 (rhBMP2) (27, 126) as the
HO initiator. BMP signalling is also a key feature of the heritable forms of the disease (127).
In FOP, a mutation in ACVR1 that encodes the BMP type 1 receptor ALK2, causes its
constitutive activation, initiating downstream BMP signalling regardless of BMP ligand
binding (124).

1.3.4.2 mTOR Signalling

The mammalian target of rapamycin (mTOR) signalling pathway is involved in several cellular
processes, including chondrogenesis, osteogenesis and skeletal development (128, 129). The
FOP activating mutation in ACVR1 has been shown to increase mTOR signalling (130).
Conversely, rapamycin suppresses bone formation in experimental models for FOP (41, 130),
trauma-induced HO (41, 131), and in leptin-induced osteogenesis in both in vitro and in vivo
models (132) through inhibition of mMTOR complexes mTORC1 and mTORC2 (133) (Figure 1.2).
Rapamycin is currently being studied in a phase 2 clinical trial (UMIN000028429) of the
disease. BMP2 also promotes osteogenesis through an mTORC1-dependent mechanism
(134), whilst mTORC2 modulates osteogenesis in response to a range of mechanical or
chemical cues (128, 135, 136).

mTORC2
mTORC1 e

DEPTOR

Figure 1.2. mTOR signalling pathway. Rapamycin inhibits mTORC1 and mTORC2, which in turn
modulate several downstream osteogenic pathways. Acute rapamycin treatment inhibits
MTORC1 whilst repeated dosing of rapamycin also inhibits mTORC2. Both mTORC1 and
MTORC2 are activated by Wnt and IGF. mTORC1 is also activated by BMP2 and mTORC2 is
also activated by mechanical and chemical signals to promote osteogenesis.

1.2.4.3 Other Signalling Pathways

Hypoxia-inducible factors (HIFs) activate genes that mediate adaptive responses to reduced
oxygen tension (137, 138). HIFs augment HO formation (41) and couple bone and vascular
growth during development (138). Retinoic acid receptor (RAR) signalling is mediated by
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retinoids (metabolic derivatives of vitamin A), which are potent morphogens that promote
both chondro- and osteogenesis to shape skeletal development (139). In retinoic acid (RA)
mediated gene activation, RA binds to a heterodimer complex comprising RAR and the
retinoid X receptor (RAR-RXR). RAR-RXR then activates gene transcription by binding to DNA
motifs termed RA-response elements (RARE) located within enhancer regions of RA target
genes (140). In the absence of RA, unliganded RAR-RXR recruits histone deacetylases and
nuclear corepressors to inhibit transcriptional activation at the RARE (140, 141).
Chondrogenesis requires the absence of RA signalling, in which the repressor function of
unliganded RAR-RXR on RAREs dominates (141, 142), whilst active RA signalling prevents the
chondrogenic differentiation of precursor cells (143). Crosstalk between the HIF and RAR
signalling systems is well documented, but how they co-operate to modulate bone formation
is still incompletely understood (144-148). Due to the pleiotropic function of these pathways,
it is anticipated that any therapeutic application to inhibit HO may have off-target effects, as
these pathways also dynamically regulate several other critical cellular processes (149).

1.2.5 Therapeutic Strategies for HO

Treatment strategies for acquired HO to date have included the use of anti-inflammatory
agents, bisphosphonates, local radiation therapy, and surgical resection. Systematic reviews
have shown that patients treated with either selective or non-selective non-steroidal anti-
inflammatory drugs (NSAIDs) showed a significant decrease in post-traumatic HO formation
when compared with placebo (150-152), but were associated with a higher rate of drug
discontinuation due to gastrointestinal side effects. Low-dose local radiation therapy also
decreases the incidence of HO after surgery (153, 154), but carries the risk of irradiation-
induced malignancy (155) and side-effects such as delayed wound-healing, progressive soft-
tissue contracture, non-union, and inhibited ingrowth of cementless hip implants (156, 157).
The treatment of mature HO after trauma involves surgical resection, although complete
excision may not be feasible and recurrence is common (158-160)). Simple bisphosphonates,
such as etidronate, have also been studied as a prophylactic intervention in HO, as they delay
matrix mineralisation. However, bisphosphonates do not inhibit bone matrix synthesis, and
mineralisation recommences after drug discontinuation (161, 162). None of these strategies
specifically target molecular pathways involved in HO pathogenesis. However, as our
understanding of these cells and pathways evolves, molecular mechanism-specific
investigative therapeutic approaches are beginning to emerge, as outlined below).

1.2.5.1 Palovarotene and Other RAR Agonists

The observation that RA signalling suppresses chondrogenesis has stimulated its investigation
as a therapeutic target for HO. Synthetic retinoid agonists selective for nuclear RARa or RARy
have been tested in mouse models of injury-induced intramuscular HO, implantation of
rhBMP-2 and constitutive activation of mutant Acvr1(Q207D) (51, 163). Whilst RA agonists
targeting both RARa and RARy inhibited endochondral HO, those targeting RARy were most
effective as RARy is more strongly and selectively expressed in chondrogenic cells than other
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RAR members (164, 165). Chakkalakal and colleagues showed that palovarotene prevented
HO, restored long bone growth, and preserved growth plate function in transgenic mice
carrying the human ACVR1 (R206H) mutation for classic FOP (166). In juvenile FOP mice,
palovarotene reduced HO both in vitro and in vivo, but resulted in aggressive synovial joint
overgrowth and long bone growth plate ablation (167). In a rat model of post-traumatic HO
(in which rats were subjected to blast overpressure via a shock tube resulting in femur
fracture, soft tissue crush injury, and amputation through the zone of injury (168)),
Palovarotene treatment suppressed the systemic and local inflammatory response,
decreased osteogenic progenitor colonies by 98% in both in vitro and in vivo, and decreased
the expression of osteo-and chondrogenic genes, including BMP4 (168). In another trauma-
induced model, rats were subjected to blast-related limb injury, femoral fracture, quadriceps
crush injury, amputation, and infection with methicillin-resistant Staphylococcus aureus
(MRSA) (169). Palovarotene treatment decreased HO by 50-60%, however 63% of rats treated
with palovarotene and inoculated with MRSA experienced delayed healing or dehiscence
compared to 25% of MRSA rats in the placebo arm of the study. Palovarotene is currently the
subject of several clinical trials of efficacy and safety for the prevention of new HO lesions in
both children and adults with FOP (www.clinicaltrials.gov; accessed on 5 May 2022
NCT02190747, NCT03312634, NCT02979769, NCT02521792, NCT05027802). However,
whether Palovarotene or other RAR agonists represent a viable approach for treating
acquired HO in humans remains unstudied.

1.2.5.2 Targeting ACVR1/ALK2 and Other Related Signalling Pathways

Under physiological conditions in normal tissues, the ligand Activin A interacts with ALK2 to
mediate SMAD2/3 phosphorylation to regulate cell proliferation, apoptosis, and
differentiation (Figure 1.1) (170-174). In ALK2R206H+ FOP cells (that carry the common
ACVR1 mutation) ALK2 is activated constitutively in the absence of BMPs, enhancing both
canonical and non-canonical BMP signalling pathways (175-179) to augment chondrogenesis
(39, 179-183). Although the ACVR1mutation is not implicated in other forms of HO, ALK2
signalling has been explored as an investigational target due to its BMP agonism (184). Table
3 provides a summary of molecular targets and investigational therapeutic strategies
explored to date in HO prevention and treatment.
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Table 1.3. Summary of investigational therapeutic strategies for the inhibition of heterotopic

ossification, based on ALK2 signalling and other pathways. FOP = fibrodysplasia Ossificans

Progressiva, tHO = acquired post-traumatic Heterotopic Ossification.

Type of
HO
Pathways

Type of
molecule

Molecule

Description and Function

Key
Papers

FOP

Antibody

REGN2477
(Garetosmab)

Anti-activin-A  human monoclonal
antibody in phase 2 clinical trial for FOP
(LUMINA -1 study, NCT03188666).
Blocks signalling of activin A, AB, and AC.
Inhibits HO in animal model of FOP.

(179,
185-
187)

FOP

Antibody

Perhexiline
maleate (Pex)

Identified in screening of 1040 FDA-
approved drugs for suppression of the
Id1 promoter activated by mutant
ACVR1/ALK2 in mouse C2C12 myoblasts.
Pex reduced HO volume in BMP-induced
mouse model, but failed to inhibit HO in
an open-label clinical trial in FOP.

(188,
189)

tHO

Antibody

Metformin

Regulates osteogenic differentiation via
AMPK, and RUNX2/CBFAL1 in vitro and in
vivo. Prevents traumatic HO in mouse by
decreasing ALK2 and AMPK regulation of
Smad?2.

(190-
192)

FOP

Alpha-2
blocker

Fendiline
hydrochloride

Identified in screen of 1040 FDA-
approved drugs for suppression of the
Idl promoter activated by mutant
ACVR1/ALK2. Mice administered with
fendiline showed a slight reduction in
HO.

(188)

FOP

Small
molecule
inhibitor

Dorsomorphin

Identified by chemical library screen for
small molecules that dorsalise zebrafish
embryos. Selectively inhibited ALK2 to
block BMP-mediated SMAD1/5/8
phosphorylation. Preclinical use
precluded by the inhibition of other ALKs
(ALK3 and ALK6) and other kinases.

(176,
193)

FOP, tHO

Small
molecule
inhibitor

LDN-193189

An optimised version of dorsomorphin
with greater potency and selectivity.
Inhibits transcriptional activity of ALK2,
ALK3, and constitutively active ALK2
mutant proteins.

(124)

FOP, tHO

Small
molecule
inhibitor

LDN-212854

Derivative of dorsomorphin  with
increased selectivity for ALK2. LDN-
212854 and LDN-193189 reduce
osteogenic differentiation of tissue-

resident MPCs from injured tissue

(194,
195)
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following burn or tenotomy insult in
animal model. In a blast-induced rat tHO

ACVR1/Alk-2  expression,  whereas
mir26a showed a positive effect on its
mMRNA.

Inhibition of miRNAs, miR-146b-5p and -
424 suppresses osteocyte maturation.
Manipulating miR-574-3p levels both in
vitro and in vivo inhibits chondrogenesis.

model, LDN193189 and LDN212854
effective at limiting tHO.

FOP, tHO | Small Other Currently undergoing investigation, | (196-
molecule | dorsomorphin | including K02288, DMH-1, ML347, LDN | 198)
inhibitor | derivatives 214117 and VU465350.

FOP Small- Saracatinib Identified by screening compounds in an | (199-
molecule | (AZD-0530) ALK2-mutated chondrogenic ATDC5 cell | 202)
inhibitor line. Inhibited both BMP and TGF-

signalling in vivo. Currently undergoing
phase 2 clinical trial for FOP
(NCT04307953). Well tolerated and
potently inhibits the development of HO
in inducible ALKQ207D transgenic and
ACVR1R206H knock-in mouse.

FOP Small- PD 161570 Identified by screening compounds in an | (199)
molecule ALK2-mutated chondrogenic ATDC5 cell
inhibitor line. Inhibits both BMP and TGF-B

signalling in vivo.

FOP Small- TAK 165 Identified by screening compounds in an | (199)
molecule ALK2-mutated chondrogenic ATDC5 cell
inhibitor line. Indirectly modulates mTOR

signalling in vivo.

FOP Ligand SActR-1IA-Fc ACVR1-Fc fusion proteins comprising the | (203-
traps and sActR-IIB- | extracellular domain of human WT | 205)

Fc ACVR1 and the Fc portion of human
immunoglobulin vl Inhibits
dysregulated BMP signalling caused by
FOP mutant ACVR1 and abrogates
chondro-osseous differentiation in vitro.

FOP Platelet | Dipyridamole Identified in screening of 1280 FDA- | (206,
inhibitor approved compounds for suppression of | 207)

ACVR1 gene expression. Showed the
highest inhibitory effect on SMAD
signalling, chondrogenic and osteogenic
differentiation in vitro. Reduced HO in
BMP-induced model in mice.

FOP, tHO | Nucleoti | microRNAs Altered expression of miRNA detected in | (208-
des HO. mir148b and mir365 down-regulate | 214)
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miR-630 downregulated in early HO and
used to distinguish HO from other
processes in tHO. miR-17-5p
upregulated in ankylosing spondylitis
(AS) patients versus non-AS individuals.
Knockdown and overexpression of miR-
17-5p in fibroblasts derived from AS
patients modulates osteogenesis.

FOP, tHO | Nucleoti | Antisense AON binds to specific exons in the | (215-
des oligonucleotid | primary mRNA transcript to prevent | 217)

e splicing and enable the skipping of

(AON) specific exons. AONs designed to

knockdown ALK2 expression in mice
impair ALK2 signalling in both C2C12 end
endothelial cells. However, AON affects
both wild-type and mutated allele.

FOP, tHO | Nucleoti | RNA Allele-specific SiRNA (ASP-RNAI) | (218,
des interference duplexes tested for specific inhibition of | 219)
(RNAI) mutant c.617A allele in mesenchymal

progenitor cells from FOP patients. ASP-
RNAi decreased BMP signalling to
control cell levels.

tHO Nucleoti | LncRNAs Several IncRNAs  regulate  bone | (220-
des formation. Downregulation of MANCR | 222)
inhibits osteoinduction in vitro. In a
mouse in vivo tHO model, Brd4-Mancr
signalling attenuated HO.

1.2.6. Conclusions

In summary, heterotopic ossification may arise from both rare, heritable and common
complex diseases. The downstream molecular pathways that underpin these heterogeneous
aetiologies are broadly similar in both patterns of disease, although the diseases differ in
extent and severity. Whether genetic or acquired, initiation of a new HO lesion involves tissue
injury that results in a signal to initiate endochondral or intramembranous ossification. The
dominant cell types in HO include are FAPs, endothelial cells, hematopoietic cells, tendon and
ligament progenitor cells, pericytes and Hoxall+ mesenchymal stromal cells. The dominant
pathways in HO include BMP, mTOR and RAR signalling. Several therapeutic strategies have
been developed to target these signalling pathways. RAR agonists have been shown to be
effective in preventing HO in pre-clinical models. Although the RAR agonist Palovarotene is
undergoing clinical trials for FOP, further pre-clinical animal studies will be required to
investigate its efficacy and safety for the post-traumatic HO indication. Several strategies have
been developed to target ACVR1/ALK2 with REGN2477, metformin and dorsomorphin
derivatives being a few prospects for clinical therapeutic applications. These future studies
would benefit from translational experimental approaches that incorporate clinically relevant
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animal models in parallel with clinical investigations, population epidemiology studies and
relevant molecular medicine techniques.

References for this article are included in the general references section at the end of the
thesis.
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1.3 Introduction to the human-only IncRNA CASC20 as the topic of this thesis

The genetic susceptibility of post-traumatic HO was investigated by conducting a case-control
GWAS in THA-treated patients not less than 1 year after surgery (223). Single Nucleotide
Variants (SNVs) linked to the radiographic phenotype of HO were identified. The GWAS
discovery cohort consisted of 411 cases and 480 controls, and the replication GWAS was
conducted with a cohort made up of 198 cases and 205 controls. The GWAS discovery analysis
revealed that the strongest signal linked to HO susceptibility was located downstream
ARHGAP18 and the second strongest localised within the intronic region (rs11699612) of the
human-only IncRNA Cancer Susceptibility 20 (CASC20). The replication GWAS demonstrated
that the SNV within CASC20 is the strongest signal linked to HO, reaching genome wide
significance (Effect Allele (EA) T, EA Frequency 0.24, OR 1.94 [1.59-2.35], p=2.71x10!?) (Figure
1.3). The SNV downstream ARHGAP18 was the third strongest signal, but did not reach
genome-wide significance. Further statistical analysis was conducted to confirm the locus of
the SNV observed within CASC20. Following up on the SNV’s discovery, preliminary studies on
CASC20 expression were undertaken. Bone-marrow derived human mesenchymal stem cells
(hMSCs) and human multipotent adipose-derived stem cells were differentiated into
osteoblasts and analysed to evaluate the expression of CASC20. It was found that CASC20 is
differentially expressed and upregulated across the osteogenic differentiation suggesting that
it has an osteogenic-related function. Further gene expression analysis confirmed CASC20
expression in several musculoskeletal cell types (223).
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Figure 1.3. Discovery genome-wide association analysis. A) Manhattan plot showing the -
log10 p-values for each variant (y axis) plotted against their respective chromosomal position
(x axis). The horizontal dashed line denotes the genome-wide significance threshold p=5x10-
8. Lead signals are indicated in green. B) Quantile-quantile plot of the data used in the GWAS.
The x-axis indicates the expected -log10 p-values and the y-axis the observed ones. The red
line represents the null hypothesis of no association at any locus and A is the genomic inflation
factor. Regional association plots for C) rs59084763, and D) rs11699612 with HO
susceptibility. Each filled circle represents the p-value of analysed variants in the discovery
stage plotted against their physical position (NCBI Build 37). The purple circle denotes the
variant with the lowest p-value in the region. The colours of variants in each plot indicate their
r2 with the lead variant according to a scale from r2 =0 (blue) to r? = 1 (red).

Despite recent investigation of the possible functional role of KIF26B in the severity of HO
(224), how CASC20 may modulate HO remains uninvestigated. Little was known about CASC20
prior to this PhD project, CASC20 was previously found to be expressed in the testis, placenta,
and prostate cancer. The intronic SNV at rs11699612 within CASC20 is associated at genome-
wide significance with other musculoskeletal traits, including height (GIANT UK Biobank
GWAS, p=1.80 x 10-95) (225), and estimated bone mineral density (UK Biobank eBMD and
fracture GWAS, p=2.40 x10-22) (226). However, the mechanism of these associations
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remained unknown. Preceding work during my CIMA MRes aimed to characterize the
expression of CASC20 during the osteodifferentiation of hMADs and human bone marrow-
derived mesenchymal stem cells (hBMSC) and in waste bone samples retrieved at joint
replacement (n= 3 subjects). | found that CASC20 is expressed at a low-endogenous level and
that it is upregulated during the osteodifferentiation of hMADs and hBMSC alongside RUNX
and OSX, which are master regulators of osteoblast differentiation (223). To investigate the
potential mechanisms through which CASC20 may exert its function in HO, it would be
appropriate to evaluate how IncRNAs operate. The next section of this thesis introduces the
concept of epigenetic modification of gene function in molecular biology and is followed by a
section dealing with the epigenetic modification of osteogenesis in HO.

1.4 Epigenetics and its role in the modification of gene expression

Epigenetics is a rapidly growing field that includes heritable or long-term variations in gene
activity and expression that are not caused by changes in DNA sequence (227-230). These
changes can occur at various levels, including chromatin remodelling, histone modification,
DNA methylation, and translational regulation (231, 232), which will be described in the
following subsections. Genetic and environmental factors, such as diet, exercise, and stress,
can influence these epigenetic modifications, with significant consequences for health (233-
235). For example, alterations in epigenetic markers have been linked to a range of
pathological and physiological processes, including cancer, autoimmune diseases (236, 237),
development, growth, and ageing (238, 239).

While some epigenetic modifications can be inherited across generations, not all are heritable
(240). Somatic cells, which make up an organism's body but are not involved in reproduction,
can undergo epigenetic changes that are not passed on to offspring (241). Epigenetic
alterations that occur in reproductive (germline) cells are more likely to be heritable (240).
However, not all epigenetic modifications in germline cells are inherited due to a process
called epigenetic reprogramming that occurs in early embryonic development (240). During
this process, epigenetic modifications in germline cells are erased to establish a totipotent
state in the zygote (240). Despite this, some epigenetic changes in germline cells can persist
across multiple generations (242). For example, a study by Cunningham and colleagues found
that offspring of mice exposed to a stressful environment before breeding exhibited increased
susceptibility to stress phenotypes and modifications in IncRNA expression and behaviour
(243).

The extent and mechanisms of epigenetic inheritance are still being investigated (244), but
this example highlights the potential for epigenetic changes to have intergenerational effects
on health and behaviour (243). As the field of epigenetics continues to advance, researchers
are exploring novel methods for modifying epigenetic markers to promote health and prevent
disease (245, 246). These methods include using transcription activator-like effector (TALE) or
clustered regularly interspaced short palindromic repeats (CRISPR)-based tools to promote
DNA methylation or demethylation (247, 248).
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1.4.1 Chromatin remodelling

Eukaryotic genetic information is packaged into chromatin, which consists of DNA wrapped
around a core of histone proteins to form a structural unit called the nucleosome (249, 250).
Chromatin remodelling is a dynamic process in which the structure of the chromatin is
modified by condensation or relaxation of DNA-histone interactions to regulate gene
expression. This process enables genes to become transcriptionally accessible when the
chromatin is in a relaxed, open state (249, 250) (See Figure 1.4). Chromatin remodelling
complexes are divided into two main classes: ATP-independent and ATP-dependent (251).
The ATP-independent class includes enzymes that modify chromatin through methylation,
phosphorylation, acetylation, sumoylation, adenosine  diphosphate-ribosylation,
glycosylation, or ubiquitination (252). The ATP-dependent class encompasses enzymes that
modify chromatin structure using energy from ATP hydrolysis. There are four families of ATP-
dependent remodelling complexes: Switch/sucrose non-fermentable (SWI/SNF), Imitation
SWI/SNF (ISW1), chromodomain helicase DNA-binding (CHD), and inositol-requiring protein
80 (INO80) (251). It is difficult to estimate the exact proportion of chromatin remodellers that
interact with IncRNA to function correctly, as this varies with the experimental system and
specific cellular context examined (253). Several studies have shown that many chromatin
remodellers, both ATP-independent and ATP-dependent, require the involvement of IncRNA
for their activity, Examples of such chromatin remodellers include SWI/SNF (254), histone
lysine demethylase 1 (LSD1) (255), polycomb repressive complex 2 (PRC2) (256), DNA
methyltransferase 1 (DNMT1) (257), and growth arrest and DNA-damage-inducible 45 alpha
(GADDA45) (258).

Chromosome

poded -

Open chromatin Gene
expression

Close chromatin

Figure 1.4. Schematic representation of chromatin remodelling. On the left is the tightly
packed or closed chromatin structure, also termed heterochromatin. This conformation
results in low or no gene expression (259). The chromatin structure can be remodelled by
demethylating and acetylating histones, as shown on the right. This process results in an open
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chromatin structure termed euchromatin, allowing transcription factors and RNA polymerase
easier access to the DNA to promote RNA expression (260).

1.4.2 Histone modification

The histone proteins comprise eight subunits, including two copies each of H2A, H2B, H3, and
H4, that form a histone octamer (261, 262) that is bound (wrapped) by about 145-147 base
pairs of DNA to form a nucleosome (263-265). Histones are made of two regions: a globular
region that coils DNA in a core, and flexible amino- and carboxyl terminal tails (266). For each
nucleosome core, there are 10 histone tails: amino terminals of H2A, H2B, H3, and H4, and
carboxyl terminal of H2AX, which is a variant of H2A (267). The term "histone modification"
describes the post-translational modification (PTM) of the histone proteins. PTM affects how
accessible DNA is to the transcriptional machinery, which is important for controlling gene
expression (231). The extremely high positive charge of histones, concentrated in the histone
tails, is thought to contribute to nucleosome stability by neutralising the negative charge of
the DNA (268, 269). A variety of covalent modifications such as acetylation, methylation,
phosphorylation, ubiquitination, and SUMOylation, are applied to the N-terminal tails of
histones (231). Specific residues on histones undergo modifications that can influence
chromatin structure or the binding of effector molecules, ultimately leading to the activation
or repression of gene expression (270).

1.4.2.1 Histone acetylation and methylation

Histone acetylation is one of the most well-studied modifications and has been linked to gene
activation (231, 270). Histone acetyltransferases (HATs) catalyse the addition of acetyl-CoA to
the e-amine of lysine residues to neutralise the positive charge of the histone and reduce
DNA-histone affinity (271-274). This process promotes an open chromatin structure, allowing
transcription factors and RNA polymerase to access the DNA (271). Histone deacetylation, on
the other hand, is catalysed by histone deacetylases (HDACs) (275). They reverse the reaction
mediated by HATs to restore the positive charge of the histone, promoting chromatin
condensation and gene repression (231). Histone methylation can either promote or repress
gene expression, depending on the lysine, arginine, or histidine residue methylated and the
amount of methyl groups added (276-279). Histone methyltransferases (HMTs) catalyse
methylation, resulting in mono-, di- or trimethylation of the amino acid residue (231). Histone
methylation promotes gene regulation by creating binding sites for transcriptional
activators/repressors and/or modulating chromatin structure and accessibility by recruiting
proteins involved in chromatin remodelling (280-283). For example, tri-methylation of
histone H3 at lysine 4 (H3K4me3) is associated with transcriptional activation and is essential
for many types of cell differentiation (284, 285), including osteoblast differentiation (286). On
the other hand, H3K9me3 and H3K27 are associated with gene repression, and their levels
have been shown to decrease during MSC differentiation into osteoblasts (287). Histone
methylation was previously believed to be irreversible (288). In 2004, LSD1 (lysine specific
demethylase 1, also known as KDM1A) was discovered to demethylate H3K4, revealing that
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histone methylation is reversible (289). Since then, a plethora of HMTs and histone
demethylases (HDMs) have been identified (279).

1.4.2.2 Histone phosphorylation

Histone phosphorylation is an important and reversible histone modification that affects
many cellular processes, including cell division, DNA damage, and transcriptional regulation
(for review, see (290). Phosphorylation of specific histone residues can act as a signal to
recruit specific proteins involved in these processes, allowing the appropriate cellular
response to take place (291, 292). A well-studied example of this modification is
phosphorylation of histone H2AX at serine 139, termed y H2AX (293, 294). This modification
serves as double-stranded break (DSB) marker and recruits DNA repair machinery to the site
of the break (291). Phosphorylation of serine 10 residue in histone H3 (H3S10ph) is an
emerging epigenetic marker associated with chromatin condensation and gene regulation
(295), particularly during mitosis and meiosis (292, 296). H3S10ph is also involved in DNA-
RNA hybridisation, resulting in regulation of transcription and chromosomal stability (297).
H3S10ph is associated with several cancer types (298-300) and several H3510 kinases, such
as AURORA and CDKS8, are considered promising targets for cancer therapy (301, 302).

1.4.2.3 Histone ubiquitination and SUMOylation

Histone ubiquitination and SUMOylation are less studied PTMs, but increasing evidence
shows that they play important roles in chromatin organisation and gene regulation (303,
304). Ubiquitination is a reversible process in which ubiquitin molecules are added to a
protein (305), resulting in either mono- or polyubiquitination of histone tails (306). Ubiquitin
is a highly conserved protein made up of 76 amino acids (307). Ubiquitination is associated
with several biological processes such as DNA repair (308, 309), cell cycle progression (308,
310), and transcriptional regulation (311, 312). The two most copious ubiquitinated histones
are H2A and H2B, as 5-15% of H2A and 1-2% of H2B are ubiquitinated in vertebrate cells (306,
313-315). Monoubiquitination of H2A (H2Aub) and H2B (H2Bub) is generally correlated with
gene silencing (316-318) and activation (319, 320), respectively. Polyubiquitination of H2A
and H2AX recruits DNA repair proteins at DNA damage loci (321). SUMOylation is a similar
process in which small ubiquitin-like modifier (SUMO) proteins are added to a protein by
SUMO ligases (322). Examples of SUMOylation include SUMOQylation of H4, H2A, and H2AX,
which are involved in transcriptional repression (323, 324).

1.4.2.4 Cross-talk between histone modifications

It is important to note that histone modifications are not independent events (231). They
interact with each other and with DNA methylation to regulate gene expression (325). Lysine
residues on histone proteins can undergo various types of modifications (281) (See Table 1.4),
resulting in antagonism as different types of modifications on lysine are often mutually
exclusive (281). Additionally, the binding of a protein can be disrupted by nearby post-
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translational modifications (PTMs). For example, phosphorylation of histone H3 serine 10
(H3S10ph) can affect the binding of heterochromatin protein 1 (HP1) to methylated histone
H3 lysine 9 (H3K9me), leading to changes in chromatin structure and gene expression (326).
Moreover, the catalytic activity of an enzyme can be compromised by modifications at its
substrate recognition site. For instance, isomerisation of histone H3 proline 38 (H3P38) can
affect the methylation of histone H3 lysine 36 (H3K36) by the enzyme Set2, resulting in
alterations in gene expression (327). These examples emphasize the complex and dynamic
interplay between histone modifications, which is crucial for controlling chromatin structure
and gene expression.

Table 1.4. Overview of histone-modifying enzymes investigated for their contribution to gene

regulation.
Eff
Histone-Modifying ect . on Examples of
Type of | Chromatin Key papers
enzymes e L. Molecules
Modification Structure
Loosens
Histone hromatin
! Acetylation of Lysine ¢ ! p300, CBP,
acetyltransferases . structure, (328, 329)
residues GCN5
(HATSs) promotes gene
expression
Class I
(HDAC1, 2,
3, and 8),
Class Il
Gereer o, 5,
Histone deacetylases | Deacetylation of structure 6, 7, 9, 10), (275)
(HDACs) Lysine residues ’ Class [
represses gene .
expression (Sir2-
P related
enzymes),
and Class IV
(HDAC11).
May condense
or loosen
. . chromatin
Histone Me.thylatlon ..Of structure, EZH2, G9a,
methyltransferases | Lysine or Arginine . (330)
. depending on | SETD2
(HMTs) residues .
the site and
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methylation
May loosen
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Histone Demethylation  of | structure, (331, 332)
demethylases Lysine or Arginine | promoting gene | LSD1,
(HDMs) residues expression JMID3, UTX
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Phosphorylation of | Can affect | Aurora B
Serine or Threonine | chromatin Kinase, (290)
Histone kinases residues structure and | MSK1
gene
expression,
_ depending .o_n (290)
Dephosphorylation | the specific
Histone of Serine or | enzyme and the
phosphatases Threonine residues | site PP1, PP2A
RNF20,
Histone ubiquitin | Addition of ubiquitin | Can affect gene | RNF40, (333)
ligases respectively expression, MDM?2
transcriptional | UBE2D1,
Hlsto.ne_ o o actlvatlgn or | UBE2D2, (306, 334)
deubiquitinating Removal of ubiquitin | repression, and | and
enzymes respectively DNA repair UBE2D3
Addition of SUMO | Can affect gene (304)
SUMO ligases respectively expression, PIAS
transcriptional
SUMO-specific Removal of SUMO | activation  or (304)
proteases respectively repression SENPs

1.4.3 DNA methylation

DNA methylation is a crucial epigenetic modification that primarily occurs at CpG
dinucleotides and involves adding a methyl group to the cytosine base of DNA (335). The
dynamic regulation of CpG methylation patterns has a profound impact on gene expression
and cellular function (336), affecting embryogenesis (337), tissue differentiation (338), cell
fate determination (339), tissue-specific expression (340), and ageing (341). Growing
evidence points to the association between abnormal DNA methylation patterns and a variety
of human diseases (342), including neoplastic (343), musculoskeletal (344), neurological
(345), and metabolic disorders (346). Therefore, DNA methylation-based therapies are being
investigated as prospective therapeutic interventions (345), and DNA methylation biomarkers
are being studied for disease diagnosis, prognosis, and therapy response testing (347-349).
DNMTSs catalyse DNA methylation by transferring a methyl group from S-adenosylmethionine
(SAM) to the carbon-5 position of cytosine (350). DNMT1, also termed the maintenance
methyltransferase, ensures the accurate replication of DNA methylation patterns during cell
division (351). DNMT3A and DNMT3B are the de novo methyltransferases that create DNA
methylation patterns during embryogenesis and tissue differentiation (352).

Various and intricate mechanisms regulate DNA methylation, including environmental factors
like nutrition and chemical exposure, as well as epigenetic and genetic factors (353, 354) (See
Figure 1.5). Two main mechanisms are involved in the regulation of DNA methylation (355):
active processes involving enzymes, also termed active methylation, and passive processes
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involving DNA replication and cell division, also known as passive methylation (356). An
example of active methylation is ten-eleven translocation (TET) proteins that oxidise 5-
methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) (357), which can then be modified
to other forms of cytosine, such as 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (358).
These alterations are reversible and result in changes in gene expression (359). Passive
methylation describes how cell division and DNA replication affect DNA methylation patterns
(360). During DNA replication, new unmethylated DNA strands are synthesised based on the
original template strands (361). After replication, DNMTs restore the methylation patterns
(361). However, errors can occur during this process, leading to changes in the DNA
methylation patterns of daughter cells following cell division (362).

DNA methylation can have diverse effects on chromatin structure depending on its locus and
context (325). Methylation of CpG islands in gene promoter regions generally cause gene
repression (363). In this scenario, the methyl group promotes a closed chromatin structure
by recruiting methyl-binding domain proteins, which in turn recruit other proteins that can
regulate histone modification or obstruct the binding of transcription factors (364). In the
genomes of normal cells, there is a negative association between elevated 5mC levels in CpG
islands and transcriptional repression of the neighbouring transcription start site (TSS) (365).
DNA methylation in other regions of the genome, such as the gene body (366) or enhancer
region (367), can correlate with gene activation and an open chromatin state (366, 368). This
mechanism is considered non-canonical, dynamic, and tissue-specific (366). Here, the methyl
group may stabilise the binding of transcription factors or attract proteins that support an
open chromatin state (368, 369).

DNA methylation
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Figure 1.5. The interplay of environmental factors, cellular factors, and epigenetics in DNA

methylation is a complex process. Environmental factors contribute to epigenetic
modifications, which are sustained by two major processes: DNA methylation and histone
modification. DNA methylation and histone modification, both epigenetic factors, interact
with translational regulation, a cellular factor, to shape gene expression and cellular function.
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1.4.4 Translational regulation

Translational regulation is a fundamental process that controls gene expression in cells by
acting on the protein synthesis from mRNA molecules (370). Translational regulation is
generally considered a cellular factor rather than an epigenetic factor according to the formal
definition of epigenetics (229, 370, 371). However, translational regulation can interact with
leading epigenetic factors to control gene expression (371, 372). Dysregulation of
translational control is involved in several disorders, including neoplastic (373),
musculoskeletal (374), and neurological disorders (375). The regulation of mRNA translation
can occur at various stages, including initiation, elongation, and termination of protein
synthesis (376), as well as the modulation of ribosome activity and mRNA stability (377). As
described in Table 1.5, several factors can influence translational control, including non-
coding RNAs, RNA-binding proteins, and ribosomal proteins (378).

Translational regulation can occur due to the presence of regulatory regions in the mRNA
sequence (379) (See Table 1.4), as well as the binding of translational repressors or activators
that control ribosome recruitment or activity during translation (378). For example, upstream
open reading frames (UORFs) in the mRNA sequence regulate translation initiation by
controlling ribosome accessibility to the main coding region (380). uORFs are minor ORFs that
precede the main coding sequence and can be translated into short peptides (380). uORFs
can play a positive or negative regulatory role in translation depending on the cellular context
(381). Other mRNA sequences also mediate translational regulation, including internal
ribosome entry sites (IRES), which allow ribosomes to bypass the canonical cap-dependent
translation initiation and start translation at internal locations (382, 383). This mechanism is
crucial when cap-dependent translation is impaired in cellular stress or viral infection (383).
Apart from regulatory regions in the mRNA sequence, translational regulation involves
mechanisms mediated by miRs and IncRNAs (384) (See Table 1.4). These regulatory factors
interact with sequences or structures in mRNA to influence its stability, activity, and ribosome
recruitment (385).
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Table 1.5. Overview of molecules and factors that mediate translational regulation.

Factors Description Examples Key
papers
IncRNAs Long non-coding RNAs that can interact MALAT], (386)
with mRNA molecules and affect their HOTAIR, XIST,
translation. and NEAT1.
miRs Small non-coding RNAs that bind to mRNA | miR-21, miR- (387)
molecules and inhibit their translation 155, and let-7.
mRNA Specific sequence and structure of mRNA RNA motifs, (388)
sequence molecules that harbours regulatory UuOREFs, IRES, 5'
elements. and 3'
untranslated
regions
(UTRs).
RNA Chemical modifications to RNA molecules, | N6-(m6A) (389)
Modifications such as m6A methylation and methylation,
pseudouridylation. They affect mRNA and N1- (m1A)
stability, localisation, and translation methylation
efficiency.
RNA Binding Proteins that bind to RNA molecules and HuR, PUM2, (390)
Proteins regulate their stability, localisation, and and IGF2BP1.
translation.
Translation Proteins that facilitate the initiation of elF4E, elF4G, (391)
Initiation translation by binding to mRNA and and elF4A.
Factors ribosomes.
Ribosomal Proteins that are part of the ribosome and | RPL11, RPS3, (392)
Proteins directly involved in translation. RPS14, and
RPS28.

1.4.4.1 Roles and classification of IncRNAs in gene regulation

LncRNAs are a class of transcripts longer than 200 nucleotides with no or low coding RNA
content (393). Although the exact roles of this class of RNAs is still under investigation, they
play critical regulatory roles in many physio-pathological processes including development,
growth and oncogenesis (394-396). LncRNAs take part in these processes by regulating the

pattern of gene expression at the transcriptional and post-transcriptional level (397, 398).

LncRNAs are a heterogenous group of RNAs that may be classified in several ways (399) (See
Figure 1.6). Based on their function, IncRNAs can be classified as decoy, scaffold, and guide
RNA (400) (See Figure 1.7). Decoy IncRNA are competitive endogenous RNAs (ceRNAs) that
interact with miR in the cytoplasm to enable the expression of the mRNAs that would have
been otherwise downregulated (401). Several IncRNAs acts as scaffold to recruit and
assemble chromatin remodelling complexes, resulting in altered gene expression (402).
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IncRNAs can act as guides, directing TFs to specific genomic regions to influence transcription
of nearby genes (403).

Based on their genomic location, IncRNAs are divided into sense, antisense, bidirectional,
intronic and intergenic (See Figure 1.6) (399). The sequence of sense or antisense INnCRNAs
overlaps respectively with the sense or antisense strand of a coding gene (404, 405). Most
sense and antisense IncRNAs are mRNA-like, with the sense IncRNA being less investigated
for their function (404, 406, 407). Some sense IncRNAs, such as SRA, have been found to
function both as IncRNA by acting as a scaffold for regulating gene expression in the nucleus
and as protein-coding transcripts in the cytoplasm (408). The sequences of intronic and
bidirectional IncRNAs are respectively derived from an intron of a coding gene, and in
opposite orientation to a nearby coding gene (<1kb) (409). Intergenic IncRNA are not located
near protein genes (410). LncRNAs can also be generated from promoter or enhancer regions.
These are termed respectively pRNA or PROMPTs and eRNAs, they contribute to gene control
by modifying the chromatin architecture (411, 412). Based on their mechanism of action,
IncRNAs can be classified as cis-, trans and ceRNA. Cis- and transRNA respectively regulate the
expression of genes near and distant to their transcription site (413, 414). Based on their
subcellular fate, IncRNAs are classified as cytoplasmic, nuclear, exosomal, and nuclear body-
residing RNAs (415, 416).

The biosynthesis of IncRNAs is analogous to that of mRNA with some variations in the
processing. Most IncRNAs are capped, polyadenylated and spliced by the canonical mRNA
transcription mechanism (410, 417, 418). These IncRNAs are termed mRNA-like IncRNAs (419-
421). Other IncRNAs can be generated through non-canonical mechanisms such as cleavage
by ribonuclease P (RNase P) to process mature 3’ ends, capping by snoRNA to enhance their
stability, and generation of non-polyadenylated circular structures to protect the IncRNA from
degradation (417, 422, 423).
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Figure 1.6. Classification of IncRNAs. The schematic shows how IncRNAs can be organised into
classes and subclasses based on their action, biogenesis, and structure.
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Figure 1.7. Functions of IncRNAs. A) Some IncRNAs can operate as sponges to sequestrate
miRs away from their mRNA targets, thereby altering miR activity and indirectly influencing
gene expression. B) Certain IncRNAs can act as scaffolds to aid in the recruitment and
assembly of chromatin remodelling complexes, which can affect chromatin remodelling and
alter gene expression. C) Other IncRNAs operate as guides to lead transcription factors (TFs)
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to specific genomic areas, where they impact the transcriptional activity of neighbouring
genes.

1.4.4.2 MicroRNAs and gene regulation

Small, non-coding RNA molecules called microRNAs (miRs) are a highly conserved class of RNA
that range in size from 19 to 25 nucleotides. miRs were once believed to be evolutionary
debris with no discernible function, however they are now known to regulate gene expression
predominantly by silencing their target genes. miRs have been since documented in
regulating physiological and pathological processes such as development, cell differentiation,
carcinogenesis, and autoimmune disorders (424). Several biological processes are involved in
the highly complex process of miR synthesis as shown in Figure 1.8 (425). The mature miR
sequence is found inside a lengthy molecule known as the primary miR transcript (pri-miR),
which has a distinctive local hairpin structure (426-428). The endonuclease DROSHA, which
forms the microprocessor complex with the RNA binding protein DGCR8 (Di George syndrome
critical-related gene 8), cleaves the pri-miR into pre-miR (429-431). Some pre-mRNA introns
contain RNA sequences termed mirtrons that encode certain miRs (432). In this case, pre-
mMRNA splicing is required to generate the pre-miR (432). Approximately 50% of all presently
known miRs are generated primarily from introns and a few exons of coding transcripts
(intragenic), while the remainder are transcribed independently of a host gene and regulated
by their own promoters (intergenic) (433-435). miRs can be transcribed as a single long
transcript called a cluster, which may have similar seed regions and is considered a family
(433, 436). After pre-miR formation, XPO5/RanGTP complex exports the RNA from the
nucleus to the cytoplasm (437). Pre-miR is further processed in the cytoplasm by DICER, an
endonuclease that creates a miR duplex (438, 439). Although both miR strands can be
functional, one of them is destroyed during the miR processing and the other joins AGO and
GW182 proteins to form the RNA-induced silencing complex (RISC) (440, 441). Pre-miRs can
be processed independently of DICER, in this case AGO2 mediates the cleavage as shown in
Figure 1.8 (442-444). The mature miR structure possesses a distinctive RNA sequence termed
the seed domain, which binds to the target mRNA to promote its destabilisation or
degradation (445, 446). Additionally, miRs can be exported into the extracellular environment
to act as autocrine, paracrine, and/or endocrine regulators (433, 447). Once generated, miRs
in most cases interact with the 3’UTR of target mRNAs to inhibit their expression by promoting
the decapping of the mRNA and consequent mRNA degradation (445, 446). Although most
research demonstrate the inhibitory functions of miRs, some research has shown that in
peculiar cases miRs may upregulate mRNA expression by binding to the 5" UTR (448-451).
Here, The AGO2-miR complex may promote interaction with ribosomes or acts as scaffold for
binding translation factors (452). This molecular action is found in quiescent (GO) somatic
cells and frog oocytes, and is mediated by AGO2 and FXR1, which form the RISC complex (453,
454).
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Figure 1.8. Schematic representation of the canonical and non-canonical miR biogenesis
pathways. Pre-miRs are transcribed in the nucleus. In the canonical pathway, the transcript is
independent from a host gene and processed via DROSHA/DGCRS, while in the non-canonical
pathway the transcripts a processed from the intronic regions of coding transcript via the
spliceosome. The miRs are exported into the nucleus, where they are further processed
through two alternative pathways. 1) In the DICER-dependent pathway, the miRs are
processed by DICER to form the RNA-induced silencing complex made up of the miR, AGO and
GW182. 2) In the DICER-independent pathway, AGO2 catalyses the pre-miR into miR. An
example of a miR that is produce through the DICER-independent pathway is miR-451 (442,
455).
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1.4.4.3 Regulating miR abundance: mechanisms in gene regulation and role of ceRNAs

The differential expression of miRs regulates the expression of genes that modulate several
disorders including HO. A question arises, what regulates miR differential expression?
Multiple factors and molecular mechanisms have been shown to regulate miR differential
expression such as DNA copy number (456), methylation of CpGs (457), transcription factors
downstream signalling pathways (458). Regulatory RNA termed ceRNAs or miR sponges can
also regulate miR abundance. This class of RNA include IncRNAs, circular RNAs and
pseudogene transcripts (459). Moreover, abundantly expressed mRNAs have been shown to
act as miR sponges by sequestrating miR from other mRNA targets (460). Generally, miRs are
stable and promote the degradation of their mRNA target. However, recent studies have
shown that ceRNAs such as IncRNAs may promote the degradation of miRs (460-463). This
process is termed target-directed miR degradation (TDMD), and it is believed to be regulated
by the complementarity between miR and RNA target (461, 464). The stability of the miR is
promoted when partial pairing is formed with the RNA target as shown in Figure 1.9 (A-B).
However, extensive pairing with the RNA target induces the degradation of miR as shown in
Figure 1.9 (C-D) (461, 464). Despite current advances in investigating how miR may interact
with IncRNAs to regulate HO (451, 465), further work is required to describe the regulatory
functions of IncRNA-miR axis in HO and other conditions.
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Figure 1.9. Stable miR versus TDMD. miRs are stable if the pairing with target RNA is partial
(A) or have a low 3’ complementarity (B). This process leads to the degradation of the target
RNA. MiRs are degraded when they are extensively paired with the target RNA (C) or a high
3’ complementarity (D).
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1.5 LncRNA biology in HO

Growing evidence has shown that IncRNAs play a major role in HO. An increasing number of
IncRNAs, comprising H19 (466), DANCR (467), MEG3 (468), MALAT1 (469), HOTAIR (470), are
differentially expressed and regulate markers and pathways in bone/cartilage formation
(471). The following IncRNAs have been shown subsequently to regulate normal and/or
heterotopic bone formation in vivo: H19 (472), MIAT (473), IncRNA-OG (474), HOXA-AS3
(475). Below | discuss the biogenesis of INcRNAs and their functional role in bone formation
and HO by considering how they interact with DNA, proteins, and miRs.

1.5.1 LncRNAs modify chromatin structure to regulate bone formation

LncRNAs interact with nucleosome-remodelling factors and chromatin-modifying enzymes to
mediate chromatin remodelling, (253). For example, HOTAIR recruits and binds to lysine-
specific histone demethylase 1A (LSD1) and polycomb repressive complex 2 (PRC2) to target
and promote demethylation of histone H3K4 and trimethylation of H3K27, which ultimately
condenses the chromosomes and silences the expression of targeted genes (255) (Figure
1.10). Knockdown data using osteoblastic Sa0S-2 cells has shown that HOTAIR decreases
H3K4 methylation levels in the alkaline phosphatase (ALP) promoter region to repress
mineralisation (476). The IncRNA XIST accelerates methylation of the TIMP-3 promoter to
induce collagen degradation in osteoarthritic chondrocytes after tibial plateau fracture (477).
Hypoxia-inducible factor la (HIF1a-AS1) has been shown to promote TGF-B-induced
osteoblastic differentiation of hBMSCs by promoting acetylation, which then leads to
expression of homeobox D10 that plays a key role in osteoblast differentiation (478). Anti-
differentiation non-coding RNA (ANCR) is downregulated during osteogenic differentiation of
MSCs (479). ANCR has been shown to recruit EZH2 to promote the trimethylation of H3 lysine-
27 in the RUNX2 gene promoter to inhibit transcription of RUNX2, and therefore, the
osteogenic differentiation of periodontal ligament stem cells (PDLSCs) (480). In an in vivo
model for HO, in which stem cells were seeded onto TCP/HA and implanted in 10 weeks old
BALB/c nude mice to induce the HO, IncRNA HOXA-AS3 has been shown to interact with EZH2
for H3K27 trimethylation to upregulate RUNX2 (475).
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Figure 1.10. HOTAIR scaffolding. HOTAIR interacts with chromatin and recruits PRC2 and LSD1
to demethylate histone H3K4 and trimethylate H3k27. HOTAIR directly interacts with the
chromatin and act as scaffold for these complexes. This event leads to the condensation of
chromatin, which ultimately silences gene expression of target genes (255).

1.5.2 LncRNAs modulate transcriptional process to regulate bone formation

LncRNAs can recruit transcription factors (TFs), bind with RNA Pol I, or interfere with the
polymerase-promotor bind to promote or inhibit gene transcription (481). Maternally
expressed gene 3 (MEG3) has been shown to increase during osteogenic differentiation of
MSCs. MEG3 knockdown inhibited the expression of RUNX2, OSX and OCN and the
overexpression enhanced the expression of these markers. MEG3 was mechanistically shown
to activate BMP4 transcription by disassociating the transcription factor SOX2 from the BMP4
promoter (482). MEG3 was shown to be antiosteogenic in MSCs from patients with
postmenopausal osteoporosis (PMOP) by upregulating the expression of miR-133-a3p (468).
MEG3 has been shown to positively regulate HO in vivo in mice by enhancing BMP4 expression
(483). In this study, stem cells were seeded on TCP/HA and then implanted in 10-week-old
BALB/c mice to induce HO. These data indicate that the direction of MEG3 effect on
osteoblast differentiation depends on the disease state (Figure 1.11). In some cases, the
mature transcripts of the IncRNA are not necessary as the transcription process itself recruits
TFs to regulate nearby genes (481). This feature is typical of low abundance IncRNAs and was
demonstrated by Engreitz and colleagues, who showed that manipulation of genomic loci that
produce IncRNAs affected the expression of a neighbouring cis-acting gene (484).

Aside from promoting the differential expression of genes, a new IncRNA class termed sno-
IncRNAs can promote expression of specific splice variants by targeting splicing factors (485).
These IncRNAs are flanked by small nucleolar RNA (snoRNAs) and derive from introns. The
alternative splicing factor FOX2 is inhibited by a sno-IncRNA from the 15q11-13 chromosomal
region (485). LncRNAs termed natural antisense transcripts (NATs) can also modulate mRNA
processing during transcription owing to their anti-sense orientation to protein-coding genes,
hence their name (486, 487).
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Figure 1.11. MEG3 binds with TFs to regulate osteoblast differentiation. A) In normal MSCs
MEG3 promotes the transcription of BMP4, which induces osteodifferentiation (482). B) In
MSCs from PMOP patients, MEG3 promotes the expression of miR-133-a3p to inhibit the
differentiation (468). In vivo mice data showed that MEG3 promotes BMP4 expression to
regulate HO, this is consistent with the model A (483).

1.5.3 LncRNAs modulate translational processes to regulate bone formation

LncRNAs have been associated with both negative and positive regulation of mRNA stability.
For example, BACE1AS, an antisense IncRNA that derives from BACE1 locus, increases the
stability of BACEI mRNA and competes with mir-485-5p for the same region (488, 489). BACE1
and BACE1AS are suggested to be involved in Sporadic inclusion-body myositis (s-IBM) that is
an inflammatory myopathy (490). Alu-repeat containing IncRNAs target mRNA transcripts for
Staufen-mediated decay, which is a cellular mechanism involving the degradation of mRNA
(491). In the last decade, the ceRNA hypothesis has been developed. The theory proposes
that there is a prevalent network of crosstalk between non-coding and coding RNAs that
reveals itself through competition for miR binding (401). The LncRNA H19 and IGF1, the gene
encoding a fundamental growth factor in skeletal health (IGF1), were highly co-expressed and
miR-185-5p was poorly expressed in mineralized cells (492). By knocking down H19, matrix
mineralisation and /GF1 expression were inhibited and miR-185-5p was highly expressed. Wu
and colleagues showed that H19 directly interacts with miR-185-5p to promote its
degradation and to sequestrate it from suppressing IGF1 expression (492) (Figure 1.12a). This
study demonstrated and characterized the function of a IncRNA-miR-mRNA axis in
modulating bone formation. Jia and colleagues have characterized the function of the
LINCO0707-mir370-3p-WNT2B axis in regulating osteogenesis of hBMSCs, where IncRNA
LINC00707 promotes osteogenic differentiation by sequestering mir370-3p from interacting
with WNT2B (493). Several IncRNAs have been shown to target miRs to drive bone formation
(468-470, 479, 494-496). As well as interacting with miRs to regulate the translation of genes,
IncRNASs can act as a reservoir of miRs. In this mechanism, the IncRNA is transcribed and then
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further processed to generate mature miRs that can affect biological processes (472, 497,
498). For instance, H19 has been shown to act as a developmental source of miR-675, which
suppresses growth through its action on IGFR1 (497). The controlled release of mir-675 was
suggested to inhibit cell proliferation in response to oncogenic signals or cellular stress (497).
It was later demonstrated that H19/miR-675 inhibits the expression of TGF-81 and HDAC to
inhibit SMAD3 phosphorylation and increase the expression of osteogenic genes in an in vivo
model for HO (472) (Fig 1.12b). In this study, hMSCs were induced under osteogenic medium
for 1 week, mixed with collagen scaffolds and implanted in BALB/c nude mice to induce the
HO. Interestingly mir675-5p has been shown to target H19 in self-regulatory feedback to
regulate osteoblast differentiation (499).

miR-185-5p

Figure 1.12. AH19 act as a ceRNA and as a source of miR. a H19 inhibit miR-185-5p to promote
IGF1 expression, which in turns drive osteogenesis (492). B H19 act as a source of miR-675,
which in turn targets TGF-81 to inhibit the phosphorylation of SMAD3 and inhibits the
expression of HDAC to promote the expression of osteogenic genes (472).
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1.5.4 miRs regulate HO

Recent studies have been focused on investigating the functional role of miRs to comprehend
the ethology of musculoskeletal ageing diseases (500, 501). Dicer was deleted in osteo-
chondroprogenitor cells in Prx-1-Cre mice to test whether miR synthesis and function affects
the musculoskeletal system (502). This resulted in formation of smaller limbs due to increased
cell death (502). Other research studies have shown how miR synthesis is necessary for
physiological musculoskeletal development (503, 504). Several miRs have been described to
specifically regulate HO (451). Ji and colleagues found that miR-205 and -215 were
upregulated in HO patients versus control. In the same study, muscle-specific miRs (miR1,
miR26a, miR133a, miR133b, miR146b, and miR206) also termed myomiRs were found to be
differentially regulated (451). MyomiRs have been shown to regulate skeletal muscle and
promote the proliferation and differentiation of muscle stem cells (505). Therefore,
differential expression of myomiRs in HO may support the notion that defective
differentiation of myogenic cells contributes to HO (451, 505). By comparing the miR profile
in the serum of patients with immature post-traumatic HO (1 month after HO became visible)
versus mature HO samples (6 months after HO appearance), Sun and colleagues found that
miR-630 is downregulated during HO and that can serve as an early HO marker (212). The miR
was found to target Slug, which is involved in the endMT of endothelial cells. Downregulation
of miR630 was found to increase the osteogenic differentiation of endothelial cells (212). By
comparing miR expression in normal human bone with traumatic heterotopic bone, Tu and
colleagues have described how miR-203 may regulate HO. The miR was found to be decreased
in HO and to directly target Runx2. The downregulation of miR-203 increased Runx2
expression and promoted osteoblast differentiation in vitro and HO in vivo. Other miRs have
been shown to regulate HO, bone/cartilage development and musculoskeletal health such as
miR-320e (506), miR-433 (507), miR-17-5p (213), miR-140-5p (508), miR-342-3p (509), and
miR-485 (510, 511). Taking together, these data demonstrate a role of miRs in regulating HO
and that they represent a potential strategy in the diagnosis and treatment of traumatic HO.
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1.6 Hypothesis and Aims
The PhD project hypothesises that CASC20 is a novel regulator of bone formation. CASC20

may regulate biological processes by modifying chromatin structure, modulating
transcriptional processes or by modulating translational processes. The specific aims of this
study were as follows:
1) Explore whether CASC20 has a 3’ poly-A tail to enable potential action as a ceRNA to
miRs active in osteo and chondrogenesis using in vitro and in silico approaches:
2) Examine the effect of CASC20 overexpression on osteogenesis and key marker genes
in vitro.
3) Examine the effect of CASC20 overexpression on chondrogenesis and key marker
genes in vitro.
4) Conduct RNA-Sequencing to characterise the miRome changes in CASC20
overexpressing cells during osteo- and chondrogenesis in vitro and predict the effect

of these differentially regulated miRs on target genes.
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Chapter 2 - In silico modelling of CASC20 interactions with
micro-RNAs (miRs) and in vitro analysis of selected

candidate miRs

2.1 INTRODUCTION

During my MRes, | determined whether CASC20 is expressed in human bone tissue by
extracting total RNA from fresh frozen, surgically excised bone from patients undergoing joint
replacement. CASC20 expression was confirmed by real time quantitative polymerase chain
reaction (RT-qPCR, Figure 2.1A). Next, | explored whether CASC20 is differentially expressed
in human multipotent adipose-derived stem cells (hMAD, Figure 2.1B)(512) and in primary
human bone marrow-derived mesenchymal stem cells (hMSCs, Figure 2.1C-E) in response to
stimulation with BMP2 and osteogenic supplements. | found that CASC20 expression was
significantly upregulated by day 8 in hMADs, and by day 16 or 24 in hMSCs. This was
associated with robust upregulation of markers of osteogenic differentiation runt-related
transcription factor 2 (RUNX2) and the transcription factor Sp7/Osterix (OSX) in both the
hMADs and the hMSCs at these timepoints, and a significant increase in percentage
mineralisation per well at day 24, measured by Alizarin Red S stain.
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Figure 2.1. Reproduced from MSc thesis. CASC20 is expressed in human bone and is induced
in mesenchymal stem cells by BMP2 in vitro. A) RT-gPCR was used to measure the expression
of CASC20 RNA in waste bone samples retrieved at joint replacement (N=3 subjects). B)
CASC20is induced in hMADs. RT-gPCR was used to measure the expression of CASC20, RUNX2
and OSX at days 0, 8 and 16 of hMAD differentiation. Data were analysed using 2”(-ACt) by
normalising to GAPDH (N=3, technical replicates). C-E) RT-gPCR was used to measure the
expression of CASC20, RUNX2 and OSX at days 0, 8, 16, and 24 of hMSCs differentiation. Data
were analysed using (-AACt) by normalising to GAPDH/DayO0 (N=3, technical replicates).

Several molecular mechanisms for IncRNA action have been described. Transcripts without
5’capping and a 3’ poly-A tail may act as antisense transcripts or interfere with enhancer
regions (513). In contrast, IncRNAs that have canonical 5’ cap and poly-A tail are exported to
the cytoplasm where they can serve as a competing endogenous RNA (ceRNA) for specific
miRs (514), thus indirectly regulating the expression of the miR targets (515).
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As a first step in my PhD studies, | used DU145 prostate cancer cells that are known to express
CASC20 (516) to demonstrate that CASC20 has a poly-A tail. Based on this proposition, it was
further hypothesised that CASC20 may serve as a competing endogenous RNA (ceRNA).
However, due to the unforeseen circumstances of the COVID-19 pandemic coinciding with
my doctoral research, | was compelled to adapt my methodology and focus on an extended
in silico investigation during the period of initial long lockdown. In this work | explored in silico
modelling of CASC20 interactions with miRs. | predicted CASC20-interacting miRs using
miRanda (http://www.microrna.org), and then characterised the expression and functional
role of putative CASC20-interacting miRs using Gene Ontology (GO) analysis and by analysis
of published datasets.

Upon the resumption of laboratory access, | examined selected candidate miRs in vitro as an
initial exploration of how CASC20 may interact with miRs in osteogenesis and chondrogenesis.
To examine the impact of CASC20 on potential miR targets, | transduced hMADs with CASC20-
overexpressing lentivirus, differentiated the cells for 10 days into osteoblasts and collected
the cells for RNA extraction and qPCR. | found that CASC20-overexpression robustly inhibited
the expression of hsa-miR-485-3p during osteoblast differentiation.
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2.2 MATERIALS and METHODS

2.2.1 Poly A-tail specific RT-qPCR analysis in DU145 cells

DU145 cells were cultured in DMEM (Thermo Fisher Scientific, 61965-059 — Waltham,
Massachusetts) supplemented with 10% FBS (Thermo Fisher Scientific, 16000044), and
1%Penicillin/Streptomycin (P/S) (Sigma-Aldrich, P4333-100ML — Dorset, UK). The cells were
seeded in 6-well plates and allowed to grow for 24 hours. RNA extraction was performed
using the miRNeasy mini kit (Qiagen, 217004 — Manchester, UK) according to the
manufacturer's instructions. For cDNA synthesis, the Precision nanoscript2 Reverse
Transcriptase kit (Primer design, RT-NanoScript2-150 — Southampton, UK) was used. Reverse
transcription of miR into cDNA was completed using the Veriti 96-well thermal cycler (Applied
Biosystems, Waltham, MA) following the manufacturer's instructions. The cDNA synthesis
was achieved by targeting the poly A tail using OligoDT or by targeting RNA sequences using
random nonamers. For RT-qPCR, 2ng of cDNA was loaded per well. The qPCR samples were
run on the C1000 Touch™ Thermal Cycler (Bio-Rad, 1851138 — Hercules, CA) using 384-well
plates. Triplicate technical repeats were performed for each assay, and CT values were plotted
and analysed to detect differences between OligoDT and random nonamers using GraphPad
Prism software. The primers for SYBR Green gPCR (Sigma-Aldrich) were designed using
Primer-BLAST (NCBI: www.ncbi.nlm.nih.gov/tools/primer-blast). To ensure primer quality, all
primers were screened for self-complementarity using Oligonucleotide Properties Calculator
(http://biotools.nubic.northwestern.edu/OligoCalc.html). PrecisionPLUS SYBR-Green master

mix (Primer design, PPLUS-machine type-1ML) was used with SYBR primers.

Gene Human gPCR Primer Sequence (5’ -> 3’)
GAPDH | FW ATTGCCCTCAACGACCACTTT

REV CCCTGTTGCTGTAGCCAAATTC
B-Actin FW GGATGACAGAAGGAGATCACT

REV CGATCCACACGGAGTACTTG
CASC20 | FW TCATATGGATTTCAAGCTGGGT

REV TCCCAGTCTTCTGCATCACTTC

2.2.2 IncRNA-miR target prediction

IncRNA-miR target prediction analysis was made in MiRanda (miRanda-aug2010,
http://www.microrna.org/) (517) using the default parameters with the following
modification: Energy Threshold <-15.000000 kCal/mol (518). Query and Reference files were
used in FASTA format: human mature miRs sequences were downloaded from miRbase 22.1
(http://www.mirbase.org/ftp.shtml) (519), the CASC20 sequence was obtained from NCBI
database (https://www.ncbi.nim.nih.gov/)(520). The Encyclopedia of RNA Interactomes

(ENCORI) database was downloaded (https://rnasysu.com/encori/) and used to filter the list
of CASC20-interacting miRs to select only miRs that are experimentally validated to be
functional by UV cross-linking and immunoprecipitation with high-throughput sequencing
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(CLIP-Seq) (521). The RISmed R package (version 2.1.7, https://rdrr.io/cran/RISmed/) was
used to perform an electronic search using the keywords osteoblast, chondrocyte,

chondrogenesis, osteogenesis, BMP2, RUNX2, SOX9, bone, cartilage, skeletal, ossification,
mineralisation, for all ENCORI-validated miRs with a role in osteo- or chondrogenesis that are
reported in PubMed between January 01 2012 and May 15 2020 (search date May 15 2020).

The ENCORI database was also used to identify genes that are targeted by at least 1 CASC20-
interacting miR. This list of genes was then ranked in order of the number of miRs with which
they interact to create a CASC20-miR interaction hierarchy. The RISmed PubMed search
strategy was then repeated to identify a published role for these genes in chondro or
osteogenesis, comparing their frequency in the top versus the bottom quartile of the ranked
gene list.

2.2.3 Pathway enrichment analysis

Pathway enrichment analysis was performed using the R package GOSeq (522) selecting Gene
Ontology terms for molecular function and biological process (GOTERM_MF and
GOTERM_BP) and using REVIGO (http://revigo.irb.hr/) (523) to summarise the GO terms
based on semantic similarity. Bonferroni multiple testing-corrected p values using log10(FDR)

equal or less than -1.3 were considered a significant difference. Heatmaps of the
GOTERM_MF and GOTERM_BP associated miRs were created using the R package Heatmap.2
(https://www.rdocumentation.org/packages/gplots/versions/3.0.3/topics/heatmap.2).

2.2.4 Expression of CASC20-interacting miRs in osteo- and chondrogenesis datasets

To characterise the expression pattern of the miRs predicted to be targeted CASC20 during
osteoblast differentiation, we analysed publicly available miR-Seq dataset GSE107279 (524).
In this dataset, hMSCs (n=3) were differentiated into osteoblast using osteogenic medium
comprising: 10nM dexamethasone, 0.2mM I-ascorbic acid, 10mM B-glycerophosphate and
10mM 1,25-dihydroxyvitamin D3 (Calcitriol). The cells were differentiated for 13 days and
collected at the following time-points: Oh, 6hour, 12hour, 24hour, day 3, day 7, day 10, day
13. The dataset was downloaded from GEO database (https://www.ncbi.nlm.nih.gov/geo/)

and miR with less than 10 raw counts across all the samples were filtered. Differential
expression analysis was performed with limma (v 3.38.3) in R (525, 526). Log count per
million+1 values were calculated using the EdgeR (v 3.24.3) in R (527). logFC < 0 was used
identify CASC20-interacting miRs that were downregulated between day 3 and day 13, the
timeframe over which CASC20 expression was found to increase in our MSC stimulation
studies. Normalised reads of CASC20-interacting miRs were used for constructing the
heatmap using gplots (v 3.0.1.1) in R.

To characterise the expression pattern of the miRs predicted to be targeted by CASC20 during
chondrogenic differentiation, we analysed publicly available miR-Seq dataset GSE109503,
from Barter et al (528). In this dataset, hMSCs were differentiated into chondrocyte using
chondrogenic media: DMEM containing 100pug/ml sodium pyruvate (Lonza), 10ng/ml TGF-B3,
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100nM dexamethasone, 1xITS-1 premix, 40ug/ml proline, and 25ug/ml ascorbate-2-
phosphate. The cells were collected at day O, day 1, day 3, day 6, day 10, day 14. The lllumina
whole-genome expression array Human HT-12 V4 (lllumina, Saffron Walden, U.K.) was used
to profile gene expression. Normalised values of CASC20-interacting miRs were extracted and
visualised in a heatmap constructed using the gplots package in R (v 3.0.1.1). logFC < 0 was
used identify CASC20-interacting miRs that were downregulated between day 3 and day 13.

2.2.5 Tissue culture and osteogenic differentiation

Human multipotent adipose-derived stem cells (hMADs) were cultured in growth medium
which consisted of: DMEM (Lonza, BE12-707F — Slough, UK), 10% FBS, 1%glutamine (Thermo
Fisher Scientific, 25030-024), 0.2%P/S, 1%HEPES (Thermo Fisher Scientific, 15630-056) and
0.01%hFGF2 (Sigma-Aldrich, F0291). Confluency was avoided to prevent differentiation, with
hMADs cells split every 2-3 days. For lentiviral transduction and osteogenic differentiation,
hMADs were seeded for 24 hours in growth media, the cells were then transduced with
lentivirus for 24 hours, as detailed in the following section. After that, the cells were washed
with PBS and incubated with normal hMAD growth media for 24 hours. Then 300ng/ml
human recombinant BMP2 (GenScript, Z02913-1 — Wanchai, Hong Kong) was added for 48
hours. The media was replaced with the osteogenic media on day 0 of the differentiation.
Osteogenic media was made as to the growth media, except for the addition of 300ng/ml
BMP2, 10mM pB-glycerophosphate (Sigma-Aldrich, G9422), 10nM dexamethasone (Sigma-
Aldrich, D8893) and 50ug/ml L-ascorbic acid (Sigma-Aldrich, A4544).

2.2.5 Lentiviral packaging and transduction

CASC20 gene was cloned from pUCIDT-AMP plasmid (IDT - Berkshire, UK) into
pcDNA4/TO/Myc-His A plasmid (Thermo Fisher Scientific, V863-20 —Paisley PA49RF, UK) using
BAMHI and EcoRV enzymes following manufacturer’s instructions. After that, CASC20 was
cloned into the lentiviral plasmid pTwist+Lenti+SFFV+Puro+WPRE-Amp (Twist Bioscience,
South San Francisco, CA) with enzymes BamHI and Xho following manufacturers’ instructions
(Figure 2.2). For lentiviral packaging, HEK293T cells were plated (3.8 x 10° cells) in 10cm dish
(Cat. No. 10062-880, VWR) for 24 hours. The cells were cultured using 6mL of DMEM, 10%
FBS, 1% glutamine, 0.2%P/S. After that, the cells were transfected with the following 3
plasmids using FuGene HD (Promega, E2311 — Southampton, UK):

e 3.15ug pTWIST-CASC20 plasmid for CASC20 OE or pGFP-C-shLenti plasmid for negative
control (Origene, TR30023 — Herford, Germany).

e 25ug psPAX2 (a gift  from David Young, Addgene plasmid
#12260;http://n2t.net/addgene:12260; RRID: Addgene_12260)

e 0.63ug pCMV-VSV-G (a gift from David Young, Addgene plasmid
#8454;http://n2t.net/addgene:8454; RRID: Addgene_8454)
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The three plasmids were mixed in a 1.5 mL tube, and 19 pL of FUGENE HD was added. The
volume was then adjusted to 220 plL using DMEM (no additional substances added). The
mixture was incubated at room temperature for 15 minutes and subsequently added
dropwise to the cells, which were then incubated for 24 hours. Following incubation, the cells
were rinsed with PBS, and the media was changed. After another 24 hours, the media
containing the virus was harvested and stored at 4°C. This process was repeated, and 24 hours
later, the collected media was combined and centrifuged at 500g for 10 minutes. The resulting
supernatant was transferred to a new tube. To concentrate the virus, Lenti-X™ Concentrator
(Takara, 631231 — London, UK) was added to the media at a 1:3 ratio. The mixture was
refrigerated for 30 minutes, then centrifuged at 4°C and 1500g for 45 minutes. The media was
discarded, and the virus pellet was resuspended in PBS at a 10X concentration. This virus-
containing PBS was divided into individual aliquots and stored at -80°C.

BamHI

Xhol

CASC20 cloned into pTWIST
9088 bp

INSERT]|

FRAGMENT
‘IBamHI (2841) — Xhol (2865) BamHI (996) — Xhol {2588)

Replace ]Insert

I \ BamHI

C20

BamHI

Khol — EcoRV

XhoI

pTwist+Lenti:SSZFUFbVP-f-Puro‘i-WPRE CASC20 into pcDNA-4TO-myc-HIS

6687 bp

INSERT |
FRAGMENT | Replace Insert
BamHI (996) — EcoRV (1031) BamHI (483) — EcoRV (2054)

BamHI

BamHI
EcoRV

pcDNA-4-TO-Myc-His
5151 bp

EcoRV

CASC20pUCIDT Amp (2)
4327 bp

Figure 2.2. Cloning history of CASC20 gene into lentiviral plasmid.
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For lentiviral transduction, 20,000 stem cells were transduced with 10uL of lentivirus in the
presence of polybrene (Sigma-Aldrich, TR-1003-G) at 8ug/mL, with a multiplicity of infection
(MOI)= 0.9-1.0. Virus:cell ratio was determined following optimisations carried out using
DU145 prostate cancer cell lines and then validated using hMADs (Figure 2.3 and 2.4). For
subsequent downstream studies, tissue culture was conducted post-transduction without
antibiotic selection to minimise any negative effects on physiological cell biology.

Figure 2.3. DU145 cells transduced with lentivirus expressing GFP for transduction control

(representative image).
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Figure 2.4. hMADs cells transduced with lentivirus expressing GFP for transduction control
(representative image).

2.2.6 miRs isolation and RT-qPCR

For running qPCR for miRs, reverse transcription of miR into cDNA was completed using
miRCURY LNA RT Kit (Qiagen, 339340) and the Veriti 96-well thermal cycler following the
manufacturer's instructions. For RT-qgPCR, miRCURY LNA SYBR Green PCR Kit (Qiagen, 339345)
was used following the manufacturer’s instructions and gPCR samples were run on the C1000
Touch™ Thermal Cycler in 384-well plates. Triplicate technical repeats were conducted for
each assay and normalised to a U6 housekeeping gene in human. Primers for miRCURY LNA
SYBR green were ordered from Qiagen. Ct values were presented as normalisation to the
housekeeping control (272¢T) or as fold change in expression compared to day 0 and after
normalisation to the housekeeping control (2724¢T),

2.2.7 Statistics

Data are presented as mean + SEM. Technical replicates were used for analysis (N = 3-5).
Student’s t-test or, one-way or two-way ANOVA was used, with various post-hoc tests as
indicated in the figure legends. Categorical data are analysed by chi-squared test with Yates’
correction, where applicable. GraphPad Prism 9 (GraphPad software) was used to present and
analyse quantitative data.
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2.3 RESULTS

2.3.1 The CASC20 transcript is 3’ poly-adenylated

To determine whether CASC20 has a poly-A tail, | purified total RNA from DU145 (prostate
cancer) cells that express abundant CASC20 (516) and synthesised cDNA using either random
oligonucleotide or oligo-dT priming followed by qPCR. The housekeeping genes 8-ACTIN and
GAPDH that both harbour a 3’ poly-A tail were used as positive controls. | found no difference
in abundance of CASC20 cDNA between the oligod/T and random primed templates (Figure
2.5), confirming the presence of a poly-A tail and the ability for cytoplasmic export.
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Figure 2.5. CASC20 has a 3’ poly-A tail. DU145 were collected for RNA extraction and qPCR
was run for CASC20, B-ACTIN, and GAPDH. | used 2 methods for cDNA synthesis (Oligod/T
and Random nonamers) and 2 controls for gPCR (no reverse transcriptase and no template
control). Data were analysed using Ct and one-way ANOVA with Dunnett's multiple
comparisons test; data is plotted as mean +SEM; **P<0.01, ****P<0.0001; N = 6, technical

replicates.

2.3.2 CASC20 is predicted to interact with miRs involved in osteo- and chondrogenic
differentiation

| used miRanda (517) to test the potential of CASC20 to interact with miRs, enabling it to act
as a ceRNA. After filtering over 2,000 miRs to include only those predicted to interact with
CASC20, | obtained 327 putative miRs (Table 2.1). Next, | removed miRs absent from the
Encyclopedia of RNA Interactomes (ENCORI) database of experimentally validated human
miRs (search date May 15, 2020) (521). This left a list of 64 confirmed human miRs with
predicted CASC20 interaction (Table 2.2). | then performed an electronic search of PubMed
to determine whether a published function in osteo- or chondrogenesis was enriched in these
CASC20-interacting miRs versus presence of the same function across the non-CASC20
interacting miRs within the ENCORI database. This search, performed using RISMed in R,
identified 19 of the 64 CASC20-interacting miRs versus 88 of 554 non-CASC20-interacting miRs
with such a role (Table 2.3, chi-squared p=0.0096), confirming an enrichment of osteo- and
chondrogenic function associated with CASC20 interaction from published data.
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Table 2.1. Predicted Interactions of CASC20 with miRs using miRanda. The table presents the
results of the analysis conducted to predict the interactions between CASC20 and miRs using
the miRanda algorithm. Score = grading assigned to each interaction; Energy-Kcal/Mol =
energy values; Query-Aln(start) and Query-Aln(end) = alignment positions within the miR
Subject-Al(start) and Subject-Al(end) = the alignment positions within CASC20; Al-Len=
alignment length between the miR and CASC20; Subject-identity = extent to which the CASC20
region aligns with the miR sequence; Query-identity = extent to which the miR region aligns
with CASC20.

Query- | Query- | Subject-

Energy- Aln Aln Al Subject- | Al- Subject- | Query-
miR Score | Kcal/Mol | (start) | (end) (start) Al (end) | Len Identity | Identity
hsa-miR-1303 175 -27.12 2 21 1205 1227 20 80.00% 90.00%
hsa-miR-143-5p 172 -31.61 2 21 383 404 19 73.68% 89.47%
hsa-miR-6089 172 -45.85 2 23 346 368 21 76.19% 85.71%
hsa-miR-3613-3p 168 -15.82 3 21 869 892 18 | 88.89% | 94.44%
hsa-miR-619-5p 168 -33.44 2 21 1120 1141 19 94.74% 94.74%
hsa-miR-767-5p 168 -22.9 2 22 102 127 23 73.91% 78.26%
hsa-miR-519d-5p 167 -19.56 2 20 936 960 18 72.22% 88.89%
hsa-miR-6134 167 -28.71 2 17 1240 1259 16 87.50% 93.75%
hsa-miR-103b 165 -17.55 2 22 1136 1158 20 | 70.00% | 80.00%
hsa-miR-5095 165 -25.51 2 18 1114 1134 16 81.25% 87.50%
hsa-miR-6771-3p 165 -29.17 2 18 288 308 16 | 81.25% | 87.50%
hsa-miR-6776-5p 165 -26.25 2 14 390 408 12 | 100.00% | 100.00%
hsa-miR-873-5p 165 -25.1 2 20 1171 1190 18 | 77.78% | 88.89%
hsa-miR-32-3p 164 -18.51 2 21 670 689 19 | 78.95% | 89.47%
hsa-miR-363-5p 164 -23.6 2 17 336 357 15 86.67% 86.67%
hsa-miR-4774-5p 164 -21.8 2 21 453 474 19 73.68% 94.74%
hsa-miR-515-5p 164 -20.7 3 21 938 961 18 88.89% 88.89%
hsa-miR-224-5p 163 -17.96 2 16 828 848 14 | 85.71% | 92.86%
hsa-miR-3915 163 -22.93 2 21 731 753 20 80.00% 90.00%
hsa-miR-4717-3p 163 -24.18 2 16 715 735 14 78.57% | 100.00%
hsa-miR-8070 163 -17.48 2 21 1118 1140 20 | 75.00% | 80.00%
hsa-miR-29b-2-5p 162 -25.11 2 20 719 741 19 78.95% 94.74%
hsa-miR-4793-5p 162 -21.5 2 19 304 327 17 | 76.47% | 82.35%
hsa-miR-762 162 -29.12 2 19 390 411 17 76.47% 82.35%
hsa-miR-205-3p 161 -15.13 2 18 93 113 16 | 75.00% | 87.50%
hsa-miR-4728-3p 161 -21.51 2 22 71 95 20 | 70.00% | 75.00%
hsa-miR-487a-5p 161 -26.84 2 18 141 162 16 75.00% 87.50%
hsa-miR-3682-3p 160 -20.39 2 20 418 436 18 | 72.22% | 88.89%
hsa-miR-4659a-3p 160 -16.83 2 21 232 251 19 78.95% 84.21%
hsa-miR-487b-5p 160 -23.29 2 18 140 162 17 | 82.35% | 82.35%
hsa-miR-6856-5p 160 -25.07 2 22 86 105 20 75.00% 80.00%
hsa-miR-1273h-5p 159 -22.91 2 18 352 371 16 81.25% 87.50%
hsa-miR-150-5p 159 -22.84 2 21 27 49 20 | 70.00% | 80.00%
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hsa-miR-3619-5p 159 -28.36 2 20 88 109 18 77.78% 88.89%
hsa-miR-6769b-5p 159 -29.75 2 22 332 360 26 69.23% 73.08%
hsa-miR-6858-5p 159 -29.51 2 16 155 176 14 85.71% 85.71%
hsa-miR-3679-3p 158 -23.33 2 20 35 58 20 75.00% 75.00%
hsa-miR-6883-5p 158 -21.13 2 17 149 169 15 86.67% 86.67%
hsa-miR-450a-1-3p 157 -15.32 2 21 1004 1028 22 72.73% 81.82%
hsa-miR-6511b-5p 157 -29.68 2 23 14 38 22 63.64% 77.27%
hsa-miR-7160-5p 157 -21.39 2 19 1240 1262 19 73.68% 78.95%
hsa-miR-1587 156 -23.27 2 19 394 412 17 76.47% 82.35%
hsa-miR-3620-5p 156 -28.53 2 19 392 412 17 76.47% 82.35%
hsa-miR-4659b-3p 156 -17.41 2 21 232 251 19 73.68% 84.21%
hsa-miR-487a-3p 156 -17.29 2 21 952 973 19 63.16% 78.95%
hsa-miR-519e-5p 156 -20.12 3 21 940 961 18 77.78% 88.89%
hsa-miR-6772-3p 156 -22.42 2 21 635 657 19 68.42% 73.68%
hsa-miR-6871-5p 156 -31.52 3 21 351 372 18 77.78% 88.89%
hsa-miR-7112-3p 156 -23.8 2 22 259 283 22 68.18% 72.73%
hsa-miR-922 156 -18.98 2 17 87 109 15 80.00% 80.00%
hsa-miR-1285-5p 155 -28.64 3 20 1195 1215 17 82.35% 88.24%
hsa-miR-29b-3p 155 -16.99 2 22 102 128 24 66.67% 75.00%
hsa-miR-30b-3p 155 -18.05 2 16 350 371 14 78.57% 85.71%
hsa-miR-3190-5p 155 -22.49 2 18 1177 1195 16 81.25% 81.25%
hsa-miR-4496 155 -23.92 2 21 510 533 21 66.67% 90.48%
hsa-miR-4498 155 -27.48 2 21 393 411 19 78.95% 78.95%
hsa-miR-5586-5p 155 -27.04 2 21 199 221 20 75.00% 85.00%
hsa-miR-6514-3p 155 -17.54 2 16 1268 1288 14 78.57% 85.71%
hsa-miR-3679-5p 154 -18.56 2 19 1301 1323 17 70.59% 94.12%
hsa-miR-4286 154 -22.79 2 15 38 54 13 69.23% | 100.00%
hsa-miR-4437 154 -21.75 2 16 1282 1303 15 80.00% 86.67%
hsa-miR-4473 154 -15.98 2 21 132 152 19 68.42% 78.95%
hsa-miR-6134 154 -20.62 2 15 344 362 13 84.62% 84.62%
hsa-miR-6502-3p 154 -16.77 2 20 310 331 19 63.16% 84.21%
hsa-miR-6731-3p 154 -23.14 3 19 41 61 16 87.50% 87.50%
hsa-miR-7162-3p 154 -20.35 2 18 1245 1261 16 81.25% 81.25%
hsa-miR-1304-3p 153 -18.35 2 18 1192 1213 16 75.00% 75.00%
hsa-miR-1304-3p 153 -19.81 2 20 1 20 18 72.22% 77.78%
hsa-miR-4452 153 -28.75 3 22 1166 1188 19 73.68% | 100.00%
hsa-miR-4492 153 -24.02 2 14 395 411 12 83.33% 91.67%
hsa-miR-4643 153 -20.34 3 19 124 146 17 88.24% 88.24%
hsa-miR-4692 153 -17.27 2 20 13 36 20 70.00% 80.00%
hsa-miR-5589-5p 153 -30.87 2 19 385 409 21 61.90% 80.95%
hsa-miR-6726-5p 153 -30.79 2 20 1247 1266 18 77.78% 88.89%
hsa-miR-6756-5p 153 -28.55 2 22 335 357 20 70.00% 80.00%
hsa-miR-7158-5p 153 -20.13 2 23 1277 1301 22 63.64% 72.73%
hsa-miR-892a 153 -18.92 2 18 1190 1210 16 68.75% 81.25%
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hsa-miR-3165 152 -15.4 2 18 334 356 17 76.47% 76.47%
hsa-miR-3619-3p 152 -31.32 2 21 310 331 19 63.16% 89.47%
hsa-miR-381-5p 152 -16.7 2 18 326 348 17 76.47% 76.47%
hsa-miR-3929 152 -20.75 2 21 345 367 19 73.68% 78.95%
hsa-miR-4435 152 -20.05 2 14 1172 1194 13 84.62% 92.31%
hsa-miR-4477b 152 -15.62 3 21 553 574 18 72.22% 88.89%
hsa-miR-4689 152 -25.21 2 18 154 176 17 76.47% 76.47%
hsa-miR-5011-3p 152 -15.93 2 17 724 745 15 66.67% 86.67%
hsa-miR-545-5p 152 -17.67 2 21 1433 1454 19 73.68% 78.95%
hsa-miR-629-3p 152 -24.33 2 21 633 654 19 73.68% 78.95%
hsa-miR-7847-3p 152 -20.45 2 13 1309 1329 11 90.91% 90.91%
hsa-miR-9-3p 152 -16.41 3 21 511 532 18 83.33% 94.44%
hsa-miR-1178-3p 151 -24.44 2 18 3 22 16 81.25% 93.75%
hsa-miR-1258 151 -15.22 2 18 320 343 19 68.42% 84.21%
hsa-miR-1261 151 -15 2 16 739 757 14 78.57% 78.57%
hsa-miR-128-3p 151 -16.83 2 20 463 483 18 72.22% 83.33%
hsa-miR-3922-3p 151 -21.91 2 21 1159 1181 20 60.00% 80.00%
hsa-miR-4651 151 -36.01 2 18 344 362 16 81.25% 93.75%
hsa-miR-520f-5p 151 -16.85 2 20 939 960 18 66.67% 88.89%
hsa-miR-6069 151 -26.14 2 20 1173 1193 18 72.22% 83.33%
hsa-miR-6748-3p 151 -22.68 3 20 279 299 17 82.35% 82.35%
hsa-miR-6758-5p 151 -22.33 2 21 85 105 20 75.00% 75.00%
hsa-miR-6779-5p 151 -24.22 2 17 348 371 18 72.22% 77.78%
hsa-miR-6825-5p 151 -24.9 2 14 150 170 12 91.67% 91.67%
hsa-miR-7843-3p 151 -21.8 2 21 288 310 20 65.00% 90.00%
hsa-miR-8058 151 -22.13 2 20 70 91 18 72.22% 83.33%
hsa-miR-93-3p 151 -21.71 3 21 73 95 19 78.95% 84.21%
hsa-miR-1322 150 -19.18 2 11 80 98 9 | 100.00% | 100.00%
hsa-miR-20b-3p 150 -18.46 2 19 1264 1285 17 70.59% 88.24%
hsa-miR-20b-3p 150 -18.53 2 19 367 388 17 70.59% 88.24%
hsa-miR-4639-5p 150 -18.61 2 20 891 913 19 73.68% 84.21%
hsa-miR-4797-5p 150 -19.51 2 16 981 1002 15 73.33% 86.67%
hsa-miR-490-3p 150 -15.3 2 20 1290 1308 18 77.78% 77.78%
hsa-miR-5001-5p 150 -20.66 2 19 388 411 17 70.59% 70.59%
hsa-miR-5093 150 -19.83 2 22 725 750 23 69.57% 73.91%
hsa-miR-519e-3p 150 -16.93 2 20 378 400 19 63.16% 78.95%
hsa-miR-6083 150 -16.06 3 19 659 678 16 75.00% 93.75%
hsa-miR-6754-5p 150 -21.46 2 20 84 106 19 68.42% 89.47%
hsa-miR-6865-5p 150 -20.36 2 11 1236 1258 9 | 100.00% | 100.00%
hsa-miR-6881-3p 150 -17.44 2 21 1144 1167 21 66.67% 76.19%
hsa-miR-920 150 -24.68 2 19 1247 1266 17 76.47% 82.35%
hsa-miR-485-3p 149 -16.91 2 18 951 972 16 68.75% 75.00%
hsa-miR-515-3p 149 -15.4 2 19 378 400 18 61.11% 83.33%
hsa-miR-542-3p 149 -16.08 2 19 983 1005 18 72.22% 88.89%
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hsa-miR-6767-3p 149 -22.75 2 19 4 26 18 72.22% 88.89%
hsa-miR-6780b-5p 149 -21.48 2 22 1304 1326 20 60.00% 85.00%
hsa-miR-6863 149 -19.68 2 18 1311 1333 16 75.00% 87.50%
hsa-miR-1285-3p 148 -30.09 2 21 302 323 19 78.95% 84.21%
hsa-miR-181c-5p 148 -15.6 2 21 810 828 19 63.16% 78.95%
hsa-miR-302b-3p 148 -16.7 2 22 637 660 21 57.14% 90.48%
hsa-miR-3162-5p 148 -24.1 2 22 1245 1268 21 61.90% 85.71%
hsa-miR-33b-3p 148 -25.29 2 20 379 400 19 68.42% 78.95%
hsa-miR-4311 148 -16.42 2 17 518 535 15 66.67% | 100.00%
hsa-miR-500b-3p 148 -16.91 2 19 204 222 17 70.59% 76.47%
hsa-miR-532-3p 148 -30.73 2 21 34 55 19 68.42% 78.95%
hsa-miR-633 148 -18.4 2 21 44 66 19 68.42% 78.95%
hsa-miR-6512-5p 148 -26.64 2 21 776 797 19 68.42% 94.74%
hsa-miR-6751-5p 148 -25.93 2 21 1450 1472 19 63.16% | 100.00%
hsa-miR-6760-3p 148 -17.96 2 13 1 18 11 81.82% 90.91%
hsa-miR-6780a-5p 148 -20.23 2 22 348 371 21 66.67% 66.67%
hsa-miR-6811-5p 148 -17.72 2 17 17 38 15 66.67% 80.00%
hsa-miR-769-5p 148 -19.04 2 17 247 268 15 66.67% 80.00%
hsa-miR-218-2-3p 147 -15.94 2 13 1274 1296 12 83.33% 91.67%
hsa-miR-222-3p 147 -19.6 2 16 1100 1120 14 78.57% 92.86%
hsa-miR-3153 147 -18.28 2 22 795 816 20 70.00% 80.00%
hsa-miR-3190-5p 147 -18.34 2 16 304 323 14 71.43% 78.57%
hsa-miR-323b-5p 147 -24.6 2 16 139 161 14 78.57% 92.86%
hsa-miR-378g 147 -18.64 2 17 1284 1305 17 64.71% 82.35%
hsa-miR-4268 147 -19.14 2 13 635 656 12 83.33% 91.67%
hsa-miR-4514 147 -16.06 2 16 19 36 14 64.29% 85.71%
hsa-miR-4802-3p 147 -15.17 2 12 712 734 10 80.00% | 100.00%
hsa-miR-487b-3p 147 -16.73 2 20 952 973 18 66.67% 83.33%
hsa-miR-5695 147 -19.86 2 21 936 960 22 68.18% 77.27%
hsa-miR-6511a-5p 147 -22.08 2 21 12 35 20 60.00% 75.00%
hsa-miR-6741-5p 147 -21.07 2 14 387 407 12 83.33% 91.67%
hsa-miR-6749-3p 147 -28.95 2 20 635 654 19 68.42% 78.95%
hsa-miR-6811-5p 147 -16.2 2 21 1112 1134 20 70.00% 80.00%
hsa-miR-6843-3p 147 -16.75 2 20 721 741 18 61.11% 72.22%
hsa-miR-6867-5p 147 -17.12 2 20 470 492 18 66.67% 83.33%
hsa-miR-876-3p 147 -15.15 2 17 142 164 16 75.00% 75.00%
hsa-miR-1294 146 -20.85 3 21 1241 1261 18 77.78% 83.33%
hsa-miR-148b-5p 146 -17.17 2 20 1123 1145 19 73.68% 78.95%
hsa-miR-181a-5p 146 -15.21 2 15 806 828 13 76.92% 76.92%
hsa-miR-3156-3p 146 -28.12 2 19 34 54 17 64.71% 88.24%
hsa-miR-34a-5p 146 -23.84 3 20 381 403 18 72.22% 88.89%
hsa-miR-3653-5p 146 -22.4 3 19 257 276 16 75.00% 87.50%
hsa-miR-3925-5p 146 -15.41 2 20 511 533 19 63.16% 89.47%
hsa-miR-4468 146 -19.25 3 16 91 109 14 92.86% 92.86%
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hsa-miR-4698 146 -19.12 3 19 1313 1335 16 87.50% 93.75%
hsa-miR-4742-5p 146 -15.44 2 21 216 241 22 63.64% 86.36%
hsa-miR-520a-5p 146 -25.47 2 19 939 959 17 76.47% 94.12%
hsa-miR-532-3p 146 -27.24 2 21 626 652 24 62.50% 70.83%
hsa-miR-5588-5p 146 -17.9 2 19 176 196 17 70.59% 82.35%
hsa-miR-5787 146 -25.17 2 17 392 410 15 73.33% 80.00%
hsa-miR-583 146 -18.82 2 15 1487 1507 13 76.92% | 100.00%
hsa-miR-6748-5p 146 -21.16 2 11 338 359 9 88.89% | 100.00%
hsa-miR-7151-3p 146 -16.08 2 15 1114 1134 13 76.92% 76.92%
hsa-miR-935 146 -21.45 3 20 786 809 18 72.22% 88.89%
hsa-miR-1294 145 -19.13 2 20 328 348 18 72.22% 83.33%
hsa-miR-154-5p 145 -16.01 3 18 141 162 15 80.00% 86.67%
hsa-miR-3156-3p 145 -19.38 2 10 631 651 8 | 100.00% | 100.00%
hsa-miR-3176 145 -17.46 2 18 1163 1181 16 62.50% 75.00%
hsa-miR-3663-3p 145 -18.58 2 10 107 129 8 | 100.00% | 100.00%
hsa-miR-3680-3p 145 -22.15 2 20 261 286 21 71.43% 80.95%
hsa-miR-3689a-3p 145 -21.61 2 21 350 371 20 65.00% 75.00%
hsa-miR-3689b-3p 145 -21.66 2 21 350 371 20 65.00% 75.00%
hsa-miR-3689c 145 -21.66 2 21 350 371 20 65.00% 75.00%
hsa-miR-374b-5p 145 -15.03 2 18 953 974 16 87.50% 87.50%
hsa-miR-3944-3p 145 -34.31 2 22 1178 1200 20 70.00% 85.00%
hsa-miR-4461 145 -21.99 3 22 313 335 19 63.16% 84.21%
hsa-miR-4483 145 -16.99 2 16 150 165 14 71.43% 85.71%
hsa-miR-450a-2-3p 145 -15.97 2 20 1005 1028 20 70.00% 85.00%
hsa-miR-451b 145 -15.67 2 19 217 239 18 72.22% 83.33%
hsa-miR-4539 145 -19.9 2 14 71 92 12 75.00% 83.33%
hsa-miR-4666a-3p 145 -15.41 2 19 461 484 20 70.00% 80.00%
hsa-miR-4739 145 -21.8 2 19 80 105 18 72.22% 83.33%
hsa-miR-4781-3p 145 -16.87 2 21 101 122 20 65.00% 75.00%
hsa-miR-4786-5p 145 -24.66 2 16 312 332 14 78.57% 78.57%
hsa-miR-4787-3p 145 -34.76 2 23 632 658 24 70.83% 79.17%
hsa-miR-5699-3p 145 -20.56 2 18 282 303 16 68.75% 87.50%
hsa-miR-612 145 -32.69 2 23 1170 1195 22 72.73% 81.82%
hsa-miR-656-3p 145 -15.01 2 20 956 975 18 72.22% 83.33%
hsa-miR-6745 145 -24.47 2 20 335 357 20 70.00% 70.00%
hsa-miR-6785-5p 145 -19.2 2 17 150 169 15 73.33% 80.00%
hsa-miR-6849-5p 145 -30.21 4 22 737 759 18 72.22% | 100.00%
hsa-miR-6880-5p 145 -23.4 3 14 1309 1330 11 | 100.00% | 100.00%
hsa-miR-6886-3p 145 -20.59 2 19 61 83 19 63.16% 73.68%
hsa-miR-7851-3p 145 -18.82 2 20 1287 1307 18 66.67% 72.22%
hsa-miR-8069 145 -18.57 2 22 1427 1449 20 60.00% 80.00%
hsa-miR-1236-3p 144 -24.94 2 21 634 655 19 63.16% 78.95%
hsa-miR-1273f 144 -18.44 2 17 1206 1224 15 73.33% 86.67%
hsa-miR-26a-5p 144 -20.02 2 13 1154 1175 11 90.91% | 100.00%
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hsa-miR-302a-3p 144 -16.09 2 22 637 660 21 52.38% 90.48%
hsa-miR-4433b-3p 144 -29.24 2 17 154 174 15 86.67% 93.33%
hsa-miR-4655-3p 144 -29.61 2 19 286 305 17 76.47% 82.35%
hsa-miR-4680-5p 144 -19.06 2 20 1167 1187 18 66.67% 88.89%
hsa-miR-4752 144 -16 3 21 335 356 18 72.22% 77.78%
hsa-miR-4766-5p 144 -18.11 2 19 497 519 19 68.42% 89.47%
hsa-miR-509-3p 144 -20.91 2 13 1325 1346 11 90.91% | 100.00%
hsa-miR-519d-3p 144 -16.11 2 19 636 661 21 71.43% 80.95%
hsa-miR-657 144 -20.73 2 21 11 33 19 68.42% 73.68%
hsa-miR-6769a-5p 144 -23.44 2 18 338 360 18 66.67% 72.22%
hsa-miR-6826-3p 144 -20.73 2 21 36 57 19 63.16% 78.95%
hsa-miR-939-3p 144 -16.16 2 18 1285 1306 17 70.59% 70.59%
hsa-let-7b-5p 143 -23.5 2 21 1237 1259 20 75.00% 85.00%
hsa-let-7c-5p 143 -23.5 2 21 1237 1259 20 75.00% 85.00%
hsa-miR-100-3p 143 -15.26 3 21 196 218 19 73.68% 78.95%
hsa-miR-1205 143 -15.7 2 17 17 39 18 61.11% 77.78%
hsa-miR-1231 143 -18.7 2 16 609 628 14 64.29% 78.57%
hsa-miR-1233-5p 143 -27.96 3 16 351 372 13 84.62% 92.31%
hsa-miR-217 143 -16.13 2 21 1095 1120 22 68.18% 72.73%
hsa-miR-217 143 -20.58 3 20 264 286 17 76.47% 76.47%
hsa-miR-302c-3p 143 -18.58 3 22 131 152 19 68.42% 84.21%
hsa-miR-320a 143 -18.87 3 20 1244 1265 17 70.59% 82.35%
hsa-miR-320b 143 -18.87 3 20 1244 1265 17 70.59% 82.35%
hsa-miR-3929 143 -21.29 2 18 1243 1264 16 75.00% 87.50%
hsa-miR-3940-5p 143 -29.91 2 18 391 412 18 72.22% 88.89%
hsa-miR-4321 143 -15.89 2 12 665 685 10 80.00% 90.00%
hsa-miR-4459 143 -27.66 3 21 157 175 18 83.33% 83.33%
hsa-miR-4521 143 -16.43 3 21 732 754 19 73.68% 78.95%
hsa-miR-485-5p 143 -26.01 3 16 1178 1199 13 84.62% 92.31%
hsa-miR-526b-3p 143 -16.85 2 18 641 661 16 68.75% 93.75%
hsa-miR-649 143 -17.31 2 21 836 858 20 60.00% 70.00%
hsa-miR-6815-5p 143 -17.46 2 15 1238 1258 13 76.92% 84.62%
hsa-miR-6877-5p 143 -28.01 2 17 344 367 17 76.47% 82.35%
hsa-miR-6888-3p 143 -16.09 2 20 279 299 18 61.11% 83.33%
hsa-miR-8078 143 -25.43 2 22 1181 1202 20 65.00% 80.00%
hsa-let-7e-5p 142 -19.81 2 21 1204 1224 19 63.16% 84.21%
hsa-let-7i-5p 142 -16.34 2 21 1204 1224 19 63.16% 84.21%
hsa-miR-103a-2-5p 142 -15.33 3 17 229 250 14 85.71% 92.86%
hsa-miR-149-3p 142 -25.12 2 20 153 174 19 68.42% 78.95%
hsa-miR-181b-2-3p 142 -22.32 2 19 126 146 18 83.33% 88.89%
hsa-miR-320c 142 -18.91 3 19 1246 1265 16 75.00% 81.25%
hsa-miR-3913-5p 142 -18.79 2 17 314 334 15 73.33% 93.33%
hsa-miR-4284 142 -17.06 3 15 132 149 12 91.67% 91.67%
hsa-miR-4429 142 -17.57 3 19 1246 1265 16 75.00% 81.25%
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hsa-miR-4498 142 -24.37 2 21 1178 1198 19 68.42% 78.95%
hsa-miR-4639-3p 142 -18.66 2 17 33 51 15 80.00% 86.67%
hsa-miR-4640-5p 142 -25.7 3 21 1173 1194 18 72.22% 83.33%
hsa-miR-4674 142 -23.92 2 11 1284 1304 9 77.78% | 100.00%
hsa-miR-492 142 -19.16 2 22 1287 1309 21 71.43% 76.19%
hsa-miR-5189-5p 142 -17.64 2 23 1090 1113 21 57.14% 76.19%
hsa-miR-520a-3p 142 -17.38 2 21 636 660 22 63.64% 81.82%
hsa-miR-520d-3p 142 -18.21 2 15 639 660 13 69.23% | 100.00%
hsa-miR-5699-5p 142 -18.52 2 21 941 961 19 78.95% 84.21%
hsa-miR-6807-3p 142 -16.33 3 19 264 286 16 68.75% 87.50%
hsa-miR-6823-5p 142 -18.36 2 15 1329 1349 13 76.92% 92.31%
hsa-miR-6824-5p 142 -27.24 3 15 151 172 12 91.67% 91.67%
hsa-miR-6864-3p 142 -18.41 2 15 249 269 13 76.92% 92.31%
hsa-miR-6878-3p 142 -22.31 2 20 1158 1180 20 60.00% 70.00%
hsa-miR-6884-5p 142 -21.08 2 21 1241 1265 22 68.18% 77.27%
hsa-miR-7855-5p 142 -22.6 2 15 292 313 13 76.92% 92.31%
hsa-miR-936 142 -19.16 2 16 87 109 15 80.00% 86.67%
hsa-miR-1288-5p 141 -16.43 3 22 1478 1500 19 68.42% 89.47%
hsa-miR-181b-5p 141 -15.38 2 22 806 828 20 55.00% 65.00%
hsa-miR-205-3p 141 -17.86 3 20 1354 1376 19 73.68% 84.21%
hsa-miR-26b-5p 141 -17.19 2 19 1153 1175 19 68.42% 78.95%
hsa-miR-302b-3p 141 -16.31 3 22 130 152 19 63.16% 78.95%
hsa-miR-3182 141 -19.61 2 16 27 42 14 78.57% 92.86%
hsa-miR-3668 141 -16.66 2 19 1398 1420 19 73.68% 89.47%
hsa-miR-3919 141 -20.7 2 20 1294 1313 18 72.22% 77.78%
hsa-miR-4505 141 -22.16 2 12 394 410 10 90.00% 90.00%
hsa-miR-4715-3p 141 -15.97 2 22 776 798 20 65.00% 70.00%
hsa-miR-4728-5p 141 -26.92 2 14 152 174 12 83.33% 91.67%
hsa-miR-494-5p 141 -15.46 2 20 140 161 18 66.67% 83.33%
hsa-miR-614 141 -18.62 3 19 369 393 18 72.22% 83.33%
hsa-miR-6502-3p 141 -16.52 2 20 438 457 18 77.78% 88.89%
hsa-miR-6806-5p 141 -16.28 2 16 884 906 14 78.57% 92.86%
hsa-miR-6848-3p 141 -19.32 2 15 721 741 15 73.33% 73.33%
hsa-miR-6894-5p 141 -23.5 2 21 82 103 19 63.16% 84.21%
hsa-miR-8054 141 -19.75 2 20 402 425 21 71.43% 76.19%
hsa-miR-1293 140 -19.8 2 9 144 165 7 | 100.00% | 100.00%
hsa-miR-140-5p 140 -17.85 2 21 1276 1297 19 57.89% 78.95%
hsa-miR-181d-5p 140 -15.38 2 9 806 828 7 | 100.00% | 100.00%
hsa-miR-2467-3p 140 -17.98 2 21 86 107 19 63.16% 73.68%
hsa-miR-30c-1-3p 140 -15.72 2 20 1008 1027 18 66.67% 83.33%
hsa-miR-3192-5p 140 -24.46 3 22 353 372 19 73.68% 84.21%
hsa-miR-372-3p 140 -17.24 2 22 637 660 21 61.90% 76.19%
hsa-miR-379-3p 140 -19.38 2 17 949 970 15 80.00% 93.33%
hsa-miR-383-3p 140 -15.37 2 9 1258 1276 7 | 100.00% | 100.00%
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hsa-miR-3916 140 -16.05 3 17 1302 1327 14 78.57% 85.71%
hsa-miR-4441 140 -18.64 2 14 89 106 13 84.62% 92.31%
hsa-miR-4459 140 -25.84 3 21 1247 1268 18 72.22% 88.89%
hsa-miR-4472 140 -17.43 2 17 1312 1329 15 66.67% 86.67%
hsa-miR-4476 140 -15.71 2 21 1304 1325 19 57.89% 78.95%
hsa-miR-4507 140 -21.28 2 19 394 412 17 70.59% 82.35%
hsa-miR-4748 140 -16.65 3 17 1427 1447 14 78.57% 85.71%
hsa-miR-4763-3p 140 -27.74 2 22 83 108 22 63.64% 86.36%
hsa-miR-4772-3p 140 -19.13 2 21 264 285 19 73.68% 78.95%
hsa-miR-4804-3p 140 -19.36 2 17 73 93 15 86.67% 86.67%
hsa-miR-5580-3p 140 -17.13 3 21 189 207 18 77.78% 77.78%
hsa-miR-5698 140 -17.34 2 21 150 171 19 63.16% 73.68%
hsa-miR-584-5p 140 -17.11 3 18 1274 1297 17 76.47% 82.35%
hsa-miR-654-3p 140 -18.64 2 20 1267 1289 20 70.00% 80.00%
hsa-miR-655-3p 140 -16.12 2 21 985 1007 20 75.00% 85.00%
hsa-miR-664a-5p 140 -25.71 2 13 1172 1195 11 81.82% | 100.00%
hsa-miR-6734-5p 140 -24.66 2 21 156 176 19 73.68% 78.95%
hsa-miR-6778-5p 140 -24.92 3 18 350 372 16 81.25% 81.25%
hsa-miR-6802-5p 140 -18.84 3 17 1240 1259 14 78.57% 85.71%
hsa-miR-6802-5p 140 -21.32 3 17 343 362 14 78.57% 85.71%
hsa-miR-6821-5p 140 -24.89 2 22 722 745 21 61.90% 76.19%
hsa-miR-6826-5p 140 -16.72 2 21 1458 1480 19 68.42% 84.21%
hsa-miR-6832-5p 140 -20.67 2 18 84 107 17 70.59% 82.35%
hsa-miR-6859-5p 140 -20.46 2 22 811 834 21 66.67% 85.71%
hsa-miR-6862-3p 140 -20.56 3 13 201 224 10 | 100.00% | 100.00%
hsa-miR-6884-5p 140 -25.27 2 19 345 368 19 73.68% 78.95%
hsa-miR-7107-3p 140 -16.79 3 20 275 301 18 77.78% 83.33%
hsa-miR-765 140 -21.47 3 19 157 176 16 81.25% 81.25%
hsa-miR-7855-5p 140 -22.72 2 21 251 272 19 63.16% 73.68%
hsa-miR-937-5p 140 -17.59 2 9 1107 1126 7 | 100.00% | 100.00%

Table 2.2. List of the 64 putative CASC20 interacting miRs.

miR name
hsa-let-7b-5p
hsa-let-7c-5p
hsa-let-7e-5p
hsa-let-7i-5p
hsa-miR-128-3p
hsa-miR-1294
hsa-miR-140-5p
hsa-miR-150-5p
hsa-miR-154-5p
hsa-miR-181a-5p
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hsa-miR-181b-5p

hsa-miR-181c-5p

hsa-miR-181d-5p

hsa-miR-217

hsa-miR-222-3p

hsa-miR-224-5p

hsa-miR-2467-3p

hsa-miR-26a-5p

hsa-miR-26b-5p

hsa-miR-29b-3p

hsa-miR-302a-3p

hsa-miR-302b-3p

hsa-miR-302c-3p

hsa-miR-320a

hsa-miR-320b

hsa-miR-320c

hsa-miR-34a-5p

hsa-miR-3619-5p

hsa-miR-3679-5p

hsa-miR-372-3p

hsa-miR-374b-5p

hsa-miR-378g

hsa-miR-379-3p

hsa-miR-3944-3p

hsa-miR-4429

hsa-miR-4640-5p

hsa-miR-4739

hsa-miR-4766-5p

hsa-miR-485-3p

hsa-miR-485-5p

hsa-miR-487a-3p

hsa-miR-487b-3p

hsa-miR-490-3p

hsa-miR-509-3p

hsa-miR-515-5p

hsa-miR-519d-3p

hsa-miR-519e-5p

hsa-miR-520a-3p

hsa-miR-520a-5p

hsa-miR-520d-3p

hsa-miR-526b-3p

hsa-miR-532-3p

hsa-miR-542-3p

hsa-miR-545-5p




hsa-miR-5586-5p
hsa-miR-584-5p
hsa-miR-654-3p
hsa-miR-655-3p
hsa-miR-656-3p
hsa-miR-6807-3p
hsa-miR-6884-5p
hsa-miR-769-5p
hsa-miR-873-5p
hsa-miR-9-3p

Table 2.3. 19 confirmed human miRs with predicted interactions with CASC20 and published
roles in osteo- or chondrogenesis using ENCORI.

Published role in osteo- or chondrogenesis (PMID:) (search

miR date May 15, 2020)
hsa-miR-217 30551361, 30367466, 30098434, 26054690, 25289936
hsa-miR-140-5p 30666640, 25941324
hsa-miR-150-5p 29113181, 26025627
hsa-miR-181a-5p 30286747, 29032608
hsa-miR-26a-5p 29063236, 26854724
hsa-let-7b-5p 24617339
hsa-let-7c-5p 24617339
hsa-let-7e-5p 24617339
hsa-miR-181c-5p 29032608
hsa-miR-222-3p 29102598
hsa-miR-26b-5p 29534118
hsa-miR-320a 31276478
hsa-miR-320b 25724494
hsa-miR-320c 30509082
hsa-miR-34a-5p 30564968
hsa-miR-4739 28340487
hsa-miR-487b-3p 29102319
hsa-miR-584-5p 25475098
hsa-miR-769-5p 31465725

2.3.3 Osteo and chondrogenic gene and pathway enrichment

Next, | used the ENCORI database to identify genes that are targeted by CASC20 interacting
miRs. This search identified 13463 genes that are targeted by at least 1 miR. Next, | ranked
the genes in order of the number of putative CASC20 miRs with which they interact to create
a CASC20-miR interactome hierarchy on the assumption that the genes in the top quartile of
the ranking are more likely to be regulated via CACS20-miR interactions than those in the
bottom quartile. | then repeated the RISMed PubMed search strategy here to identify a
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published role of the top vs. bottom quartile of the ranked target genes in chondro- or
osteogenesis. This analysis yielded 2283 genes with a published role versus 1083 with no
published role in the top quartile, and 1960 versus 1406 in the bottom quartile (chi-squared
p<0.0001). Within the top quartile, 19 genes are predicted to be targets for 250 putative
CASC20 interacting miRs (Figure 2.6A), suggesting that these targets may be the most
profoundly regulated by altered CASC20 expression. Ten of these 19 genes also have
published experimental data demonstrating their role in osteo or chondrogenesis (Table 2.4).
Next, | used Gene Ontology (GO) to identify molecular functions and biological processes that
are targeted by CASC20-interacting miRs (Figure 2.6B). The most frequently-targeted
molecular functions included SMADs, MAPKK and other kinase activities that are known to
play a central role in osteo and chondrogenesis (529). The most frequently targeted biological
processes included endothelial cell proliferation and migration, cell-matrix adhesion, cell
junction assembly and MAPKK activation, consistent with the role of endothelial cells and
matrix assembly in HO initiation (27, 28, 530).
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Figure 2.6. CASC20 interacts with multiple miRs that have enriched representation in gene
targets that modulate osteo and chondrogenesis, and in association with HO-relevant Gene
Ontology (GO) terms. A) Heatmap shows mRNAs targeted by at least 50 CASC20-interacting
miRs (subset of all the targeting miRs is shown). B) Molecular function (MF) GO terms. GOSeq
was used to perform the MF analysis. The GO terms are ranked so that those associated with
the highest number of miRs are furthest to the left of the map. Only GO terms associated with
> 4 miRs are shown.
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Table 2.4. Putative gene targets for CASC20-interacting miRs and most recent PMIDS for their
published role in osteo or chondrogenesis.

Most recent PMID number
corresponding with
published role in osteo or
Number of CASC20- chondrogenesis

Target gene interacting miRs (search date May 15, 2020)

LCOR 54 29663375

NFAT5 52 26418500

MAPK1 52 31013682

SNX27 51 26912788

ATXN1 51 30210606

PTAR1 51 31323019

KIF1B 50 29113313

POU2F1 50 30783479

IGFI1R 50 22729283

CDK6 50 30466085

2.3.4 Expression of putative CASC20-interacting miRs in osteo- and chondrogenesis
experimental datasets

Finally, to identify whether CASC20-interacting miRs are differentially expressed by primary
human MSCs during osteo and chondrogenesis over the time-period when CASC20 is induced
in response to a differentiating stimulus, | explored published datasets. To explore expression
during osteoblast differentiation | used miR-Seq dataset GSE107279 (524). 42 of the 64
ENCORI CASC20-interacting miRs were found in this dataset at raw expression values >10. Of
these 42, 24 became downregulated between day 3 and 13 (Figure 2.7A), consistent with the
upregulation of CASC20 expression after day 3 following an osteogenic stimulus and a
putative role of CASC20 as a ceRNA to these miR targets. | found that 169 out of 352 non-
interacting miRs were downregulated after day 3. This finding suggested that there is no
greater likelihood of downregulation among CASC20-interacting miRs compared to non-
interacting miRs (chi-squared = 1.252, df = 1, p-value = 0.263).

Having established that CASC20 is also expressed in differentiating chondrocytes within
mMRNA dataset GSE109503 (531), | used the previously published chondrocyte differentiation
miR microarray dataset of Barter and colleagues (528) to explore miR expression during
chondrocyte differentiation. 21 of the 64 ENCORI CASC20-interacting miRs were found in this
dataset. Of these, 16 became downregulated between day 3 and 14 (chi-squared test) (Figure
2.7B). | found that 17 out of 187 non-interacting miRs were downregulated after day 3. This
finding suggested that CASC20-interacting miRs are more likely to be downregulated
compared to non-interacting miRs (chi-squared = 20.884, df = 1, p-value <0.00001). 10 miRs,
hsa-miR-485-5p, hsa-miR-485-3p, hsa-miR-3944-3p, hsa-miR-520a-5p, hsa-miR-3619-5p, hsa-
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miR-515-5p, hsa-miR-542-3p, hsa-miR-520d-3p, hsa-miR-769-5p, and hsa-miR-654-3p
demonstrated down-regulation across both datasets suggesting a possible common CASC20-
mediated regulatory mechanism during osteo and chondrogenesis.
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Figure 2.7. CASC20 interacting miRs are also downregulated during osteo and chondrogenic
differentiation. A) Characterisation of miRs targeted by CASC20 during osteoblast
differentiation in dataset GSE107279, analysed using Limma and EdgeR with reads normalised
the using log(CPM+1) method. A heatmap for the normalised reads of CASC20-interacting
miRs expressed in the dataset for day 0, 7 and 13 was constructed using Heatmap.2. B)
Characterisation of miRs targeted by CASC20 during chondrocyte differentiation. The
normalised chondrocyte differentiation microarray data was obtained from (528). A heatmap
for the normalised data of CASC20-interacting miRs expressed in the dataset for day 3, 10 and
14 was constructed using Heatmap.2.

2.3.5 Testing CASC20 overexpression on candidate miRs

Finally, | tested the effect of CASC20 on 6 out of the 10 miRs identified by the bioinformatics
analysis, using in vitro approaches. The miRs hsa-miR-3944-3p and hsa-miR-3619-5p were
excluded from the analysis as they were lowly expressed in the osteoblast dataset at baseline
(day 3). The miRs hsa-miR-520a-5p and hsa-miR-542-3p were excluded from the in vitro
analysis because they showed the least downregulation in the datasets analysed. This left us
with the following 6 candidate miRs: hsa-miR-485-3p, hsa-miR-485-5p, hsa-miR-520d-3p, hsa-
miR-654-3p, hsa-miR-769-5p, and hsa-miR-515-5p. | transduced CASC20-overexpressing
lentivirus into hMADs and confirmed that the cells overexpress CASC20 using RT-qPCR (Figure
2.8A). CASC20-overexpressing hMADs were differentiated for 10 days into osteoblasts and
gPCR was run for the six candidate miRs. Two miRs were not detected (hsa-miR-520d-3p and
hsa-miR-515-5p), three miRs showed no statistical differential expression (hsa-miR-485-5p,
654-3p, and 769-5p), and hsa-miR-485-3p was shown to be significantly downregulated at day
10 in CASC20-overexpressing samples compared to wild type (FC= 0.24, p= 0.002696) as
shown in Figure 2.8B.
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Figure 2.8. Pilot data indicating that CASC20 may negatively regulate miR-485-3p in osteoblast
differentiation. A) RT-gPCR was used to confirm CASC20 lentiviral overexpression in hMAD at
days 0 and 10. Day 0 samples were collected 24 hours after transduction. Data were analysed
using - A A Ct by normalising to GAPDH and day 0 (N= 5, technical replicates). Analyses are
multiple unpaired t test; data is plotted as mean +SEM. B) hMAD were transduced to
overexpress CASC20 and RT-qPCR was used to measure the expression of 6 candidate miRs at
day 0 and 10 of osteoblast differentiation. Data were analysed using 2(- A Ct) by normalising
to U6 (N=3, technical replicates). Multiple unpaired t-test; data is plotted as mean +SEM.
**p<0.01
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2.4 DISCUSSION

Our finding that CASC20 has a 3’ poly-A tail indicates that this IncRNA may function as a
cytoplasmic ceRNA to miRs that modulate chondro- and osteogenesis. Several other IncRNAs
are already established as functional ceRNAs in bone and cartilage formation. For example,
IncRNA H19 acts as a ceRNA to miR-185-5p, a miR that modulates /IGF1 activity in osteoblast
mineralisation (532). LncRNA ADAMTS9-AS2 acts as a ceRNA to miR-942-5p, promoting the
expression of Scrgl1, a transcription factor for chondrogenesis (533). In the ENCORI database
| found several putative CASC20 interacting miRs, and strong enrichment of their target genes
and molecular function pathways with a known role in osteo and chondrogenesis.

Upon examining the direction of change, | observed that several miRs displayed a
downregulation pattern in osteo- and chondrogenesis. This finding provides in-silico support
for the ceRNA function hypothesis in the context of osteo- and chondrogenesis, as the
downregulation observed in the expression datasets coincided with the timeframe of CASC20
upregulation resulting from our MSC stimulation experiments. Notably, all 10 of the identified
miRs that were semi-quantitatively downregulated in both datasets are known to possess
inhibitory roles in osteo- or chondrogenesis. The identification of CASC20 as a common
interacting INcRNA suggests the existence of a potential shared regulatory link across multiple
signalling pathways.

By integrating bioinformatics analysis with in vitro experiments, | identified and prioritised
potential CASC20-interacting miRs for further investigation. The successful overexpression of
CASC20 in hMAD cells and subsequent differentiation into osteoblasts provided a relevant
cellular context to evaluate the effect of CASC20 on miR expression. Similar lentiviral models
have been widely utilised in the literature to investigate the role of genes in osteo- and
chondrogenesis (534-537). The significant downregulation of miR-485-3p in CASC20-
overexpressing samples versus wild type further supports the hypothesis that CASC20 may
modulate osteo- and chondrogenesis through its interaction as a ceRNA with this specific miR.

There are several limitations that should be acknowledged in this study. Firstly, the focus was
placed on a specific subset of miRs identified through bioinformatics analysis of published
datasets. It is important to recognise that the availability of miR expression data is limited,
and the selection of miRs may not encompass the entire landscape of potential CASC20-
interacting miRs. Moreover, the use of published datasets generated using different
platforms or technologies introduces inherent variations in data consistency and quality (537,
538). In this bioinformatics analysis, the osteogenesis dataset was generated using an RNA-
Seq platform, while the chondrogenesis dataset was generated using a microarray platform.
By comparing data from disparate sources, there is a risk of introducing inconsistencies that
may impact the reliability of the analysis.

Additionally, the methods used for differentiating cells into osteoblasts or chondrocytes in
this study do not align precisely with the standard protocols | routinely employ. While | utilise
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BMP2 and OM (B-glycerophosphate, ascorbic acid, dexamethasone) media for osteogenic
differentiation, the published osteogenic dataset studied used calcitrioland OM media. These
variations in differentiation methods could potentially introduce differences in cellular
behaviour and gene expression profiles. Therefore, it is essential to exercise caution when
interpreting the results, and wet-lab validation of CASC20-miR interactions using
transcriptome-wide sequencing of samples generated within this PhD project are warranted
to thoroughly investigate and validate the findings.

It is also important to acknowledge that the ceRNA function of CASC20 represents only one
possible mechanism of action among several. Alternative mechanisms may involve the
binding of transcription factors or enhancers to drive HO genes. To gain a more
comprehensive understanding of CASC20 function, further investigations employing lentiviral
overexpression and RNA-Sequencing are planned. These experiments aim to elucidate how
CASC20 influences the expression profile of miRs. By addressing this inquiry, valuable insights
into the molecular mechanisms underlying the effects of CASC20 on osteo- and
chondrogenesis can be obtained. These forthcoming experiments will provide a clearer
picture of the specific molecular pathways and processes through which CASC20 exerts its
function.
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Chapter 3 - Initial experiments on the effect of CASC20
overexpression on osteoblast differentiation

3.1 INTRODUCTION

In this chapter, | present experiments exploring the impact of CASC20 overexpression on
osteoblast differentiation. To investigate the effect of CASC20 on osteodifferentiation, |
transduced CASC20 lentiviral virus into hMADs and investigated their differentiation into
osteoblasts. The presence of robust calcium deposits demonstrated the successful, functional
maturation of osteoblasts (539). The aim was to shed light on the effects of CASC20 hMAD
osteo-differentiation, as defined by RUNX and OSX osteogenic gene expression, and on
mineralisation by Alizarin Red S staining as the biological read-out. This staining method
allowed for the visualisation and quantification of calcium deposits indicative of osteoblast
differentiation (539). Here | confirmed that CASC20 is overexpressed during the
differentiation of AMADs. CASC20 positively regulated the expression of osteogenic genes and
calcium deposit in the early stages of the differentiation. By day 20, minimal disparities were
discernible in calcium deposition between CASC20 OE and wild type, indicating that by this
time-point the wild-type cells may have achieved a comparable level of calcium deposition as
the CASC20 OE cells. This chapter represents a pilot study in which a minimal sample size is
employed to determine which specific areas warrant further investigation.
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3.2 MATERIALS and METHODS

3.2.1 Tissue culture

hMADs were cultured and differentiated into osteoblasts, as previously described in Chapter
2.

3.2.2 RNA isolation and RT-qPCR

Total RNA was isolated using the miRNeasy mini Kit, as previously described in Chapter 2.
Reverse transcription of 400ng of RNA into cDNA was completed using the iScript™ cDNA
Synthesis Kit (Bio-Rad, 1708891BUN — Hercules, CA) and the Veriti 96-well thermal cycler
according to the manufacturer’s instructions (Applied Biosystems, Waltham, MA). For RT-
gPCR, 2ng of cDNA was loaded per well. gPCR samples were run on the C1000 Touch™
Thermal Cycler in 384-well plates. Triplicate technical repeats were conducted for each assay
and normalised to a GAPDH or GUSB housekeeping gene in human. Primers for SYBR green
gPCR (Sigma-Aldrich) were designed using Primer-BLAST (NCBI:
(www.ncbi.nlm.nih.gov/tools/primer-blast). All primers were screened to avoid self-

complementarity  with Oligo Calc: Oligonucleotide Properties Calculator
(http://biotools.nubic.northwestern.edu/OligoCalc.html). PrecisionPLUS SYBR-Green master

mix was used with SYBR primers. Ct values were presented as normalisation to the
housekeeping control (272¢T).

Gene Human gPCR Primer Sequence (5’ -> 3’)
GAPDH FW ATTGCCCTCAACGACCACTTT
REV CCCTGTTGCTGTAGCCAAATTC
CASC20 FW TCATATGGATTTCAAGCTGGGT
REV TCCCAGTCTTCTGCATCACTTC
RUNX2 FW GGTTAATCTCCGCAGGTCACT
REV CACTGTGCTGAAGAGGCT

0SsX FW CCACCTACCCATCTGACTTTG
REV CCACTATTTCCCACTGCCTT
GUSB FW CTGTCACCAAGAGCCAGTTCCT
REV GGTTGAAGTCCTTCACCAGCAG
COL1A1 | FW ACCGCCCTCCTGACGCAC

REV GCAGACGCAGATCCGGCAG
ALP FW GCAGACGCAGATCCGGCAG
REV CCTGGCTTTCTCGTCACTCTCA

3.2.3 Alizarin Red S staining

Cells were washed twice with PBS and fixed overnight at 4°C in 100% ethanol. Cells were then
washed twice with PBS before the addition of 40mM Alizarin Red S (Sigma-Aldrich, A5533),
pH 4.2. The wells were washed extensively with 95% ethanol until all unbound stain was
removed, the same number of washes was used for each well. Plates were air dried overnight
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and scanned on high-resolution flat-bed scanner at 1200dpi. Imagel Software
(http://rsb.info.nih.gov/ij/) was used to quantify the percentage mineralised area in each
well. The area fraction positive for the stain was recorded, representing percentage
mineralisation. Identical settings were used for all wells. The wild type wells were used as

reference for setting the threshold values.

3.2.4 Statistics

Statistical analyses were conducted as previously described in Chapter 2.
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3.3 RESULTS

3.3.1 CASC20 enhances mineralisation

| first transduced CASC20 lentiviral virus into human multipotent adipose-derived stem cells

(hMAD) in 24-well tissue culture plate and confirmed consistent CASC20 over-expression in

the CASC20 OE cells versus wild type across all differentiation time points (Figure 3.1).
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Figure 3.1. CASC20 is overexpressed during osteodifferentiation of hMADs. RT-qPCR was used

to confirm CASC20 lentiviral overexpression in hMAD at days 0, 5, and 10. Data were analysed
using two-way ANOVA with Sisak multiple comparison test; **P<0.01, ***P<0.001; N = 5,
technical replicate.

Next, the wells were stained for Alizarin Red S at day 0 and 10. | found that CASC20
overexpression significantly increased the mineralisation at day 10 compared to wild type

(FC= 14, p-value= 0.002), consistent with increased osteogenesis (Figure 3.2).
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Figure 3.2. CASC20 augments osteodifferentiation of hMADs. Alizarin Red S demonstrated
increase calcium deposits in CASC20 OE versus wild type. Data were analysed using two-way
ANOVA with Sidak multiple comparison test; ***P<0.001; N = 3, technical replicate.

To test whether CASC20 induces key osteogenic genes, CASC20-overxpressing cells were
treated with BMP2 for 48hrs and expression of RUNX2 and COL1A1 was measured. | found
that CASC20 upregulated the expression of COL1A1 (FC = 8.1, p = 0.0061) (Figure 3.3) There
was a trend of upregulation in RUNX2 expression in CASC20 OE versus wild type, however it
did not reach statistical significance (FC = 1.9, p = 0.1070).
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Figure 3.3. CASC20 OE in hMADs augmented the expression of key osteogenic genes. Cells
were collected 48H after BMP2 stimulation. RT-qPCR for key genes following lentiviral
transduction showed increase in RUNX2 and COL1A1 expression in CASC20-overespressing
cells versus wild type. Analyses are unpaired t test; **P<0.01; N = 5, technical replicate.
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3.3.2 CASC20 promotes the expression of other osteogenic genes during osteoblast
differentiation

To test whether CASC20 regulates other osteogenic genes during osteoblast differentiation,
CASC20-overxpressing and wild type hMADs were differentiated for 5 days. After that, |
measured the expression of RUNX2, COL1A1 and ALP. At day 5, | found a trend in upregulation
in RUNX2 and ALP, but not in COL1A1.
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Figure 3.4. The effect of CASC20 OE on RUNX2, ALP and COL1A1 during the
osteodifferentiation of hMADs. Analyses are two-way ANOVA with Sidak's multiple
comparison test; ****P<0.0001; N = 5, technical replicate.

3.3.3 Evaluating the effect of CASC20 in the later stages of differentiation

| then tested the effect of CASC20 on the later stages of osteodifferentiation of hMADs by
differentiating the cells for 20 days. At day 20, | found no difference in calcium deposit
between CASC20 OE and wild type (Figure 3.5). This lack of difference could be attributed to
the cells already being committed to the osteoblast lineage, making it too late to observe any
augmentation of the differentiation process.
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Figure 3.5. Comparison of calcium deposition in CASC20 OE and wild type at day 20. Data
were analysed using a two-way ANOVA with Sidak multiple comparison test; N=3, technical

replicate.
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3.4 DISCUSSION

The results demonstrated that CASC20 overexpression enhances mineralisation compared to
the wild type. This observation aligns with the notion that CASC20 acts as a positive regulator
of the mineralisation process during osteogenesis. The substantial fold change (FC= 14) and
low p-value (p-value= 0.0020) underscore the robustness of this effect.

Another significant outcome of our study is the upregulation of COL1A1 expression in CASC20-
overexpressing cells following BMP2 treatment. The fold change (FC = 8.1) and low p-value (p
= 0.0061) suggest a strong regulatory link between CASC20 and COL1A1 expression. COL1A1
is a key structural protein of bone and thus COL1A1 an important marker of osteogenic
differentiation (540).

While not reaching statistical significance, our findings indicate a trend in the upregulation of
RUNX2 and ALP expression in CASC20-overexpressing cells during early osteoblast
differentiation. Although the mean level difference was substantial between treatment
groups, the ANOVA was not significant, indicating that due to possible technical variability
between biological replicates, further repeats would be required to confirm this trend.
Further discussion of the role of these genes in osteogenesis is covered in the next chapter.

In summary, this pilot study gives support to the hypothesis that CASC20 plays a role in
enhancing mineralisation and promoting the expression of osteogenic genes during
osteoblast differentiation. These results, in particular the biological readout of differential
mineralisation in response to CASC20 over-expression, provide a basis for follow up
investigations into the molecular mechanisms by which CASC20 influences bone formation.
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Chapter 4 - Confirmation and scale up effects of CASC20

overexpression on osteoblast differentiation

4.1 INTRODUCTION

In this chapter, the primary aim was to explore the potential regulatory role of CASC20 in
osteoblast differentiation by upscaling to allow sufficient total RNA output to allow
transcriptome wide sequencing of the outputs. To achieve this, a lentiviral overexpression
approach is employed in hMADs, P512MSCs (Primary human explant MSCs from patient 512),
and ASC52telo hTERT immortalised human adipose-derived mesenchymal stem cells (ATCC®
SCRC-4000™). By manipulating the expression levels of CASC20, | examined its impact on the
process of osteoblast differentiation. To quantitate the biological endpoint of osteoblast
differentiation Alizarin Red S staining was again implemented (536, 537, 539, 540).

My hypothesis was that CASC20 enhances the process of osteoblast differentiation, leading
to anticipate the presence of early calcium deposits at this time point. This is consistent with
existing literature that indicates that the detection of Alizarin Red S staining typically occurs
by the end of the second week of the differentiation process (541, 542). Therefore, examining
the differences between the wild type and CASC20 overexpression groups at day 10 allows
me to assess the potential accelerating effect of CASC20 on the formation of calcium deposits
during osteoblast differentiation.

In addition to the biological endpoint assessment through Alizarin Red S staining, | employed
RT-qgPCR to measure the expression levels of key osteogenic markers. These markers,
including RUNX2, OSX, ALP, and COL1A1, play pivotal roles in osteoblast differentiation and
bone formation (543). RUNX2, also known as Runt-related transcription factor 2, is a master
regulator of osteoblast differentiation and is responsible for initiating osteogenic lineage
commitment (544). It controls the expression of various osteoblast-specific genes, including
OSX (Osterix) (545). OSX is another transcription factor essential for osteoblast
differentiation, functioning downstream of RUNX2 (545). It promotes the maturation and
mineralisation of osteoblasts by regulating the expression of osteoblast-specific genes such
as ALP (Alkaline phosphatase) and COL1A1 (Collagen type | alpha 1) (546). ALP is an enzyme
involved in mineralisation, playing a crucial role in the deposition of calcium and phosphate
during bone formation (547). COL1A1, a major component of the extracellular matrix,
provides structural integrity to bone tissue and contributes to its mechanical strength (548).
Together, these factors orchestrate the intricate processes of osteoblast differentiation and
bone mineralisation, crucial for maintaining bone integrity and function (549).

To further assess the phenotypic characteristics of the differentiating cells, RT-gPCR was
performed to analyse the expression of key chondrogenic markers, including ACAN, COL2A1,
and COMP (550). ACAN encodes for aggrecan, a major proteoglycan component of the
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extracellular matrix in cartilage, providing structural support and hydration (551). COL2A1 is
involved in the synthesis of type Il collagen, the main collagen type found in cartilage,
contributing to its structural integrity (552). COMP is a non-collagenous extracellular matrix
protein that interacts with other cartilage matrix components, playing a crucial role in
maintaining cartilage structure and function (553). The expression levels of these markers
serve as molecular indicators for assessing the progress of chondrocyte maturation and
cartilage formation (554). By monitoring the expression of chondrogenic markers alongside
osteogenic markers, this ensures that the observed changes in gene expression are specific
to the osteogenic lineage and not influenced by chondrogenic differentiation (555-557).

After completing the initial experiments, | upscaled the tissue culture to obtain a higher yield
of RNA for subsequent RNA-Seq analysis. This expansion phase is necessary to generate
sufficient RNA for reliable and comprehensive transcriptomic analysis that includes miR
expression. The findings presented in this chapter provided evidence suggesting that CASC20
exerts a positive regulatory effect on osteoblast differentiation in hMADs and P512MSCs. |
found that ASCs were not suitable for osteoblast differentiation, as indicated by lack of
Alizarin Red S staining. The observed increase in calcium deposits and the upregulation of
osteogenic marker genes, as indicated by the gPCR data, supported the hypothesis that
CASC20 plays a role in promoting osteogenic differentiation.
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4.2 MATERIALS and METHODS

4.2.1 Cell culture

hMADs were cultured as previously described in Chapter 2. P512MSCs were cultured in
growth medium which consisted of: DMEM (Thermo Fisher Scientific, 61965-059)
supplemented with 10%FBS, 1%P/S, and 25ug/mL ascorbic acid. During subculturing, when
the cells reached 80-90% confluency, | passaged them and seeded into new flasks at a density
of 5,000 viable cells/cm?. Confluency was avoided to prevent differentiation, with P512MSCs
cells split every 2-3 days. ASC52telo were cultured using a complete growth medium
composed of Mesenchymal Stem Cell Basal Medium (ATCC, PCS-500-030 — Manassas,
Virginia), Mesenchymal Stem Cell Growth Kit for Adipose and Umbilical derived MSCs Low
Serum Components (ATCC, PCS-500-040), and G418 disulphate salt solution (Sigma Aldrich,
G8168). The complete growth medium was prepared by adding the Mesenchymal Stem Cell
Growth Kit and G418 to the basal medium as follows: 482 ml of basal medium, 10ml of MSC
supplement (2% FBS, 5ng/ml rh FGF basic, 5ng/ml rh FGF acidic, 5ng/ml rh EGF), 6ml of L-
Alanyl-L-Glutamine (2.4mM final concentration), and 2ml of 50mg/ml G418 solution
(0.2mg/ml final concentration). For trypsin neutralisation, | used Mesenchymal Stem Cell
Basal Medium (ATCC, PCS-500-030) with 10% FBS to create Trypsin Neutralisation Medium
(TNM). The seeding density for cell culture was determined as follows: 5,000 cells/cm2 for
T75 flask (375,000 cells). During subculturing, when the cells reached 80-90% confluency, |
passaged the cells and seeded into new flasks at a density of 5,000 viable cells/cm?.

4.2.2 Osteogenic differentiation

Cells were transduced and differentiated into osteoblasts as previously described in Chapter
2. The cells were collected at the designated time points for further analysis. For testing the
differential effect of osteogenic media (OM, which includes B-glycerophosphate and
dexamethasone) and BMP2, P512MSCs cells were differentiated into osteoblasts using +/-OM
and +/-BMP2. Ascorbic acid was added regardless of the differential treatment, as it is
necessary for collagen synthesis (558). The supplements were added 24 hours after
transduction.

4.2.3 RNA isolation and RT-qPCR

Total RNA was isolated using the miRNeasy mini Kit, as previously described in Chapter 2.
Reverse transcription of RNA into cDNA and RT-qPCR were conducted, as previously described
in Chapter 3.

Gene Human gPCR Primer Sequence (5’ -> 3’)
GAPDH | FW ATTGCCCTCAACGACCACTTT

REV CCCTGTTGCTGTAGCCAAATTC
GUSB FW CTGTCACCAAGAGCCAGTTCCT
REV GGTTGAAGTCCTTCACCAGCAG
CASC20 | FW TCATATGGATTTCAAGCTGGGT
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REV TCCCAGTCTTCTGCATCACTTC

RUNX2 | FW GGTTAATCTCCGCAGGTCACT

REV CACTGTGCTGAAGAGGCT

OSX FW CCACCTACCCATCTGACTTTG

REV CCACTATTTCCCACTGCCTT

COL1A1 | FW ACCGCCCTCCTGACGCAC

REV GCAGACGCAGATCCGGCAG

ALP FW GCAGACGCAGATCCGGCAG

REV CCTGGCTTTCTCGTCACTCTCA

ACAN FW CAGGCTATGAGCAGTGTGACGC

REV GCTGCTGTCCTTGTCACCCACG

COL2A1 | FW GCCGAGGTGATAGTGTGGTT

REV AACGGGGATGGCCTTGTATG

COMP FW GGAGATGCTTGTGACAGCGATC

REV TGAGTCCTCCTGGGCACTGTTA

4.2.4 Alizarin Red S staining

Alizarin Red S was conducted as previously described in Chapter 3.

4.2.5 Statistics

Statistical analyses were conducted as previously described in Chapter 2.
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4.3 RESULTS

4.3.1 CASC20 overexpression results in increased mineralisation during osteoblast

differentiation of stem cells

| performed osteoblast differentiation experiments for over 20 days using CASC20-
overexpressing hMADs, P512MSCs cells, and ASC52telo. | observed a significant increase in
calcium deposits in hMADs undergoing osteoblast differentiation at day 20 compared to day
0 (FC > 50) in wild type cells, as indicated by Alizarin Red Staining. Additionally, CASC20
overexpression led to increased mineralisation at both day 10 (FC = 23.2, p = 0.0093), but by
day 20 mineralisation under both conditions was similar. (Figure 4.1).
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Figure 4.1. Alizarin Red Staining reveals enhanced calcium deposits in CASC20 overexpressing
hMADs during early osteoblast differentiation. Alizarin Red was used to stain calcium deposits
at days 0, 10, and 20. Analyses are two-way ANOVA with Sidak’s multiple comparisons test;
data is plotted as mean #SEM. **: p<0.01, N=3, technical replicates.

| next performed gPCR analysis for RUNX2, OSX, ALP, and COL1A1 using hMAD cells to
examine the gene expression patterns and determine if similar associations are observed. The
results demonstrated a tendency of increased expression for RUNX2, OSX, and ALP at day 10
in CASC20-overexpressing cells compared to the wild type group, however, these differences
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did not reach statistical significance. Also, COL1IA1 was already expressed at a high
endogenous level in hMAD cells and did not follow the same trend observed for the other

genes as shown in Figure 4.2.
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Figure 4.2. RT-qPCR for osteogenic genes in CASC20 overexpressing hMADs at day 10 of the
osteoblast differentiation. Alizarin Red was used to stain calcium deposits at days 0, 10, and
20. Analyses are two-way ANOVA with Sidak's multiple comparisons; data is plotted as mean
+SEM; N=3, technical replicates.

I then induced lentiviral CASC20 overexpression in P512-MSCs. RT-gPCR demonstrated robust
expression of CASC20 in the OE group compared to no detectable expression in the wild type
(Figure 4.3) at both day 0 and day 20 of osteodifferentiation (Figure 4.3).
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Figure 4.3. RT-gPCR demonstrated expression of CASC20 in OE versus no expression in wild
type in P512-MSCs. The cells were differentiated for 20 days using +/-OM+/-BMP2 media.
Data is plotted as mean £SEM; N=2, technical replicates.

| observed a significant increase in calcium deposits in P512MSCs cells undergoing osteoblast
differentiation at day 20 compared to day 0 (FC > 50, p = 0.0137), as indicated by Alizarin Red
S, as shown in Figure 4.4. The results did not show statistically significant differences between
the conditions. However, there was a trend indicating an increase in expression of osteogenic
genes with CASC20 overexpression compared to the wild type group.
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Figure 4.4. Alizarin Red S deposits in CASC20 overexpressing P512MSCs Cells during
osteoblast differentiation. Alizarin Red was used to stain calcium deposits at days 0, 10, and

20. Analyses are unpaired t test; data is plotted as mean +SEM; *p<0.05; N=3, technical
replicates.

The ASC52telo did not undergo osteoblast differentiation, as evidenced by the absence of

calcium deposits visualised by Alizarin Red S. Microscopic examination revealed a fibroblastic
phenotype, as shown in Figure 4.5.
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Figure 4.5. Representative microscopic images of ASC52telo at days and 20 of the
differentiation. Cells were stained with Alizarin Red S and captured at a magnification of 20x.

The findings from these experiments demonstrate that CASC20 overexpression exerts a
positive effect on mineralisation in hMADs that is most marked at day 10, with a similar, but
not significant, trend in P512MSCs. Correspondingly, the examination of osteogenic marker
gene expression in hMADs aligns with these trends. Hence, | concluded that a more focused
investigation on day 10 is warranted to unravel the effects of CASC20 overexpression on
osteoblast differentiation.

4.3.2 Upscaling the osteoblast differentiation setup for RNA-sequencing

To facilitate total RNA-sequencing analysis, | next upscaled the osteoblast differentiation
setup to generate a higher yield of RNA for comprehensive transcriptomic profiling. As |
previously used 24-well plates, the cells were cultured in larger tissue culture plates to
increase the RNA output to a minimum of 1.5ug, which would be sufficient for RNA-Seq
analysis encompassing both miRs and mRNAs. The differentiation process was carried out for
10 days, with samples collected at days 0 and 10 for subsequent analysis. Considering more
promising pilot data indicating superior responsiveness at day 10 in hMAD cells compared to
P512MSCs, the upscale experiments were conducted using hMAD cells.

| first differentiated hMADs into osteoblasts in the 12-well plate. Upon analysis, | observed an
increase in mineralisation at day 10 in the CASC20-overexpressing cells compared to the
baseline (p =0.0497), as depicted in Figure 4.6. However, the observed trend between CASC20
expression groups, although consistent with previous data, did not reach statistical
significance (p= 0.2127), potentially due to the experiment being underpowered, given n=3
repeats.
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Figure 4.6. CASC20 overexpression in hMAD using a 12-well plate. Alizarin Red S was used to
stain calcium deposits at days 0 and 10. Analyses are unpaired t test; data is plotted as mean
+SEM.; *: p<0.05; N=3, technical replicates.

| then proceeded to upscale the experiment by using a 10-cm dish to increase the yield of cells
for analysis. This decision was made because the 12-well wells did not yield enough RNA for
the desired analysis. The cells were differentiated into osteoblasts for a period of 10 days, and
samples were collected at days 0, 5 and 10 for subsequent qPCR analysis. The qPCR results
demonstrated that CASC20 overexpression led to a significant increase in ALP RNA expression
at day 5 in CASC20 overexpressing cells versus wild type (FC = 2.7, p = 0.0385). At day 10, a
similar trend towards upregulation was observed, although it did not reach statistical
significance (FC = 2.9, p = 0.0547). However, no significant difference was observed in the
expression levels of COL1A1. For RUNX2, there was a trend towards downregulation in
CASC20-overexpressing cells compared to the wild type group, but it was not statistically
significant, as depicted in Figure 4.7.

Taken together, my data thus far indicates that CASC20 may positively regulate ALP to control
osteogenesis. However, as the hMAD cells used were at a higher passage number (>9), it is
possible that they may have lost their differentiating capacity and giving rise to the disparity
in results compared to my previous findings. It is also important to acknowledge the
challenges posed by using Alizarin Red S on the larger surface area of the 10-cm dish, which
could compromise accuracy and reliability. Based on these observations, | decided to continue
using the P512MSCs cells as these had greater osteogenic capacity and were of earlier passage
number, and the 12-well plate setup.
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Figure 4.7. Effect of CASC20 overexpression on the expression of key genes in a 10cm-dish
using hMAD cells. The data were analysed by normalising to GAPDH and day 0. Analyses are
two-way ANOVA Sidak’s multiple comparisons test; the data are presented as the mean +
SEM; * P<0.05; N = 3, technical replicates.

4.3.3 Comparatively analysis of CASC20-overexpressing P512MSCs versus wild type cells at
day 10

In view of the finding that the hMADs were no longer differentiating consistently and the lack
of a resupply from the source lab, | changed to comparative analysis of the expression levels
of key osteogenic and chondrogenic markers in P512MSCs at day 10 of the differentiation
process. Specifically, | examined the expression of osteogenic markers, including RUNX2, ALP,
and COL1A1. Additionally, | assessed the expression of chondrogenic markers, namely ACAN,
COL2A1, and COMP, to test for chondrogenic differentiation during the osteogenic
differentiation protocol.

Both CASC20 over-expressing and wild type cells demonstrated an increase in expression of
RUNX2 (p =0.0133), COL1A1 (p =0.0002 and p = 0.0008, respectively) between day 0 and day
10. ALP demonstrated a trend of upregulation between day 10 and day 0; however, this trend
was not statistically significant. The p-values for wild type and overexpressing cells were
0.2670 and 0.0694, respectively.

However, again, although there was a general trend towards increased differential expression
for RUNX2 and COL1A1, this trend was inconsistent across the various transcription factors
(Figure 4.8). Chondrogenic transcription factors tended to decrease over 10 days, but again
there was inconsistent differential expression between genes (2-way ANOVA P>0.05).
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Figure 4.8. Expression analysis of osteogenic (RUNX2, ALP, COL1A1) and chondrogenic (ACAN,
COL2A1, COMP) markers in wild type and CASC20-overexpressing P512MSCs cells at day 0
and day 10. The analysis included three replicates. Analyses are two-way ANOVA Sidak’s
multiple comparisons test; the data are presented as the mean + SEM; *P<0.05, ***P<0.001;

N= 3, technical replicates.

4.3.4 The effect of CASC20 overexpression on osteoblast differentiation using P512MSCs and
+/-CASC20, +/-OM, +/-BMP2

Given the issues with upscaling identified in the previous 2 experiments, | next elected to take
a step back and review the osteogenic culture conditions and their influence on cell
differentiation, as defined by the biological readout of Alizarin Red S, in the P512MSCs as
these cells were of the lowest passage number and most dynamic in terms of differentiation
capacity. In this experiment the culture conditions were thus +/- OM and +/- BMP2 an +/-
CASC20 over-expression. Samples were collected at days 0, 3, 10, and 20 and stained using
Alizarin Red S.

The results demonstrated that CASC20 overexpression again had a positive trend in its impact
on osteoblast differentiation, although the differences are not statistically significant (Figure
4.9). In the absence of CASC20, the cells exhibited lower calcium deposition at day 20, except
for the -OM-BMP2 condition. This suggested that the function of CASC20 may be dependent
on the presence of osteogenic stimuli. Interestingly, at day 10, | observed higher calcium
deposits in the +BMP2 conditions, consistent with the importance of BMP2 in promoting early

osteogenic differentiation.

Based on the mineralisation data, it was proposed to perform RNA-Sequencing analysis on
the +OM-BMP2 condition as it exhibited the most consistent results. Although no significant
difference was observed at day 10, the data revealed that by day 20, there was a positive
trend in the CASC20-overexpressing cells, exhibiting higher calcium deposition compared to
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the wild type group. This suggested that the presence of OM played a role in enhancing the
osteoblast differentiation potential of CASC20-overexpressing cells. Therefore, conducting
RNA-Sequencing on this specific condition would provide insight into the molecular
mechanisms underlying the observed differences in calcium deposition.
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Figure 4.9. Effect of +/-CASC20, +/-OM and +/- BMP2 in osteoblast differentiation of
P512MSCs. Alizarin Red S was used to stain calcium deposits at days 0, 3, 10, and 20. Analysis

are two-way ANOVA with Sidak's multiple comparisons; data is plotted as mean +SEM;
*P<0.05, ***P<0.001; N= 3, technical replicates.
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4.4 DISCUSSION

In this chapter, | investigated the effects of CASC20 overexpression on osteoblast
differentiation using hMADs, P512MSCs cells, and ASC52telo. The results demonstrated that
CASC20 overexpression enhanced mineralisation in both P512MSCs and hMADs, particularly
at day 10 of differentiation. Furthermore, gene expression analysis revealed differential
expression patterns for osteogenic markers. The findings suggest the need for further
investigation focused on day 10. In the osteoblast differentiation experiments, | observed that
ASC52telo did not undergo osteoblast differentiation, as evidenced by the absence of calcium
deposits and the presence of a fibroblastic phenotype. This confirms the lack of differentiation
potential in ASC52telo that led to our discontinuing experiments on this cell type.

In hMADs, CASC20 overexpression led to increased mineralisation at day 10. These results
suggest that CASC20 plays a positive role in enhancing the mineralisation process during
osteoblast differentiation. Furthermore, the qPCR analysis revealed increased expression ALP,
in CASC20-overexpressing hMADs at day 10 compared to the wild type group. However, the
observed differential expression of RUNX2 and COL1A1 did not reach statistical significance,
which may suggest a differential regulation of these genes during osteoblast differentiation
or could be attributed to the experiment being underpowered. These findings highlight the
complexity of gene expression patterns and emphasise the need for further investigation to
understand the specific mechanisms underlying CASC20's effects on osteogenic gene
expression.

In the case of P512MSCs cells, CASC20 overexpression led to increased mineralisation at both
day 10 and day 20, although the differences were not statistically significant. This consistent
trend indicates a positive impact of CASC20 on osteoblast differentiation. The analysis of
osteogenic and chondrogenic markers in P512MSCs cells further supports the notion that
CASC20 may play a regulatory role in directing cell fate towards the osteogenic lineage.

Additionally, l investigated the effects of CASC20 overexpression on osteoblast differentiation
using P512MSCs cells in the presence or absence of CASC20, OM, and BMP2. The results
indicated that CASC20 RNA alone is not sufficient to induce osteoblast differentiation, as the
presence of OM and/or BMP2 is necessary to promote differentiation. This finding aligns with
existing literature on HO, which emphasises the requirement of a conducive
microenvironment for successful differentiation (559-562). The study also reveals that
CASC20 RNA is responsible for controlling osteoblast differentiation, supporting the
exploration of miR expression to elucidate the molecular mechanisms of CASC20 on bone
formation.
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Chapter 5 - Effects of CASC20 overexpression on miR profile
during osteogenesis

5.1 INTRODUCTION

The first step in osteoblastic differentiation is osteogenic stimulation of mesenchymal stem
cells (MSCs) (563). MSCs undergo differentiation during this phase to become proliferative
pre-osteoblasts to create the extracellular matrix, a critical scaffold for the development of
mineralised bone tissue (548). Pre-osteoblasts eventually develop into fully functional
osteoblasts as the extracellular matrix stiffens and mineralisation occurs through the
deposition of hydroxyapatite (548). Precise genetic regulation is necessary to coordinate this
dynamic cellular change (548).

Although the biological characterisation of osteoblast development has been extensively
studied, a thorough transcriptional analysis that concentrates on MSCs that overexpress
CASC20 has not yet been published. The main goal of the studies described in this chapter
was to examine miR expression profile associated with osteoblast differentiation with a focus
on CASC20 modulation of their expression. To do this, | used osteogenic induction medium
(OM) to differentiate wild type and CASC20 overexpressing P512MSCs into osteoblasts and
collected samples on days 0, 10, and 20. The dynamic changes in gene expression that
occurred during the osteogenic differentiation process were then captured by miR
sequencing.

Using osteogenic induction media (OM), | was able to stimulate osteoblastic development in
both wild-type and CASC20-overexpressing P512MSCs. The selection of the timepoints (days
0, 10, and 20) was informed by previous data collected in Chapter 4, which demonstrated the
significant impact of CASC20 on osteoblast differentiation by day 10.

To quantitate miR expression, | used miR sequencing, a high-throughput technology that
permits the analysis of the complete miR transcriptome. Using this method, | was able to
identify miRs that exhibited differential expression during the stimulation of osteogenesis in
the wild type versus CASC20-overexpressing P512MSCs at various time points.

| identified distinctive miR expression patterns using unsupervised clustering analysis and
identified the mRNA targets of differentially expressed miRs. Additionally, | functionally
annotated the differentially expressed miRs to identify linked pathways using Kyoto
encyclopaedia of genes and genomes (KEGG) analyses (564).
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5.2 MATERIAL and METHODS

5.2.1 Tissue culture and osteoblast differentiation

P512MSCs were cultured and differentiated into osteoblasts using +OM-BMP2 media and 24-
well plates, as previously described in Chapter 4.

5.2.2 RNA quality and sequencing

RNA samples were sent to Novogene (Beijing, China) for sequencing. The following QC steps
were then conducted: RNA was run on an agarose gel to determine RNA integrity,
contamination and degradation; Next, RNA was run on an Agilent 2100 (Beijing, China)
bioanalyser to quantify RNA concentration, as well as RNA integrity number (RIN) scores
based on the rRNA peaks. Then nanodrop was used to look for key wavelength ratios that are
indicative of contamination by gDNA or protein.

RNA was sequenced according to the following method. 3’ and 5’ adaptors were ligated to 3’
and 5’ end of small RNA, respectively. Then the first strand cDNA was synthesised after
hybridisation with reverse transcription primer. The double-stranded cDNA library was
generated through PCR enrichment. After purification and size selection, libraries with
insertions between 18~40 bp were checked with Qubit and real-time PCR for quantification
and Bioanalyser for size distribution detection. Quantified libraries were pooled and
sequenced on lllumina platforms (Beijing, China), according to effective library concentration
and data amount required. Sequencing was run on an lllumina NovaSeq 6000 on an SP flow
cell using the SE50 method. The sequencing data was transferred back using Novogene’s
Customer Service System (CSS).

5.2.3 RNA-Sequencing analysis

Upon receiving the sequencing data, | used FastQC to assess quality, and removed poor
guality and adapter contamination using Trimmomatic (version 0.39). Reads were aligned to
the human reference genome (hg38, Ensembl release 93) using STAR (version 2.7.10b). A
count matrix containing the number of reads mapped to each gene in each sample was
generated using FeatureCounts (version 2.0.3).

To compare aligned reads across samples, | used DESeq2) (565) (version 1.12.3) (script in
Appendix 9.2.1), which normalises raw read counts considering the sample size factor. The
dataset underwent statistical analysis using the DESeq method to estimate size factors and
dispersion values for each gene. A variance stabilising transformation (VST) was then applied
to ensure the data's suitability for analysis. The resulting transformed data was used to
generate PCA plots. For hierarchical clustering, the PCA plot was graphed using plotPCA (565)
for visualising the overall effect of experimental covariates and batch effects. Heatmaps of
the count matrix and sample-to-sample distance matrix were plotted using pheatmap
(https://cran.r-project.org/web/packages/pheatmap/index.html) (version 1.0.12) function
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(script in Appendix 9.2.1). Log2FC were calculated using Ifcshrink in DESeq2 (script in
Appendix 9.2.2) (566).

5.2.4 Pathway enrichment analysis

The Encyclopedia of RNA Interactomes (ENCORI) database was downloaded (StarBase v3,
https://rnasysu.com/encori/) and utilised to predict miR-mRNA interactions. Specifically,
mMRNAs that have been experimentally validated to interact with miRs and are predicted to
bind with the same miR using at least one prediction algorithm within ENCORI were selected.

The RISmed R package (version 2.1.7, https://rdrr.io/cran/RISmed/) was used to conduct an
electronic PubMed search to test whether targeted mRNAs are enriched for osteo- and
chondrogenesis-related publications (Script in Appendix 9.2.3). The following relevant
keywords were used: osteoblast, chondrocyte, chondrogenesis, osteogenesis, BMP2, RUNX2,
S0X9, bone, cartilage, skeletal, ossification, and mineralisation. This search aimed to identify
genes associated with osteo- or chondrogenesis, reported in PubMed between January 01,
2000, and August 04, 2023 (search date: August 04, 2023).

For GO/KEGG enrichment analyses, the GOSeq package (version 1.52.0) was utilised. Terms
with an adjusted p-value of less than 0.05 were considered statistically significant. The
GO/KEGG data were plotted using pheatmap in R (script in Appendix 9.2.4).

R (version 4.3.1) was used to run all packages except for the RISmed package, which was
executed using version 4.1.3 due to its incompatibility with recent R versions.
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5.3 RESULTS

5.3.1 CASC20 differential expression affects global miR expression profile

Exploration of genome-wide miR expression profile was conducted by PCA (Figure 5.1A). The
first principal component accounted for 57% of the variability, while the second component
explained 17% of the variance. The PCA analysis demonstrated distinct segregation among
the different time points (days 0, 10, 20) with no overlapping, confirming temporal miR
transcriptional variation between day 0, 10 and 20. This Initial examination of the data also
indicated that the maximum variation between treatment conditions occurred at day 10. This
is also shown in the sample-set heatmap (Fig 5.1B). The gene level heatmap analysis (Figure
5.1C) confirmed clustering of individual replicates of each treatment condition and miR level
variation between conditions, seen most clearly at day 10. The data displayed in figure 5.1
confirmed success of the experiment in terms of the progression of miR expression variation
during induced human osteogenesis and modulation of miR expression over this time course
by CASC20. Of the timepoints studied, day 10 demonstrated the greatest difference between
treatments.
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Figure 5.1. Global miR expression profiles during osteoblast differentiation in wild type versus
CASC20 overexpressing P512 MSCs. A. Principal component analysis was conducted on a
matrix of gene expression data, which was transformed for analysis. Each point on the plot
represents an experimental sample. The colour of the point indicates the time point (DO, D10,
and D20), and the shape represents the experimental condition (OE and CTRL). B. A plot
showing the distance between experimental groups based on a Euclidean distance metric. C.
The expression heatmap was plotted to display the miR expression levels across different
samples. Each row represents to a specific gene and each column represents an individual
sample. The colour intensity signals the expression level, with dark red indicating higher
expression and dark green lower expression.

5.3.2 Pairwise analysis of miR expression in CASC20 OE versus WT P512 MSCs at day 0

To investigate the differences between CASC20 OE and wild type, pairwise analysis was
conducted at day 0 of the differentiation (see Figure 5.2). The results showed differential
expression of 34 miRs at day 0 in CASC20 OE versus wild type (p < 0.05), with 6 being
upregulated and 28 downregulated. This is consistent with a negative regulation of miRs by
CASC20. 8 miRs had log2FC greater than 0.5. 7 of these were downregulated in CASC20 OE
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versus wild type (hsa-let-7a-5p, hsa-mir-7-5p, hsa-mir-221-5p, hsa-let-7f-5p, hsa-mir-125b-
5p, hsa-mir-26a-5p, hsa-mir-30c-5p, hsa-mir-3529-3p). 1 of the miRs was upregulated (hsa-
mir-1298-5p). These miRs would therefore make the most likely targets for further
investigation of the potential effect of CASC20 on bone and cartilage formation.
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Figure 5.2. Volcano plot comparing CASC20 OE vs WT at Day 0. The volcano plot depicts the
differential expression analysis of miRs in CASC20 OE compared to wild type at day 0. Each
dot on the plots represents an individual miR, with the x-axis representing the log2 fold
change (log2FC) and the y-axis representing the negative logarithm of the adjusted p-value

(-log10p).

Table 5.1. Differential expression analysis of miRs in CASC20 OE vs Wild type at Day O during
osteoblast differentiation.

miR log2FoldChange padj

hsa-let-7a-5p -0.6342 3.36E-05
hsa-mir-7-5p -0.6186 1.78E-02
hsa-mir-221-5p -0.5716 1.78E-02
hsa-let-7f-5p -0.5506 4.10E-08
hsa-mir-125b-5p | -0.5377 1.31E-05
hsa-mir-26a-5p -0.5284 5.08E-04
hsa-mir-30c-5p -0.5229 4.94E-02
hsa-mir-3529-3p | -0.4955 1.22E-02
hsa-mir-181b-5p | -0.4893 1.21E-02

117



118

hsa-mir-362-5p -0.4754 2.74E-06
hsa-mir-145-5p -0.4084 2.19E-07
hsa-mir-10b-5p -0.3903 3.09E-06
hsa-mir-708-5p -0.3722 8.83E-05
hsa-mir-30a-5p -0.3684 2.53E-06
hsa-mir-361-3p -0.3547 2.05E-03
hsa-mir-125a-5p | -0.3506 2.96E-03
hsa-mir-1249-3p | -0.3472 5.68E-03
hsa-mir-92a-3p -0.3202 9.90E-04
hsa-mir-16-5p -0.2828 4.23E-02
hsa-mir-30e-5p -0.2782 2.79E-04
hsa-mir-30d-5p -0.2728 7.27E-04
hsa-mir-708-3p -0.2380 3.56E-02
hsa-mir-182-5p -0.2270 3.63E-03
hsa-mir-146b-5p | -0.2236 1.33E-02
hsa-mir-20a-5p -0.2189 1.78E-02
hsa-mir-30a-3p -0.2040 9.87E-03
hsa-mir-10a-5p -0.1887 2.25E-02
hsa-mir-19a-3p -0.1438 4.23E-02
hsa-mir-125a-3p | 0.2219 4.36E-02
hsa-mir-99b-3p 0.2479 9.87E-03
hsa-mir-222-5p 0.2519 4.22E-02
hsa-mir-149-5p 0.4131 8.10E-06
hsa-mir-10395-3p | 0.4987 1.13E-03
hsa-mir-1298-5p | 1.1259 4.60E-02




5.3.3 In silico analysis of genes that may interact with miRs downregulated in CASC20 OE
versus wild type P512MSCs at day O

Next, to explore the potential regulatory role of CASC20 on undifferentiated cells through
miRs, | investigated the genes targeted by the downregulated miRs, utilising the StarBase v3
database. Subsequently, | established a ranking of these targeted genes based on the number
of miRs with which they exhibit interactions. | chose to concentrate on genes exhibiting the
most extensive miR interactions, as depicted in Figures 5.3 and 5.4.

The compiled data showed that 63 genes are subject to targeting by ~74% of miRs (20 out of
the 28 downregulated miRs), including osteogenic and chondrogenic genes ACVR2B, INO80D
and LONRF2 (Figure 5.4). Next, | used RISMed to ascertain the extent to which all of the target
genes are documented participants in osteo- and chondrogenesis. This in silico analysis
showed that of the 63 genes, 55 genes had experimental evidence for a role in osteo- or
chondrogenesis (Table 5.2).

Distribution of Targeted Genes Based on Shared Downregulated miRs
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Figure 5.3. Distribution of targeted genes based on shared downregulated miRs in CASC20 OE
vs wild type at day 0. The figure illustrates the number of genes targeted by miRs, ranked by
the number of shared miR-targeting genes on the x-axis and the gene count on the y-axis.
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Figure 5.4. Top 63 genes targeted by downregulated miRs in CASC20 OE vs wild type at day 0.
The heatmap showcases the top 53 genes targeted by downregulated miRs. The genes are
ranked so that those interacting with the highest number of miRs are positioned towards the
left, and the miRs targeting the greatest number of mRNA are placed towards the top of the
heatmap.
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Table 5.2. Putative gene targets for downregulated miRs and most recent PMIDs for their
published role in osteo or chondrogenesis.

Target gene Most recent PMID number corresponding with
published role in osteo or chondrogenesis
(search date August 04, 2023)
ACVR2B 37486509
ANKRD52 34054925
INOS8OD 30253751
LONRF2 36888978
TNRC6B 33889172
ABL2 37587494
BRWD1 34082824
CCND2 37510277
CDK6 37602543
CSNK1G1 33416120
HIF1IAN 33619902
IGFIR 37605180
KIF1B 35234284
MLEC 16440295
RAPH1 26695371
TET3 37095518
ADARB1 37287534
AGO1 36890226
AKAP13 33380835
ATXN1 36810326
FZD4 37340863
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LCOR 29663375
MAP3K2 35707845
MECP2 37340152
PHC3 37468993
PRKAA2 37005694
PTAR1 32128853
SLC2A3 34031595
SLC38A1 37055385
SLC6A6 37202645
SOX11 37543028
TP53INP1 34718338
T5C1 37634327
ABHD2 37298205
APPBP2 30210606
CD59 37603218
CLNS 32518749
CPD 37518893
CPEB4 37310402
DPYSL2 37479784
EGR3 37612521
FKTN 36760122
FNDC3B 27541078
FRS2 37264620
MKLN1 35138470
OPA3 31119193
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PDPR 30024048
SETD7 36209579
SLC31A1 31658633
SLC4A7 20079835
SLC5A3 35899258
STX16 35119251
TEAD1 37197086
XIAP 37527738
XYLT1 37296099




5.3.4 KEGG pathway enrichment analysis of inferred target genes of downregulated miRs
atday 0

Next, | applied KEGG to identify key molecular pathways affected by the combined mRNA
target list to understand the network of interactions that the downregulated miRs at day O
have with their target mRNAs (Figure 5.5). One of the prominent pathways identified was
"Pathways in Cancer". This is expected, as CASC20 was first identified in Cancer-associated
pathway and underscores the complexity of CASC20's miR-mediated regulatory networks that
can impact cell proliferation, apoptosis, and metastasis. The next 4 top pathways affected by
the miRs were the MAPK signalling pathway, endocytosis, focal adhesion, and protein
processing in endoplasmic reticulum. Osteo- and chondro related pathways targeted included
the Wnt signalling pathway and mTOR signalling pathway.
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Figure 5.5. Enrichment plot showing KEGG pathways targeted by downregulated miRs at day
0. The data has been processed and sorted to focus on the top pathways based on their
significance scores and gene count. The x-axis represents the percentage of genes in the
pathway that are targeted by the miR (Hits %), and the y-axis shows the KEGG pathway terms.
Pathways are color-coded based on their significance represented by the p value, and the size
of each point corresponds to the gene count within that pathway.
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5.3.5 Inssilico analysis of genes that may interact with miRs upregulated in CASC20 OE versus

wild type P512MSCs at day O

Subsequently, | conducted an analysis of the genes targeted by the upregulated miRs using
the same methodological approach, prioritising the list of targeted genes based on the extent
of their interactions with miRs (Figure 5.6).

The outcome of this approach showed 950 genes as targets of 2 out of the 6 upregulated miRs
(hsa-mir-1298-5p and hsa-mir-149-5p), as shown in Figures 5.6. To identify the most
prominent target genes, genes that were demonstrated to be degraded through interaction
with these miRs were selected. The analysis showed that 60 genes out of the 950 have been
demonstrated to be degraded by interaction with these miRs, with 40 being degraded by miR-
149-5p and 20 by miR-1298-5p (Figure 5.7).

Next, | applied the RISMed tool to the identified targets to determine If they had a confirmed
published role in these processes. This analysis confirmed that 52 of the 60 target genes had
published functional evidence for such a role (Table 5.3).

4072
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Gene Count
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Number of Shared miR Targeting Genes

Figure 5.6. Distribution of targeted genes based on shared upregulated miRs in CASC20 OE vs
wild type at day 0. The figure illustrates the number of genes targeted by miRs, ranked by the
number of shared miR-targeting genes on the x-axis and the gene count on the y-axis.
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Figure 5.7. 60 Genes degraded by upregulated miRs in CASC20 OE vs wild type at day 0. The
heatmap shows the 60 genes targeted and degraded by the upregulated miRs at day O.
DegraExpNum = number of experimental studies validating miR mediated degradation. The
genes are ranked so that those with the highest DegraExpNum are positioned towards the
top of the heatmap.
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Table 5.3. Putative gene targets for upregulated miRs and most recent PMIDs for their

published role in osteo or chondrogenesis.

128

Target Most recent PMID number corresponding
gene with published role in osteo or
chondrogenesis
(search date August 04, 2023)
ACLY 36787367
ACTB 37571423
AMMECR1 | 29787394
ARNT2 32021278
ARRDC2 35736796
ATAD2 34922489
BBC3 37335333
CALU 34740309
CDC73 36928741
CRTC2 37441497
DBNDD1 35474152
DHCR24 36877347
DROSHA 37549955
EIF5 29151592
FADS2 37614423
GXYLT1 37614303
IFNAR1 37559153
ILF3 36040165
KIDINS220 | 36982724
KMT2C 37387515
KPNA4 33537823
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LNPK 35179257
MAP4K4 37312710
MYLIP 32072135
NAPEPLD | 37531659
NDST1 35354833
NFATC2IP | 35883195
NOD1 37551879
ODF2 36933475
OXSR1 31085334
PITPNB 30042096
PLAG1 37486535
PPP3CA 37098184
PRKCSH 30149291
PTPRK 32217638
RAP2A 36366779
S1PR2 37443710
SAP130 27628766
SIPA1L2 36802481
SLC11A2 34142171
SPTBN1 37391169
TIMP3 37647255
TLE3 37392376
TMEM165 | 34930890
TROVE2 29448111
UBE2K 33875618




UBE2N 30834083

UspPox 36653407

ZBTB10 11282075

ZC3H7A 18682727

ZNF281 32788627

ZNF3 15257610

5.3.6 KEGG pathway enrichment analysis of inferred target genes of upregulated miRs at
day 0

Next, | applied KEGG to identify key molecular pathways affected by the combined mRNA
target list to understand the network of interactions that the downregulated miRs at day O
have with their target mRNAs (Figure 5.8). As previously, the most prominent pathway
identified was "Pathways in Cancer". The next 4 top pathways affected by the miRs were
MAPK signalling pathway, endocytosis, focal adhesion, and regulation of actin cytoskeleton.
Osteo- and chondro related pathways targeted included osteoclast differentiation, VEGF
signalling pathway, and mTOR signalling pathway.
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Figure 5.8. Enrichment plot showing KEGG pathways targeted by upregulated miRs at day 0.
The data has been processed and sorted to focus on the top pathways based on their
significance scores and gene count. The x-axis represents the percentage of genes in the
pathway that are targeted by the miR (Hits %), and the y-axis shows the KEGG pathway terms.
Pathways are color-coded based on their significance represented by the p value, and the size
of each point corresponds to the gene count within that pathway.

5.3.7 Pairwise analysis of miR expression in CASC20 OE versus WT P512MSCs at day 10 and

20

To further investigate the differences between CASC20 OE and wild type, pairwise analysis
was conducted at each time point during osteodifferentiation (see Figure 5.9). In comparison
to the 34 miRs differentially expressed at day 0 (28 down and 6 upregulated in the CASC20 OE
cells), at day 10, 43 miRs exhibited differential expression in CASC20 OE versus wild type (p <
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0.05), with 28 upregulated and 15 downregulated. However, at day 20, only one miR was
differentially downregulated in CASC20 OE versus wild type and none were upregulated.

At day 10, the miRs with the greatest fold change, hsa-mir-5100 (FC =-1.31988, p = 0.000111)
and hsa-mir-1249-3p (FC = -1.08343, p = 4.19E-13), are downregulated in CASC20 OE versus
wild type. In contrast, the upregulated miR with the highest fold change is hsa-mir-155-5p (FC
=0.89998, p =0.010408) as shown in Table 5.4. These findings indicate that miR-5100 exhibits
a fold difference 146% greater than that of miR-155-5p, which would be consistent with a
negative regulation of miRs by CASC20 in osteoblast differentiation, at least in terms of simple
magnitude of differential miR effects.

At day 20, hsa-mir-1249-3p (FC =-0.589704735, p = 0.013305985) was the only differentially
regulated miR, suggesting that the examined timepoint is relatively late for discerning CASC20
effects, consistent with the hypothesis that CASC20 modulates early differentiation events
during osteogenesis.
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Figure 5.9. Volcano plots comparing CASC20 OE vs WT P512MSCs at days 0, 10, and 20 during
osteoblast differentiation. The volcano plots depict the differential expression analysis of
miRs in CASC20 OE compared to wild type at different time points (days 0, 10, and 20) during
osteoblast differentiation. Each dot on the plots represents an individual miR, with the x-axis
representing the log2 fold change (log2FC) and the y-axis representing the negative logarithm
of the adjusted p-value (-log10p).
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Table 5.4. Differential expression analysis of miRs in CASC20 OE vs wild type at day 10 during

osteoblast differentiation.

133

log2FoldChange padj
hsa-mir-5100 -1.31988 0.000111
hsa-mir-1249-3p -1.08343 4.19E-13
hsa-mir-370-3p -0.89686 0.042644
hsa-mir-149-5p -0.5186 7.54E-06
hsa-mir-451a -0.46407 0.024585
hsa-let-7d-3p -0.447 0.000524
hsa-mir-22-3p -0.44626 0.001633
hsa-mir-24-2-5p -0.44446 0.002697
hsa-let-7d-5p -0.42161 0.001387
hsa-mir-22-5p -0.42149 0.005718
hsa-mir-23a-3p -0.39516 0.001576
hsa-mir-142-5p -0.37612 0.009891
hsa-mir-27a-3p -0.34694 0.008314
hsa-mir-125a-3p -0.28522 0.049806
hsa-mir-615-3p -0.27672 0.046569
hsa-mir-21-5p 0.233547 0.046569
hsa-mir-140-3p 0.259896 0.046569
hsa-mir-140-5p 0.269718 0.024585
hsa-mir-34a-5p 0.282477 0.043202
hsa-mir-200b-3p 0.288502 0.028436
hsa-mir-148b-3p 0.305557 0.009238
hsa-let-7f-5p 0.329209 0.023473




hsa-mir-146b-5p 0.376974 0.001387
hsa-mir-30d-5p 0.401323 0.000111
hsa-mir-10a-5p 0.426092 0.000446
hsa-mir-181b-5p 0.430844 0.039337
hsa-mir-425-5p 0.43791 0.002942
hsa-mir-362-5p 0.465965 0.020986
hsa-mir-148a-3p 0.484313 0.000111
hsa-mir-30e-5p 0.487176 1.05E-05
hsa-mir-361-3p 0.492182 0.000111
hsa-mir-30a-5p 0.497908 3.29E-06
hsa-mir-29¢-5p 0.56236 0.002225
hsa-mir-210-3p 0.56825 0.002225
hsa-mir-182-5p 0.578747 4.00E-08
hsa-mir-10b-5p 0.593101 1.52E-06
hsa-mir-190a-5p 0.687058 0.044951
hsa-mir-103a-3p 0.727464 0.009891
hsa-mir-103b 0.727464 0.009891
hsa-mir-221-5p 0.73346 0.013628
hsa-mir-145-5p 0.736331 3.42E-09
hsa-mir-16-5p 0.781399 7.91E-05
hsa-mir-155-5p 0.89998 0.010408




5.3.8 In silico analysis of genes that may interact with miRs downregulated in CASC20 OE
versus wild type P512MSCs at day 10

Next, to explore the potential regulatory role of CASC20 in osteoblast differentiation through
miRs, | investigated the genes targeted by the downregulated miRs, utilising the StarBase v3
database. Subsequently, | established a ranking of these targeted genes based on the number
of miRs with which they exhibit interactions. | chose to concentrate on genes exhibiting the
most extensive miR interactions, as depicted in Figures 5.10 and 5.11.

The compiled data showed that 53 genes are subject to targeting by ~50% of miRs (8 of the
15 downregulated miRs in in Figure 5.10), including osteogenic and chondrogenic genes
LONRF2, ONECUT2, and MAPKs (Figure 5.11). Next, | used RISMed to ascertain the extent to
which of the target genes are documented participants in osteo- and chondrogenesis. This in
silico analysis showed that of the 53 genes, 49 genes had published evidence for a role in
osteo- or chondrogenesis (Table 5.5).
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Figure 5.10. Distribution of targeted genes based on shared downregulated miRs. The figure
illustrates the number of genes targeted by miRs, ranked by the number of shared miR-
targeting genes on the x-axis and the gene count on the y-axis.
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Figure 5.11. Top 53 genes targeted by downregulated miRs. The heatmap showcases the top
53 genes targeted by downregulated miRs. The genes are ranked so that those interacting
with the highest number of miRs are positioned towards the left, and the miRs targeting the
greatest number of mRNA are placed towards the top of the heatmap.
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Table 5.5. Putative gene targets for downregulated miRs and most recent PMIDs for their
published role in osteo or chondrogenesis.

Target gene Most recent PMID number
corresponding with published
role in osteo- or
chondrogenesis
(search date August 04, 2023)

ANKRD52 34054925

CCND1 37535926

ADARB1 37287534

LONRF2 36888978

ONECUT2 34860830

SMCR8 31847700

TET3 37095518

ABL2 37376546

ACVR2B 37486509

ADGRL2 30340542

ARHGEF7 37290677

ARNT2 32021278

ATP11A 34472226

ATXN1 36810326

CREB3L2 32769431

DDI2 32344880

FAM168B 22543972

FOXK1 36695573

GATADZ2B 36442307

HEG1 29382913
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IGF1R 37522970
IGF2 37454090
IGF2BP1 36982941
IGSF3 31560140
KIF1B 35234284
LSS 37416814
MAFG 36454022
MAP3K9 35978511
MAPK1 37350000
MEX3A 35433464
MGAT4A 34632546
MKLN1 35138470
OTULIN 37395936
PDPK1 36982289
PHLPP2 36343848
PLEKHA2 32496000
PRLR 37232379
PRRC2B 29109093
PURB 37373006
SERBP1 35892886
SESN2 37336368
SLC7A2 35202090
SOX11 37391758
SPRY4 37424727
STK35 29414823




STK4 37027967

STX16 35119251
TNRC6B 33889172
TSC1 37108467

5.3.9 In silico analysis of genes that may interact with miRs upregulated in CASC20 OE
versus wild type P512MSCs

Subsequently, | conducted an analysis of the genes targeted by the upregulated miRs using
the same methodological approach, prioritising the list of targeted genes based on the extent
of their interactions with miRs (Figure 5.12).

The outcome of this approach showed 53 genes as targets of ~70% (20 of 28) of the
upregulated miRs (as shown in Figure 5.12).

The gene targets included LONRF2, ONECUT2, and MAPKs (Figure 5.13) that play a role in
osteo and/or chondrogenesis. Next, | applied the RISMed tool to all the Identified target to
determine If they had a confirmed published role in these processes. This analysis confirmed
that 48 of the 53 target genes had published functional evidence for such a role (Table 5.6).
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Figure 5.12. Distribution of targeted genes based on shared upregulated miRs. The figure
illustrates the number of genes targeted by miRs, ranked by the number of shared miR-
targeting genes on the x-axis and the gene count on the y-axis.
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Figure 5.13. Top 53 genes targeted by upregulated miRs. The heatmap showcases the top 53
genes targeted by upregulated miRs. The genes are ranked so that those interacting with the
highest number of miRs are positioned towards the left, and the miRs targeting the greatest
number of mMRNA are placed towards the top.
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Table 5.6. Putative gene targets for upregulated miRs and most recent PMIDS for their

published role in osteo or chondrogenesis.
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Target Most recent PMID number
gene corresponding with published role in
osteo or chondrogenesis
(search date August 04, 2023)
TNRC6B 33889172
ACVR2B 37486509
INO8OD 30253751
NSD2 28338204
FNDC3B 34382874
MAPK1 37350000
NFAT5 36836762
PTAR1 32128853
SLC5A3 35899258
CDK6 37534476
LCOR 29663375
LONRF2 36888978
E2F3 37395281
FGF2 37534610
HIF1IAN 33619902
SLC38A1 37055385
ABL2 37376546
ADARB1 37287534
ANKRD52 | 34054925
CNOT6 31797865
CSNK1G1 | 33416120
IGF1IR 37522970
KDM5A 36733232
KIF1B 35234284
MLEC 16440295
PHC3 37468993
PRKCA 37287061
RCOR1 37442513
SH3PXD2A | 33143131
TEAD1 37197086
TP53INP1 | 34718338
ABHD2 37298205
AFDN 35484498
AKAP2 36927779
ARHGEF12 | 34547282
DCAF7 27880803
DCP1A 36640348
FAM168B | 22543972
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FRS2 37264620
JADE2 36008159
LPGAT1 37217003
MAP4K4 37312710
MECP2 37340152
MOB1B 35685465
MTX3 23173263
PLEKHB2 | 22543972
PPP1R12B | 28681629
PSD3 31989994




5.3.10 KEGG pathway enrichment analysis of inferred target genes of downregulated miRs
at day 10

Next, | applied KEGG to identify key molecular pathways affected by the combined mRNA
target list to understand the network of interactions that the downregulated miRs have with
their target mRNAs (Figure 5.14). Again, the top hit was “Pathways in Cancer”. The next 4 top
pathways affected by the miRs were included endocytosis, focal adhesion, protein processing
in endoplasmic reticulum, and Wnt signalling pathway. Other osteo- and chondro related
pathways targeted included TGF-beta signalling pathway and mTOR signalling pathway.

Pathways in cancer -

Endocytosis -

Focal adhesion -

Protein processing in endoplasmic reticulum -
Whnt signaling pathway -

Ubiquitin mediated proteolysis -

Insulin signaling pathway -

Neurotrophin signaling pathway -

Tight junction -

Axon guidance - p value
Lysosome =
Hepatitis C - 0.04
Chagas disease -
Apoptosis - 0.03
Prostate cancer - 0.02
Fc gamma R-mediated phagocytosis - '
§ Small cell lung cancer - 0.01
o Melanogenesis -
O TGF-beta signaling pathway -
O Gap junction -
% Adherens junction - Gene count
Pancreatic cancer -
Bacterial invasion of epithelial cells - ® 50
Shigellosis -
Epithelial cell signaling in Helicobacter pylori infection - @ 100
Adipocytokine signaling pathway - . 150

Salivary secretion -

Acute myeloid leukemia -

RIG-I-like receptor signaling pathway -
Inositol phosphate metabolism -
Pathogenic Escherichia coli infection -
mTOR signaling pathway -

@ o

0,%0%0%0, '.o....'...........“

Notch signaling pathway - [
Vasopressin-regulated water reabsorption = o
Glycerolipid metabolism - ©
Cysteine and methionine metabolism - [ ]
Citrate cycle (TCA cycle) - .
1 1 ] 1
0 25 50 75
Hits (%)

Figure 5.14. Enrichment plot showing KEGG pathways targeted by downregulated miRs. The
data has been processed and sorted to focus on the top pathways based on their significance
scores and gene count. The x-axis represents the percentage of genes in the pathway that are
targeted by the miR (Hits %), and the y-axis shows the KEGG pathway terms. Pathways are
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color-coded based on their significance represented by the p value, and the size of each point
corresponds to the gene count within that pathway.

5.3.11 KEGG pathway enrichment analysis of inferred target genes of upregulated miRs at
day 10

Following the investigation into combined mRNA targets for the upregulated miRs, | identified
the network of the interactions that these miRs have with their target mRNAs. The most
prominent pathway identified was once again “Pathways in Cancer (Figure 5.15). The
remaining top 5 pathways affected by the miRs included MAPK signalling pathway,
endocytosis and focal adhesion, and regulation of actin cytoskeleton. Osteo- and chondro
related pathways targeted included the mTOR signalling pathway.
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Figure 5.15. Enrichment plot showing KEGG pathways targeted by upregulated miRs. The data
has been processed and sorted to focus on the top pathways based on their significance
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scores and gene count. The x-axis represents the percentage of genes in the pathway that are
targeted by the miR (Hits %), and the y-axis shows the KEGG pathway terms. Pathways are
color-coded based on their significance represented by the p value, and the size of each point
corresponds to the gene count within that pathway.

5.3.12 KEGG pathway enrichment analysis of individual downregulated miRs

To identify how specific downregulated miRs affect molecular pathways, | plotted their
targeted pathways in Figure 5.16. The analysis showed that the most targeted pathways
included adherens junction, pathways in cancer, endocytosis, focal adhesion, and Wnt
signalling (logl0FDR < -1.30103). Other pathways involved in bone and cartilage development
also emerged, including MAPK signalling, osteoclast differentiation, mTOR, and TGF-beta
signalling pathways. The data showed that miR-22-3p displayed the lowest -log10(FDR) values
for MAPK, Wnt, and mTOR signalling pathways. MiR-142-5p displayed the lowest -log10(FDR)
value for TGF-beta signalling. Furthermore, miR-149-5p the lowest -log10(FDR) value for
osteoclast differentiation. GO analysis suggested that CASC20 could be involved in metabolic
processes, catalytic activity, and kinase activity (Appendix 5.4).
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Figure 5.16. Heatmap displaying the GO/KEGG terms targeted by the individual miRs
downregulated on day 10 (CASC20 OE versus Wild type). The terms in the heatmap are
arranged in a ranking order, with the GO terms targeted by the highest number of miRs
positioned on the top, and the miRs targeting the greatest number of GO terms positioned at
the left of the heatmap.

146



5.3.13 Comparison between our experimental dataset and published osteodifferentiation

dataset from Chapter 2

For the published osteogenesis dataset, of the 231 miRs that were differentially expressed
miRs at D10 versus DO, 11 miRs were present in our experimental dataset. Pearson correlation
analysis demonstrated no meaningful correlation between the miRs between the datasets
(r=-0.12, P=0.7205). For the 19 CASC20-interacting miRs that are differentially expressed at
D10 versus DO in the in-silico dataset, 3 miRs are present in our experimental dataset. The
Pearson correlation between the shared miRs across the 2 datasets was 0.935, however the
number of shared miRs was insufficient for statistical significance (P=0.229).
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5.4 DISCUSSION

The miR sequencing demonstrated distinct separation among the different time points (days
0, 10, and 20) as revealed by the plot PCA and the expression heatmaps. Pairwise analysis to
compare CASC20 OE with wild type demonstrated that CASC20 overexpression affected the
expression of 34, 43, and 1 miR, respectively at days 0, 10 and 20. Further analysis of day 10
showed that the top genes targeted by the downregulated and upregulated miRs played a
role in osteo- and chondrogenesis. Ten of these mRNA targets were found to be shared
between the downregulated and upregulated miRs. These targets were ANKRD52, ADARBI,
LONRF2, ABL2, ACVR2B, FAM168B, IGF1R, KIF1B, MAPK1, and TNRC6B. This highlights the
importance of quantifying mRNA expression levels through mRNA-Sequencing.

The data shows that top genes KEGG pathways targeted by the downregulated miRs included
pathways in cancer, Wnt signalling pathway, TGF-beta signalling pathway and mTOR signalling
pathway. KEGG pathways targeted by the upregulated miRs included pathways in cancer,
MAPK signalling and mTOR signalling pathway. Analysis of the pathways targeted by the
individual miRs showed that miR-22-3p has the lowest FDR value for MAPK, Wnt, and mTOR
signalling pathways. MiR-142-5p was shown to have the lowest FDR value for TGF-beta
signalling.

Comparison between the experimental dataset and the published osteoblast differentiation
dataset showed limited to no overlapping, evidenced by the correlation analysis. It is not
unusual for in silico miR-target predictions to yield a larger set of candidates than what is
experimentally confirmed (567, 568). The in-silico prediction and analysis of published dataset
provided a starting point for further investigation (569). The miR-Seq analysis and results
underscored the importance of empirical detection and validation of CASC20-miR
interactions.

The data analysis showed various internal and external consistencies. Internal consistencies
includes PCA separation, which indicated that miR transcriptional variations over time are
captured in the data. Moreover the consistent targeting of specific genes by multiple miRs,
both downregulated and upregulated, indicates internal consistency in the potential
regulatory mechanisms mediated by these miRs. External consistencies included the
identification of pathways in cancer as prominently affected by CASC20-regulated miRs, as
this aligns with existing biological knowledge (570). The identification of pathways related to
osteogenesis and chondrogenesis, such as Wnt, TGF-beta, and MAPK signalling pathways is
consistent with the expected impact of the miRs on bone and cartilage development (571).
As these pathways are targeted by up- and/or down-regulated miRs, it highlights the
importance of quantifying the cumulative impact of CASC20 differential expression on mRNA
and KEGG pathways. Moreover, the overlap of targeted genes with documented functions in
osteogenesis and chondrogenesis, as evidenced by their associated PubMed IDs, supports
external consistency with established literature.
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The differential expression of specific miRs at days 0 and 10 suggests that CASC20 might play
a role in early events during osteogenesis, potentially influencing cell differentiation. The
finding that miRs with higher fold changes, such as miR-5100, are downregulated in CASC20
OE suggest a potential suppressive effect on these miRs. The identified genes targeted by
both downregulated and upregulated miRs play roles in osteo- and chondrogenesis. This
suggest that CASC20 may influence key biological processes through multifaceted miR-
mediated interactions. The findings suggest that CASC20 may affect the expression of miRs
such as miR-22-3p and miR-142-5p to regulate MAPK and TGF-beta signalling pathways,
respectively.

It is important to acknowledge the limitations of the study. The experimental setup involves
in vitro tissue culture conditions, which may not fully replicate in vivo data, as 3D architecture
and systemic influences are absent (572, 573). The study compared CASC20 OE with wild type
cells and may not accurately replicate the effects of endogenous CASC20. The analysis
presumes that differential miR expression directly translates into modification of target gene
expression. However, CASC20 may affect miR function without affecting miR expression or
detection (574, 575).

In summary, it is important to approach these results with caution, as they represent
preliminary findings. To confirm these insights, we are conducting mRNA sequencing to gain
a better understanding of the interactome. Even in cases where sponging is the proposed
mechanism, over-expression of CASC20 may not necessarily lead to a decrease in measured
miR levels, as sequencing could detect inactive miRs (576). Therefore, additional biological
testing methods may be necessary to validate this hypothesis.

149



Chapter 6 -Effects of CASC20 overexpression on
chondrogenic differentiation

6.1 INTRODUCTION

In this chapter, the primary aim is to explore the potential regulatory role of CASC20 in
chondrogenic differentiation. To achieve this, a lentiviral overexpression approach was
employed in hMADs, P512MSCs, and ASC52teloSOX9, SOX9-overexpressing hTERT
immortalised adipose-derived mesenchymal stem cells.

SOX9 is a transcription factor that plays a critical role in the development and differentiation
of various tissues, particularly in skeletal development (577). It is a member of the SOX (SRY-
related HMG box) family of transcription factor family and is known for its involvement in
chondrogenesis, the process of cartilage formation (578). SOX9 regulates the expression of
genes that are essential for the differentiation and maintenance of chondrocytes, the cells
responsible for producing and maintaining cartilage tissue (579). SOX9 is considered a master
regulator of chondrogenesis, as it controls key steps in the differentiation of mesenchymal
cells into chondrocytes (580). Dysregulation of SOX9 has been linked to skeletal disorders,
such as campomelic dysplasia, highlighting its importance in skeletal development and
function (581).

Glycosaminoglycans (GAGs) are a class of long, unbranched polysaccharides that are an
essential component of the extracellular matrix (ECM) (582). Examples of GAGs include
chondroitin sulphate and hyaluronic acid (583, 584). GAGs help cartilage maintain its unique
characteristics, such as its ability to distribute and absorb mechanical forces (585). GAGs
provide hydration and flexibility to the cartilage matrix, enhancing its resistance to
compression (586). Moreover, GAGs act as signalling molecules, regulating cell adhesion,
migration, and proliferation during chondrogenic differentiation (587). Understanding the
fluctuations in GAG content and metabolism is crucial for maintaining healthy cartilage
function and comprehending the mechanisms underlying chondrogenesis (587).

By manipulating the expression levels of CASC20, | examined its impact on the process of
chondrogenic differentiation. To quantitate the biological endpoint of chondrogenic
differentiation, a widely-used technique called the GAG assay was implemented (588). This
assay uses a molecule termed 1,9-dimethyl methylene blue (DMMB) that can selectively bind
with GAGs, allowing for their precise quantitation (588).

In addition to the biological endpoint assessment through GAG assay, | employed RT-qPCR to
guantitate the expression of key chondrogenic markers, including ACAN, COL2A1, and COMP
(550). To further assess the phenotypic characteristics of the differentiating cells, RT-qPCR
was performed to quantitate the expression of key osteogenic markers, including RUNX2,
OSX, ALP, and COL1A1 (589) to determine whether CASC20 over-expression affected the
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differential expression of osteogenic versus chondrogenic genes that might suggest an action
as a molecular switch between these processes (589).

To assess the influence of CASC20 overexpression on chondrocyte differentiation, 3 different
sources of MSCs (hMAD, P512MSC and ASC52teloSox9) were differentiated into
chondrocytes using +/- TGFB3, and samples were collected at day 0, 7, and 14. TGFf3, or
transforming growth factor beta 3, is a key signalling molecule involved in chondrogenic
differentiation (590). TGFB3 belongs to the TGF-beta superfamily and plays a crucial role in
promoting and maintaining the chondrocyte phenotype (591). It stimulates the production of
ECM components, such as collagen and proteoglycans, which are essential for cartilage
formation (592).

The data showed that CASC20 overexpression led to a decrease in chondrogenic
differentiation, as evidenced by GAG assay and RT-qPCR at day 7 and 14. As a working
hypothesis, | proposed that CASC20 upregulation may divert chondrogenesis towards
osteogenesis and that variation within the CASC20 may differentially regulate miR levels in
osteogenesis and chondrogenesis. The results from sequencing data will help confirm or
refute this mechanistic model.
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6.2 MATERIALS and METHODS

6.2.1 Cell culture

hMADs, P512MSCs and ASC52teloSOX9 were cultured as previously described in Chapters 2
and 4.

6.2.2 Chondrogenic differentiation

Cells were seeded in T75 flasks for 24 hours in growth media and then transduced with
lentivirus for 24 hours. After that, the cells were washed with PBS and incubated with fresh
growth media for 24 hours. The cells were trypsinised, and growth media was added to the
cell-trypsin mixture. Subsequently, the cells were transferred to a falcon tube and
centrifuged. Following this, the cells were resuspended in chondrogenic media at a
concentration of 50,000 cells per 150puL. The differentiation media was prepared as DMEM
(4.5g/L glucose), 1%glutamine, 1% P/S, 10ng/mL TGFB3 (Proteintech, HZ-1090 - Rosemont,
IL), 200nM dexamethasone, 50ug/ml ascorbic acid, 40ug/ml proline (Sigma-Aldrich, 81709),
and 1X ITS+L premix (insulin, transferrin, selenium, linoleic acid) (Thermo Fisher Scientific,
51500056). After this, 150ul of cells were transferred into wells of UV-irradiated V-bottomed
96-well plates (Greiner Bio-One, 651101 — Kremsmiinster, Austria). The plates were
centrifuged, and the media was changed every three days until the designated time points
for further analysis. To collect the cells, the differentiation media was removed, and the
pellets were washed with PBS. The pellets were transferred to tubes, snap-frozen in dry ice
and stored at -80°C. To test the differential effect of TGF33, the cells were differentiated into
chondrocytes using +/-TGF[33.

6.2.3 RNA isolation and RT-qPCR

Total RNA was isolated using the miRNeasy Micro Kit, as previously described in Chapter 2.
Reverse transcription of RNA into cDNA and RT-qPCR were conducted, as previously described
in Chapter 3.

Gene Human gPCR Primer Sequence (5’ -> 3’)
GUSB FW CTGTCACCAAGAGCCAGTTCCT
REV GGTTGAAGTCCTTCACCAGCAG
CASC20 | FW TCATATGGATTTCAAGCTGGGT
REV TCCCAGTCTTCTGCATCACTTC
RUNX2 | FW GGTTAATCTCCGCAGGTCACT
REV CACTGTGCTGAAGAGGCT
COL1IA1 | FW ACCGCCCTCCTGACGCAC

REV GCAGACGCAGATCCGGCAG
ALP FW GCAGACGCAGATCCGGCAG
REV CCTGGCTTTCTCGTCACTCTCA
ACAN FW CAGGCTATGAGCAGTGTGACGC
REV GCTGCTGTCCTTGTCACCCACG
COL2A1 | FW GCCGAGGTGATAGTGTGGTT
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REV AACGGGGATGGCCTTGTATG
COMP FW GGAGATGCTTGTGACAGCGATC
REV TGAGTCCTCCTGGGCACTGTTA

6.2.4 Cartilage digestion and GAG Assay

To perform cartilage digestion, the phosphate buffer with was prepared by combining
solution A (0.1M NaH;POQa) (Sigma-Aldrich, $3139) with solution B (0.1M Na;HPOa) (Sigma-
Aldrich, 567547) in the ratio of 137/63 respectively. Next, papain solution was prepared as
25ug/mL papain (Sigma-Aldrich, 1071440025), 7.8ug/mL cysteine-HCI (Sigma-Aldrich, C7880),
and 19ug/mL EDTA (disodium salt) (Sigma-Aldrich, E5134) in phosphate buffer. After that,
70uL of phosphate buffer and 40uL of papain solution were added to each tube containing
cartilage pellets. The tubes were incubated at 65°C for 4 hours. To aid the digestion process,
the tubes were vortexed and centrifuged every hour. For the GAG assay, the DMMB solution
was prepared as 2.6g/mL DMMB (Sigma-Aldrich, 341088), 3.4g/mL NaCl, and 9.5mM HCl in
dH,0. GAG content was measured by combining 40uL of sample with 250uL of DMMB
solution. The resulting mixture was read using a plate reader at a wavelength of 530nm. To
determine GAG concentrations, chondroitin sulphate (Sigma-Aldrich, C4384) served as the
standard reference.

Standard curve for GAG Assay
0.50-

Absorbance at 530 nm

0.20 | | | 1 1
0 10 20 30 40 50

Chondroitin sulphate (ug/mL)

6.2.5 Statistics

Statistical analyses were conducted as previously described in Chapter 2.
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6.3 RESULTS

6.2.1 CASC20 negatively regulates chondrogenic differentiation in ASC52teloSOX9 and
P512MSCs

Initially, | confirmed the stable overexpression of CASC20 in the CASC20-overexpressing cells
compared to wild type (FC = 7989.505, p = 0.0002) as shown in Figure 6.1, as indicated by the
enhanced CASC20 upregulation observed. This stable overexpression of CASC20 allowed
further investigation of CASC20 differential expression on chondrocyte differentiation.
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Figure 6.1. RT-qPCR reveals enhanced CASC20 upregulation in CASC20 overexpressing
ASC52teloSOX9s compared to control. Analyses are unpaired t test; data is plotted as mean
+SEM; ***P<0.001; N = 3, technical replicates.

| observed an increase in GAG synthesis in wild type ASC52teloSOX9 cells undergoing
chondrocyte differentiation at day 14 compared to day 0, both in the absence and presence
of TGFP3 (p <0.0001), as indicated by GAG assay. Furthermore, in presence of TGF33, CASC20
overexpression resulted in a decrease in GAG deposition at day 14 compared to wild type (FC
=0.58, p = 0.0003), as shown in Figure 6.2.
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Figure 6.2. Effect of CASC20 overexpression on chondrocyte differentiation of

ASC52telosox9s. GAG assay was used to stain quantify GAG deposition at days 0, 7, and 14.
Analyses are two-way ANOVA with Sidak’s multiple comparisons test; data is plotted as mean
+SEM; ***P<0.001; N =5, technical replicates.

| observed a significant increase in GAG deposition in wild type P512MSCs undergoing
chondrocyte differentiation at day 14 compared to day 0, both in the absence and presence
of TGFB3 (p < 0.0001), as indicated by GAG assay. In the absence of TGFB3, CASC20
overexpression resulted in decreased GAG deposition at day 14 compared to wild type (FC =
0.51, p = 0.0007). Furthermore, in the presence of TGFf3, CASC20 overexpression led to
decreased GAG deposition at day 7 compared to wild type (FC = 0.079, p < 0.0001), as shown
in Figure 6.3. However, by day 14 this difference was lost.
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Figure 6.3. Effect of CASC20 overexpression on chondrocyte differentiation of P512MSCs.
GAG assay was used to stain quantify GAG deposition at days 0, 7, and 14. Analyses are two-
way ANOVA with Sidak’s multiple comparisons test; data is plotted as mean SEM;
***p<0.001, ****P<0.0001; N =5, technical replicates.

| performed chondrocyte differentiation experiments for over 14 days using CASC20-
overexpressing hMADs, P512MSCs cells, and ASC52teloSOX9. The hMADs did not exhibit
chondrocyte differentiation as evidenced by the absence of GAG synthesis on day 14 (Figure
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6.4). This lack of differentiation could be attributed to intrinsic properties of the hMADs or
the high passage number of the cells during the experiment.
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Figure 6.4. Effect of CASC20 overexpression on chondrocyte differentiation of hMADs. GAG
assay was used to quantify GAG at days O and 14. Data is plotted as mean +SEM. N = 2,
technical replicates.

Taken together, these findings indicate that CASC20 exerts a negative regulatory effect on
chondrogenic differentiation in both ASC52teloSOX9 and P512MSCs. ASC52teloSOX9 cells
exhibited higher levels of GAG production compared to P512MSCs. This difference in GAG
levels is likely attributed to the overexpression of SOX9 in ASC52teloSOX9 cells, which is
known to play a crucial role in chondrogenesis. These observations suggest that CASC20 may
modulate chondrogenic differentiation in a cell-type-specific manner, and the presence of
S0OX9 could potentially influence the response to CASC20 overexpression.

The pro-chondrogenic effect of TGFB3 is evident through the observed increase in GAG
synthesis over time in both wild type ASC52teloSOX9 and P512MSCs during chondrogenic
differentiation.

In both ASC52teloSOX and in P512MSCs, the presence of TGF33 appears to be modulated by
CASC20, resulting in a decrease in GAG deposition in CASC20 OE versus wild-type cells at day
14 and 7, respectively. In the absence of TGFB3, the temporal effect of CASC20 becomes
evident only at day 14, as at day 7, the cells have produced a negligible amount of GAG. These
results collectively emphasise the significance of both the differentiation media and the
specific time points examined in understanding the interplay between CASC20 and TGFB3 in
chondrogenesis.
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6.2.2 CASC20 modulates the expression of chondrogenic genes during chondrogenesis

| examined the expression changes of chondrogenic genes (ACAN, COL2A1 and COMP) during
chondrogenic differentiation using ASC52teloSOX9 cells. | investigated ASCs as they showed
promising results in the GAG assay. The cells were differentiated into chondrocytes and
collected at days O, 7, and 14 for RT-gPCR analysis (see Figure 6.5).

In wild type cells, the expression of ACAN and COL2A1 was upregulated at day 7 and 14
compared to baseline, both in presence and absence of TGFB3. However, CASC20
overexpression in cells resulted in reduced expression of ACAN (FC = 0.53, p = 0.0033) and
COL2A1 (FC=0.56, p < 0.0001) compared to wild type cells in the absence of TGF[33 at day 14,
but not in the presence of TGFB3. A trend towards downregulation of COL2A1 was observed
in the presence of TGFB3 at both day 7 (FC =0.13) and day 14 (FC = 0.82), but not for ACAN.

These findings provide evidence to suggest that CASC20 may act as a negative regulator of
chondrogenesis, modulating the expression of ACAN and COL2A1 in the absence of TGFf33. In
the presence of TGFP3, the influence of CASC20 on ACAN and COL2A1 expression appears to
be mitigated by the chondrogenic effect of TGF[33.

In contrast, COMP exhibited different behaviour compared to the other chondrogenic genes
examined. In wild type cells differentiated without TGFB3, COMP showed no significant
upregulation during chondrogenesis. However, in wild type cells differentiated with TGFf33,
COMP was significantly upregulated at both day 7 (p = 0.0005) and day 14 (p = 0.0394)
compared to baseline. CASC20 overexpression resulted in relatively reduced COMP
expression at day 7 (FC = 0.18, p = 0.0026), and at day 14 (FC = 0.67), although the latter was
not statistically significant. These findings suggest that the expression of COMP during
chondrogenesis may be dependent on the presence of TGFB3. Additionally, the results
indicate that CASC20 may act as a negative regulator of COMP, exerting wild type over the
chondrogenic process in the presence of TGF(33.

Collectively, these findings indicate that CASC20 acts as a negative regulator of
chondrogenesis that influences the expression of key chondrogenic genes.
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Figure 6.5. Expression analysis of chondrogenic (ACAN, COL2A1, and COMP) markers in wild
type and CASC20-overexpressing ASC52teloSOX9 cells at days 0, 7 and 14. The analysis
included three replicates. The data are presented as the mean + SEM. Analyses are two-way
ANOVA with Sidak’s multiple comparisons test; data is plotted as mean *SEM.*P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001; N = 3, technical replicates.
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6.2.3 CASC20 does not substantially modulate the expression of osteogenic genes during
chondrogenesis in ASC52telSOX9 cells

To investigate the potential role of CASC20 in diverting chondrogenesis to osteogenesis, |
examined the expression changes of osteogenic genes (RUNX2, ALP, and COL1A1) during
chondrogenic differentiation using ASC52teloSOX9 cells. The cells were differentiated into
chondrocytes and collected at days 0, 7, and 14 for RT-gPCR analysis. Although statistical
significance was limited, trends were observed in the RT-gPCR data (see Figure 6.6).

| identified no significant changes in RUNX2 throughout the chondrogenesis time course in
either the absence or presence of TGF33 and between the CASC20 OE versus wild type cells.
For ALP, | saw no significant change in expression throughout the time course in the presence
or absence of TGFB3. In contrast, in the CASC20 overexpressing cells | found a significant
Increase in ALP expression at day 14 in the absence of TGFB3, (FC=7.2, p = 0.0217). In the
presence of TGFB, a similar trend towards increased ALP expression was observed at both day
7 (FC=10) and 14 (FC = 1.4) though this did not reach statistical significance versus wild type
cells. In contrast, for COL1A1, although this marker was not significantly differentially
expressed in wild type cells between days 0, 7, and 14 during chondrogenesis, for the CASC20
over-expressing cells | found a relative downregulation at day 7 versus the wild type cells in
the presence of TGFB3.

Taken together, these data suggest that CASC20 OE in SOX9 primed cells being driven down
a chondrogenic lineage does not substantially change lineage direction towards osteogenesis.
It is unclear whether a more convincing pro-osteogenic effect might occur in non-SOX9
primed MSCs.
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Figure 6.6. Expression analysis of osteogenic (RUNX2, ALP, and COL1A1) markers in control
and CASC20-overexpressing ASC52teloSOX9 cells at days 0, 7 and 10. The analysis included
three replicates. The data are presented as the mean + SEM. Analyses are two-way ANOVA
with Sidak’s multiple comparisons test; data is plotted as mean +SEM; *P<0.05; N = 3,
technical replicates.
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6.4 DISCUSSION

In this study, | investigated the effects of CASC20 overexpression on chondrocyte
differentiation using hMADs, P512MSCS, and ASC52teloSOX9. Interestingly, hMADs did not
undergo chondrocyte differentiation, as evidenced by the absence of GAG synthesis at day
14. This lack of differentiation could be attributed to intrinsic properties of the hMADs or the
high passage number of the cells during the experiment. My focus therefore shifted to
ASC52teloSOX9 and P512MSCs cells, which did exhibit chondrocyte differentiation.

In both ASC52teloSOX9 and P512MSCs cells, | observed a significant increase in GAG synthesis
in wild type cells undergoing chondrocyte differentiation at day 14 compared to day 0, both
in the absence and presence of TGFB3. This finding confirms the successful chondrogenic
differentiation in the experimental setup.

CASC20 inhibited GAG deposition in both ASC52teloSOX9 and P512MSCs cells at specific time
points and culture conditions. These observations suggest that CASC20 may negatively
regulates chondrogenic differentiation in both ASC52teloSOX9 and P512MSCs cells.

| explored the expression of chondrogenic genes during chondrogenic differentiation. The
data suggests that CASC20 may act as a negative regulator of chondrogenesis by modulating
the expression of ACAN and COL2A1 in the absence of TGFB3. In the presence of TGFf33, the
influence of CASC20 on ACAN and COL2A1 expression appears to be overridden, as indicated
by the lack of significant changes in their expression levels.

Moreover, the upregulation of COMP in the presence of TGF3 and its negative modulation
by CASC20 overexpression indicate a potential role for CASC20 in controlling COMP
expression. COMP is upregulated in later stages of chondrogenic differentiation in vitro (at
days 14 and 21) using the full chondrogenic media (593). This means that in the absence of
TGFpB3, more time may be needed to induce the upregulation of COMP expression.

| then explored the expression of osteogenic genes (RUNX2, ALP, COL1A1) during
chondrogenesis. This data did not show any consistent effects of CASC20 over-expression on
changing the expression phenotype in the ASC52teloSOX9 cells. However, this experiment
was not conducted in non-SOX9 primed cells and thus a potential role in diverting
chondrogenesis to osteogenesis cannot be excluded.

Taken together, the findings provided evidence that CASC20 acts as a negative regulator of
chondrogenic differentiation in ASC52teloSOX9 and P512MSCs cells.

It is important to note that this study has some limitations. The sample sizes were relatively
small, which may have affected the statistical power of the analyses. Further studies with
larger sample sizes are needed to validate and strengthen the findings. Additionally, the
mechanisms by which CASC20 exerts its regulatory effects on chondrogenic differentiation
remain to be elucidated. Future studies should investigate the specific molecular pathways
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and signalling networks involved in the CASC20-mediated regulation of chondrogenesis.
Consequently, the next chapter of this thesis will focus on miR-Seq analysis of P512MSCS
during chondrocyte differentiation to further investigate the regulatory mechanisms of
CASC20 in chondrogenesis in non-SOX9 primed MSCs.
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Chapter 7 - Effects of CASC20 overexpression on miR profile
during chondrogenesis

7.1 INTRODUCTION

Chondrogenesis is the first step of cartilage formation, and also for bone formation during
endochondral ossification (594). Chondrogenic signals stimulate mesenchymal stem cells
(MSCs) to transition into proliferative pre-chondrocytes (595). These pre-chondrocytes play a
role in constructing the ECM, a foundational scaffold essential for subsequent mineralised
cartilage tissue formation (595). As the matrix matures, hydroxyapatite deposition occurs,
coinciding with the maturation of pre-chondrocytes into fully functional chondrocytes (596).
Precise genetic orchestration drives this dynamic cellular differentiation (594).

Although the biological characterisation of chondrogenesis has been extensively studied
(597), transcriptional analysis that concentrates on MSCs that overexpress CASC20 has not
yet been published. The main goal of the studies described in this chapter was to examine
miR expression profile associated with chondrocyte differentiation with a focus on CASC20
modulation of their expression. To do this, | used chondrogenic media and TGFB3 to
chondro-differentiate wild type and CASC20 overexpressing P512MSCs. The cells were
collected on days 0 and 7 for miR-Seq. The selection of the timepoints (days 0 and 7) was
informed by previous data collected in Chapter 6, which demonstrated the significant impact
of CASC20 on chondrocyte differentiation by day 7.

| identified distinctive miR expression patterns using unsupervised clustering analysis and
identified the mRNA targets of differentially expressed miRs. Additionally, | functionally
annotated the differentially expressed miRs to identify linked pathways using KEGG and GO
analyses.
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7.2 MATERIAL and METHODS

7.2.1 Chondrogenic differentiation and RNA isolation

P512MSCs were cultured and differentiated into chondrocytes using +TGFB3 chondrogenic
media, as previously described in Chapter 6.

7.2.2 RNA quality and sequencing

RNA samples were sent to Novogene for QC and sequencing, as previously described in
Chapter 5.

7.2.3 RNA-Sequencing analysis

RNA-Sequencing analysis was conducted as in Chapter 5.

7.2.4 Pathway enrichment analysis

Pathway enrichment analysis was conducted as in Chapter 5.

Correlation analysis was conducted using corrplot (version 0.92) to illustrate the relationships
between the parameters within Starbase v3 and the degradation of targeted mRNA.
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7.3 RESULTS

7.3.1 CASC20 differential expression affects global miR expression profile

Exploration of genome-wide miR expression profile was conducted by PCA (Figure 7.1A). The
first principal component accounted for 90% of the variability, while the second component
explained 4% of the variance. The PCA analysis demonstrated distinct segregation among the
different time points (days 0 and 7) with no overlapping, confirming temporal miR
transcriptional variation. This initial examination of the data also indicated only limited
variation between treatment conditions that was greater at day 0 versus day 7. This is also
shown in the sample-sample distance heatmap (Fig 7.1B). However, the gene level heatmap
analysis (Figure 7.1C) did show more separation between time points and treatment
conditions. The data displayed in Figure 7.1 confirmed the success of the experiment in terms
of the progression of miR expression variation during induced human chondrogenesis and the
modulation of miR expression over this time course by CASC20.
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Figure 7.1. Global miR expression profiles during chondrocyte differentiation in wild type
versus CASC20 overexpressing P512 MSCs. A. Principal component analysis was conducted on
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a matrix of gene expression data, which was transformed for analysis. Each point on the plot
represents an experimental sample. The colour of the point indicates the time point (DO, and
D7) and the shape represents the experimental condition (wild type and CASC20 OE). B. A plot
showing the distance between experimental groups based on a Euclidean distance metric. C.
The expression heatmap was plotted to display the miR expression levels across different
samples. Each row represents a specific miR and each column represents an individual
sample. The colour intensity signals the expression level, with dark red indicating higher
expression and dark green lower expression.

7.3.2 Pairwise analysis of miR expression in CASC20 OE versus wild type P512 MSCs during
chondrogenesis

To further investigate the differences between CASC20 OE and wild type, pairwise analysis
was conducted at each time point during chondrogenesis (see Figure 7.2). The results showed
differential expression of 34 miRs at day 0 in CASC20 OE versus wild type (p < 0.05), with 6
being upregulated and 28 downregulated, as previously described in chapter 5 as the day 0
cells are the same cells for both the chondrogenesis and ostoegenesis experiments. At day 7,
only one miR (hsa-mir-1249-3p, log2FC= -0.87442, p = 0.000321) remained differentially
expressed in CASC20 OE versus wild type. This suggests that the effects of CASC20
overexpression on miR profile are for the most part lost during chondrogenesis.
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Figure 7.2. Volcano plots comparing CASC20 overexpression vs wild type at days 0 and 7
during chondrocyte differentiation. The volcano plots depict the differential expression
analysis of miRs in CASC20 OE compared to wild type at different time points (days 0 and 7)
during chondrocyte differentiation. Each dot on the plots represents an individual miR, with
the x-axis representing the log2 fold change (log2FC) and the y-axis representing the negative
logarithm of the adjusted p-value (-log10p).
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7.3.3 In-silico analysis of genes that may interact with the miR differentially regulated in
CASC20 OE versus WT P512MSCs at day 7

Next, to explore the potential regulatory role of CASC20 in chondrocyte differentiation
through miRs, | investigated the genes targeted by the only differentially expressed miR (miR-
1249-3p), using the StarBase v3 database. A total of 507 mRNAs interact with miR-1249-3p.
All 507 mRNAs have been predicted to interact with the miR-1249-3p in silico, with 70 mRNAs
predicted to interact with the miR through at least two miR-mRNA prediction algorithms
within StarBase. Additionally, 295 mRNAs have demonstrated a direct interaction with miR-
1249-3p through at least two UV cross-linking and immunoprecipitation (CLIP) studies. Of the
295 mRNAs, 50 are targeted by the miR in at least 8 CLIP studies (Figure 7.3B). Furthermore,
42 mRNAs have shown interaction with the miR via at least 2 binding sites (Figure 7.3C).
Analysis of the mRNA target list showed that 12 mRNAs have been demonstrated to undergo
degradation by miR-1249-3p (Figure 7.3A).
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Figure 7.3. Distribution of targeted genes based on differing criteria. The figure illustrates the
number of genes targeted by miRs (gene count on the y-axis), ranked by the following criteria:
A) DegraExpNum = number of experiments, in which the degradation of mRNA has been
observed. B) ClipExpNum = number of CLIP experiments, in which the miR-mRNA interaction
has been observed. C) TargetSitesNum = number of distinct binding sites on the mRNA
sequence where the miR can potentially interact. D) InteractionPredictorsNum = number of
miR-mRNA prediction algorithms that have identified potential miR interactions for the gene.

Subsequently, correlation analysis was employed to test the extent to which each parameter
exhibits a correlation with the degradation of targeted mRNA. The findings demonstrated that
the parameter with the highest correlation to degradation is the number of interaction
predictors. This is followed by the number of Clip experiments validating the interaction, and
the number of binding sites (Figure 7.4). RISmed analysis showed that 8 out of the 12 mRNA
degraded by miR-1249-3p had experimental evidence for a role in osteo- or chondrogenesis
(Table 7.1).
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Figure 7.4. Correlation analysis plot. The image illustrates the relationships between the
parameters within Starbase v3 and the degradation of targeted mRNA. The matrix represents
the Pearson correlation coefficients between pairs of parameters. Each cell in the matrix is
color-coded to indicate the strength and direction of the correlation. Positive correlations are
shown in blue and negative correlations are shown in red. The diagonal cells are in dark blue
to indicate self-correlation.

Table 7.1. Genes degraded by their interaction with miR-1249-3p and most recent PMIDs for
their published role in osteo or chondrogenesis.

Target Most recent PMID number
gene corresponding with published role
in osteo or chondrogenesis
(search date August 04, 2023)
HNRNPK | 37592256

CSDE1 36042979

ING3 36943599

sTc2 37568262

NSD2 30683853

NXF1 28296067

GNB1L 22326833

ID1 37603563
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7.3.4 KEGG pathway enrichment analysis of inferred target genes of the differentially
expressed miR

Next, | applied KEGG analysis to identify key molecular pathways affected by the mRNA target
list (Figure 7.5). The pathways significantly targeted by miR-1249-3p included
nucleocytoplasmic transport, p53 signalling pathway, galactose metabolism, endocytosis.
MiR-1249-3p was not shown to significantly target pathways that are relevant to osteo- and
chondrogenesis. GO analysis suggested that miR-1249-3p could be involved in metabolic
processes, cell adhesion, enzyme binding and calcium ion binding (Figure 7.6-8).

Endocytosis - .

Nucleocytoplasmic transport = .
Focal adhesion - .

Whnt signaling pathway =

p53 signaling pathway - @ Gene Count
Melanogenesis - . ® 25
@ 50
JAK-STAT signaling pathway = .
7.5
mMRNA surveillance pathway - .
€ @ o
o Pancreatic secretion -
(O]
o mTOR signaling pathway - ® p value
v 0.16
SNARE interactions in vesicular transport - ®
0.12
Galactose metabolism = ®
0.08
Bladder cancer - [ ]
. ) 0.04
Steroid biosynthesis - o
Selenocompound metabolism - o
Phenylalanine metabolism - @
Glycosaminoglycan biosynthesis - keratan sulfate - ®

Vitamin B6 metabolism -

0 é 1IO 15 20
Hits (%)

Figure 7.5. Enrichment plot showing KEGG pathways targeted by miR-1249-3p. The scatter
plot illustrates the results of KEGG pathway analysis conducted on the mRNA target genes
associated with miR-1249-3p. The data has been processed and sorted to focus on the top
pathways based on their significance scores and gene count. The x-axis represents the
percentage of genes in the pathway that are targeted by the miR (Hits %), and the y-axis shows
the KEGG pathway terms. Pathways are color-coded based on their significance represented
by the p value, and the size of each point corresponds to the gene count within that pathway.
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Figure 7.6. Enrichment plot showing GO terms for biological processes (BP) targeted by miR-
1249-3p. The scatter plot illustrates the results of GO terms (BP) analysis conducted on the
MRNA target genes associated with miR-1249-3p. The data has been processed and sorted to
focus on the top pathways based on their significance scores and gene count. The x-axis
represents the percentage of genes in the pathway that are targeted by the miR (Hits %), and
the y-axis shows the GO terms. Pathways are color-coded based on their significance
represented by the p value, and the size of each point corresponds to the gene count within
that pathway.
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Figure 7.7. Enrichment plot showing GO terms for cellular compartments (CC) targeted by
miR-1249-3p. The scatter plot illustrates the results of GO terms (CC) analysis conducted on
the mRNA target genes associated with miR-1249-3p. The data has been processed and sorted
to focus on the top pathways based on their significance scores and gene count. The x-axis
represents the percentage of genes in the pathway that are targeted by the miR (Hits %), and
the y-axis shows the GO terms. Pathways are color-coded based on their significance
represented by the p value, and the size of each point corresponds to the gene count within
that pathway.
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Figure 7.8. Enrichment plot showing GO terms for molecular functions (MF) targeted by miR-
1249-3p. The scatter plot illustrates the results of GO terms (MF) analysis conducted on the
MRNA target genes associated with miR-1249-3p. The data has been processed and sorted to
focus on the top pathways based on their significance scores and gene count. The x-axis
represents the percentage of genes in the pathway that are targeted by the miR (Hits %), and
the y-axis shows the GO terms. Pathways are color-coded based on their significance
represented by the p value, and the size of each point corresponds to the gene count within
that pathway.
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7.3.5 Comparison between our experimental dataset and published chondrogenesis
dataset from Chapter 2

For the published chondrogenic dataset, of the 57 miRs that were differentially expressed
miRs at D6 versus DO, none were identified in the experimental dataset and thus the
experimental set ups are likely to be sufficiently different to not be able to draw any
conclusions from the in silico chondrogenesis work for miR profile.
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7.4 DISCUSSION

In this study, PCA of miR expression showed distinct temporal variations during chondrocyte
differentiation and more limited variation between treatment conditions. Pairwise analysis
between CASC20 OE and wild type at different time points showed that only one miR was
differentially expressed at day 7. MiR-1249-3p was shown to be differentially expressed at
day 7 and to interact with 507 mRNAs. Whilst 8 targeted genes were demonstrated to play a
role in osteo- and chondrogenesis, | found no evidence of significant interactions in respect
of pathway analysis to suggest a significant impact on osteochondral pathways.

The data analysis showed various internal and external consistencies. Internal consistencies
included PCA analysis, which demonstrates time-dependent miR transcriptional variation.
The internal consistency is evident in the pairwise analysis, which demonstrates the early
effects of CASC20 on miR expression. External consistency included interaction predictions,
where top target genes have experimental evidence for their roles in osteo- or
chondrogenesis. The external consistency is demonstrated by the enrichment analysis, where
identified pathways are biologically relevant to the context of osteo- and chondrogenesis is
only present at day 0 and not by day 7.

The observed temporal miR transcriptional variation aligns with the well-established concept
of temporal regulation during chondrocyte differentiation (598). This suggests that miRs play
a role in orchestrating different stages of differentiation, contributing to the formation of
chondrocytes. The limited differential expression of miRs at day 7 in CASC20 OE versus wild
type suggests that the examined timepoint might be relatively late to discern the effects of
CASC20 overexpression on miR expression. This could imply that CASC20’'s impact on miRs
might be more pronounced during earlier stages of chondrocyte differentiation. Another
hypothesis is that CASC20's effects and sensitivity may be specific to MSCs, suggesting that
committed osteoblasts or chondrocytes may not exhibit the same response to CASC20.

The differential expression of miR-1249-3p and its interaction with numerous mRNAs raise
the possibility that this miR might be involved in regulating early pathways related to
chondrogenesis. The expression pattern analysis of putative CASC20-interacting miRs
highlights the dynamic nature of miR expression during chondrocyte differentiation. The
absence of differential expression at day 7 suggests that CASC20 might not significantly
impact these miRs at this particular timepoint.

Similar to Chapter 5, the study presented several strengths including the use of whole
miRNome analysis, controlled experimental conditions. Limitations of the study included
focus on a single cell type, limited time points and a single overexpression model. The absence
of experimental conditions without CASC20 overexpression (e.g., gene knockout) might limit
the understanding of CASC20 impact. Additional experimental assays are needed to confirm
the functional relevance of miR-1249-3p, critically including confirmatory mRNA-Seq.
Addressing these limitations in future studies would provide a more comprehensive

175



understanding of the complex regulatory mechanisms at play during chondrocyte
differentiation.
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Chapter 8 - General Discussion and Conclusion

8.1 Key findings presented in this Thesis

In Chapter 2, | first confirmed in DU145 cells that CASC20 has a 3’ poly-A tail, thus enabling its
export into the cytoplasm and theoretical activity as a ceRNA. Next, and because of the first
COVID lockdown, | used in silico approaches to identify potential miRs that interact with
CASC20 and subsequently validated a subset of these CASC20 interactions using hMADs, once
the approximately 6 month lockdown was over. The results revealed that 64 miRs have the
potential to interact with CASC20, and among them, 10 are downregulated in both published
studies on osteogenesis and chondrogenesis. One of these miRs, miR-485-3p was
downregulated during the osteodifferentiation of hMADs following CASC20 overexpression,
providing experimental evidence for the capacity of CASC20 to regulate miR expression levels.

In Chapter 3, | conducted a pilot study to assess the impact of CASC20 overexpression (OE) in
hMADs differentiated towards osteoblasts, and the results demonstrated that CASC20 OE
may enhance calcium deposition, as indicated by positive Alizarin Red S staining as the
biological endpoint of mineralisation.

In Chapter 4, | performed CASC20 OE and osteogenic differentiation using three types of
mesenchymal stem cells: ASC52telo, hMADs, and P512MSCs. The findings showed that
CASC20 OE may promote osteodifferentiation in hMADs and P512MSCs, as evidenced by
enhanced Alizarin Red S staining and the upregulation of key osteogenic genes such as RUNX2
and ALP, as confirmed by RT-gPCR.

In Chapter 5, | observed that CASC20 OE had a temporal regulatory effect on miR expression
during osteogenic differentiation, as demonstrated by miR-Seq. Specifically, 34, 43, and 1
miRs were differentially regulated at days 0, 10, and 20 of differentiation, respectively. The
top mRNA targets of these differentially regulated miRs were found to have experimental
evidence supporting their roles in osteogenesis.

In Chapter 6, | conducted CASC20 OE and chondrocyte differentiation using three types of
stem cells: ASC52teloSOX9, hMADs, and P512MSCs. The results showed that CASC20 OE may
inhibit the chondrogenesis of ASC52teloSOX9 and P512MSCs, as demonstrated by reduced
GAG deposition as a biological endpoint of chondrogenesis and the downregulation of RNA
levels for key chondrogenic genes, including ACAN, COL2A1, and COMP.

In Chapter 7, | found that CASC20 OE had a temporal regulatory effect on miR expression
during chondrocyte differentiation, as demonstrated by miR-Seq. Specifically, 34 miRs and 1
miR were differentially regulated at days 0 and 7 of differentiation, respectively. The top
MRNA targets of the differentially regulated miRs were shown to have experimental evidence
supporting their roles in chondrogenesis.
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8.2 CASC20 in osteogenesis

CASC20 may play a significant role in the early stages of osteogenesis in the various in vitro
model systems used in this thesis. The effects of CASC20 on osteogenesis exhibit a temporal
regulation pattern, with its influence being more pronounced during the earlier stages of
differentiation. This is discussed in chapters 2, 3, 5, and 6.

CASC20's modulation of miRs appears to be consistent across the experiments conducted
within this thesis. This is elaborated in both Chapter 2 and Chapter 5. This regulation involves
both the upregulation and downregulation of specific miRs. | observed that 17 miRs exhibited
regulation at both days 0 and 10. Of these, 14 miRs were downregulated at day O but
upregulated at day 10. Two miRs were upregulated at day 0 but downregulated at day 10.
One miR (has-mir-1249-3p) was consistently downregulated at day 20, as well as day 0 and
10.

8.3 CASC20 in chondrogenesis

Similar to its role in osteogenesis, CASC20's effects on chondrogenesis also may exhibit
temporal regulation. CASC20's influence is shown to be more pronounced during the early
stages of differentiation. This is described in both Chapters 2, 6, and 7. CASC20's modulation
of miRs appears to be a consistent mechanism throughout the experiments within this thesis.
This is discussed in both Chapter 2 and Chapter 7. One miR is consistently downregulated at
both days 0 and 7 of the differentiation (hsa-mir-1249-3p).

8.4 Commonly targeted miRs and genes

miR-1249-3p consistently exhibited downregulation across all time points during both osteo-
and chondrogenic differentiation of P512MSCs. This consistent pattern is evident in both
Chapters 5 and 7. However, miR-1249-3p was not among the 64 putative CASC20-miRs
identified in the published datasets from Chapter 2. This suggests that miR-1249-3p may be a
false negative in the in silico CASC20-miR interaction prediction or may be a secondary effect
of CASC20 upregulation.

Limited information is available regarding miR-1249-3p. Published research indicates that
miR-1249-3p plays a role in regulating epithelial-mesenchymal transition (EMT) (599, 600). In
addition, the IncRNA MIF-AS1 has been shown to act as a sponge for miR-1249-3p, influencing
the regulation of HOXB8 in EMT (599). This process has been shown to promote breast cancer
cell proliferation, migration and EMT process (599). Further studies are needed to explore
whether miR-1249-3p may contribute to EMT in HO or osteo- and chondrogenesis.
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In Chapter 2, | identified that the 64 putative CASC20-interacting miRs commonly target 19
genes. 13 out of these 19 genes are also targets of the miRs that exhibited differential
regulation in the miR-Seq dataset. These mRNA targets have been previously implicated in
osteo- or chondrogenesis in published studies. These mRNAs are PURB (601), TNRC6B (602),
LCOR (603), ONECUT2 (604), MAPK1 (605), NFAT5 (606), INOSOD (607), LONRF2 (608), ABL2
(609), IGF1R (610), KIF1B (611), CDK6 (612), and UBN2 (although no previously published
research study tested for its role in osteo- or chondrogenesis). 6 of these mRNA targets were
found to be shared between the downregulated and upregulated miRs. These targets were
LONRF2, ABL2, IGF1R, KIF1B, MAPK1, and TNRC6B. This demonstrates the importance of using
mRNA-Sequencing to determine CASC20’s overall effect on mRNAs.

In Chapter 2, | also found that miR-485-3p may interact with CASC20 and observed its
downregulation during the osteodifferentiation of hMADs. However, this correlation did not
reproduce in the miR-Seq experiments presented in Chapters 5 and 7. This discrepancy could
be attributed to differences in the cell types and experimental conditions used, and highlights
the putative nature of in silico datasets and their requirement for experimental validation.

Across the experiments, two pathways consistently emerged as the targets of interest for
CASC20-modulated miRs, aside from the cancer-associated pathway. The first is the MAPK
signalling pathway, which is targeted by both 9 of the 64 putative miRs and 6 differentially
expressed miRs in undifferentiated P512MSCs and on day 10 of osteoblast differentiation.
The second is the endocytosis pathway, which is targeted by miRs differentially regulated on
days 0 (undifferentiated), 10 (osteodifferentiated), and 7 (chondrodifferentiated).

The MAPK signalling pathway has been extensively documented for its contributions to HO,
bone development, and cartilage formation (144, 613). A direct link between endocytosis and
HO is not established (562, 614). However, endocytosis can modulate various signalling
pathways and processes critical for HO, bone, and cartilage formation by regulating receptor-
mediated signalling (615) and receptor levels (616). For example, hypoxia stimulates oxygen
sensors, resulting in HIF-1 overexpression, endocytosis, and suppression of the degradation
of cell surface protein kinase receptors. These promote the retention of mutant ACVR1 on
the cell membrane, extending the activation of BMP (617, 618). Moreover, endocytosis has
been shown to regulate TGF-B receptors levels and distribution (616).

8.5P512MSCs cell population and implications

Although there was insufficient time to conduct formal mRNA-Seq analysis as part of this
thesis, sequencing of this element of our experimental dataset was conducted over summer
2023. FAST QC analysis of the mRNA-Seq dataset performed on 31.08.2023 showed that the
P512 cell RNA mapped to the mouse genome and not the human genome. This was after all
experimental work contributing to this thesis was completed, and all but the last results
chapter was written. The original cells came from a patient undergoing knee replacement by
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my supervisor JIMW at the Royal Hallamshire Hospital and were shared with researchers at
Sheffield Hallam University (SHU) for human primary bone marrow derived MSC culture work.
A flask of the cells was shared back with us once we found that the hMADs were no longer
differentiating consistently. The P512 MSCs behaved as expected, showed MSC morphology
and differentiated down both osteo and chondrogenic routes, as shown by Alizarin Red S and
GAG staining. Around this time at SHU, work was also being conducted using MC3t3-E1
murine pre-osteoblasts, MLO-Y4 murine calvarial osteocytes, and MG63 murine
osteosarcoma cells. | speculate that at some point the P512s were cross-contaminated by
murine cells and the murine cell line outpopulated the human cells before being transferred
back to us. The suspect line is most likely the MC3t3-E1 as they behave like MSCs and may
differentiate into both osteoblasts and chondrocytes.

As CASC20 is a human-only gene, this would mean that the work presented in Chapters 5 and
7 was actually a CASC20 knock-in model, and thus we were comparing the effect of CASC20
null versus CASC20 + on the miRome in osteo and chondrogenesis. miRs are well conserved
between human and mice, as demonstrated by equal mapping of the miRs to the mouse and
the human genomes. The sequencing data mapped equally well to the human and mouse
miRome (Figure 8.1). This means that results from this study are still able to provide
meaningful insight into CASC20’s effect on miRs and the downstream predicted effects on the
human transcriptome.

A. Matching against mice genome (GRCm39) B. Matching against human genome (hg38)

a
8

Percent Uniquely mapped reads

oooooooooooooooooooooooo

BackCTRLD'
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Figure 8.1. Matching miR-Seq generated in this thesis against a) mice genome (GRCm39), and
b) human genome (hg38).

This unexpected set of experimental designs could be argued as fortuitous, as the analogous
KO model we have been trying to develop using CRISPR in parallel has, as yet been
unsuccessful. CASC20's impact on osteo and chondrogenesis in mouse “P512MSCs” is
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experimentally similar to our experiments with hMADs and ASCs, and consistent with human
MSC behaviour. CASC20 knock-in shows that CASC20 expression exhibits a temporal effect
over miR expression in osteo- and chondrogenesis similar to that we would expect in hMSCs
based on previous analysis.

However, if | were to repeat this set of experiments ‘as intended’, | would karyotype the cell
by sequencing upon receipt and before conducting experiments.

8.6Future steps for confirming data in human cells

My lab has a plan to karyotype by sequencing residual cells from original P512 flask sent to us
and cells remaining at SHU and also last experimental set of P512s to confirm if contamination
occurred prior to their being sent back to us. They plan to repeat the experiments in known
human primary cells with over-expression versus wild type, and CRISPR CASC20 KO versus
wild type to examine if similar effects to the mouse knock-in are found, as follows:

1. Extract hMSCs from waste bone samples (in-house), genotype cells, induce CASC20 OE
and repeat +/-OM+/-BMP2 experiments, total RNA sequencing for miRome and
expressed transcriptome to confirm the actual gene targets of CASC20 over-
expression

2. Create human CRISPR CASC20 KO models as proper analogous validation of the mouse
knock-in model and repeat the experiments outlined in 1 above to compare the
relative effects of over-expression versus KO.

8.7Further work following validation

After validating the findings, | propose using crosslinking, ligation, and sequencing of hybrids
(CLASH) to investigate the precise binding sequences through which CASC20 interacts with
miRs and other RNAs (619). These insight would enrich the understanding of CASC20’s
regulatory role and may lay the groundwork for potential therapeutic interventions (619).

After that, | would use functional assays to research the impact of CASC20 on cell proliferation
and migration. This could help elucidate the broader cellular processes influenced by CASC20
(620). Then, | would use cross-linking immunoprecipitation followed by sequencing (CLIP-Seq)
to investigate whether CASC20 can directly interact with proteins (621). At this stage,
chromosome conformation capture (3C) could be used to investigate whether CASC20
regulates chromatin interactions and looping, resulting in gene regulation (596).

Mice implanted with human stem cells expressing CASC20 could be used to investigate the
impact of CASC20 in HO in vivo (622, 623). This model is well-established and can be used to
study human-only genes in vivo (16, 623, 624). After this, | would conduct functional rescue
experiments to rescue the effects of CASC20 overexpression or knockout by manipulating
downstream targets (625). This would help establish causality in the observed phenotypes
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(626). Finally, novel therapeutic agents could be developed by screening for small molecules
or compounds that can modulate CASC20 expression or activity in bone and cartilage-related
diseases (627, 628).

8.8Concluding remarks

In summary, the research presented in this thesis has shed some light on the functional role
of CASC20 in osteogenesis and chondrogenesis. Our findings reveal consistent patterns of
CASC20 involvement in the early stages of differentiation, both in terms of its temporal
regulation and its modulation of miRs. While the unexpected contamination issue altered the
nature of our model, it offered valuable insights into CASC20's impact on miRs and its
predicted downstream effects on the human transcriptome.

Further research is warranted to confirm these findings in pure human cell models, validate
the role of CASC20, and explore the mechanisms involved. The unexpected challenges
encountered during this study highlight the importance of rigorous quality control measures
in experimental research.

As we continue to unravel the complexities of CASC20's role in musculoskeletal development,
these findings contribute to our understanding of the regulatory networks involved and may
have implications for future therapies targeting osteogenesis and chondrogenesis.
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Chapter 9 - Appendix

9.1 CASC20 is a susceptibility locus for heterotopic ossification in the human
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9.1.1 INTRODUCTION

Heterotopic ossification (HO) is the pathological formation of bone within extra-skeletal
tissues that do not normally ossify. HO is a common sequel of trauma, developing in
approximately two thirds of casualties after blast injury (10, 629). It is also common after hip
replacement surgery with a reported incidence of up to 5% for severe disease and up to 90%
for milder forms (630, 631). HO also occurs after traumatic brain injury and burns (632, 633).
The clinical impacts of HO include pain and restricted movement, and symptoms due to the
compression of adjacent structures, such as nerves and blood vessels. Clinical risk factors for
HO after hip replacement include male sex, hypertrophic osteoarthritis, ankylosing
spondylitis, hip ankylosis, and African-American ethnicity that suggest a common, complex
aetiology (634, 635).

Rare, monogenic diseases that share some phenotypic similarities to post-traumatic HO have
also been described. Fibrodysplasia ossificans progressiva (FOP) is a devastating and
invariably fatal disease that is also characterised by bone formation at extra-skeletal sites (3).
In 97% of cases it is caused by a constitutively-activating mutation in the Activin receptor A
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type | gene (ACVR1) that codes for a type | bone morphogenetic protein (BMP) receptor (3).
Progressive osseous heteroplasia (POH) (4) arises as a result of an extremely rare inactivating
mutation in the GNAS gene (636) that results in intramembranous ossification within
subcutaneous tissue and progressively extends into deeper tissues to muscle, tendons, and
ligaments (3). In contrast to these rare monogenic disorders, the molecular pathogenesis of
post-traumatic HO is poorly understood although, in common with FOP, BMP-induced
signalling is also thought to play a role (4, 636).

Here, we report the first exploration of the genetic architecture of post-traumatic HO through
genome-wide association analysis for HO susceptibility in patients after hip replacement.
Prioritised signals were followed up in an independent patient cohort. Expression of
implicated genes was confirmed in human bone and mechanistically explored using ex vivo
and in vitro models of gene expression and osseous differentiation.

9.1.2 MATERIALS and METHODS

Discovery cohort. 891 British Caucasian men and women (481 controls and 410 cases) who
had previously undergone hip replacement for idiopathic osteoarthritis were studied.
Controls comprised subjects who had no evidence of HO on plain AP radiographs of the pelvis
taken not less than 1 year following primary hip replacement. Cases comprised subjects with
radiographic evidence of post-operative HO and were graded (0-4) using the Brooker
classification (9). Brooker described: no HO formation (class 0); small islands of bone (class 1);
bone spurs from pelvis and proximal femur leaving at least 1cm between opposing surfaces
(class 2); bone spurs from pelvis and proximal femur leaving gap less than 1cm (class 3);
apparent ankylosis of the hip (class 4). The distribution of patient demographics and the
presence and severity of HO by Brooker classification is shown in Supplemental Table 11.

Replication cohort. 419 British Caucasian subjects (207 cases and 212 controls) were recruited
not less than 1 year following hip replacement for idiopathic osteoarthritis. HO was graded
from plain pelvic radiographs as outlined above using the Brooker grading. Cohort
demographics and distribution of Brooker grades for the samples proceeding to case control
association analyses are shown in Supplemental Table 11.

Discovery GWAS. DNA from subjects in the discovery cohort was extracted from either whole
blood or saliva and genotyped using the lllumina 610k beadchip (lllumina, San Diego, CA).
Standard GWAS QC was conducted at the samples and variants level. The exclusion criteria
have been previously described (642, 643). Briefly, individuals with 1) gender discrepancy; 2)
call rate <95% (<97% in arcOGEN); 3) excess homozygosity or heterozygosity (more than £3
SD of the mean); 4) duplicates and related samples (n* >0.2); 5) non-UK European ancestry
(ethnicity outliers) were excluded from further analyses. Variants with 1) minor allele
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frequency (MAF) 5% and a call rate <95%, or a MAF <5% and call rate <99%; 2) monomorphic;
3) exact Hardy Weinberg Equilibrium (HWE) p<0.05 (p<0.0001 in arcOGEN) were also
excluded from the merged dataset. Variant QC was carried out on autosomal variants.
Genotype-calling intensity plots were examined and single nucleotide polymorphisms (SNPs)
with poorly clustering plots were not taken forward. Following QC, 891 subjects (481 controls
and 410 cases) and 448770 variants were imputed with IMPUTE2 (644) using the European
reference panel from the 1000 Genomes Project (Dec 2010 phase | interim release) (645).
Variants with an imputation information score <0.4 and MAF <0.05 were excluded from
further analysis.

An HO susceptibility case-control analysis was undertaken on >10 million variants under the
additive model using method score implemented in SNPTESTv2 (644). The analysis were
adjusted for age and sex as they are known risk factors for HO (646). Data were pruned for
linkage disequilibrium (LD) using the clumping function in PLINK (637). Parameters used: (a)
significance threshold for index SNP: 1e-5, (b) LD threshold for clumping: 0.20, and (c) physical
distance threshold for clumping: 500 kb. Statistical independence of the signals were also
confirmed through conditional single-variant association analyses as implemented in
SNPTESTv2. A variant was considered independent of the index SNP if the pre- and post-
conditioning p-value difference was smaller than two orders of magnitude. The top twenty
index SNPs were prioritised for replication.

Replication and meta-analysis. DNA from the subjects in the replication cohort was extracted
from saliva and genotyped using the iPLEX® Assay of the MassARRAY® System (Agena
Bioscience, Inc) to conduct de novo replication. Twenty independent and prioritised variants
of the discovery stage (Supplemental Table 2) were genotyped. All variants had high Agena
design metrics and thus no replacement with highly-correlated proxy SNPs was required. QC
was conducted at the sample and variant levels. Sample exclusions were based on sex
inconsistencies and a sample call rate <60%. Variants with a call rate <75%, minor allele
frequency (MAF) <1% and exact HWE P<0.001 in controls were also excluded. Following QC,
205 controls and 198 cases and 13 variants proceeded to association analyses. An HO
susceptibility case-control analysis was undertaken under the additive genetic model using
the “method maximum likelihood” option as implemented in SNPTESTv2.5.2. Age and sex
were used as covariates. The significance threshold for association in the replication study
was 0.05/23=0.0022. Finally, we performed a fixed-effects inverse-variance-weighted meta-
analysis in METAL (647) across the discovery and replication datasets, comprising a total of
608 cases and 686 controls. Genome-wide significance was defined as p<5.0 x 1078,

Cell culture. Human mesenchymal stem cells (hMSCs) from 3 independent subjects were
obtained from the bone marrow of children undergoing osteotomy and cultured in growth
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medium which consisted of: DMEM containing L-glutamine (61965-059) and 4.5g/L Glucose
(Gibco), with the addition of 10% hyclone (Scientific Laboratories Supplies, SH30070.03).
Human multipotent adipose-derived stem cells (hMADs) were cultured in growth medium
which consisted of: DMEM (Lonza, BE12-707F), 10% FBS, 1%glutamine (Gibco, 25030-024),
0.2% Penicillin-Streptomycin (P/S), 1% HEPES (Gibco, 15630-056) and 0.01% hFGF2
(Invitrogen, F0291). Confluency was avoided to prevent differentiation, with hMSCs and
hMADs cells split every 3-4 days. For osteogenic differentiation studies, cells were cultured in
growth medium for 24 hours, followed by 48 hours of exposure to BMP2. At this timepoint
the cells were confluent, and the media was changed into differentiation media.

Osteogenic differentiation. MSCs and hMADs were seeded for 24 hours in growth media, then
300ng/ml human recombinant BMP2 (GenScript, Wanchai, Hong Kong) was added for 48
hours. The media was replaced with the osteogenic media on day 0 of the differentiation.
Osteogenic media was made as to the growth media, except for the addition of 300ng/ml
BMP2, 10mM B-glycerophosphate, 10nM dexamethasone and 50ug/ml ascorbic acid (Sigma-
Aldrich).

RNA isolation and RT-qPCR. Total RNA was isolated using the Promega ReliaPrep™ RNA Cell,
Tissue Miniprep System (Promega, Madison, WI) and RNeasy UCP Micro Kit (Qiagen)
according to the manufacturer’s instructions. Reverse transcription of 400ng of RNA into
cDNA was completed using the iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA) and the
Veriti 96-well thermal cycler according to the manufacturer’s instructions (Applied
Biosystems, Waltham, MA). For RT-qPCR, 2ng of cDNA was loaded per well. gPCR samples
were run on the C1000 Touch™ Thermal Cycler (Bio-Rad) in 384-well plates. Triplicate
technical repeats were conducted for each assay and normalised to a 8-Actin housekeeping
control in murine and GAPDH in human. Primers for SYBR green qPCR (Sigma-Aldrich) were
designed  using  Primer-BLAST  (NCBI:  (www.ncbi.nlm.nih.gov/tools/primer-blast,

Supplemental Table 12). All primers were screened to avoid self-complementarity with Oligo
Calc: Oligonucleotide Properties Calculator
(http://biotools.nubic.northwestern.edu/OligoCalc.html). PrecisionPLUS SYBR-Green master

mix and TagMan master mix (Primer design, Southampton, UK) were used with SYBR primers.
Ct values were presented as fold change in expression compared to day O and after
normalisation to the housekeeping control (2722¢T),

Alizarin Red S staining. Cells were washed twice with PBS and fixed overnight at 4°C in 100%
ethanol. Cells were then washed twice with PBS before the addition of 40mM Alizarin Red S
(Sigma-Aldrich), pH 4.2. The wells were washed extensively with 95% ethanol until all
unbound stain was removed, the same number of washes was used for each well. Plates were
air dried overnight and scanned on high-resolution flat-bed scanner at 1200dpi. Image)
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Software (http://rsb.info.nih.gov/ij/) was used to quantify the percentage mineralised area in

each well. The area fraction positive for the stain was recorded, representing percentage
mineralisation. Identical settings were used for all wells. The wild type wells were used as
reference for setting the threshold values.

Statistics. Data are presented as mean = SEM. Student’s t-test or, one-way or two-way ANOVA
was used, with various post-hoc tests as indicated in the figure legends. Categorical data are
analysed by chi-squared test with Yates’ correction, where applicable. All analyses are 2-tailed
and statistical significance is represented as P<0.05. *P<0.05, **P<0.01, ***P<0.001,
**%%P<0.0001. GraphPad Prism 7 (GraphPad software) was used to present and analyse
guantitative data.

Study Approval. For the cohort analyses, all subjects were recruited as part of previous
ethically approved studies (642, 648), and provided written, informed consent obtained prior
to participation. For the in vitro analyses, samples were collected under ethics approval from
Oxford NHS REC C (10/H0606/20 and 15/SC/0132), Yorkshire and Humber REC (13/YH/0419),
and Human Tissue Authority license 12182, South Yorkshire and North Derbyshire
Musculoskeletal Biobank, University of Sheffield, UK.
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9.1.3 RESULTS

The genetic architecture of post-traumatic heterotopic ossification. To examine the genetic
architecture of HO, we conducted a genome-wide association analysis for disease
susceptibility (HO cases versus controls) within patients not less than 1 year after hip
replacement surgery for osteoarthritis. Genome-wide analysis of the discovery cohort
identified an excess of signals associated with HO susceptibility (Figure 9.1A & 9.1B,
Supplemental Table 1), consistent with a heritable component to the condition. Following
linkage disequilibrium (LD) pruning using the clumping function in PLINK (637), we selected
the lead 20 independent signals for follow up (Supplemental Table 2). Thirteen of these
passed our variant-level quality control (QC) pipeline for de novo replication (see Methods).

The strongest signal, which reached genome-wide significance, resides in an intergenic region
(rs59084763, effect allele (EA) T, effect allele frequency (EAF) 0.19, OR [95% CI] 1.87 [1.47—
2.37], p=2.48x10%; Figure 9.1C), just downstream of ARHGAP18 that encodes a protein
involved in the modulation of cell signalling, cell shape and motility (638). The second
strongest signal resides within the long non-coding (Inc) RNA-encoding gene CASC20
(rs11699612, EA T, EAF 0.25, OR 1.73 [1.40-2.16], p=9.39x10%; Figure 9.1D). CASC20 is a
human-only IncRNA that has no orthologues in species outside apes. Both its mechanism of
action and functional importance in health and disease are currently unexplored.
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Figure 9.1 Discovery genome-wide association analysis. A) Manhattan plot showing the -log10
p-values for each variant (y axis) plotted against their respective chromosomal position (x
axis). The horizontal dashed line denotes the genome-wide significance threshold p=5x102.
Lead signals are indicated in green. B) Quantile-quantile plot of the data used in the GWAS.
The x-axis indicates the expected -log10 p-values and the y-axis the observed ones. The red
line represents the null hypothesis of no association at any locus and A is the genomic inflation
factor. Regional association plots for C) rs59084763, and D) rs11699612 with HO
susceptibility. Each filled circle represents the p-value of analysed variants in the discovery
stage plotted against their physical position (NCBI Build 37). The purple circle denotes the
variant with the lowest p-value in the region. The colours of variants in each plot indicate their
r2 with the lead variant according to a scale from r2 =0 (blue) to r? = 1 (red).
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Variation within CASC20 is robustly associated with HO susceptibility and is independent of
the adjacent BMP2. At replication in an independent hip replacement patient cohort, four of
the thirteen independent HO susceptibility signals that passed variant-level QC showed a
concordant direction of effect and one residing within the CASC20 locus replicated at the
Bonferroni-corrected significance threshold (rs11699612, EA T, EAF 0.23, OR 1.90 [1.34-2.68],
p=2.70x10; Supplemental Table 3). Following meta-analysis, this association reached
genome-wide significance (EA T, EAF 0.24, OR 1.94 [1.59-2.35], p=2.71x10%%; Figure 9.2A).
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Figure 9.2. CASC20 is a robust susceptibility locus for HO susceptibility independent of BMP2.
A) Regional association plot showing meta-analysis of rs11699612 in discovery and replication
cohorts. Each filled circle represents the p-value of analysed variants in the discovery stage
plotted against their physical position (NCBI Build 37). The purple circle denotes rs11699612
(chr20:6465633), which is the variant with the lowest p-value in the region. The colours of
variants in each plot indicate their r? with the lead variant according to a scale from r>=0
(blue) to r> =1 (red). B) Fine mapping of the CASC20 locus using a clumping threshold of 2000
kb either side of rs11699612 to include the whole BMP2 locus and most of the proximal
coding genes identified no variants within BMP2 in linkage disequilibrium >0.03 with CASC20
variants. Variant rs11699612 is indicated in purple.

CASC20 resides in close proximity to BMP2 on chr20. In order to confirm the origin of the
signal as lying within CASC20 rather than BMP2, we increased the physical distance threshold
used for clumping to 2000 kb either side of rs11699612 to include the whole BMP2 locus and
most of the proximal coding genes. We found no HO-associated variants within BMP2 nor any
BMP2 variants in higher LD than r?=0.03 with the CASC20 variant, confirming CASC20 as the
origin of the genetic signal (Figure 9.2B and Supplemental Table 4). Given the proximity of
CASC20 to BMP2, we further examined whether rs11699612 is a cis-acting expression
guantitative trait locus (cis-eQTL) for BMP2 expression using RNA sequencing data from
unstimulated primary chondrocytes and synovium taken from an independent cohort of 100
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patients undergoing joint replacement (See data availability section and
biorxiv.org/content/10.1101/835850v1). Data were analysed using a GTEx-modified version
of FastQTL (639), and confirmed no evidence of rs11699612 action as a cis-eQTL on BMP2 or
any other adjacent genes within this 1Mb window, with the exception of MCM8 that encodes
minichromosome maintenance protein 8 (Supplemental Table 5).

CASC20 is expressed in human bone and is induced in BMP2-stimulated human mesenchymal
stem cells. To determine whether CASC20 is expressed in human bone tissue, we extracted
total RNA from fresh frozen, surgically excised bone from patients undergoing joint
replacement. CASC20 expression was confirmed by real time quantitative polymerase chain
reaction (RT-qPCR, Figure 9.3A). Next, we explored whether CASC20 is differentially expressed
in human multipotent adipose-derived stem cells (hMAD, Figure 9.3B)(512) and in primary
human bone marrow-derived mesenchymal stem cells (hMSCs, Figure 9.3C-E) in response to
stimulation with BMP2 and osteogenic supplements. We found that CASC20 expression was
significantly upregulated by day 8 in hMADs, and by day 16 or 24 in hMSCs. This was
associated with robust upregulation of markers of osteogenic differentiation runt-related
transcription factor 2 (RUNX2) and the transcription factor Sp7/Osterix (OSX) in both the
hMADs and the hMSCs at these timepoints, and a significant increase in percentage
mineralisation per well at day 24, measured by Alizarin Red S stain.
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Figure 9.3. CASC20 is expressed in human bone and are induced in mesenchymal stem cells
by BMP2 in vitro. A) RT-gPCR was used to measure the expression of CASC20 RNA in waste
bone samples retrieved at joint replacement (n=3 subjects). B) CASC20 is induced in human
Multipotent Adipose-Derived Stem cells (hMADs). RT-qPCR was used to measure the
expression of CASC20, RUNX2 and OSX in hMADs at days 0, 8 and 16 of hMAD differentiation.
Data were analysed using 2*(-ACt) by normalising to GAPDH (n=3 biological replicates). One-
way ANOVA with Dunnett's multiple comparisons; data is plotted as mean +SEM. C-E) CASC20
expression and mineralisation are induced in BMP2-stimulated human Bone Marrow Derived
Mesenchymal Stem Cells (hMSC). RT-gPCR was used to measure the expression of CASC20,
RUNX2 and OSX in hMSCs from 3 donors at days 0, 8, 16 and 24 of differentiation. Data were
analysed using —AACt, normalising to day 0 and GAPDH (n=3 biological replicate cultures).
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Percentage mineralised area per well at day 0 and day 24 were measured by percentage
Alizarin Red S staining. Analyses are one-way ANOVA with Dunnett's multiple comparisons or
Student’s t-test (Alizarin Red S); data is plotted as mean +SEM.

9.1.4 DISCUSSION

In this first exploration of the genetic architecture of post-traumatic HO, we identify a robust,
replicating signal for HO susceptibility within the previously uncharacterised human-only
IncRNA CASC20, with the lead signal at rs11699612. We show that although CASC20’s nearest
neighbour is BMP2, variation within CASC20 is independent of BMP2 nor does it act as a cis-
eQTL for BMP2. In functional analyses, we demonstrate that CASC20 is expressed at very low
levels, but is upregulated following an osteogenic stimulus.

Although both the discovery and replication sample sizes examined here were limited, the
genotyped collections studied amass the largest available sample size globally to date. Larger
sample sizes will be necessary to increase the number of HO risk loci robustly identified
(Supplemental Figure 2). For example, in the discovery dataset we also identified genome-
wide significant variation at rs59084763, 1kB downstream from the gene encoding Rho
GTPase activating protein 18 that subsequently failed to replicate and was therefore not
followed up in functional analyses, but may represent a further HO susceptibility locus. We
demonstrate here that CASC20 is expressed at low levels in unstimulated human adult
musculoskeletal tissue and that its expression is upregulated in response to BMP2 as an
osteogenic stimulus. Although BMP2 expression has been demonstrated in post-traumatic
clinical HO tissue (640, 641), this may not represent the dominant mechanistic pathway in
post-traumatic HO.

Here, we provide first insights into the genetic architecture of post-traumatic HO that indicate
it is a common, complex disorder. Our data establish CASC20 as the first robust locus for HO
susceptibility. We present evidence in support of CASC20 modulating HO susceptibility
through its interaction with miRs that regulate osteo- and chondrogenesis. Further studies of
CASC20 in relevant human cell models will help clarify its role in human health and disease
and the role of the rs11699612 variant in the pathogenesis of the disease.
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9.2 R Scripts for miRSeq analysis

9.2.1 DESeq2

#Set up environment
Set working directory
{r setup, include=FALSE}

#knitr::opts_knitSset(root.dir =
"X:/sudlab1/General/projects/Favour_EKT/r_scripts/Working_directory/miRNA_Seq_DESeq
_miRNA_mature/")

#setwd("X:/sudlabl/General/projects/Favour_EKT/r_scripts/Working_directory/miRNA_Seq
_DESeq_miRNA_mature/")

Load required packages

)

#if ('requireNamespace("BiocManager", quietly = TRUE))
# install.packages("BiocManager")
#BiocManager::install("DESeq2")
library("DESeq2")

library("ggplot2")
library("pheatmap")

library("dplyr")
library(RColorBrewer)

library(knitr)

library(ggforce)

Read ensemblelDs2miRID

()
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#ensemblIDs2miRID <-
read.table("X:/sudlabl/General/projects/Favour_EKT/r_scripts/Working_directory/miRNA _
Seq_DESeq_miRNA_only/ensembliDs2miRbaselD.tsv")

ensemblIDs2miRID2 <-
read.table("X:/sudlabl/General/mirror/miRBase/ensembliDs2miRbaselD.tsv", header=T)

miRBase_hp2mature <-
read.table("X:/sudlabl/General/mirror/miRBase/miRBase_hp2mature.tsv", header=T)

Filter input

)

input <-
read.table("X:/sudlabl/General/projects/Favour_EKT/miRNASeq_20230313/pipeline_seq_f
avour/counts_first.dir/Primary_resume_counts.txt",

header =T, sep = "\t")
header <- colnames(input)
header <- sub("*Back", "", header)

colnames(input) <- header

Remove NAs and lowly expressed miRs

)
# Remove rows with NAs from miRNA_filter_inputs

input <- input[complete.cases(input), ]

input <- input[rowSums(input[2:ncol(input)]) >=1,]

input <- as.matrix(input)

Convert to miRNA name id
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)
# Create a mapping vector from miRBase_ID to Name

mapping <- with(miRBase_hp2mature, setNames(Name, miRBase_ID))
# Rename row names in input using the miRBase_ID2miRID_vector

rownames(input) <- mapping[rownames(input)]

)
#rename header of input table
# Renaming the headers
colnames(input) <- gsub("ACTRLD", "Wild type-D", colnames(input))
colnames(input) <- gsub("*OED", "CASC20 OE-D", colnames(input))
# Adding an underscore before the last digit in each header
# Get the column names
col_names <- colnames(input)
# Function to add an underscore based on the last digit in a string
add_underscore <- function(x) {

gsub("(\\d)$", "_\\1", x)
}
# Apply the function to all column names and update them

colnames(input) <- sapply(col_names, add_underscore)

#1. Analyse osteo and chondro
Extract sample information
)

header <- colnames(input)

samples <- data.frame(samples = header,
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condition = ifelse(grepl("AWild type", header), "Wild type", "CASC20 OE"),
timepoint = ifelse(grepl("D0", header), "D0",
ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),

diff = ifelse(grepl("D0", header), "undifferentiated",

ifelse(grepl("D7", header), "chondrogenic",

ifelse(grepl("D10", header), "osteogenic",

ifelse(grepl("D20", header), "osteogenic", NA)))))

samples <- samples[complete.cases(samples), ]
rownames(samples) <- NULL
merged <- paste(samplesStimepoint, samplesSdiff, sep="_")
samples <- samples %>%

mutate(diff = merged) %>%

dplyr::select(-timepoint)

#head(samples)

Convert columns to factors and make them unordered.

()

samplesScondition <- factor(samplesScondition, levels = c("Wild type", "CASC20 OE"),
ordered = FALSE)

samplesSdiff <- factor(samplesSdiff, levels = ¢("DO_undifferentiated", "D7_chondrogenic",

"D10_osteogenic", "D20_osteogenic"), ordered = FALSE)

Create a deseq by specifying the design within the script itself.
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)

#base specify it

dds <- DESegDataSetFromMatrix(input,
colData = samples,

design = ~ diff + condition + condition:diff)

dds <- DESeq(dds)

vsd <- vst(dds, blind=FALSE, nsub = sum( rowMeans( counts(dds, normalized=TRUE)) >5))

Plot PCA graph
)
pcaData <- plotPCA(vsd, intgroup=c("condition", "diff"), returnData=TRUE)
percentVar <- round(100 * attr(pcaData, "percentVar"))
p <- ggplot(pcaData, aes(PC1, PC2, color=diff, shape=condition)) +
geom_point(size=3) +
xlab(pasteO("PC1: ",percentVar[1],"% variance")) +
ylab(pasteO("PC2: ",percentVar[2],"% variance")) +
coord_fixed() +
geom_mark_ellipse() +
theme_minimal()
# Manually increase the x and y axis limits by 10%
p <- p + coord_cartesian(xlim = range(pcaDataSPC1) * 1.1, ylim = range(pcaDataSPC2) * 1.1)
#dev.off()
#ggsave("merged.1.PlotPCA.pdf", p)
#ggsave("merged.1.PlotPCA.png", p)

P
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Heatmap of the sample-to-sample distances
“r}
sampleDists <- dist(t(assay(vsd)))
sampleDistMatrix <- as.matrix(sampleDists)
#rownames(sampleDistMatrix) <- paste(vsdScondition, vsdSsamples, sep="-")
#colnames(sampleDistMatrix) <- paste(vsdScondition, vsdSsamples, sep="-")
colors <- colorRampPalette( rev(brewer.pal(9, "Blues")) )(255)
#run pheatmap
p <- pheatmap(sampleDistMatrix,
clustering_distance_rows=sampleDists,
clustering_distance_cols=sampleDists,
col=colors)
# Adjust row annotation font size
#p <- p + theme(axis.text.y = element_text(size = 8))
#ggsave("merged.1.h_sampledist.pdf", p, width = 6, height = 6)

#ggsave("merged.1.h_sampledist.png", p, width = 6, height = 6)

dev.off()

include_graphics("merged.1.h_sampledist.png")

Heatmap of the count matrix. To explore a count matrix, it is often

instructive to look at it as a heatmap

()

ntd <- normTransform(dds)
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select <- order(rowMeans(counts(dds,normalized=TRUE)),
decreasing=TRUE)#[1:352]
df <- as.data.frame(colData(dds)[,c("condition","diff")])
normalized_data <- t(scale(t(assay(ntd))))
p <- pheatmap(normalized_data[select,], cluster_rows=TRUE, show_rownames=FALSE,
cluster_cols=TRUE, annotation_col=df)
#ggsave("merged.1.h_count.pdf", p)

#ggsave("merged.1.h_count.png", p)

#2. Analyse osteo only

)

#head(filter_inputs)

# identify columns to remove

cols_to_remove <- grep("D7", colnames(input))

# remove columns

filter_inputs_2 <- input[, -cols_to_remove]

colnames(filter_inputs_2)

header <- colnames(filter_inputs_2)

# Extract sample information

samples <- data.frame(samples = header,
condition = ifelse(grepl("AWild type", header), "Wild type", "CASC20 OE"),
timepoint = ifelse(grepl("D0", header), "D0",

ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),

diff = ifelse(grepl("D0", header), "undifferentiated",
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ifelse(grepl("D7", header), "chondrogenic”,
ifelse(grepl("D10", header), "osteogenic",
ifelse(grepl("D20", header), "osteogenic", NA)))))

samples <- samples[complete.cases(samples), ]
rownames(samples) <- NULL
head(samples)
merged <- paste(samplesStimepoint, samplesSdiff, sep =" _")
samples <- samples %>%

mutate(diff = merged) %>%

select(-timepoint)
# Convert columns to factors and make them unordered

samplesScondition <- factor(samplesScondition, levels = c("Wild type", "CASC20 OE"),
ordered = FALSE)

samplesSdiff <- factor(samplesSdiff, levels = ¢("DO_undifferentiated",
"D10_osteogenic", "D20_osteogenic"), ordered = FALSE)
#base specify it
dds_2 <- DESeqDataSetFromMatrix(filter_inputs_2,
colData = samples,

design = ~ diff + condition + condition:diff)

dds_2 <- DESeq(dds_2)

vsd_2 <- vst(dds_2, blind=FALSE, nsub = sum( rowMeans( counts(dds_2, normalized=TRUE))
>5))

PCA

)

pcaData_2 <- plotPCA(vsd_2, intgroup=c("condition", "diff"), returnData=TRUE)
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percentVar_2 <- round(100 * attr(pcaData_2, "percentVar"))

p <- ggplot(pcaData_2, aes(PC1, PC2, color=diff, shape=condition)) +
geom_point(size=3) +
xlab(pasteO("PC1: ",percentVar_2[1],"% variance")) +
ylab(pasteO("PC2: ",percentVar_2[2],"% variance")) +
coord_fixed() +

geom_mark_ellipse() +

theme_minimal()

# Manually increase the x and y axis limits by 10%

p <- p + coord_cartesian(xlim = range(pcaDataSPC1) * 1.1, ylim = range(pcaDataSPC2) * 1.1)

#dev.off()
#ggsave("Osteo.2.PlotPCA.png", p)
#ggsave("Osteo.2.PlotPCA.pdf", p)

p

#include_graphics("Osteo.2.PlotPCA.png")

Heatmap of the sample-to-sample distances

)

sampleDists <- dist(t(assay(vsd_2)))

sampleDistMatrix <- as.matrix(sampleDists)

#rownames(sampleDistMatrix) <- paste(vsd_2Scondition, vsd_2Ssamples, sep="-")
#colnames(sampleDistMatrix) <- paste(vsd_2Scondition, vsd_2Ssamples, sep="-")
colors <- colorRampPalette( rev(brewer.pal(9, "Blues")) )(255)

p <- pheatmap(sampleDistMatrix,

clustering_distance_rows=sampleDists,
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clustering_distance_cols=sampleDists,
col=colors)
#ggsave("Osteo.2.h_sampledist.png", p)

#ggsave("Osteo.2.h_sampledist.pdf", p)

Heatmap of the count matrix
)
ntd <- normTransform(dds_2)
select <- order(rowMeans(counts(dds_2,normalized=TRUE)),
decreasing=TRUE) [1:530]
df <- as.data.frame(colData(dds_2)[,c("condition","diff")])
normalized_data <- t(scale(t(assay(ntd))))
p <- pheatmap(normalized_data[select,], cluster_rows=TRUE, show_rownames=FALSE,
cluster_cols=TRUE, annotation_col=df,
color = colorRampPalette(c("green", "white", "red"))(100),

legend = FALSE

)

#ggsave("Osteo.2.h_count.png", p)

#ggsave("Osteo.2.h_count.pdf", p)

DO - Filter the ntd object by a specific level of the diff column and generate a heatmap for
the filtered data

)
# Generate heatmap for DO_undifferentiated condition only

select <- order(rowMeans(assay(ntd)), decreasing=TRUE)[1:530]
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df <- as.data.frame(colData(ntd)[,c("condition","diff")])

normalized_data <- t(scale(t(assay(ntd))))

p <- pheatmap(normalized_data[select,colData(ntd)Sdiff == "DO_undifferentiated"],
cluster_rows=TRUE, show_rownames=FALSE,
cluster_cols=TRUE, annotation_col=df,

color = colorRampPalette(c("green", "white", "red"))(100),

legend = FALSE

)

#ggsave("Osteo.2.D0_h_count.png", p)

#ggsave("Osteo.2.D0_h_count.pdf", p)

Y

D10 - Filter the ntd object by a specific level of the diff column and generate a heatmap for
the filtered data

)
# Generate heatmap for DO_undifferentiated condition only
select <- order(rowMeans(assay(ntd)), decreasing=TRUE)[1:530]

df <- as.data.frame(colData(ntd)[,c("condition","diff")])

normalized_data <- t(scale(t(assay(ntd))))

p <- pheatmap(normalized_data[select,colData(ntd)Sdiff == "D10_osteogenic"],
cluster_rows=TRUE, show_rownames=FALSE,
cluster_cols=TRUE, annotation_col=df,

color = colorRampPalette(c("green", "white", "red"))(100),
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legend = FALSE
)
#ggsave("Osteo.2.D010_h_count.png", p)

#ggsave("Osteo.2.D10_h_count.pdf", p)

p

D20 - Filter the ntd object by a specific level of the diff column and generate a heatmap for
the filtered data

)

# Generate heatmap for DO_undifferentiated condition only

select <- order(rowMeans(assay(ntd)), decreasing=TRUE)[1:530]

df <- as.data.frame(colData(ntd)[,c("condition","diff")])

normalized_data <- t(scale(t(assay(ntd))))

p <- pheatmap(normalized_data[select,colData(ntd)Sdiff == "D20_osteogenic"],
cluster_rows=TRUE, show_rownames=FALSE,
cluster_cols=TRUE, annotation_col=df,

color = colorRampPalette(c("green", "white", "red"))(100),

legend = FALSE
)
#ggsave("Osteo.2.D20_h_count.png", p)

#ggsave("Osteo.2.D20_h_count.pdf", p)

p

#3. Analyse chondro only ----

)

#filter_inputs
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cols_to_remove <- grep("D10|D20", colnames(input))

filter_inputs_3 <- input[, -cols_to_remove]

header <- colnames(filter_inputs_3)

# Extract sample information

samples <- data.frame(samples = header,
condition = ifelse(grepl("AWild type", header), "Wild type", "CASC20 OE"),
timepoint = ifelse(grepl("D0", header), "D0",

ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),
diff = ifelse(grepl("D0", header), "undifferentiated"”,
ifelse(grepl("D7", header), "chondrogenic",
ifelse(grepl("D10", header), "osteogenic",

ifelse(grepl("D20", header), "osteogenic", NA)))))

samples <- samples[complete.cases(samples), ]
rownames(samples) <- NULL
head(samples)
merged <- paste(samplesStimepoint, samplesSdiff, sep="_")
samples <- samples %>%

mutate(diff = merged) %>%

select(-timepoint)
# Convert columns to factors and make them unordered

samplesScondition <- factor(samplesScondition, levels = c("Wild type", "CASC20 OE"),
ordered = FALSE)

samplesSdiff <- factor(samplesSdiff, levels = c("D0_undifferentiated", "D7_chondrogenic"),
ordered = FALSE)
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#base specify it
dds_3 <- DESeqDataSetFromMatrix(filter_inputs_3,
colData = samples,

design = ~ diff + condition + condition:diff)

dds_3 <- DESeq(dds_3)

vsd_3 <- vst(dds_3, blind=FALSE, nsub = sum( rowMeans( counts(dds_3, normalized=TRUE))
>5))

PCA
)
pcaData_3 <- plotPCA(vsd_3, intgroup=c("condition", "diff"), returnData=TRUE)
percentVar_3 <- round(100 * attr(pcaData_3, "percentVar"))
p <- ggplot(pcaData_3, aes(PC1, PC2, color=diff, shape=condition)) +
geom_point(size=3) +
xlab(pasteO("PC1: ",percentVar_3[1],"% variance")) +
ylab(pasteO("PC2: ",percentVar_3[2],"% variance")) +
coord_fixed() +
geom_mark_ellipse() +
theme_minimal()
# Manually increase the x and y axis limits by 10%
p <- p + coord_cartesian(xlim = range(pcaDataSPC1) * 1.6, ylim = range(pcaDataSPC2) * 1.6)
#dev.off()
#ggsave("Chondro.3.PlotPCA.pdf", p)

#ggsave("Chondro.3.PlotPCA.png", p)

p
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Heatmap of the sample-to-sample distances
“r}
sampleDists <- dist(t(assay(vsd_3)))
sampleDistMatrix <- as.matrix(sampleDists)
#rownames(sampleDistMatrix) <- paste(vsd_3Scondition, vsd_3Ssamples, sep="-")
#colnames(sampleDistMatrix) <- paste(vsd_3Scondition, vsd_3Ssamples, sep="-")
colors <- colorRampPalette( rev(brewer.pal(9, "Blues")) )(255)
p <- pheatmap(sampleDistMatrix,
clustering_distance_rows=sampleDists,
clustering_distance_cols=sampleDists,

col=colors)

#ggsave("Chondro.3.p_sampledist.pdf", p)

#ggsave("Chondro.3.p_sampledist.png", p)

p

Heatmap of the count matrix
)
ntd <- normTransform(dds_3)
select <- order(rowMeans(counts(dds_3,normalized=TRUE)),
decreasing=TRUE)[1:507]
df <- as.data.frame(colData(dds_3)[,c("condition","diff")])
normalized_data <- t(scale(t(assay(ntd))))
p <- pheatmap(normalized_data[select,], cluster_rows=TRUE, show_rownames=FALSE,

cluster_cols=TRUE, annotation_col=df,
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color = colorRampPalette(c("green", "white", "red"))(100),
legend = FALSE

)

##tggsave("Chondro.3.p_count.pdf", p)

#ggsave("Chondro.3.p_count.png", p)

p

CASC20 miRs
“r}
expression_data <- assay(ntd)

expression_data <- expression_data[intersect(tolower(rownames(expression_data)),
tolower(CASC20miRsSV1)), |

# Extract sample names

sample_names <- colnames(expression_data)

# ldentify unique sample groups

sample_groups <- unique(sub(".S", ", sample_names))

# Calculate average of each group of three samples

averaged_data <- sapply(sample_groups, function(group) {
group_samples <- sample_names[grep(group, sample_names)]
rowMeans(expression_datal, group_samples])

})

# Create a new matrix with averaged column data

averaged_matrix <- as.matrix(averaged_data)

averaged_matrix <- averaged_matrix[rowSums(averaged_matrix) !=0, ]

# Get the column names

col_names <- colnames(averaged_matrix)
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# Function to remove the last character from a string
remove_last_character <- function(x) {
substr(x, 1, nchar(x) - 1)
}
# Apply the function to all column names and update them
colnames(averaged_matrix) <- sapply(col_names, remove_last_character)
# Set the color palette for the heatmap
color_palette <- colorRampPalette(c("green", "white", "red"))(100)
# Plot the heatmap using pheatmap
p <- pheatmap(t(scale(t(averaged_matrix))),
color = color_palette,
clustering_method = "complete"”,
cluster_rows = TRUE,
cluster_cols = TRUE,
show_rownames = TRUE,
show_colnames = TRUE,
fontsize_row = 10)
#ggsave("Chondro.3.CASC20miRs.png", p)

#ggsave("Chondro.3.CASC20miRs.pdf", p)

DO - Filter the ntd object by a specific level of the diff column and generate a heatmap for
the filtered data

)
# Generate heatmap for DO_undifferentiated condition only
select <- order(rowMeans(assay(ntd)), decreasing=TRUE)[1:507]

df <- as.data.frame(colData(ntd)[,c("condition","diff")])
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normalized_data <- t(scale(t(assay(ntd))))
p <- pheatmap(normalized_data[select,colData(ntd)Sdiff == "DO_undifferentiated"],
cluster_rows=TRUE, show_rownames=FALSE,
cluster_cols=TRUE, annotation_col=df)
#ggsave("Chondro.3.D0_p_count.pdf", p)

#ggsave("Chondro.3.D0_p_count.png", p)

p

D7 - Filter the ntd object by a specific level of the diff column and generate a heatmap for
the filtered data

)

# Generate heatmap for DO_undifferentiated condition only

select <- order(rowMeans(assay(ntd)), decreasing=TRUE)[1:507]

df <- as.data.frame(colData(ntd)[,c("condition","diff")])

normalized_data <- t(scale(t(assay(ntd))))

p <- pheatmap(normalized_data[select,colData(ntd)Sdiff == "D7_chondrogenic"],
cluster_rows=TRUE, show_rownames=FALSE,

cluster_cols=TRUE, annotation_col=df)

#ggsave("Chondro.3.D7_p_count.pdf", p)

#ggsave("Chondro.3.D7_p_count.png", p)

p

#save(dds, dds_2, dds_3, vsd, vsd_2, vsd_3, ensemblIDs2miRID2, file = "dds.RData")

title: "Log2FC osteo miRNA-Seq FFI"
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author: "Favour Felix-llemhenbhio"
date: "2023-05-10"

output: html_document

#Set up environment
Set working directory
“{r setup, include=FALSE}

knitr::opts_knitSset(root.dir =
"X:/sudlabl/General/projects/Favour_EKT/r_scripts/Working_directory/GO_KEGG/Log2FC/
l|)

setwd("X:/sudlabl/General/projects/Favour_EKT/r_scripts/Working_directory/GO_KEGG/L
0g2FC/")

"X:/sudlab1/General/mirror/miRBase/ensemblIDs2miRbaselD.tsv"

#Llibrary

)
library(DESeq2)
library(ggplot2)
library(pheatmap)
library(dplyr)
library(RColorBrewer)
library(knitr)
library(ggforce)
library(tidyverse)
library(ashr)
library(apeglm)

library(EnhancedVolcano)
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#Open files and run DESeqDataSetFromMatrix

()

input <-
read.table("X:/sudlabl/General/projects/Favour_EKT/miRNASeq_20230313/pipeline_seq_f
avour/counts_first.dir/Primary_resume_counts.txt",

header =T, sep = "\t")

miRBase_hp2mature <-
read.table("X:/sudlabl/General/mirror/miRBase/miRBase_hp2mature.tsv", header=T)

header <- colnames(input)

header <- sub("~Back", "", header)

colnames(input) <- header

# Remove rows with NAs from miRNA_filter_inputs

input <- input[complete.cases(input), ]

input <- input[rowSums(input[2:ncol(input)]) >=1,]

input <- as.matrix(input)

# Create a mapping vector from miRBase_ID to Name

mapping <- with(miRBase_hp2mature, setNames(Name, miRBase_ID))
# Rename row names in input using the miRBase_ID2miRID_vector
rownames(input) <- mapping[rownames(input)]

# identify columns to remove

cols_to_remove <- grep("D7", colnames(input))

# remove columns

filter_inputs_2 <- input[, -cols_to_remove]

colnames(filter_inputs_2)

#D10 only
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From here | am running the pairwise comparsions
)
D10_inputs <- filter_inputs_2[, grep(""CTRLD10|*OED10", colnames(filter_inputs_2))]
header <- colnames(D10_inputs)
# Calculate row-wise sums of counts
row_sums <- rowSums(D10_inputs)
# Filter out rows with zero counts
D10_inputs <- D10_inputs[row_sums >0, ]
# Extract sample information
samples <- data.frame(samples = header,

condition = ifelse(grepl("ACTR", header), "CTRL", "OE"),

timepoint = ifelse(grepl("D0", header), "D0",

ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),
diff = ifelse(grepl("DO0", header), "undifferentiated",
ifelse(grepl("D7", header), "chondrogenic",
ifelse(grepl("D10", header), "osteogenic",
ifelse(grepl("D20", header), "osteogenic", NA)))))

samples <- samples[complete.cases(samples), ]
rownames(samples) <- NULL
# Convert columns to factors and make them unordered
samplesScondition <- factor(samplesScondition, levels = ¢("CTRL", "OE"), ordered = FALSE)
samples <- samples %>% select(-c(timepoint, diff))
#base specify it

dds_10 <- DESegDataSetFromMatrix(D10_inputs,
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colData = samples,
design =~ condition)
dds_10 <- DESeq(dds_10)

vsd_10 <- varianceStabilizingTransformation(dds_10)

)
resultsNames(dds_10)
resLFC_D10_only <- results(dds_10, name="condition_OE_vs_CTRL", alpha = 0.05)
# Use the coefficient index in IfcShrink
resLFC_D10_only <- IfcShrink(dds_10, coef="condition_OE_vs_CTRL", res=resLFC_D10_only)
sig_vsd_10 <-vsd_10[is.finite(resLFC_D10_onlySpadj) & resLFC_D10_onlySpadj < 0.05,]
assay(sig_vsd_10) %>% as.data.frame() %>%
rownames_to_column("gene_id") %>%
pivot_longer(-gene_id, names_to="samples", values_to="expr") %>%
inner_join(as.data.frame(colData(vsd_10))) %>%
ggplot() + aes(x=condition, y=expr, col=condition) +
geom_point() +
facet_wrap(~gene_id, scales = "free_y") +

theme(axis.text.x = element_text(angle=90))

“r}
# Set the p-value threshold for significance
pvalue_threshold <- 0.05

# Convert DESegResults object to data frame
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resLFC_D10_only_df <- as.data.frame(resLFC_D10_only)

# Exclude missing values in padj column

complete_cases <- lis.na(resLFC_D10_only_dfSpadj)

# Create a subset of significantly differentially expressed miRNAs

significant_ miRNAs_D10_only <- resLFC_D10_only df[complete_cases &
resLFC_D10_only_dfSpadj < pvalue_threshold, ]

# Count total and significant differentially expressed miRNAs
total_miRs <- length(resLFC_D10_onlySbaseMean) # Total miRNAs

downregulated_miRs <- sum(resLFC_D10_onlySlog2FoldChange < 0, na.rm = TRUE) #
Downregulated miRNAs

upregulated_miRs <- sum(resLFC_D10_onlySlog2FoldChange > 0, na.rm = TRUE) #
Upregulated miRNAs

# Count significant differentially expressed miRNAs

sig_downregulated_miRs <- sum(resLFC_D10_onlySlog2FoldChange < 0 &
resLFC_D10_onlySpadj < 0.05, na.rm = TRUE) # Significant downregulated miRNAs

sig_upregulated_miRs <- sum(resLFC_D10_onlySlog2FoldChange >0 &
resLFC_D10_onlySpadj < 0.05, na.rm = TRUE) # Significant upregulated miRNAs

downregulated_miR_name <-
rownames(resLFC_D10_only[complete.cases(resLFC_D10_only) &
resLFC_D10_onlySlog2FoldChange <0 & resLFC_D10_onlySpadj < 0.05, , drop = FALSE])

upregulated_miR_name <- rownames(resLFC_D10_only[complete.cases(resLFC_D10_only)
& resLFC_D10_onlySlog2FoldChange > 0 & resLFC_D10_onlySpadj < 0.05, , drop = FALSE])

# Print the summary

cat("Total miRNAs:", total_miRs, "\n")

cat("Downregulated miRNAs:", downregulated_miRs, "\n")
cat("Upregulated miRNAs:", upregulated_miRs, "\n")

cat("Significant downregulated miRNAs:", sig_downregulated_miRs, "\n")
cat("Significant upregulated miRNAs:", sig_upregulated_miRs, "\n")

#cat(downregulated_miR_name, sep ="\n")
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#cat(upregulated_miR_name, sep = "\n")

)
# Extract the expression data from the sig_vsd object
expression_data <- assay(sig_vsd_10)
# Extract sample names
sample_names <- colnames(expression_data)
# ldentify unique sample groups
sample_groups <- unique(sub(".8", ", sample_names))
# Calculate average of each group of three samples
averaged_data <- sapply(sample_groups, function(group) {
group_samples <- sample_names[grep(group, sample_names)]
rowMeans(expression_datal, group_samples])

})
# Create a new matrix with averaged column data
averaged_matrix <- as.matrix(averaged_data)
# Set the color palette for the heatmap
color_palette <- colorRampPalette(c("green", "white", "red"))(100)
# Plot the heatmap using pheatmap
pheatmap(t(scale(t(averaged_matrix))),

color = color_palette,

clustering_method = "complete"”,

cluster_rows = TRUE,

cluster_cols = TRUE,

show_rownames = FALSE,

show_colnames = TRUE)
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“r fig.height=7}
miRNA_names <- rownames(resLFC_D10_only)[abs(resLFC_D10_onlySlog2FoldChange) > 1]
p <- EnhancedVolcano(resLFC_D10_only,

lab = ifelse(rownames(resLFC_D10_only) %in% miRNA_names,
rownames(resLFC_D10_only), "),

x = 'log2FoldChange’,

y = 'padj,,

title = 'D10 - CASC20 OE vs Wild type',

pCutoff = 0.05,

FCcutoff =0,

pointSize = 3.0,

labSize = 6.0,

col=c('black’, 'black’, 'black’, 'red'),

colAlpha =1,

legendPosition = 'right',

legendLabSize = 16,

legendlconSize = 5.0,

legendLabels=c('Not sig.",'Log2FC','padj','padj & Log2FC'),

max.overlaps = Inf)
ggsave("D10_Osteo_OEvsCTRL.png", p, device = "png")
ggsave("D10_Osteo_OEvsCTRL.pdf", p, device = "pdf")

p

#D20

()
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D20_inputs <- filter_inputs_2[, grep(""CTRLD20|*OED20", colnames(filter_inputs_2))]

header <- colnames(D20_inputs)

# Calculate row-wise sums of counts

row_sums <- rowSums(D20_inputs)

# Filter out rows with zero counts

D20_inputs <- D20_inputs[row_sums >0, ]

# Extract sample information

samples <- data.frame(samples = header,
condition = ifelse(grepl("ACTR", header), "CTRL", "OE"),
timepoint = ifelse(grepl("D0", header), "D0",

ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),
diff = ifelse(grepl("D0", header), "undifferentiated",
ifelse(grepl("D7", header), "chondrogenic",
ifelse(grepl("D10", header), "osteogenic",
ifelse(grepl("D20", header), "osteogenic", NA)))))

samples <- samples[complete.cases(samples), ]

rownames(samples) <- NULL

# Convert columns to factors and make them unordered

samplesScondition <- factor(samplesScondition, levels = ¢("CTRL", "OE"), ordered = FALSE)

samples <- samples %>% select(-c(timepoint, diff))

#base specify it

dds_D20 <- DESegDataSetFromMatrix(D20_inputs,

colData = samples,
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design =~ condition)
dds_D20 <- DESeq(dds_D20)
vsd_D20 <- varianceStabilizingTransformation(dds_D20)
resultsNames(dds_D20)
resLFC_D20_only <- results(dds_D20, name="condition_OE_vs_CTRL", alpha = 0.05)
# Apply IfcShrink

#resLFC_D20_only <- IfcShrink(dds_D20, coef="condition_OE_vs_CTRL",
res=resLFC_D20_only)

sig_vsd_D20 <-vsd_D20[is.finite(resLFC_D20_only$Spadj) & resLFC_D20_onlySpadj < 0.05,]
assay(sig_vsd_D20) %>% as.data.frame() %>%

rownames_to_column("gene_id") %>%

pivot_longer(-gene_id, names_to="samples", values_to="expr") %>%

inner_join(as.data.frame(colData(vsd_D20))) %>%

ggplot() + aes(x=condition, y=expr, col=condition) +

geom_point() +

facet_wrap(~gene_id, scales = "free_y") +

theme(axis.text.x = element_text(angle=90))

)
# Set the p-value threshold for significance
pvalue_threshold <- 0.05

# Convert DESeqResults object to data frame
resLFC_D20_only_df <- as.data.frame(resLFC_D20_only)
# Exclude missing values in padj column
complete_cases <- lis.na(resLFC_D20_only_dfSpadj)

# Create a subset of significantly differentially expressed miRNAs
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significant_miRNAs_D20_only <- resLFC_D20_only_df[complete_cases &
resLFC_D20_only_dfSpadj < pvalue_threshold, ]

# Count total and significant differentially expressed miRNAs
total_miRs <- length(resLFC_D20_onlySbaseMean) # Total miRNAs

downregulated_miRs <- sum(resLFC_D20_onlySlog2FoldChange < 0, na.rm = TRUE) #
Downregulated miRNAs

upregulated_miRs <- sum(resLFC_D20_onlySlog2FoldChange > 0, na.rm = TRUE) #
Upregulated miRNAs

# Count significant differentially expressed miRNAs

sig_downregulated_miRs <- sum(resLFC_D20_onlySlog2FoldChange <0 &
resLFC_D20_onlySpadj < 0.05, na.rm = TRUE) # Significant downregulated miRNAs

sig_upregulated_miRs <- sum(resLFC_D20_onlySlog2FoldChange > 0 &
resLFC_D20_onlySpadj < 0.05, na.rm = TRUE) # Significant upregulated miRNAs

downregulated_miR_name <-
rownames(resLFC_D20_only[complete.cases(resLFC_D20_only) &
resLFC_D20_onlySlog2FoldChange < 0 & resLFC_D20_onlySpadj < 0.05, , drop = FALSE])

upregulated_miR_name <- rownames(resLFC_D20_only[complete.cases(resLFC_D20_only)
& resLFC_D20_onlySlog2FoldChange > 0 & resLFC_D20_onlySpadj < 0.05, , drop = FALSE])

# Print the summary

cat("Total miRNAs:", total_miRs, "\n")

cat("Downregulated miRNAs:", downregulated_miRs, "\n")
cat("Upregulated miRNAs:", upregulated_miRs, "\n")

cat("Significant downregulated miRNAs:", sig_downregulated_miRs, "\n")
cat("Significant upregulated miRNAs:", sig_upregulated_miRs, "\n")
#cat(downregulated_miR_name, sep = "\n")

#cat(upregulated_miR_name, sep = "\n")

()
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miRNA_names <- rownames(resLFC_D20_only)[abs(resLFC_D20_onlySlog2FoldChange) > 1]
p <- EnhancedVolcano(resLFC_D20_only,
lab = rownames(resLFC_D20 _only),
x = 'log2FoldChange’,
y = 'padj’,
title = 'D20 - CASC20 OE vs Wild type',
pCutoff = 0.05,
FCcutoff =0,
pointSize = 3.0,
labSize = 6.0,
col=c('black’, 'black’, 'black’, 'red’),
colAlpha =1,
legendPosition = 'right',
legendLabSize = 16,
legendlconSize = 5.0,
legendLabels=c('Not sig.",'Log2FC','padj','padj & Log2FC'),
max.overlaps = Inf)
ggsave("D20_Osteo_OEvsCTRL.png", p, device = "png")

ggsave("D20_Osteo_OEvsCTRL.pdf", p, device = "pdf")

p

“r}
DO_inputs <- filter_inputs_2[, grep("ACTRLDO|*OEDQ", colnames(filter_inputs_2))]
header <- colnames(DO_inputs)

# Calculate row-wise sums of counts
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row_sums <- rowSums(DO_inputs)
# Filter out rows with zero counts
DO _inputs <- DO_inputs[row_sums >0, ]
# Extract sample information
samples <- data.frame(samples = header,
condition = ifelse(grepl("ACTR", header), "CTRL", "OE"),
timepoint = ifelse(grepl("D0", header), "D0",
ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),
diff = ifelse(grepl("D0", header), "undifferentiated"”,
ifelse(grepl("D7", header), "chondrogenic",
ifelse(grepl("D10", header), "osteogenic",
ifelse(grepl("D20", header), "osteogenic", NA)))))
samples <- samples[complete.cases(samples), ]
rownames(samples) <- NULL
# Convert columns to factors and make them unordered
samplesScondition <- factor(samplesScondition, levels = ¢("CTRL", "OE"), ordered = FALSE)
samples <- samples %>% select(-c(timepoint, diff))
#base specify it
dds_DO <- DESeqDataSetFromMatrix(DO_inputs,
colData = samples,
design = ~ condition)
dds_DO <- DESeq(dds_DO)
vsd_DO <- varianceStabilizingTransformation(dds_DO)

resultsNames(dds_DO)
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resLFC_DO_only <- results(dds_DO, name="condition_OE_vs_CTRL", alpha = 0.05)
# Apply IfcShrink
resLFC_DO_only <- IfcShrink(dds_DO, coef="condition_OE_vs_CTRL", res=resLFC_DO_only)
sig_vsd_DO <-vsd_DO[is.finite(resLFC_DO_onlySpadj) & resLFC_DO_onlySpadj < 0.05,]
assay(sig_vsd_DO0) %>% as.data.frame() %>%
rownames_to_column("gene_id") %>%
pivot_longer(-gene_id, names_to="samples", values_to="expr") %>%
inner_join(as.data.frame(colData(vsd_DO0))) %>%
ggplot() + aes(x=condition, y=expr, col=condition) +
geom_point() +
facet_wrap(~gene_id, scales = "free_y") +

theme(axis.text.x = element_text(angle=90))

)
# Set the p-value threshold for significance

pvalue_threshold <- 0.05

# Convert DESeqResults object to data frame
resLFC_DO_only_df <- as.data.frame(resLFC_DO_only)

# Exclude missing values in padj column

complete_cases <- lis.na(resLFC_DO_only_dfSpadj)

# Create a subset of significantly differentially expressed miRNAs

significant_miRNAs_DO_only <- resLFC_DO_only_df[complete_cases &
resLFC_DO_only_dfSpadj < pvalue_threshold, ]

# Count total and significant differentially expressed miRNAs

total_miRs <- length(resLFC_DO_onlySbaseMean) # Total miRNAs
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downregulated_miRs <- sum(resLFC_DO_onlySlog2FoldChange < 0, na.rm = TRUE) #
Downregulated miRNAs

upregulated_miRs <- sum(resLFC_DO_onlySlog2FoldChange >0, na.rm = TRUE) #
Upregulated miRNAs

# Count significant differentially expressed miRNAs

sig_downregulated_miRs <- sum(resLFC_DO_onlySlog2FoldChange < 0 &
resLFC_DO_onlySpadj < 0.05, na.rm = TRUE) # Significant downregulated miRNAs

sig_upregulated_miRs <- sum(resLFC_DO_onlySlog2FoldChange > 0 & resLFC_DO_only$Spadj
< 0.05, na.rm = TRUE) # Significant upregulated miRNAs

downregulated_miR_name <- rownames(resLFC_DO_only[complete.cases(resLFC_DO_only)
& resLFC_DO_onlySlog2FoldChange < 0 & resLFC_DO_onlySpadj < 0.05, , drop = FALSE])

upregulated_miR_name <- rownames(resLFC_DO_only[complete.cases(resLFC_DO_only) &
resLFC_DO_onlySlog2FoldChange > 0 & resLFC_DO_onlySpadj < 0.05, , drop = FALSE])

# Print the summary

cat("Total miRNAs:", total_miRs, "\n")

cat("Downregulated miRNAs:", downregulated_miRs, "\n")
cat("Upregulated miRNAs:", upregulated_miRs, "\n")

cat("Significant downregulated miRNAs:", sig_downregulated_miRs, "\n")
cat("Significant upregulated miRNAs:", sig_upregulated_miRs, "\n")
#cat(downregulated_miR_name, sep = "\n")

#cat(upregulated_miR_name, sep = "\n")

)
# Extract the expression data from the sig_vsd object
expression_data <- assay(sig_vsd_DO)

# Extract sample names

sample_names <- colnames(expression_data)

# ldentify unique sample groups
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sample_groups <- unique(sub(".8", ", sample_names))

# Calculate average of each group of three samples

averaged_data <- sapply(sample_groups, function(group) {
group_samples <- sample_names[grep(group, sample_names)]
rowMeans(expression_data[, group_samples])

N

# Create a new matrix with averaged column data

averaged_matrix <- as.matrix(averaged_data)

# Set the color palette for the heatmap

color_palette <- colorRampPalette(c("green", "white", "red"))(100)

# Plot the heatmap using pheatmap
pheatmap(t(scale(t(averaged_matrix))),
color = color_palette,
clustering_method = "complete”,
cluster_rows = TRUE,
cluster_cols = TRUE,
show_rownames = FALSE,

show_colnames = TRUE)

)

miRNA_names <- rownames(resLFC_DO_only)[abs(resLFC_DO_onlySlog2FoldChange) > 1]

p <- EnhancedVolcano(resLFC_DO_only,
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lab = ifelse(rownames(resLFC_DO_only) %in% miRNA_names,
rownames(resLFC_D10_only), "),

x = 'log2FoldChange’,

y = 'padj’,

title = 'DO - CASC20 OE vs Wild type',

pCutoff = 0.05,

FCcutoff = 0,

pointSize = 3.0,

labSize = 6.0,

col=c('black’, 'black’, 'black’, 'red'),

colAlpha =1,

legendPosition = "right',

legendLabSize = 16,

legendlconSize = 5.0,

legendLabels=c('Not sig.','Log2FC','padj','padj & Log2FC'),

max.overlaps = Inf)
ggsave("DO_OEvsCTRL.png", p, device = "png")

ggsave("DO_OEvsCTRL.pdf", p, device = "pdf")

p

#D7 Chondrogenic

)

#filter_inputs

cols_to_remove <- grep("D10|D20", colnames(input))
filter_inputs_3 <- input[, -cols_to_remove]

header <- colnames(filter_inputs_3)
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D7_inputs <- filter_inputs_3[, grep("ACTRLD7 | *OED7", colnames(filter_inputs_3))]

header <- colnames(D7_inputs)

# Calculate row-wise sums of counts

row_sums <- rowSums(D7_inputs)

# Filter out rows with zero counts

D7_inputs <- D7_inputs[row_sums >0, ]

# Extract sample information

samples <- data.frame(samples = header,
condition = ifelse(grepl("ACTR", header), "CTRL", "OE"),
timepoint = ifelse(grepl("D0", header), "D0",

ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),
diff = ifelse(grepl("D0", header), "undifferentiated",
ifelse(grepl("D7", header), "chondrogenic",
ifelse(grepl("D10", header), "osteogenic",

ifelse(grepl("D20", header), "osteogenic", NA)))))

samples <- samples[complete.cases(samples), ]

rownames(samples) <- NULL

# Convert columns to factors and make them unordered

samplesScondition <- factor(samplesScondition, levels = ¢("CTRL", "OE"), ordered = FALSE)
samples <- samples %>% select(-c(timepoint, diff))

#base specify it

dds_D7 <- DESegDataSetFromMatrix(D7_inputs,
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colData = samples,
design =~ condition)
dds_D7 <- DESeq(dds_D7)
vsd_D7 <- varianceStabilizingTransformation(dds_D7)
resultsNames(dds_D7)
resLFC_D7_only <- results(dds_D7, name="condition_OE_vs_CTRL", alpha = 0.05)
# Apply IfcShrink
resLFC_D7_only <- IfcShrink(dds_D7, coef="condition_OE_vs_CTRL", res=resLFC_D7_only)
sig_vsd_D7 <-vsd_D7[is.finite(resLFC_D7_onlySpadj) & resLFC_D7_onlySpadj < 0.05,]
assay(sig_vsd_D7) %>% as.data.frame() %>%
rownames_to_column("gene_id") %>%
pivot_longer(-gene_id, names_to="samples", values_to="expr") %>%
inner_join(as.data.frame(colData(vsd_D7))) %>%
ggplot() + aes(x=condition, y=expr, col=condition) +
geom_point() +
facet_wrap(~gene_id, scales = "free_y") +

theme(axis.text.x = element_text(angle=90))

)
# Set the p-value threshold for significance
pvalue_threshold <- 0.05

# Convert DESeqResults object to data frame
resLFC_D7_only_df <- as.data.frame(resLFC_D7_only)
# Exclude missing values in padj column
complete_cases <- lis.na(resLFC_D7_only_dfSpadj)

# Create a subset of significantly differentially expressed miRNAs
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significant_miRNAs_D7_only <- resLFC_D7_only_df[complete_cases &
resLFC_D7_only_dfSpadj < pvalue_threshold, ]

# Count total and significant differentially expressed miRNAs
total_miRs <- length(resLFC_D7_onlySbaseMean) # Total miRNAs

downregulated_miRs <- sum(resLFC_D7_onlySlog2FoldChange < 0, na.rm = TRUE) #
Downregulated miRNAs

upregulated_miRs <- sum(resLFC_D7_onlySlog2FoldChange >0, na.rm = TRUE) #
Upregulated miRNAs

# Count significant differentially expressed miRNAs

sig_downregulated_miRs <- sum(resLFC_D7_onlySlog2FoldChange <0 &
resLFC_D7_onlySpadj < 0.05, na.rm = TRUE) # Significant downregulated miRNAs

sig_upregulated_miRs <- sum(resLFC_D7_onlySlog2FoldChange > 0 & resLFC_D7_onlySpadi
< 0.05, na.rm = TRUE) # Significant upregulated miRNAs

downregulated_miR_name <- rownames(resLFC_D7_only[complete.cases(resLFC_D7_only)
& resLFC_D7_onlySlog2FoldChange < 0 & resLFC_D7_onlySpadj < 0.05, , drop = FALSE])

upregulated_miR_name <- rownames(resLFC_D7_only[complete.cases(resLFC_D7_only) &
resLFC_D7_onlySlog2FoldChange > 0 & resLFC_D7_onlySpadj < 0.05, , drop = FALSE])

# Print the summary

cat("Total miRNAs:", total_miRs, "\n")

cat("Downregulated miRNAs:", downregulated_miRs, "\n")
cat("Upregulated miRNAs:", upregulated_miRs, "\n")

cat("Significant downregulated miRNAs:", sig_downregulated_miRs, "\n")
cat("Significant upregulated miRNAs:", sig_upregulated_miRs, "\n")
#cat(downregulated_miR_name, sep = "\n")

#cat(upregulated_miR_name, sep = "\n")

)
miRNA_names <- rownames(resLFC_D7_only)[abs(resLFC_D7_onlySlog2FoldChange) > 1]
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p <- EnhancedVolcano(resLFC_D7_only,
lab = rownames(resLFC_D7_only),
x = 'log2FoldChange’,
y = 'padj’,
title = 'D7 - CASC20 OE vs Wild type',
pCutoff = 0.05,
FCcutoff =0,
pointSize = 3.0,
labSize = 6.0,
col=c('black’, 'black’, 'black’, 'red’),
colAlpha =1,
legendPosition = 'right',
legendLabSize = 16,
legendlconSize = 5.0,
legendLabels=c('Not sig.",'Log2FC','padj','padj & Log2FC'),

max.overlaps = Inf)

ggsave("D7_Chondro_OEvsCTRL.png", p, device = "png")
ggsave("D7_Chondro_OEvsCTRL.pdf", p, device = "pdf")

p

#Save

()

write.table(resLFC_DO_only df, file = "resLFC_DO_only.tsv", sep = "\t", row.names = TRUE)
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write.table(resLFC_D10_only_df, file = "resLFC_D10_only.tsv", sep = "\t", row.names =
TRUE)

write.table(resLFC_D20_only_df, file = "resLFC_D20_only.tsv", sep = "\t", row.names =
TRUE)

write.table(resLFC_D7_only_df, file = "resLFC_D7_only.tsv", sep = "\t", row.names = TRUE)
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9.2.2 Log2FC

#Llibrary

)
library(DESeq2)
library(ggplot2)
library(pheatmap)
library(dplyr)
library(RColorBrewer)
library(knitr)
library(ggforce)
library(tidyverse)
library(ashr)
library(apegim)

library(EnhancedVolcano)

#Open files and run DESegDataSetFromMatrix

()

input <-
read.table("X:/sudlabl/General/projects/Favour EKT/miRNASeq_20230313/pipeline_seq_f
avour/counts_first.dir/Primary_resume_counts.txt",

header =T, sep ="\t")

miRBase_hp2mature <-
read.table("X:/sudlabl/General/mirror/miRBase/miRBase_hp2mature.tsv", header=T)

header <- colnames(input)

header <- sub("~Back", """, header)
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colnames(input) <- header

# Remove rows with NAs from miRNA_filter_inputs

input <- input[complete.cases(input), ]

input <- input[rowSums(input[2:ncol(input)]) >=1,]

input <- as.matrix(input)

# Create a mapping vector from miRBase_ID to Name

mapping <- with(miRBase_hp2mature, setNames(Name, miRBase_ID))
# Rename row names in input using the miRBase_ID2miRID_vector
rownames(input) <- mapping[rownames(input)]

# identify columns to remove

cols_to_remove <- grep("D7", colnames(input))

# remove columns

filter_inputs_2 <- input[, -cols_to_remove]

colnames(filter_inputs_2)

#D10 only

From here | am running the pairwise comparsions

)
D10_inputs <- filter_inputs_2[, grep("~CTRLD10|*OED10", colnames(filter_inputs_2))]

header <- colnames(D10_inputs)

# Calculate row-wise sums of counts

row_sums <- rowSums(D10_inputs)

# Filter out rows with zero counts

D10 _inputs <- D10_inputs[row_sums >0, ]
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# Extract sample information

samples <- data.frame(samples = header,
condition = ifelse(grepl("ACTR", header), "CTRL", "OE"),
timepoint = ifelse(grepl("D0", header), "D0",

ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),
diff = ifelse(grepl("DO0", header), "undifferentiated",
ifelse(grepl("D7", header), "chondrogenic",
ifelse(grepl("D10", header), "osteogenic",

ifelse(grepl("D20", header), "osteogenic", NA)))))

samples <- samples[complete.cases(samples), ]
rownames(samples) <- NULL
# Convert columns to factors and make them unordered
samplesScondition <- factor(samplesScondition, levels = ¢("CTRL", "OE"), ordered = FALSE)
samples <- samples %>% select(-c(timepoint, diff))
#base specify it
dds_10 <- DESegDataSetFromMatrix(D10_inputs,
colData = samples,
design = ~ condition)
dds_10 <- DESeq(dds_10)

vsd_10 <- varianceStabilizingTransformation(dds_10)

()
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resultsNames(dds_10)
resLFC_D10_only <- results(dds_10, name="condition_OE_vs_CTRL", alpha = 0.05)
# Use the coefficient index in IfcShrink
resLFC_D10_only <- IfcShrink(dds_10, coef="condition_OE_vs_CTRL", res=resLFC_D10_only)
sig_vsd_10 <-vsd_10[is.finite(resLFC_D10_onlySpadj) & resLFC_D10_onlySpadj < 0.05,]
assay(sig_vsd_10) %>% as.data.frame() %>%
rownames_to_column("gene_id") %>%
pivot_longer(-gene_id, names_to="samples", values_to="expr") %>%
inner_join(as.data.frame(colData(vsd_10))) %>%
ggplot() + aes(x=condition, y=expr, col=condition) +
geom_point() +
facet_wrap(~gene_id, scales = "free_y") +

theme(axis.text.x = element_text(angle=90))

)
# Set the p-value threshold for significance

pvalue_threshold <- 0.05

# Convert DESeqResults object to data frame
resLFC_D10_only_df <- as.data.frame(resLFC_D10_only)

# Exclude missing values in padj column

complete_cases <- lis.na(resLFC_D10_only_dfSpadij)

# Create a subset of significantly differentially expressed miRNAs

significant_miRNAs_D10_only <- resLFC_D10_only_df[complete_cases &
resLFC_D10_only_dfSpadj < pvalue_threshold, ]

# Count total and significant differentially expressed miRNAs

total_miRs <- length(resLFC_D10_onlySbaseMean) # Total miRNAs
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downregulated_miRs <- sum(resLFC_D10_onlySlog2FoldChange < 0, na.rm = TRUE) #
Downregulated miRNAs

upregulated_miRs <- sum(resLFC_D10_onlySlog2FoldChange > 0, na.rm = TRUE) #
Upregulated miRNAs

# Count significant differentially expressed miRNAs

sig_downregulated_miRs <- sum(resLFC_D10_onlySlog2FoldChange < 0 &
resLFC_D10_onlySpadj < 0.05, na.rm = TRUE) # Significant downregulated miRNAs

sig_upregulated_miRs <- sum(resLFC_D10_onlySlog2FoldChange > 0 &
resLFC_D10_onlySpadj < 0.05, na.rm = TRUE) # Significant upregulated miRNAs

downregulated_miR_name <-
rownames(resLFC_D10_only[complete.cases(resLFC_D10_only) &
resLFC_D10_onlySlog2FoldChange <0 & resLFC_D10_onlySpadj < 0.05, , drop = FALSE])

upregulated_miR_name <- rownames(resLFC_D10_only[complete.cases(resLFC_D10_only)
& resLFC_D10_onlySlog2FoldChange > 0 & resLFC_D10_onlySpadj < 0.05, , drop = FALSE])

# Print the summary

cat("Total miRNAs:", total_miRs, "\n")

cat("Downregulated miRNAs:", downregulated_miRs, "\n")
cat("Upregulated miRNAs:", upregulated_miRs, "\n")

cat("Significant downregulated miRNAs:", sig_downregulated_miRs, "\n")
cat("Significant upregulated miRNAs:", sig_upregulated_miRs, "\n")
#cat(downregulated_miR_name, sep = "\n")

#cat(upregulated_miR_name, sep = "\n")

)
# Extract the expression data from the sig_vsd object
expression_data <- assay(sig_vsd_10)

# Extract sample names

sample_names <- colnames(expression_data)
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# Identify unique sample groups

sample_groups <- unique(sub(".8", ", sample_names))

# Calculate average of each group of three samples

averaged_data <- sapply(sample_groups, function(group) {
group_samples <- sample_names[grep(group, sample_names)]

rowMeans(expression_data[, group_samples])

b

# Create a new matrix with averaged column data
averaged_matrix <- as.matrix(averaged_data)
# Set the color palette for the heatmap
color_palette <- colorRampPalette(c("green", "white", "red"))(100)
# Plot the heatmap using pheatmap
pheatmap(t(scale(t(averaged_matrix))),

color = color_palette,

clustering_method = "complete”,

cluster_rows = TRUE,

cluster_cols = TRUE,

show_rownames = FALSE,

show_colnames = TRUE)

“Yr fig.height=7}
miRNA_names <- rownames(resLFC_D10_only)[abs(resLFC_D10_onlySlog2FoldChange) > 1]
p <- EnhancedVolcano(resLFC_D10 only,

lab = ifelse(rownames(resLFC_D10_only) %in% miRNA_names,
rownames(resLFC_D10_only), "),
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x = 'log2FoldChange’,

y = 'padj,,

title = 'D10 - CASC20 OE vs Wild type',

pCutoff = 0.05,

FCcutoff = 0,

pointSize = 3.0,

labSize = 6.0,

col=c('black’, 'black’, 'black’, 'red'),

colAlpha =1,

legendPosition = 'right',

legendLabSize = 16,

legendlconSize = 5.0,

legendLabels=c('Not sig.','Log2FC','padj','padj & Log2FC'),

max.overlaps = Inf)
ggsave("D10_Osteo_OEvsCTRL.png", p, device = "png")

ggsave("D10_Osteo_OEvsCTRL.pdf", p, device = "pdf")

p

#D20

)

D20_inputs <- filter_inputs_2[, grep(""CTRLD20|*OED20", colnames(filter_inputs_2))]
header <- colnames(D20_inputs)

# Calculate row-wise sums of counts

row_sums <- rowSums(D20_inputs)

# Filter out rows with zero counts

D20 _inputs <- D20_inputs[row_sums >0, ]
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# Extract sample information

samples <- data.frame(samples = header,
condition = ifelse(grepl("ACTR", header), "CTRL", "OE"),
timepoint = ifelse(grepl("D0", header), "D0",

ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),
diff = ifelse(grepl("DO0", header), "undifferentiated",
ifelse(grepl("D7", header), "chondrogenic",
ifelse(grepl("D10", header), "osteogenic",

ifelse(grepl("D20", header), "osteogenic", NA)))))

samples <- samples[complete.cases(samples), ]
rownames(samples) <- NULL
# Convert columns to factors and make them unordered
samplesScondition <- factor(samplesScondition, levels = ¢("CTRL", "OE"), ordered = FALSE)
samples <- samples %>% select(-c(timepoint, diff))
#base specify it
dds_D20 <- DESegDataSetFromMatrix(D20_inputs,
colData = samples,
design = ~ condition)
dds_D20 <- DESeq(dds_D20)
vsd_D20 <- varianceStabilizingTransformation(dds_D20)
resultsNames(dds_D20)
resLFC_D20 only <- results(dds_D20, name="condition_OE_vs_CTRL", alpha = 0.05)

# Apply IfcShrink
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#resLFC_D20_only <- [fcShrink(dds_D20, coef="condition_OE_vs_CTRL",
res=resLFC_D20_only)

sig_vsd_D20 <-vsd_D20[is.finite(resLFC_D20_only$Spadj) & resLFC_D20_onlySpadj < 0.05,]
assay(sig_vsd_D20) %>% as.data.frame() %>%

rownames_to_column("gene_id") %>%

pivot_longer(-gene_id, names_to="samples", values_to="expr") %>%

inner_join(as.data.frame(colData(vsd_D20))) %>%

ggplot() + aes(x=condition, y=expr, col=condition) +

geom_point() +

facet_wrap(~gene_id, scales = "free_y") +

theme(axis.text.x = element_text(angle=90))

)
# Set the p-value threshold for significance

pvalue_threshold <- 0.05

# Convert DESeqResults object to data frame
resLFC_D20_only_df <- as.data.frame(resLFC_D20_only)

# Exclude missing values in padj column

complete_cases <- lis.na(resLFC_D20_only_dfSpadj)

# Create a subset of significantly differentially expressed miRNAs

significant._ miRNAs_D20_only <- resLFC_D20 only df[complete_cases &
resLFC_D20_only_dfSpadj < pvalue_threshold, ]

# Count total and significant differentially expressed miRNAs
total_miRs <- length(resLFC_D20_onlySbaseMean) # Total miRNAs

downregulated_miRs <- sum(resLFC_D20_onlySlog2FoldChange < 0, na.rm = TRUE) #
Downregulated miRNAs
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upregulated_miRs <- sum(resLFC_D20_onlySlog2FoldChange > 0, na.rm = TRUE) #
Upregulated miRNAs

# Count significant differentially expressed miRNAs

sig_downregulated_miRs <- sum(resLFC_D20_onlySlog2FoldChange < 0 &
resLFC_D20_onlySpadj < 0.05, na.rm = TRUE) # Significant downregulated miRNAs

sig_upregulated_miRs <- sum(resLFC_D20_onlySlog2FoldChange > 0 &
resLFC_D20_onlySpadj < 0.05, na.rm = TRUE) # Significant upregulated miRNAs

downregulated_miR_name <-
rownames(resLFC_D20_only[complete.cases(resLFC_D20_only) &
resLFC_D20_onlySlog2FoldChange <0 & resLFC_D20_onlySpadj < 0.05, , drop = FALSE])

upregulated_miR_name <- rownames(resLFC_D20_only[complete.cases(resLFC_D20_only)
& resLFC_D20_onlySlog2FoldChange > 0 & resLFC_D20_onlySpadj < 0.05, , drop = FALSE])

# Print the summary

cat("Total miRNAs:", total_miRs, "\n")

cat("Downregulated miRNAs:", downregulated_miRs, "\n")
cat("Upregulated miRNAs:", upregulated_miRs, "\n")

cat("Significant downregulated miRNAs:", sig_downregulated_miRs, "\n")
cat("Significant upregulated miRNAs:", sig_upregulated_miRs, "\n")
#cat(downregulated_miR_name, sep = "\n")

#cat(upregulated_miR_name, sep ="\n")

“r}
miRNA_names <- rownames(resLFC_D20_only)[abs(resLFC_D20_onlySlog2FoldChange) > 1]
p <- EnhancedVolcano(resLFC_D20 only,

lab = rownames(resLFC_D20_only),

x = 'log2FoldChange’,

y = 'padj’,

title = 'D20 - CASC20 OE vs Wild type',
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pCutoff = 0.05,

FCcutoff =0,

pointSize = 3.0,

labSize = 6.0,

col=c('black’, 'black’, 'black’, 'red'),

colAlpha =1,

legendPosition = 'right',

legendLabSize = 16,

legendlconSize = 5.0,

legendLabels=c('Not sig.','Log2FC','padj','padj & Log2FC'),

max.overlaps = Inf)
ggsave("D20_Osteo_OEvsCTRL.png", p, device = "png")

ggsave("D20_Osteo_OEvsCTRL.pdf", p, device = "pdf")

p

#DO

)

DO_inputs <- filter_inputs_2[, grep("ACTRLDO|*OEDQ", colnames(filter_inputs_2))]
header <- colnames(DO_inputs)

# Calculate row-wise sums of counts

row_sums <- rowSums(DO_inputs)

# Filter out rows with zero counts

DO _inputs <- DO_inputs[row_sums >0, ]

# Extract sample information

samples <- data.frame(samples = header,

condition = ifelse(grepl("ACTR", header), "CTRL", "OE"),
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timepoint = ifelse(grepl("D0", header), "D0",
ifelse(grepl("D7", header), "D7",
ifelse(grepl("D10", header), "D10",
ifelse(grepl("D20", header), "D20", NA)))),
diff = ifelse(grepl("DO0", header), "undifferentiated",
ifelse(grepl("D7", header), "chondrogenic",
ifelse(grepl("D10", header), "osteogenic",
ifelse(grepl("D20", header), "osteogenic", NA)))))
samples <- samples[complete.cases(samples), ]
rownames(samples) <- NULL
# Convert columns to factors and make them unordered
samplesScondition <- factor(samplesScondition, levels = ¢("CTRL", "OE"), ordered = FALSE)
samples <- samples %>% select(-c(timepoint, diff))
#base specify it
dds_DO <- DESeqDataSetFromMatrix(DO_inputs,
colData = samples,
design =~ condition)
dds_DO <- DESeq(dds_DO)
vsd_DO <- varianceStabilizingTransformation(dds_DO)
resultsNames(dds_DO)
resLFC_DO_only <- results(dds_DO, name="condition_OE_vs_CTRL", alpha = 0.05)
# Apply IfcShrink
resLFC_DO_only <- IfcShrink(dds_DO, coef="condition_OE_vs_CTRL", res=resLFC_DO_only)
sig_vsd_DO <-vsd_DO[is.finite(resLFC_DO_onlySpadj) & resLFC_DO_onlySpadj < 0.05,]
assay(sig_vsd_DO0) %>% as.data.frame() %>%

rownames_to_column("gene_id") %>%
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pivot_longer(-gene_id, names_to="samples", values_to="expr") %>%
inner_join(as.data.frame(colData(vsd_D0))) %>%

ggplot() + aes(x=condition, y=expr, col=condition) +

geom_point() +

facet_wrap(~gene_id, scales = "free_y") +

theme(axis.text.x = element_text(angle=90))

)
# Set the p-value threshold for significance

pvalue_threshold <- 0.05

# Convert DESeqResults object to data frame
resLFC_DO_only_df <- as.data.frame(resLFC_DO_only)

# Exclude missing values in padj column

complete_cases <- lis.na(resLFC_DO_only_dfSpadj)

# Create a subset of significantly differentially expressed miRNAs

significant_miRNAs_DO_only <- resLFC_DO_only_df[complete_cases
resLFC_DO_only_dfSpadj < pvalue_threshold, ]

# Count total and significant differentially expressed miRNAs
total_miRs <- length(resLFC_DO_onlySbaseMean) # Total miRNAs

downregulated_miRs <- sum(resLFC_DO_onlySlog2FoldChange < 0, na.rm = TRUE)
Downregulated miRNAs

upregulated_miRs <- sum(resLFC_DO_onlySlog2FoldChange > 0, na.rm = TRUE)
Upregulated miRNAs

# Count significant differentially expressed miRNAs

sig_downregulated_miRs <- sum(resLFC_DO_onlySlog2FoldChange < 0
resLFC_DO_onlySpadj < 0.05, na.rm = TRUE) # Significant downregulated miRNAs

sig_upregulated_miRs <- sum(resLFC_DO_onlySlog2FoldChange > 0 & resLFC_DO_onlySpad;j

< 0.05, na.rm = TRUE) # Significant upregulated miRNAs
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downregulated_miR_name <- rownames(resLFC_DO_only[complete.cases(resLFC_DO_only)
& resLFC_DO_onlySlog2FoldChange < 0 & resLFC_DO_onlySpadj < 0.05, , drop = FALSE])

upregulated_miR_name <- rownames(resLFC_DO_only[complete.cases(resLFC_DO_only) &
resLFC_DO_onlySlog2FoldChange > 0 & resLFC_DO_onlySpadj < 0.05, , drop = FALSE])

# Print the summary

cat("Total miRNAs:", total_miRs, "\n")

cat("Downregulated miRNAs:", downregulated_miRs, "\n")
cat("Upregulated miRNAs:", upregulated_miRs, "\n")

cat("Significant downregulated miRNAs:", sig_downregulated_miRs, "\n")
cat("Significant upregulated miRNAs:", sig_upregulated_miRs, "\n")
#cat(downregulated_miR_name, sep = "\n")

#cat(upregulated_miR_name, sep = "\n")

)

# Extract the expression data from the sig_vsd object

expression_data <- assay(sig_vsd_DO)

# Extract sample names

sample_names <- colnames(expression_data)

# ldentify unique sample groups

sample_groups <- unique(sub(".S", ", sample_names))

# Calculate average of each group of three samples

averaged_data <- sapply(sample_groups, function(group) {
group_samples <- sample_names[grep(group, sample_names)]
rowMeans(expression_datal, group_samples])

})

# Create a new matrix with averaged column data

averaged_matrix <- as.matrix(averaged_data)
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# Set the color palette for the heatmap
color_palette <- colorRampPalette(c("green", "white", "red"))(100)
# Plot the heatmap using pheatmap
pheatmap(t(scale(t(averaged _matrix))),

color = color_palette,

clustering_method = "complete”,

cluster_rows = TRUE,

cluster_cols = TRUE,

show_rownames = FALSE,

show_colnames = TRUE)

)
miRNA_names <- rownames(resLFC_DO_only)[abs(resLFC_DO_onlySlog2FoldChange) > 1]
p <- EnhancedVolcano(resLFC_DO_only,

lab = ifelse(rownames(resLFC_DO_only) %in% miRNA_names,
rownames(resLFC_D10_only), "),

x = 'log2FoldChange’,

y = 'padj,,

title = 'DO - CASC20 OE vs Wild type',
pCutoff = 0.05,

FCcutoff =0,

pointSize = 3.0,

labSize = 6.0,

col=c('black’, 'black’, 'black’, 'red'),
colAlpha =1,

legendPosition = 'right’,
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legendLabSize = 16,
legendlconSize = 5.0,
legendLabels=c('Not sig.",'Log2FC','pad]','padj & Log2FC'),
max.overlaps = Inf)
ggsave("DO_OEvsCTRL.png", p, device = "png")

ggsave("DO_OEvsCTRL.pdf", p, device = "pdf")

p

#D7 Chondrogenic

)

#filter_inputs

cols_to_remove <- grep("D10|D20", colnames(input))

filter_inputs_3 <- input[, -cols_to_remove]

header <- colnames(filter_inputs_3)

D7_inputs <- filter_inputs_3[, grep("ACTRLD7 | *OED7", colnames(filter_inputs_3))]

header <- colnames(D7_inputs)

# Calculate row-wise sums of counts

row_sums <- rowSums(D7_inputs)

# Filter out rows with zero counts

D7 _inputs <- D7_inputs[row_sums >0, ]

# Extract sample information

samples <- data.frame(samples = header,
condition = ifelse(grepl("ACTR", header), "CTRL", "OE"),
timepoint = ifelse(grepl("D0", header), "D0",

ifelse(grepl("D7", header), "D7",

ifelse(grepl("D10", header), "D10",
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ifelse(grepl("D20", header), "D20", NA)))),
diff = ifelse(grepl("D0", header), "undifferentiated",
ifelse(grepl("D7", header), "chondrogenic",
ifelse(grepl("D10", header), "osteogenic",
ifelse(grepl("D20", header), "osteogenic", NA)))))
samples <- samples[complete.cases(samples), ]
rownames(samples) <- NULL
# Convert columns to factors and make them unordered
samplesScondition <- factor(samplesScondition, levels = ¢("CTRL", "OE"), ordered = FALSE)
samples <- samples %>% select(-c(timepoint, diff))
#base specify it
dds_D7 <- DESegDataSetFromMatrix(D7_inputs,
colData = samples,
design = ~ condition)

dds_D7 <- DESeq(dds_D7)
vsd_D7 <- varianceStabilizingTransformation(dds_D7)
resultsNames(dds_D7)
resLFC_D7_only <- results(dds_D7, name="condition_OE_vs_CTRL", alpha = 0.05)
# Apply IfcShrink
resLFC_D7_only <- IfcShrink(dds_D7, coef="condition_OE_vs_CTRL", res=resLFC_D7_only)
sig_vsd_D7 <-vsd_D7[is.finite(resLFC_D7_onlySpadj) & resLFC_D7_onlySpadj < 0.05,]
assay(sig_vsd_D7) %>% as.data.frame() %>%

rownames_to_column("gene_id") %>%

pivot_longer(-gene_id, names_to="samples", values_to="expr") %>%

inner_join(as.data.frame(colData(vsd_D7))) %>%

ggplot() + aes(x=condition, y=expr, col=condition) +
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geom_point() +
facet_wrap(~gene_id, scales = "free_y") +

theme(axis.text.x = element_text(angle=90))

)
# Set the p-value threshold for significance

pvalue_threshold <- 0.05

# Convert DESeqResults object to data frame
resLFC_D7_only_df <- as.data.frame(resLFC_D7_only)

# Exclude missing values in padj column

complete_cases <- lis.na(resLFC_D7_only_dfSpadj)

# Create a subset of significantly differentially expressed miRNAs

significant_ miRNAs_D7_only <- resLFC_D7_only_df[complete_cases &
resLFC_D7_only_dfSpadj < pvalue_threshold, ]

# Count total and significant differentially expressed miRNAs
total_miRs <- length(resLFC_D7_onlySbaseMean) # Total miRNAs

downregulated_miRs <- sum(resLFC_D7_onlySlog2FoldChange < 0, na.rm = TRUE) #
Downregulated miRNAs

upregulated_miRs <- sum(resLFC_D7_onlySlog2FoldChange > 0, na.rm = TRUE) #
Upregulated miRNAs

# Count significant differentially expressed miRNAs

sig_downregulated_miRs <- sum(resLFC_D7_onlySlog2FoldChange < 0 &
resLFC_D7_onlySpadj < 0.05, na.rm = TRUE) # Significant downregulated miRNAs

sig_upregulated_miRs <- sum(resLFC_D7_onlySlog2FoldChange > 0 & resLFC_D7_onlySpad;j
< 0.05, na.rm = TRUE) # Significant upregulated miRNAs

downregulated_miR_name <- rownames(resLFC_D7_only[complete.cases(resLFC_D7_only)
& resLFC_D7_onlySlog2FoldChange < 0 & resLFC_D7_onlySpadj < 0.05, , drop = FALSE])

upregulated_miR_name <- rownames(resLFC_D7_only[complete.cases(resLFC_D7_only) &
resLFC_D7_onlySlog2FoldChange > 0 & resLFC_D7_onlySpadj < 0.05, , drop = FALSE])
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# Print the summary

cat("Total miRNAs:", total_miRs, "\n")

cat("Downregulated miRNAs:", downregulated_miRs, "\n")
cat("Upregulated miRNAs:", upregulated_miRs, "\n")

cat("Significant downregulated miRNAs:", sig_downregulated_miRs, "\n")
cat("Significant upregulated miRNAs:", sig_upregulated_miRs, "\n")
#cat(downregulated_miR_name, sep = "\n")

#cat(upregulated_miR_name, sep = "\n")

)
miRNA_names <- rownames(resLFC_D7_only)[abs(resLFC_D7_onlySlog2FoldChange) > 1]
p <- EnhancedVolcano(resLFC_D7_only,

lab = rownames(resLFC_D7_only),

x = 'log2FoldChange’,

y = 'padj,,

title = 'D7 - CASC20 OE vs Wild type',

pCutoff = 0.05,

FCcutoff = 0,

pointSize = 3.0,

labSize = 6.0,

col=c('black’, 'black’, 'black’, 'red'),

colAlpha =1,

legendPosition = 'right',

legendLabSize = 16,

legendlconSize = 5.0,

legendLabels=c('Not sig.','Log2FC','padj','padj & Log2FC'),
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max.overlaps = Inf)
ggsave("D7_Chondro_OEvsCTRL.png", p, device = "png")

ggsave("D7_Chondro_OEvsCTRL.pdf", p, device = "pdf")

p

#Save

)

write.table(resLFC_DO_only_df, file = "resLFC_DO_only.tsv", sep = "\t", row.names = TRUE)
write.table(resLFC_D10_only_df, file = "resLFC_D10_only.tsv", sep = "\t", row.names = TRUE)
write.table(resLFC_D20_only_df, file = "resLFC_D20_only.tsv", sep = "\t", row.names = TRUE)

write.table(resLFC_D7_only_df, file = "resLFC_D7_only.tsv", sep = "\t", row.names = TRUE)
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9.2.3 RISmed
“r}
# Run RISmed analysis ----
library(plyr)
library(dplyr)
library (RISmed)
#call dataframe
first_column <- c(GeneS$SV1)
search = c("bone", "cartilage")
pubmed = function(x){
d = as.data.frame(x)
colnames(d) = "geneName"
name = as.character(dSgeneName)
print (name)
resl <- EUtilsSummary(name,
type = "esearch"”,
db = "pubmed",
datetype = "pdat",
mindate = 2000,
maxdate = 2023)
fetch <- EUtilsGet(resl, type = "efetch", db = "pubmed")
abstracts <- data.frame(title = fetch@ArticleTitle,
abstract = fetch@AbstractText,
journal = fetch@Title,
DOI = fetch@PMID,

year = fetch@YearPubmed)
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abstracts <- abstracts %>% mutate(abstract = as.character(abstract))
g <- abstracts[grepl(paste(search, collapse="|"), abstractsSabstract),]
gl <- gSDOI %>% list
abstracts <- abstracts %>%
mutate(DOI = as.character(DOI))
mirnas = as.data.frame(name)
write.csv (abstracts,pasteO(name,".csv"))
mirnasScount = length(gStitle)
mirnasSDOI = toString(gSDOI)
date_time<-Sys.time()
while((as.numeric(Sys.time()) - as.numeric(date_time))<2.5){}
return (mirnas)
}
m = lapply(first_column, pubmed)

df_m =do.call(rbind,m)
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9.2.4 GOSeq

This notebook performs GOseq analysis from DEseq2 LFC results.
Getting UTR length and GC, IDs and LFC results.

“{rinput, include=FALSE}

library(org.Hs.eg.db)

library(goseq)

library(tidyverse)

library(dplyr)

#Loading table of UTR features | generated previously

utr_features <-
read.table("X:/sudlabl/General/projects/SynthUTR_hepG2_a549/lasso_with_utr_features/
hg38 longestcds_and_detected_3utr_features.tsv",

header =T)
#Grouping multiple entries per transcripts
utr_features <- utr_features %>%
dplyr::select(transcript_id, utr_length, C.G) %>%
group_by(transcript_id) %>%
summarize(group_GC = mean(C.G),
utr_length = sum(utr_length))
#Getting gene_IDs

gene2transcript <-
read.table("X:/sudlabl/General/mirror/ensembl/hg38 ensembl93/Homo_sapiens.GRCh38.
93.IDs.tsv",

header=T)
utr_length <- utr_features %>%
inner_join(gene2transcript, by = c("transcript_id" = "transcript_stable_id"))
#LFC input
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resLFC_DO <-
read.table("X:/sudlabl/General/projects/Favour_EKT/r_scripts/Working_directory/GO_KEG
G/resLFC_DO_only.tsv",

header =T, stringsAsFactors = FALSE)

resLFC_D10 <-
read.table("X:/sudlabl/General/projects/Favour_EKT/r_scripts/Working_directory/GO_KEG
G/resLFC_D10_only.tsv",

header =T, stringsAsFactors = FALSE)

resLFC_D20 <-
read.table("X:/sudlabl/General/projects/Favour_ EKT/r_scripts/Working_directory/GO_KEG
G/resLFC_D20_only.tsv",

header =T, stringsAsFactors = FALSE)

resLFC_D7 <-
read.table("X:/sudlabl/General/projects/Favour EKT/r_scripts/Working_directory/GO_KEG
G/resLFC_D7_only.tsv",

header =T, stringsAsFactors = FALSE)
#Loading miR_targets

file_path <- "X:/sudlab1/General/mirror/bindingSites_predictions/mRNA-
miRNA_bindingSites/starBaseV3_mRNA_miRNA hg19 allinfo.txt"

miR_targets <- read.table(file_path,
header =T, comment.char = "#") %>%
mutate(miRNAname = str_replace_all(miRNAname, "R", "r"))

#miR_targets <- read.table("X:/sudlabl/General/mirror/bindingSites_predictions/mRNA-
miRNA_bindingSites/starBaseV3_mRNA_miRNA_hg19 allinfo.txt",

# header =T, comment.char = "#") %>%
#mutate(miRNAname = str_replace_all(miRNAname, "R", "r"))
#IDs miR
miR_ids <- read.table("X:/sudlab1/General/mirror/miRBase/miRBase_hp2mature.tsv",
header =T)

#KEGG IDs
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KEGG <- read.table("X:/sudlabl/General/mirror/gene_sets/KEGG/KEGG_MAP_IDs.tsv", sep
="\t", col.names = ¢("id", "term"))

Select DB of targets :

()

#miR_targets <- #filter

Creating list of significantly DE genes according to your thresholds.
“{r get_targets, echo=FALSE}
#First removing NAs in padj because filter doesn't handle that well
resLFC = resLFC_DO
NO_NA <- resLFC %>% filter(!(is.na(padj)))
#Filter
UP <- NO_NA %>% filter(padj <= 0.05,
log2FoldChange >0) %>%

row.names()

DOWN <- NO_NA %>% filter(padj <= 0.05,
log2FoldChange < 0) %>%

row.names()
ALL <-resLFC %>% row.names()
#Are all you miRs in the miR target DB ?
all(ALL %in% miR_targetsSmiRNAname)
#Which aren't ?
get_accession <- ALL[!(ALL %in% miR_targetsSmiRNAname)]
#Let's get miRBase accession ID's

all(get_accession %in% miR_idsSName)
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get_accession <- miR_ids %>%

dplyr::select(miRBase_ID, Name) %>%

filter(Name %in% get_accession)
#Still have some of them not there
all(get_accessionSmiRBase_ID %in% miR_targetsSmiRNAid)
#Cross-checking manually some of them
#get_accession[!(get_accessionSmiRBase_ID %in% miR_targetsSmiRNAid),]

#miR_targets[grepl("hsa-mir-548",miR_targetsSmiRNAname),]

Still ‘r nrow(get_accession[!(get_accessionSmiRBase_ID %in% miR_targetsSmiRNAid),])" miR
without known targets.

Checking if any are in our UP and DOWN lists:

“{r no_target, echo=FALSE}

#Checking the ones without targets in DOWN and UP

ALL_notargets <- get_accession[!(get_accessionSmiRBase_ID %in% miR_targetsSmiRNAid),]
UP[UP %in% ALL_notargetsSName]

DOWN[DOWN %in% ALL_notargetsSName]

Creating target lists and GO vectors
“Y{r targets, include=FALSE}
#In the end switching to accession IDs for simplicity
ALL ids <- miR_ids %>%
dplyr::select(miRBase_ID, Name) %>%
filter(Name %in% ALL)
UP_ids <- miR_ids %>%

dplyr::select(miRBase_ID, Name) %>%
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filter(Name %in% UP)

DOWN_ids <- miR_ids %>%
dplyr::select(miRBase_ID, Name) %>%
filter(Name %in% DOWN)

ALL targets <- miR_targets %>%
filter(miRNAid %in% ALL_idsSmiRBase_ID)

UP_targets <- miR_targets %>%
filter(miRNAid %in% UP_idsSmiRBase_ID)

DOWN_targets <- miR_targets %>%
filter(miRNAid %in% DOWN_idsSmiRBase_ID)

#Vectors

UP.vector <- c(t(unique(UP_targetsSgenelD)))

DOWN.vector <- c(t(unique(DOWN _targetsSgenelD)))

ALL.vector<-c(t(unique(ALL_targetsSgenelD)))

If you want to have a one miR target vector:
“{r one, echo = FALSE}
#0ne miRNA
ONE <- miR_ids %>%
filter(Name =="")
ONE_targets <- miR_targets %>%
filter(miRNAid %in% ONESmiRBase_ID)

ONE.vector <- c(t(ONE_targetsSgenelD))

Creating tables of length bias (3'UTR)

“Y{r lengths, echo=FALSE}
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lengths <- utr_length %>%
filter(gene_stable_id %in% ALL_targetsSgenelD) %>%
dplyr::select(gene_stable_id, utr_length) %>%
group_by(gene_stable_id) %>%
summarize(utr_length = mean(utr_length)) %>%
ungroup()
#Checking they all have a UTR length
all(unique(ALL_targetsSgenelD) %in% unique(lengthsSgene_stable_id))
test_all <- unique(ALL_targetsSgenelD)
test_len <- unique(utr_lengthSgene_stable_id)
missing <- setdiff(test_all, test_len)
#No other transcripts for these genes
nrow(utr_length %>%
filter(gene_stable_id %in% missing))
#Creating Fake UTR length = to mean of all others.
mean_utr_length = mean(lengthsSutr_length)
missing.vector <- rep(mean_utr_length, times = length(missing))
names(missing.vector) <- missing
#1 could also just get rid of them, most of them will likely not have a GO
#annotation anyway.
lengths.vector <- c(t(lengthsSutr_length))
names(lengths.vector) <- lengthsSgene_stable_id
lengths.vector <- c(lengths.vector, missing.vector)
test_all <- names(ALL.vector)
test_len <- names(lengths.vector)

print(c("This should return TRUE: ", all(test_all %in% test_len)))
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()

KEGG <- subset(KEGG, lis.na(term) & term !="")

Creating functions
““{r functions, include=FALSE}
GOsegFunction <- function(background_vector = ALL.vector,

DE_vector, bias_vector = lengths.vector,

test_cat ="GO:BP",

GOmethod = "Wallenius") {
gene.vector=as.integer(background_vector%in%DE_vector)
names(gene.vector)=background_vector
pwf=nullp(gene.vector,"hgl19","ensGene", bias.data = lengths.vector)
GO.wall=goseq(pwf,"hg19","ensGene", test.cats=test_cat, method = GOmethod)
GO.wallSFDR <- p.adjust(GO.wallSover_represented_pvalue, method="BH")
if (test_cat == "KEGG") {

GO.wall %>%
left_join(KEGG, by = c("category" = "id"))
}
}

graphFunction <- function(table) {

table %>%
top_n(10, wt=-FDR) %>%
mutate(hitsPerc=numDEInCat*100/numInCat) %>%
ggplot(aes(x=hitsPerc,

y=term,
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colour=-log(FDR),

size=numDEInCat)) +
geom_point() + theme_minimal(base_size = 14) +
expand_limits(x=0) +

labs(x="Hits (%)", y="GO term", colour="-log(p-value)", size="Count")

Runing functions
“{r GO, echo=FALSE}
GO_UP_BP <- GOseqFunction(DE_vector = UP.vector, test_cat = "GO:BP" )

GO_DOWN_BP <- GOseqgFunction(DE_vector = DOWN.vector, test_cat = "GO:BP" )

)
library(dplyr)
library(ggplot2)
sorted_data <- GO_DOWN_BP %>%
top_n(37, wt = -over_represented_pvalue) %>%
mutate(hitsPerc = numDEInCat * 100 / numInCat) %>%
arrange(desc(numDEInCat)) # Arrange by count in descending order
# Now you can visualize the sorted data using ggplot
p <- ggplot(sorted_data, aes(x = hitsPerc,
y = reorder(term, numDEInCat), # Reorder terms based on numDEInCat
colour = over_represented_pvalue,
size = numDEInCat)) +
geom_point() +

expand_limits(x = 0) +
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labs(x = "Hits (%)", y = "GO term", colour = "p value", size = "Count")
ggsave(filename = "GO_BP_D10_down.png", plot = p)
ggsave(filename = "GO_BP_D10_down.pdf", plot = p)

p

Creating functions KEGG

Runing functions

“{r GO, echo=FALSE}

KEGG_UP <- GOseqFunction(DE_vector = UP.vector, test_cat = "KEGG" )

KEGG_DOWN <- GOsegFunction(DE_vector = DOWN.vector, test_cat = "KEGG" )

)
library(dplyr)
library(ggplot2)
sorted_data <- KEGG_UP %>%
top_n(37, wt = -over_represented_pvalue) %>%
mutate(hitsPerc = numDEInCat * 100 / numInCat) %>%
arrange(desc(numDEInCat)) # Arrange by count in descending order
# Now you can visualize the sorted data using ggplot
p <- ggplot(sorted_data, aes(x = hitsPerc,
y = reorder(term, numDEInCat), # Reorder terms based on numDEInCat
colour = over_represented_pvalue,
size = numDEInCat)) +
geom_point() +

expand_limits(x = 0) +
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labs(x = "Hits (%)", y = "KEGG term", colour = "p value", size = "Gene count")
ggsave(filename = "KEGG_DO_up.png", plot = p, width = 6, height = 6)
ggsave(filename = "KEGG_DO_up.pdf", plot = p, width = 6, height = 6)

p
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