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Abstract 
 

microRNAs (miRNAs) are a family of short endogenous non-coding RNAs with a sequence 

length of 19 to 23 nucleotides, functioning as post-transcriptional regulators of gene 

expression. During skeletal development, several miRNAs have been identified as 

important regulators of osteochondral genes. For example, miR-455 is located in an 

intron of the COL27A1 gene and has been implicated in cartilage physiology and 

pathology. The aim of this research was to define a role for miR-455-3p in cartilage and 

skeletal development, identifying regulatory function and novel mRNA targets. 

The expression of miR-455-3p increases during chondrogenesis, and overexpression of 

miR-455-3p prior to differentiation results in a downregulation of chondrogenic marker 

genes. This suggests that although miR-455-3p is required during chondrogenesis, an 

upregulation of miR-455-3p results in a dysregulation of the differentiation process. 

Analysis of RNA-seq data from miR-455 null mouse articular cartilage and SW1353 cells 

inhibiting miR-455-3p supports this finding, demonstrating that differentially expressed 

genes in response to reduced miR-455 expression were associated with skeletal system 

development.  

 

Overexpression of miR-455-3p in the developing chick limb bud also inhibits limb 

development. Microinjection of miR-455-3p into the limb bud of chick embryos resulted 

in a smaller limb bud size and delayed development phenotype. RNA-seq data revealed 

that differentially expressed genes were involved in mitochondrial dysfunction and a 

disruption to the cell cycle. The majority of these genes are not miR-455-3p predicted 

targets, however, they have a common promotor sequence for CREB1 suggesting 

regulation by the transcription factor. In the chick limb bud, CREB1 is downregulated by 

miR-455-3p and further analysis identified CREB1 as a direct target of miR-455-3p.  

 

To conclude, this research indicates that miR-455-3p has a role in chondrogenesis, 

regulating the expression of CREB1, and possibly influencing chondrocyte proliferation. 

Within skeletal development, the impact of miR-455-3p demonstrates a significant 

regulatory mechanism to explore further.  
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1. INTRODUCTION 
 

The processes of ageing, injury, and disease result in the loss of functional cells. Adult 

stem cells such as mesenchymal stem cells play a key role in replacing these cells and are 

an important focus of research with the potential for clinical application, for example 

chondrocytes in cartilage. Understanding the mechanisms that control differentiation and 

proliferation can translate into regenerative medicine, creating cells to replace diseased 

or degenerating tissues such as Osteoarthritis. The purpose of this thesis is to explore the 

role of microRNA-455 during skeletal development and cartilage tissue. From the process 

of chondrogenesis in mesenchymal stem cells, to the analysis of the developing limb 

tissue, and adult cartilage from a developed synovial joint. 

 
1.1. Mesenchymal stem cell differentiation 

 
1.1.1. Mesenchymal stem cells 

 
Mesenchymal stem cells (MSCs) are adult stem cells which can be isolated from the bone 

marrow compartment of humans and animals. Human MSCs can be described as non-

haematopoietic, multipotent stem cells and have the capacity to proliferate, giving rise to 

daughter cells (1). MSCs exhibit the ability to self-renew and the potential to differentiate 

into several different mesodermal linages. These include chondrogenic (cartilage), 

osteogenic (bone), adipogenic (fat), myogenic (muscle), tenogenic (tendon), and stromal 

(marrow stroma) lineages (Figure 1.1) (2). As MSCs contribute to the regeneration of 

mesenchymal tissues, they are considered an extremely promising tool for cell based 

gene therapy in musculoskeletal repair (3). 

 

Besides bone marrow derived MSCs, cells have also been isolated from tissues of the joint 

such as synovium, periosteum, and synovial fluid for cartilage repair (4–6). Of these, MSCs 

derived from synovium have been shown as a cell type with highly proliferative capacity 

and chondrogenic potential (4). Importantly, synovium MSCs can be easily harvested from 

the joint, for example during clinical examination of the joint (7). Human MSCs also 

modify the host immune environment by secreting certain cytokines and immune 

relevant receptors which makes them distinct from other stem cells (8). This  
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Figure 1.1: Mesenchymal stem cell differentiation. Mesenchymal stem cells have 

the ability to self-renew and differentiation into mesodermal lineages. Solid arrows 

indicate differentiation into chondrocyte, osteoblast and adipocyte lineages. 

Adapted from A. Uccelli et al. (358). 
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immunomodulatory property is another factor supporting MSCs in cell replacement 

therapy. 

 

Characteristic features of MSCs include retaining their ability to expand for long periods 

of time, they are easy to isolate, and have the capacity to differentiate in vitro into 

fibroblasts or chondrogenic, osteogenic, and adipogenic lineages under appropriate 

culture conditions (9). These properties make MSCs accessible to study in vitro and MSC 

derived chondrocytes are suitable for regenerative medicine application, due to the fact 

that they are easy to isolate and manipulate (5). The identification of MSCs include 

adherence properties, cell surface antigen expression, and haematopoietic marker 

absence (7). It is important to understand the underlying mechanisms in which MSCs are 

regulated and modulated, in order to translate to cell therapy and clinical applications. 

 
1.1.2. Chondrogenesis  

 
The process of chondrogenesis involves mesenchymal cell condensation followed by 

chondroprogenitor cell differentiation. However, endochondral ossification also follows 

chondrogenesis where hypertrophic cartilage is replaced by bone. In this process, 

chondrocytes undergo proliferation, terminal differentiation to chondrocyte hypertrophy, 

and apoptosis (10). Endochondral ossification occurs during limb development, where, at 

the ends of bones, resting chondrocytes form cartilage. During embryonic development, 

chondrocytes are derived from mesenchymal progenitor cells, and form the cartilage 

templates for future cartilage and bone (11). 

 

Chondrogenesis regulators include fibroblast growth factors (FGFs), insulin-like growth 

factors (IGFs), transforming growth factor β (TGF-β) members, and Wnt signalling 

pathway members (12). During embryogenesis, cell proliferation, differentiation and 

apoptosis are regulated by TGF-β members. Of the isoforms, TGF-β3 has the highest 

chondrogenic cell differentiation potential (13). 

 

Sox9 was identified as the first transcription factor essential for the differentiation of 

chondrocytes and formation of cartilage (14). The signalling molecule SHH upregulates 

Sox9 expression through the induction of Bapx1. A positive feedback loop is formed 
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between Bapx1 and Sox9 in cooperation with BMPs (bone morphogenic proteins), and 

this influences chondrogenic factor expression (15). There are other Sox family members 

involved in chondrogenesis, although Sox9 and Runt-related transcription factor 2 

(Runx2) are the principal regulators. Runx2 is involved in cell hypertrophic maturation, 

whilst Sox9 leads to articular cartilage formation, and both are expressed from 

mesenchymal condensation to terminal chondrocyte hypertrophy during the entire 

chondrogenic process (7). Expression of early cartilage marker genes are activated by 

Sox9 for cell survival (16), for example type II collagen alpha I gene (Col2a1). 

 

The signalling polypeptides BMPs are involved in many biological responses such as 

proliferation, differentiation, cell growth and apoptosis. BMP-2 is commonly found in 

bone and cartilage, stimulating cellular condensation with BMP-7 (7). Early 

chondrogenesis is induced by BMP-4 through mediating Runx2, and the synthesis of type 

II collagen, aggrecan, and extracellular matrix (ECM) proteins are also stimulated by BMP-

4. As well as promoting chondrogenesis, BMPs can also stimulate endochondral 

ossification (17). Determining the regulatory mechanisms behind chondrogenesis and 

cartilage development will create a better understanding of musculoskeletal pathologies, 

and develop new approaches for treating cartilage disease (18). 

 

Chondrogenesis is a complex process whereby much more research is needed to 

understand the regulatory steps in which stem cells are directed towards chondrocytes. 

During skeletal development, BMP-7 is a crucial factor, playing an important protective 

role with its ability to repair cartilage damage (19). BMP-14, -13, and -12, known as the 

cartilage derived morphogenetic proteins (CDMP-1, -2, -3), also play a role in the 

maintenance and regeneration of articular cartilage. During early limb development these 

proteins are responsible for cartilaginous tissue, and during later development the 

formation of the articular joint cavity (20). 

 
1.1.3. Osteogenesis 

 
Through endochondral ossification, chondrocytes are replaced with bone by osteoblasts 

and osteoclasts. In the commitment of mesenchymal cells to the osteoblastic lineage, 

RUNX2, SP7 and Wnt signalling play an essential role during osteoblast differentiation 
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(21). Following osteoblastic lineage commitment, bone matrix proteins are expressed by 

osteoblasts at varying levels, dependant on cell maturation. From preosteoblasts to 

immature osteoblasts, Col1a1 expression is upregulated. Immature osteoblasts express 

Spp1 and Ibsp, and osteoblasts which have matured express Bglap (22). The mature 

osteoblasts will express Dmp1 when they embed into the bone matrix and become 

osteocytes (23).  

 

The Runx2 transcription factor is essential for the commitment of MSCs to the osteoblast 

lineage. The major role of Runx2 begins in the late stage of chondrocyte differentiation 

and terminal hypertrophic chondrocytes, regulating Col10a1 expression. Bone matrix 

protein genes are upregulated during osteoblast differentiation by Runx2, including 

Col1a1, Col1a2, spp1, and Bglap, and activate many promotors (22). Despite this, the 

overexpression of Runx2 inhibits osteoblast maturation, reducing both Col1a1 and Bglap 

expression. Research has demonstrated that during the development of bone, osteoblast 

differentiation is induced by Runx2 increasing immature osteoblasts to form immature 

bone. The level of Runx2 is then downregulated to enable differentiation into mature 

osteoblasts and therefore mature bone (22). Another master regulator of osteogenesis is 

the transcription factor Osterix (24). 

 

Signalling pathways such as Wnt, BMP, and FGF (fibroblast growth factor provide signals 

executed by Runx2, and Osterix is responsible for commitment to mature osteoblasts 

(24). Such signalling pathways are essential during osteogenesis. For example, in 

combination with BMP-7 (osteogenic protein-1 [OP-1]), BMP-1, -2 and -3 enhance the 

formation of bone through osteoblast production and control the remodelling of ECM 

proteins dependant on matrix metalloproteinases (MMPs) activity (7). An increased 

expression of type I collagen and osteocalcin results from increased BMP-1 expression 

(25). During both development and adulthood, BMP-6 is a regulator of MSC 

differentiation into osteoblasts, possibly by upregulation by the ECF-like factor (26). 

 
1.1.4. Stem cells and regenerative medicine  

 
Adult stem cells such as MSCs play a key role in replacing functional cells which have been 

lost due to the process of ageing, injury and disease and are an important focus of 
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research. In addition to adult stem cells, pluripotent stem cells can be isolated from the 

early embryo, or induced by reprogramming adult cells, and can differentiate into many 

cell types. Repairing cartilage by stem-cell based tissue engineering has its challenges. For 

example, the inability of chondrocytes to lay down a new matrix with properties formed 

during development is an aspect of investigation (10). Therefore, more effective 

strategies for promoting cartilage repair and preventing damage may result from 

understanding the mechanisms of cartilage remodelling during development and 

comparing with disease states. Numerous orthopaedic disorders, including articular 

cartilage defects, are hopeful of treatments using stem cells in future regenerative 

medicine (7). 

 

An advantage of using MSCs for cell therapies is that they can be expanded ex vivo to high 

numbers making them an abundant cell source in contrast to mature chondrocytes (7). 

Disadvantages of MSCs include the low bone marrow MSC percentage, difficulty 

obtaining a pure population, and controlling differentiation precisely (27). Further 

research is required before regenerative medicine can be applied in clinical practice 

through the use of stem cells, either adult or pluripotent (7). A more efficient control of 

these processes, including chondrogenesis, will be achieved by a better understanding of 

the molecular mechanisms underlying MSC differentiation, and may lead to essential 

progression in regenerative orthopaedic research. 

 
1.2. Skeletal development  

 

By manipulating and analysing skeletal development and particularly the development of 

limb buds, there have been significant advances in the understanding of molecular and 

cellular mechanisms. During embryogenesis, these mechanisms are involved in processes 

such as epithelial-mesenchymal transitions, feedback signalling, embryo patterning, and 

growth (28). Studying the formation of cartilage, bones, and joints during development 

can provide essential information for cartilage and bone tissue regeneration and 

engineering, to enhance our understanding of clinical conditions caused by abnormal 

skeletal development and ageing. As a result of this, and the power of embryogenesis, 

new treatments may evolve.   
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1.2.1. Anatomical features of vertebrate limb development  
 
The study of development is essential to understanding disease. An important paradigm 

for organogenesis during embryo development is the developing limb bud. This 

developmental process proceeds through cell proliferation, differentiation, and 

patterning which involves signal transduction mechanisms and spatially and temporally 

regulated gene expression. 

 

Somatopleural cells in the lateral plate mesoderm (LPM) accumulate and appear as 

outgrowths resulting in limb buds at specific positions along the flank of the embryo. 

During early limb bud formation, the small limb bud consists of an outer layer of epithelial 

cells and an inner core of mesenchymal cells (29). Prior to the initiation of limb bud 

outgrowth, morphological differences in the hindlimbs and forelimbs are specified and 

determined in the mesenchyme of the ectoderm. Skeletal elements and connective 

tissues of the limb are derived from mesenchymal cells of the LPM lineage, whereas 

somite derived cells migrate into the limb bud, giving rise to myogenic cells in muscle. 

From the somites, limb vasculature is formed, and ectodermal epithelial cells give rise to 

the skin epidermis (29).  

 

The apical ectodermal ridge (AER) is a thickening at the tip of the ectoderm, beneath this 

is a region of undifferentiated mesenchymal cells, and these cells begin to differentiate 

after leaving this zone (Figure 1.2). The underlying mesoderm induces the AER, defining 

the proximodistal (PD) axis. The AER is one of the major signalling centres in the limb bud 

(30). The cartilaginous elements appear in the mesenchyme as the limb bud grows out, 

with differentiation beginning in the proximal part of the limb bud, proceeding distally. 

The mesenchyme underlying the AER referred to as the ‘progress zone’ proliferates and 

mediates the elongation of the limb bud. The ‘zone of polarizing activity’ (ZPA) is a block 

of tissue along the posterior side of the limb bud which defines the anterioposterior (AP) 

axis, and epithelial-mesenchymal interactions mediate the dorsoventral (DV) axis 

developmental axis (30). The development of the limb requires an integration of these 

axes for limb morphogenesis.   
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Figure 1.2: The developing limb bud. Anterior-posterior and 

proximal-distal axis are shown. The apical ectodermal ridge (AER) 

is on the distal edge, with underlying the zone of proliferation 

and undifferentiated mesenchyme. The zone of proliferation 

(ZPA) is at the posterior base of the limb bud. 
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Skeletal tissues, tendons, ligaments, and connective tissues arise from mesenchyme 

within in the limb bud. Cartilage differentiation begins by condensation of cells, a process 

of increased mesenchymal cell packaging, and these cartilage elements proceed in a 

proximal-distal direction (31). Over the developmental stages, the limb bud shape 

changes and elongates to form the ‘elbow’ and the distal region flattens and broadens in 

order to form the digital-plate.  From the most proximal domain, skeletal elements are 

divided into the ‘stylopod’, the ‘zeugopod’, and most distally ‘autopod’ (29). Within the 

developing limb, the patterning of cartilage is the most studied structure as the 

development of both muscles and tendons are more intricate. In contrast to the skeletal 

structures, the muscle originates in the epaxial dermomyotome, a somite compartment 

outside of the limb bud, and migrates into the limb bud (30). As soon as the basic limb 

elements are formed, the apical ridge disappears, and the remaining development 

consists of the growth phase, where cartilaginous elements are mostly replaced by bone 

(29).  Gene regulatory networks involved in embryonic patterning, differentiation, and 

proliferation are largely understood as a result of vertebrate limb bud development 

molecular analysis (28). During early limb development, the fundamental mechanisms 

directing elongation of the limb bud is thought to be similar in other regions of the 

embryo undergoing growth (29). It is important to understand how the pattern of skeletal 

tissues is established, and how cells communicate in order to form at the correct place 

and time. 

 
1.2.2. Gene regulatory networks 

 
Within the embryo, complex regulatory networks direct development, defining a central 

role in these integrated systems (32). The limb bud signalling system involves many 

pathways known to regulate morphogenesis, where these patterning signals interlink to 

coordinate the cell line specification and proliferation (33).  To form a distinct pattern of 

chondrogenic elements, cells are differentially organised along the proximodistal, 

anteroposterior, and dorsoventral axes, regulated by fine-tuned gene networks (30). 

 

The LPM expresses genes involved in specification of the limb type (forelimb/ hindlimb) 

and position of the limb, ensuring the correct limbs arise at precise positions along the AP 

axis  (29). The mesodermal marker Brachyury related genes, Tbx4 and Tbx5, are essential 
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regulators of limb outgrowth and patterning, with roles linked to signalling proteins FGF, 

BMP, and Wnt (34). During vertebrate limb development, the regulation loop of FGF and 

Wnt families play a pivotal role in limb initiation. Directly involved in this are the Tbx4 and 

Tbx5 genes, controlling the local production of FGFs in their respective limbs, and 

activating the Wnt/FGF signalling cascade (35).  

 

Tbx4 and Tbx5 are expressed in the limb-forming regions and are important in limb 

identity with the Tbx4 gene specifically expressed in the forelimb and Tbx5 in the 

prospective hindlimb (34). The homeodomain transcription factor Pitx1 gene is expressed 

in the hindlimb but absent from the forelimb, with a key role in determining the 

difference between limb and generating hindlimb features (36). Mutations in Tbx5 and 

Pitx1 have been associated with human patient limb malformations, where a Tbx5 gain-

of-function mutation results in skeletal deformations (37), and deletions in Pitx1 can 

cause lower-limb abnormalities including polydactyly (38). The Tbx5 mutations are 

responsible for Holt-Oram syndrome, characterised by defects in the upper limbs (39). 

 

FGF-10 is expressed in the limb forming regions of the LPM and initiates normal limb bud 

development, demonstrated by Fgf-10 deficient mice which exhibit abolished limb bud 

initiation (40). During limb initiation, an FGF-8 and FGF-10 regulatory loop plays a key role 

in AER induction, where WNT factors regulate this, including Wnt-2b, Wnt-8c, and Wnt-3a 

signalling (41). In the ectoderm and AER, proximodistal patterning and outgrowth of the 

limb is regulated by Wnt signalling, by controlling the formation and maintenance of the 

AER (42). Wnt7a is also required for the regulation of SHH and is specifically expressed in 

the dorsal limb ectoderm, determining dorsal limb identity (43).  

 

In the posterior region of the AER, FGF-4 is present during proliferation (44) and it has 

been demonstrated that during limb outgrowth and patterning, all three axes 

(dorsoventral, proximodistal, and anteroposterior) are linked through signalling of 

WNT7a, FGF-4, and SHH signalling (45). The AER is essential for correct patterning along 

the proximo-distal axis and limb bud outgrowth, and the polarizing region which is crucial 

for patterning along the antero-posterior axis is also established and maintained by FGFs 

(29). The expression of FGF-8 in the AER in response to FGF-10 signalling in the 
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mesenchyme establishes a positive feedback loop, whereby AER FGF-8 expression 

maintains mesenchyme FGF-10 (46). 

 

The ZPA is a group of mesenchymal cells and is the second signalling centre of the limb. 

Within this polarizing region, Sonic Hedgehog (Shh) is expressed, mediating the activity of 

the ZPA (Figure 1.3) (42). Loss of skeletal elements along the proximodistal and 

anteroposterior axes result from the loss of FGF and SHH signalling, as both regulate the 

progenitor cell pool. Limb patterning and outgrowth are interconnected along these axes 

by epithelial-mesenchyme interactions mediated by FGFs in the AER and SHH in the 

mesenchyme. SHH maintains FGF expression and AER integrity, and FGF signalling from 

the AER is required for maintenance of SHH expression (42). Development along the 

proximo-distal and antero-posterior axes is linked by a positive feedback loop between 

the AER and polarising region. The apical ridge will regress if BMP-4 signalling levels are 

too high, therefore to maintain limb bud outgrowth, BMP-4 is controlled by the 

antagonist Gremlin in a negative feedback loop (47).  

 

During the early stages of limb bud development, FGF expression is maintain in in the 

AER, maintaining SHH expression in the polarizing region. Gremlin expression is regulated 

by SHH signalling, ensuring BMP activity is low in the mesoderm, and enforcing the FGF 

and SHH signalling positive feedback loop (Figure 1.4) (29). This feedback control 

mechanism is an example within development of a robust and reliable self-regulating 

system. In the distal mesenchyme underneath the AER, Wnt5a is expressed (48), and loss 

of Wnt5a results in reduced proliferation of the progressive zone and shortening of the 

skeleton with distal parts missing (49). When the AER and ZPA signalling regions are 

established, and a limb bud has formed, the limb can develop autonomously (29). For the 

outgrowth of the limb bud and progressive formation of skeletal elements along the 

proximodistal axis, the AER is essential with the key signal provided by FGFs. In order to 

generate the correct limb autonomy, the integration of patterning along all three limb 

axes is crucial, involving dorsal ectoderm Wnt-7a signals, AER FGFs, and SHH from the 

polarizing region (29).   
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Figure 1.3: Coordination of limb development by crosstalk of pathways. A) AER and ZPA 

activity is maintained by the FGF-SHH positive feedback loop. The yellow lines indicate SHH/ 

GREM1/ FGF feedback loop and blue lines demonstrate Shh negative regulation by FGF 

targets. RA is restricted to the proximal limb and maintained by AER-FGF signals. B)  AER 

positioning is regulated by dorso-ventral patterning, promoting Shh activation. Figure from 

Delgado et al (2017) Developmental biology. 
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Figure 1.4: Limb bud development signal integration and feedback control. 

Within the developing limb bud mesoderm, Gremlin is a BMP antagonist. A 

positive feedback loop is established whereby BMP activity is kept low. From 

the apical ectodermal ridge, FGF signaling maintains the expression of Shh in 

the polarizing region. The polarizing region signaling of Shh maintains apical 

ectodermal ridge Fgf expression. Positive control is indicated by arrows where 

signaling molecules promote gene expression. Barred lines represent either 

prevention of gene expression or negative control of signaling by an 

antagonist. Blue lines show initiation loop with negative feedback, green lines 

show propagation loop with positive feedback. 
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1.2.3. Model organisms for studying vertebrate limb development 
 
Models of limb bud development are extremely useful for complex molecular and genetic 

analysis and the success of these has allowed the development of techniques to 

experimentally manipulate limb buds that are genetically viable (28). For investing 

skeletal development, the animal systems most commonly used are chick and mouse, 

each with their own advantages. Complementary experiments in the developing chick 

and genetic approaches in the mouse are responsible for enhancing knowledge of the 

underlying molecular events during limb development (30). 

 

Through artificial gene knockouts and spontaneous mutations, mice have been used to 

study certain aspects of limb development, whereas the basic principles have been 

investigated in chick embryo, such as pattern formation and limb morphogenesis. 

Although the mouse embryo is a good model for the study of mammalian development, 

the chick embryo has been long studied due to the availability of fertile eggs, and the 

ability of the embryo to withstand microsurgical manipulations (29). A window can be 

made in the eggshell revealing the embryo and limb buds, resealed to continue 

development and then observe the effects of manipulations on limb development (50). 

These limb buds, composed of mesoderm and an outer layer of ectoderm, can be 

visualised on the flanks of the embryo following 3 days of incubation, after the main body 

axis structures are established. After 10 days the limbs main features are well developed 

(29). As an experimental model, the chick embryo has enhanced the study of 

development. This is due to the accessibility of the embryo and manipulative procedures, 

for example allowing molecular manipulations in ovo, where successive developmental 

stages can be examined (50).   

 
1.2.4. Impact on disease 

 
The processes of development initiate from a single cell to tissues and organs, forming 

complex functioning organisms. In regard to disease, it is important to understand 

development in order to gain an insight into developmental defects, cancer and ageing. 

Research focuses on model organisms such as chick, Xenopus, and zebrafish to study the 

fascinating genetic, molecular, and cellular mechanisms underlying embryogenesis, 
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complemented with mouse genetics. Progress in areas such as human disease genes, 

gene function using model organisms, stem cells, and bioartificial organs indicate the 

potential impact of developmental research on future medical applications (51). The 

formation of highly specialised organs are driven by morphogenetic processes, and the 

maintenance and repair of adult tissues such as bone and muscle use developmental 

signalling pathways and stem cells (52). During development, various tissues are formed 

by the proliferation and differentiation of embryonic cells, and identifying this process 

can lead to the restoration of non-functioning diseased organs (51). In some 

circumstances, signalling pathways that control normal development can be activated 

resulting in hyperproliferative conditions such as cancers (52). 

 
1.3. The synovial joint 

 
1.3.1. Development and structure  

 
During embryonic development, joints form at the same time as bone formation and 

growth. Mesenchyme is the embryonic tissue that gives rise to bone, cartilage, and 

connective tissues of the body (53). The process of endochondral ossification gives rise to 

the bones and joints of the limbs, which initially develop as small limb buds on the sides 

of the embryo. As the limb bud grows, areas of the mesenchyme begin to differentiate 

into hyaline cartilage. This will form a model for future bone. Between the adjacent 

cartilage models, in an area called the joint interzone, the synovial joint will form (29). At 

the centre of the interzone region, cells will undergo cell death to form the joint cavity. 

The mesenchymal cells surrounding this will form the supporting ligaments and articular 

capsule, migrating out to the epiphyseal cartilage (54). Endochondral ossification will 

begin, converting the cartilage models to bone, and hyaline cartilage becomes the 

articular cartilage that covers the surface of bone within the synovial joint (53). Evidence 

has indicated that the growth plate cartilage and articular cartilage derive from different 

cell sources. These cells and types of cartilage are regulated by different signalling 

pathways (54). 

 

The synovial joint (Figure 1.5) is the most common joint in mammals with the main 

purpose to allow movement (55). As the largest synovial joint in the body, the knee is an  
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Figure 1.5: The synovial joint structure. The bones within a 

synovial joint are surrounded by a synovial capsule which 

secretes synovial fluid. The ends of the bones are covered in 

articular cartilage to reduce friction during movement. 
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extremely complex biomechanical system, composed of different tissues such as articular 

cartilage, perichondrium, ligaments, synovium, bursae, meniscus, articular fat pads, 

subchondral bone and all cells types in the bone marrow (56). The knee joint promotes 

complete stability and control under many different conditions, supporting both flexion 

and rotation (57). Synovial joint structure differs from cartilaginous and fibrous joints due 

to the presence of capsules which surround the articulating surfaces of the joint, 

containing a lubricating synovial fluid (55). Within a synovial joint, the articular capsule 

consists of a thick outer later, the fibrous capsule, and an inner layer, the synovial 

membrane (Figure 1.5) (58). For the function of synovial joints, the joint capsule is vital as 

it protects the joint space (59). Bones are connected together by ligaments which are 

strong bands of fibrous connective tissue, allowing for joint movement but preventing 

excessive or abnormal movement. The synovial joint has additional support provided by 

muscles and tendons, which attach muscle to bone (53). If components of this complex 

biomechanical synovial joint system become altered or injured, it can result in disease, 

most commonly arthritis.  

 
1.3.2. Endochondral ossification  

 
The biological process known as endochondral ossification enables skeletal elements to 

develop from transient cartilage in vertebrate animals (Figure 1.6) (60). At the 

presumptive site of bone, cartilage is initially formed through mesenchyme condensation. 

A cartilage template is formed followed by chondrocyte proliferation and differentiation 

(61). This template has a similar shape to the bone it will eventually form, where 

chondrocytes at the centre of the cartilage undergo hypertrophic differentiation and 

apoptosis, vascular invasion and ossification by osteoblasts, before longitudinally 

spreading to metaphysis (54). Another ossification site forms at the epiphysis as the 

secondary ossification centre. In between these 2 ossification centres, cartilage forms the 

growth plate during skeletal growth (54). The cartilage between the joint cavity and 

secondary ossification centre permanently remains as articular cartilage. The proliferation 

and differentiation of chondrocytes is tightly regulated by different signalling molecules, 

and this complicated process is regulated by many molecules and signalling pathways, 

including Wnt, IHH, BMP, TGF-ß, FGF, GDF5, and PTHrP (54). 
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Figure 1.6: Endochondral ossification. The mechanism responsible for the formation of 

long bones of the skeleton. The embryonic cartilaginous model is replaced by bone, 

contributing to longitudinal growth. 
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1.3.3. Growth plate cartilage  
 

Before differentiating into chondrocytes, mesenchymal progenitor cells proliferate and 

aggregate at mesenchymal condensations (62). In order to generate cartilage matrix, 

chondrocytes secrete extracellular matrix (ECM) proteins, such as type II collagen and 

aggrecan. Providing mechanical support, hyaline cartilage is the most common form of 

cartilage, found in joints, ribs, and growth plates. This type of cartilage has a major role in 

both long bone development and function (62). Long bone growth is driven by growth 

plate cartilage, whereas shock absorption and joint mobility is provided by articular 

cartilage. 

 

The growth plate is separated into distinct zones of chondrocytes (Figure 1.7). In the 

resting zone, at the bones most epiphyseal side, chondrocytes proliferate slowly and 

differentiate into proliferating chondrocytes, expressing Col2a1 which encodes type II 

collagen (63). The proliferative zone contains proliferating chondrocytes expressing 

Col2a1 and ACAN (proteoglycan aggrecan) which produce important cartilage function 

matrix proteins. These chondrocytes then differentiate further into hypertrophic 

chondrocytes expressing Col10a1, for type X collagen and Ihh, for Indian Hedgehog (63). 

Hypertrophic chondrocytes in the hypertrophic zone are responsible for longitudinal bone 

growth, as they undergo mineralisation and are replaced by mineralized bone (62). The 

terminal hypertrophic chondrocytes express Spp1 (secreted phophoprotein1), Ibsp 

(integrin-binding sialoprotein), and MMP13 (matrix metalloproteinase 13) (22). The 

chondrocyte transcription factors, including Sox9, RUNX2, and Osterix, ensure a precise 

coordination of events resulting in healthy osteogenesis (63). 

 

1.3.4. Articular cartilage  
 
Articular cartilage is found at the end of long bones in articulating joints. It is a flexible 

connective tissue which functions to provide a smooth surface for articulation with low 

friction and facilitating the transmission of load (64). The articular cartilage in joints can 

tolerate intensive and repetitive physical stress. However, it has an inability to heal 

following injury. This means that joints are sensitive to degradation and therefore  

 



 34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Growth plate structure. The cartilaginous part of long 

bones, where longitudinal growth takes place. The structure comprises 

of different zones of chondrocyte maturation.  
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development of diseases such as Osteoarthritis (OA) (65). Articular cartilage lacks blood 

vessels, lymphatics, and nerves, and has limited capacity for repair (64). 

 

The mature articular cartilage, or hyaline cartilage, is translucent in appearance and 

contains unique constituents such as type II collagen, glycosaminoglycans (GAGs), and low 

cellularity (64). Human adult cartilage composition and cellular organisation is complex, 

where there are many matrix differences between different layers. The only cellular 

component of articular cartilage are chondrocytes, and these can have many different 

morphologies from larger and flatter in the deeper zones, to flattened at the surface (10). 

Depending on joint type, the surface chondrocytes can show distinct spatial patterns and 

differently orientated matrices (66). For example, the smooth surface of lubricin and 

horizontally orientated collagens helps attenuate friction of the articular cartilage during 

skeletal motion (67). Normal adult articular cartilage consists of chondrocytes and 

extracellular matrix (68). Chondrocytes synthesize the matrix components and the 

proteolytic enzymes to break them down, mediating normal turnover of matrix 

components (69). The cartilage ECM comprises mostly water, collagen, and 

proteoglycans, where proteoglycan turnover is rapid and collagen relatively slow. There 

are many factors that influence chondrocytes, such as the matrix components, structural 

and physical stimuli, and polypeptide growth factors and cytokines. Chondrocyte failure 

to maintain ECM component synthesis and degradation homeostasis results in a diseased 

state such as OA (70). 

 

In human adult cartilage, chondrocytes are usually quiescent and maintain the matrix in a 

state of very low turnover. The abnormal repair and promotion of matrix destruction 

observed in OA is an important phenotype to understand. To reduce cartilage damage 

and promote repair, identifying major players within these pathways may provide targets 

for therapy (10). Studies within developmental biology have identified various signalling 

pathways and molecules involved in skeletal formation. Regenerative medicine and cell 

biology approaches have successfully enabled the induction of chondrocytes from 

somatic and pluripotent stem cells in vitro (71,72). 
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1.4. Pathophysiology of Osteoarthritis  
 

1.4.1. Osteoarthritis phenotype  
 
Osteoarthritis (OA) is a complex degenerative joint disease affecting millions of people 

worldwide, one of the most common forms of arthritis and chronic musculoskeletal 

disorders (69). Increasing evidence suggests that OA is a multifactorial, inflammatory 

disease of the entire synovial joint, with many phenotypes (73). The cause of OA is not 

understood, however, biomechanical forces placing stress on joints such as traumatic 

injuries of excessive and abnormal load bearing, may interact with other environmental, 

systemic and genetic factors. Combined, those could influence and contribute to the 

pathogenesis of OA (73). 

 

The pathogenesis of OA includes changes in articular cartilage and subchondral bone 

tissue homeostasis, where multiple factors influence the disease initiation, progression 

and severity (74). Although OA is characterised by the progressive deterioration and loss 

of articular cartilage, there are structural and functional changes in the entire joint (73). 

Therefore, it is important to understand the complete pathogenesis of OA, including 

changes in the subchondral bone, synovium, menisci, ligaments, periarticular muscles and 

nerves, as well as the articular cartilage (75), where cellular changes and biomechanical 

stress combine to cause changes within the joint (Figure 1.8). For example, the formation 

of osteophytes, subchondral bone remodelling and the development of bone marrow 

lesions (76). Studies have demonstrated that age, obesity, and metabolic disease are 

major risk factors effecting disease development in OA (77). 

 

In understanding the early development of OA, it is possible to target these changes to 

prevent or slow disease progression as forms of treatment (69). The pathophysiology 

mechanisms involved in OA include pro-inflammatory interleukins (IL-1b, IL-6, IL-8) and 

tumour necrosis factor-α (TNF-α). Through their signalling pathways, pro-catabolic 

mediators are also involved, including effects of nuclear factor κB (NFκB) and mitogen-

activated protein (MAP) kinase signalling responses (78). As OA develops, many signalling 

pathways play important roles. For example, BMP, SRY-related protein 9 (SOX9), 

transforming growth factor ß (TGF- ß), and insulin-like growth factor (IGF) pathways.  
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Figure 1.8: Osteoarthritis joint phenotype. Osteoarthritis is a degenerative joint disease 

characterized by degradation of articular cartilage, chondrocyte hypertrophy/ 

apoptosis, thickening of subchondral bone and formation of osteophytes. 
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These pathways are involved in many processes such as chondrocyte metabolism, 

synthesis and degradation of ECM, cell proliferation, differentiation, apoptosis and 

inflammation (79). 

 

Although in the disease initiation and progression of OA all joint tissues are affected, 

articular cartilage demonstrates the most destruction through aging, injury and disease 

(65). The function and viability of chondrocytes is compromised by inflammatory 

mediators, and mechanical and oxidative stress, as they undergo hypertrophic 

differentiation and early senescence, therefore becoming more sensitive to the effects of 

pro-catabolic and pro-inflammatory mediators (73). 

 
1.4.2. Cartilage changes and Osteoarthritis  

 
Chondrocytes are the cellular component of cartilage. Cytokines and growth factors 

secreted by chondrocytes regulate cartilage matrix synthesis and breakdown. In OA, this 

balance is disturbed (74). Within OA affected joints, cartilage, synovium and subchondral 

bone interact, impacting on cartilage function. Articular cartilage is altered and it is 

difficult to define the initiation of these pathological changes (10). 

 

OA chondrocytes show a senescence secretory phenotype, including an overproduction 

of cytokines (interleukins 1 and 6), growth factors (e.g. epidermal growth factor) and 

matrix metalloproteinases (MMPs) (e.g. MMP-3 and MMP-13) (80). In OA chondrocytes, 

an increased expression of catabolic genes and decrease in anabolic gene expression are 

usually observed, disrupting the articular cartilage metabolic balance (81). The initiating 

factor that causes an imbalance between the repair and degradation of cartilage is 

unknown but may be influenced by inflammation causing an increase in enzyme activity, 

mechanical stress, or trauma causing a microfracture (69). During this imbalance, 

mediators of inflammation are produced, and chondrocytes are stimulated to release 

degrative enzymes. The release of proinflammatory cytokines, such as TNFα, IL-1 and IL-6, 

is caused by collagen and proteoglycan breakdown molecules. An increase in the cartilage 

degradation occurs when these cytokines bind to chondrocyte receptors which leads to  

further release of MMPs and inhibits the production of type II collagen (82). Due to the 

increased breakdown of collagen and decreased synthesis of type II collagen, the collagen 
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network is weakened. As a result of this disruption of homeostasis, the ECM decreases in 

proteoglycan content and increases in water content (83). There is also an increase in 

chondrocyte apoptosis (69). 

 

An increase in anabolic and catabolic activity is observed in osteoarthritic cartilage. To 

begin with, the articular cartilage is maintained by an increase in matrix synthesis such as 

collagen, proteoglycans and hyaluronate and chondrocyte proliferation in the cartilage 

deep layers (84). However, with time, the changes in ECM and loss of chondrocytes cause 

the development of osteoarthritic changes (69). The articular cartilage degenerative 

changes become more severe over time. From cartilage softening, fibrillation of the 

superficial layers, fissuring and reduced cartilage thickness, to total destruction by 

cartilage thinning and exposure of the underlying subchondral bone plate (69).  

 
1.4.3. Gene expression in Osteoarthritis  

 
The gradual progression of cartilage degeneration observed in OA occurs alongside the 

decrease in gene expression of SOX9, ACAN, and COL2A1 (85). During OA progression, the 

expression of WNT antagonists DKK1 and FRZB are lost and hypertrophic markers RUNX2, 

COL10A1 and IHH increase (85). In addition to this, DKK1 and FRZB negatively correlate 

with OA grading, and RUNX2 and IHH have a significantly positive correlation (85). 

 

Using RNA-seq, the gene expression changes in damaged OA cartilage compared with 

intact cartilage from the same joint were investigated (86). Within this study, 

differentially expressed genes and dysregulated pathways were identified. For example, a 

decreased expression of chondrogenic genes SOX9, SOX6, COL11A2, COL9A1/2/3, ACAN 

and HAPLN1 were demonstrated in damaged OA cartilage. There was also an increase in 

non-chondrogenic gene expression of COL1A1, COMP and FN1, and an altered pattern of 

secreted proteinase expression. The study did not identify an alteration in expression of 

major inflammatory cytokines (86). PhenomeExpress system analyses identified 

significant networks of differentially expressed genes to include mitotic cell cycle, Wnt 

signalling, apoptosis, and matrix organisation. These pathways were influence by 

transcription factors FOSL1, AHR, E2F1 and FOXM1 (86). This concludes that damaged 
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cartilage possesses gene expression changes with a non-chondrogenic response from 

altered secreted proteinase and matrix protein expression (86). 

 

Differentially expressed genes between OA and healthy control samples were also 

identified using meta-analysis, revealing 449 upregulated and 241 downregulated genes 

(87). Within these results, the transcription factors FOS, TWIST1, POU2F1, SMARCA4 and 

CREBBP decreased in mice with OA, and may play an important role in OA pathology (87). 

Another study confirmed expression patterns of 1619 dysregulated genes from a 

surgically induced model of early OA. These dysregulated genes included COL2A1, 

MMP13, ADAMTS5, CTSC, PTGES and CXCR4 (88). 

 

In joint repair, MSCs have a crucial role, however their changes in characteristics affected 

by OA severity are unknown. Gene expression changes were evaluated in subchondral 

bone MSCs in knee OA, in relation to the progression of osteochondral damage. This 

identified STMN2, PTHLH and GREM1 as the most consistent upregulated genes in 

damaged tissue (89). Interestingly, these gene expression changes were not observed in 

chondrocytes, indicating that they are MSC specific. The gene expression patterns 

described in this study indicate a potential involvement of MSCs in cartilage calcification, 

bone formation and mineralisation, identifying several gene candidates for therapeutic 

targeting (89). 

 

In articular cartilage, gene expression was analysed between healthy and OA cartilage 

identifying 1717 genes significantly differentially expressed (90). Within these genes, 

there was significant enrichment for genes involved in skeletal development, for example 

TNFRSF11B and FRZB. Inflammatory genes such as CD55, PTGES and TNFAIP6 were 

confirmed to be upregulated in OA cartilage (90). Focussing on these differentially 

expressed genes between OA and healthy tissues may provide useful for developing novel 

treatments. 
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1.5. microRNAs 
 

1.5.1. Biogenesis and mechanism 
 
Epigenetic mechanisms alter the expression of genes independent of changes in the DNA 

sequence and this regulation of genome activity induced by environmental factors can 

influence disease development (91). microRNAs (miRNAs) are a family of small, single 

stranded, non-coding RNAs with a sequence length of 19 to 23 nucleotides, first identified 

in C.elegans in the 1990s (92). The functional group of small RNAs that they belong to also 

include Piwi-interacting RNAs (piRNA) and short interfering RNAs (siRNAs) responsible for 

RNA interference (RNAi) (93). miRNAs are post-transcriptional regulators of gene 

expression, and function through base-pairing with “seed sequences” (94). This 

complementary binding of miRNA to a target mRNA represses gene expression by 

mediating translational cleavage, inhibition, or degradation (95). Many microRNAs are 

highly conserved which indicates that they play an important role in biological processes 

(96), and are involved in epigenetic regulation alongside DNA methylation and histone 

modification (97). 

 

The dominant pathway in which miRNAs are processed is the canonical biogenesis 

pathway (Figure 1.9) (98). In this miRNA biogenesis pathway, miRNAs are transcribed as 

long primary transcripts (pri-miRNAs) before being processed into small hairpin precursor 

miRNAs (pre-miRNAs). These are then transported to the cytoplasm and cleaved by Dicer 

into functional, mature miRNAs (99). RNA polymerase II primarily mediates the 

transcription of miRNA genes. The 3’end of the pri-miRNA contain a hairpin structure 

which is cleaved and processed in the nucleus by the enzyme Drosha, releasing pre-

miRNAs (100). A complex known as the microprocessor complex is formed of Drosha and 

its co-factor DGCR8 (DiGeorge syndrome critical region gene 8) (101). The pre-miRNA is 

processed and exported to the cytoplasm by an exportin 5 (XPO5)/RanGTP complex (102).  

 

In the cytoplasm, Dicer, an RNase III type endonuclease responsible for cleavage of pre-

miRNAs, recognizes the pre-miRNA. This results in the generation of a mature miRNA 

duplex, approximately 22 nucleotides long, following removal of the terminal loop. The 

mature miRNA is loaded onto an Argonaute (AGO) protein family member, in an ATP- 
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Figure 1.9: microRNA biogenesis. microRNAs are transcribed as primary transcripts (pri-

microRNA) and processed into hairpin loop structures, precursor microRNA (pre-microRNA) but 

Drosha and cofactor. Pre-microRNA is transported to the cytoplasm but Exportin-5, before 

cleavage by Dicer and cofactor to form 2 complementary strands. The mature strand is loaded 

onto the RISC complex, complementary base pairing to target mRNA, usually in the 3’UTR, most 

commonly to repress translation. 
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dependant manner, forming a complex called the miRNA-induced silencing complex 

(miRISC) (103). The name of the mature strand of miRNA is determined by its 

directionality: the 3’ strand originates from the 3’ end of the pre-miRNA hairpin, and the 

5’ strand from the 5’ end (98). Either of these strands derived from the mature miRNA 

duplex can be loaded into the AGO protein (104). The cellular environment or cell type 

influences the proportion of either AGO-loaded 3p or 5p strand of miRNA, where they 

may be present in almost equal proportions or predominantly only one (105). The RISC 

complex selects and recruits the guide strand of RNA, and the complementary strand is 

usually degraded (99). Following binding to the RISC, the miRNA guides the complex to a 

specific mRNA sequence, inducing inhibition of target gene translation and mRNA 

deadenylation and decapping (99). 

 

miRNAs most typically suppress expression by binding to a specific sequence at the 3’ 

untranslated region (UTR) of their target messenger RNAs (mRNAs), inhibiting translation 

or destabilising the mRNA (97). However, it has also been reported that miRNAs interact 

with other regions such as the coding sequence, gene promotors, and 5’ UTR which 

contain miRNA binding sites (106). Under certain conditions, miRNAs have been shown to 

activate gene expression, opposing their function as repressors (107). For example, an 

interaction of miRNA with a promotor region can induce transcription (108), whereas 

binding to coding regions and 5’UTR silence gene expression (109,110). To control the 

rate of translation, and even transcription, studies have demonstrated that miRNAs may 

be moved from different subcellular compartments, although this interplay is under 

investigation (111). In addition to the canonical pathway, there are also multiple non-

canonical miRNA biogenesis pathways which use different combinations of canonical 

pathway proteins such as AGO2, exportin 5, Dicer and Drosha (98). 

 

During many cellular functions, such as apoptosis and differentiation, miRNAs are 

implicated to play a role, and are critical for normal development (112). Several biological 

disease processes, such as cardiovascular disease and cancer, have been associated with 

changes in miRNA expression (94). Previous studies suggest an important role for 

epigenetics in the progression of OA, observing gene expression changes in diseased 

cartilage (113). However, the complete role of miRNAs in OA remains unknown. Due to  
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their stability and ease of detection, interest has been focussed on the area of miRNAs, in 

particular as biomarkers for disease activity. There are many studies that demonstrate 

the release of miRNAs into extracellular fluids, and consequently these extracellular  

miRNAs may be used as biomarkers for different diseases (98). These extracellular 

miRNAs may also play a role in intercellular communication (114), and even portray 

hormone-like activities (115). 

 
1.5.2. microRNAs in skeletal development  

 
During embryonic development, the importance of microRNAs is almost omnipresent, 

contributing to the development of most cells and organs (116). In skeletal development, 

miRNAs important roles are demonstrated by the mutation or deletion of Dicer which 

prevents the biogenesis of miRNAs (117). At the early stages of embryonic development, 

conditional knockout of Dicer in the limb mesenchyme leads to the formations of smaller 

limbs (118). In the developing joint, enhanced hypertrophy is shown in Dicer null growth 

plates, in addition to a lack of chondrocyte proliferation (118). Skeletal growth defects 

and premature death result from the conditional knockout of Dicer in chondrocytes (119), 

and the phenotype in conditional Drosha knockouts is also very similar (120). 

 

During skeletal formation, it is well known that miRNAs play a role in chondrogenic and 

osteogenic differentiation (121,122). Mesenchymal stem cells (MSCs) generate both 

connective and skeletal tissue. Surface expression markers define the identity of MSCs, of 

which many have been identified as miRNA targets (24). In the musculoskeletal system, 

miRNAs can act as both positive and negative factors influencing related signalling 

pathways, with studies showing a role in many aspects of bone biology including 

endochondral ossification (16). For example, osteogenic control of MSCs by miRNAs -17, -

433, and -31 inhibit osteogenic differentiation whereas miRNAs -34a, -21, and -96 

promote differentiation into osteoblasts (123). 

 

The interplay between miRNAs and signalling is complex, and two important pathways for 

skeletal development are BMP and Wnt (124). Different miRNAs are reported to regulate 

osteogenesis transcription factors such as Runx2, and importantly molecules in the Wnt 
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and BMP signalling pathways which control osteoblast differentiation (125). In 

skeletogenesis, BMPs are profoundly involved, and several miRNAs regulate BMP 

signalling both positively and negatively (126). For example, miR-133 and miR-135 are 

described as negative regulators of osteogenesis by targeting Runx2 and Smad5, 

inhibiting osteogenic differentiation (126). The inhibition of Wnt/b-catenin pathway 

receptors is the main mechanism whereby miRNAs affect Wnt signalling (124). For 

example, during osteoblast differentiation miR-218 is upregulated resulting in an increase 

in osteoblast markers (Alpl, Runx2, Bglap) which correlate with decreased expression of 

Sfrp2, Sost, and Dkk2 (124). Other pathways, such as Notch, IGFs, and hedgehogs involved 

in skeletal tissue differentiation are post-transcriptionally regulated by miRNAs (124). 

A subset of miRNAs associated with osteoblast commitment, differentiation and identity 

have been termed ‘osteomiRs’ (127), and there are also miRNAs that silence osteogenic 

associated genes within non-bone tissues (24). During development of the skeletal 

system, osteomiRs target non-collagenous glycoproteins and proteoglycans for example 

BSP, OCN, and osteonectin. This regulates matrix mineralisation through targets 

implicated (128). For example, miR-29a and -29c play a role in maturing osteoblasts, 

where their expression increases during late osteogenesis (128). When embedded in the 

matrix, osteoblast differentiation into osteocytes can be directly or indirectly regulated by 

miRNAs (24). Even before this matrix calcification, the proliferating osteoprogenitors 

secrete proteins which are regulated by miRNAs such as OPN (24). 

 

At different stages of skeletal development and osteogenesis, miRNAs and their targets 

play an essential role. A disruption to these processes may result in severe skeletal 

malformations and deformities, providing an interesting study topic. Many of the miRNA 

regulated targets during bone marrow MSC differentiation are only predicted, and further 

experiments are needed to validate these. 

 
1.5.3. microRNAs during chondrogenesis  

 
In chondrocytes, many miRNAs are expressed, creating a complex gene regulatory 

network as each miRNA can regulate many target genes (62). During chondrogenesis, 

transcription factors and signalling molecules have been identified as miRNA targets 

which therefore regulate this process and may be useful for the repair and engineering of 
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cartilage (129,130). Although SOX9 has shown to induce many different miRNA 

expression levels, a particularly responsive example is miR-140 (131). The skeletal 

phenotype of miR-140 null mouse shows the growth plate proliferating chondrocytes to 

decrease (132,133), which may be due to the ability of miR-140 to alter the cell cycle by 

targeting Sp1 (134). 

 

During in vitro hMSC chondrogenesis, many miR-140-5p targets have been identified 

including FZD6 and RALA (135). In both hMSC and ATDC5 models of chondrogenesis, miR-

455 is SOX9 inducible and also co-regulated with miR-140 (135,136). During early 

chondrogenic differentiation, miR-455-3p has also been shown to have a role targeting 

RUNX2 (137), and potentially HDAC8 and HDAC2 (138). DNA methylation may also be 

impacted during chondrogenesis by miR-455-3p targeting DNMT3A (139). It has 

previously been shown that premature hypertrophic chondrocyte differentiation and a 

delayed differentiation of resting to proliferating chondrocyte occurs as a result of miR-

140 deficiency (133). Targets of miR-140 have been identified, however, the significance 

of the miR-140 regulatory role for each target remains to be determined. These targets 

include DNPEP, PDGFRA, HDAC4, SMAD3 and RALA (140–143). 

 

The role of miRNAs in regulating cartilage development and homeostasis has been 

reported in many studies, using both in vitro and in vivo approaches (144). During MSC 

chondrogenesis, miR-29a expression decreases, and the expression of miR-29a is 

repressed by SOX9, suggesting a role in chondrogenesis induction (145,146). However, in 

regulating cartilage homeostasis, the functional role of miR-29a is currently unknown. 

Upon chondrocyte differentiation, several miRNAs are downregulated and negatively 

regulate the process. For example, during chondrocyte differentiation of mouse 

C3H10T1/2 cells miR-145 was downregulated (147). Chondrocyte differentiation is 

inhibited by miR-145 as SOX9 is a direct target of miR-145 and expression is suppressed. 

This leads to reduced mRNA levels of chondrocyte markers, for example COL2A1, 

COL9A1, COL11A1 and ACAN (62). 

 

There are many more miRNAs that promote chondrogenesis in vitro, for example miR-

574-3p is upregulated during MSC chondrogenic differentiation, and may be part of a 
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positive feedback loop promoting chondrogenesis (148). Upon chondrocyte 

differentiation of mouse MSCs, miR-335 expression increases with its host gene MEST, 

creating another feedback loop enhancing chondrogenesis (149). In human MSCs during 

chondrocyte differentiation, miR-199a was also upregulated (150).  

 

During hypertrophic differentiation of chondrocytes, miR-1 was found to be 

downregulated, and miR-1 overexpression in chicken primary chondrocytes and HCS-2/8 

cells reduced ACAN expression (151). miR-375 was also downregulated upon chondrocyte 

differentiation in chicken limb mesenchymal cells, and miR-375 inhibition increased 

chondrogenic differentiation (152). In mouse chondrocytes, miR-1247 was reported to be 

expressed, where it creates a negative feedback loop with SOX9 expression and may play 

a role in the regulation of SOX9 function (153). Inhibition of chondrocyte differentiation 

also increases miR-221 expression (154). Chondrocyte differentiation is also negatively 

regulated by miR-448 in human bone marrow MSCs and human chondrosarcoma cells. 

Expression of a component of the canonical Wnt-signalling pathway, LEF1, is suppressed 

by miR-449, and this reduces proteoglycan production and downregulates COL2A1 and 

SOX9 expression (155). 

 

The complex integration of miRNAs show that many have the potential to regulate MSC 

differentiation and lineage determination. Other examples in mouse MSCs include miR-

24, miR-199b, miR-101, miR-124a and miR-199a, which are all upregulated during 

differentiation into chondrocytes, and downregulated miR-18 and miR-19 (156). 

 
1.5.4. Cartilage specific microRNA expression 

 
The importance of miRNA function in skeletal development and homeostasis is displayed 

during in vivo modulation of proteins involved in miRNA processing, for example Dicer 

and Drosha. A severe growth retardation phenotype was observed in mouse cartilage 

tissue, when type II collagen-producing cells were devoid of Dicer (119). The number of 

hypertrophic chondrocytes was increased, and proliferation of growth plate chondrocytes 

reduced, suggesting that proliferation and differentiation of growth plates is regulated by 

miRNAs (119).  
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The most abundant miRNAs in somatic tissues, including chondrocytes, are let-7 miRNAs. 

The let-7 miRNA family have been shown to be required for normal growth plate 

chondrocyte proliferation (157). In Dicer-deficient chondrocytes, a let-7 miRNA target, 

HMGA2, was upregulated (119). In chondrocytes, an overexpression of Lin28a, a let-7 

inhibitor, suppressed let-7 miRNA expression and reduced chondrocyte proliferation, 

resulting in a mild growth impairment. Predicted let-7 target genes were also upregulated 

(157). A mild skeletal phenotype was observed in Lin28a transgenic mice, however, miR-

140 deficient/ Lin28a transgenic mice have a dramatic growth defect. As miR-140 has 

been shown to modulate chondrocyte differentiation, it has been suggested that, by 

regulating chondrocyte proliferation and differentiation, let-7 miRNAs and miR-140 co-

ordinately regulate skeletal development (157). 

 

miR-140 is encoded in an intron of the WWP2 gene sequence and is expressed in 

chondrocytes, and the expression of WWP2 and miR-140 is directly regulated by SOX9 

(134), where an upstream region of the pri-miRNA-140 gene possesses chondrocyte-

specific promotor activity (158). In chondrocytes, miR-365 was identified as a 

mechanosensitive miRNA, targeting HDAC4 to stimulate hypertrophic differentiation. 

Following this, in response to IL-1ß stimulation or cyclic loading, miR-365 was shown to 

be upregulated in chondrocytes of articular cartilage (159). As experimental evidence 

suggests significant roles for miRNAs in cartilage development, homeostasis and 

pathology, the potential for miRNAs to become therapeutic targets for cartilage disease 

has demonstrated the importance of understanding the role of each miRNA in 

chondrocytes and cartilage tissue.  

 

1.6. microRNAs and Osteoarthritis  
 

1.6.1. Differential expression of microRNAs in cartilage  
 
Generally, the differentially expressed miRNAs in cartilage from normal and osteoarthritis 

patients are not consistent across studies. Figure 1.10 summarises research identifying 

miRNAs dysregulated in OA and their impact on cartilage. These microarray and RNA-Seq 

screens of expression may differ due to differences in the samples (117). The expression 

of published microRNAs in OA has been analysed, identifying 46 differentially expressed. 
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Figure 1.10: Roles of microRNAs in Osteoarthritis. Human cartilage, cells and plasma data is 
shown on the left, with complementary data from mouse models on the right. Schematic 
demonstrates research identifying microRNAs which are dysregulated in osteoarthritic cartilage 
and their impact on chondrogenesis (Swingler et al, 2020). 
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In chondrocytes, these miRNAs are involved in many different processes including 

differentiation, metabolism, ECM degradations, apoptosis, autophagy and inflammation 

(160). AGO2 immunoprecipitation has also been used to assess functional miRNAs in the 

RISC complex within chondrocytes, where cells taken from OA and normal cartilage 

identified miR-27b-3p as the most abundant (161). Another technique performing mRNA-

Seq and miRNA-Seq from OA lesion and normal cartilage enabled an interactome of 

differentially expressed mRNAs and miRNAs to be identified (162). Within this data, in OA 

lesions miR-99a-3p was downregulated, targeting 36 mRNAs including FZD1, ITGB5 and 

GSF6. In contrast to this, miR-143-5p is upregulated in OA lesions, targeting 16 mRNAs 

including DCAKD, AMIGO1 and SMAD3 genes (162). 

 

There are many reasons which could explain these different results. For example, the 

heterogeneous nature of human OA cartilage could explain why samples analysed by 

different research groups are varied. Within cartilage specimens of a similar OA grade, 

there may be different ratios of either chondrocytes contributing to ECM breakdown and 

chondrocytes actively attempting to repair ECM (144). Variations could also depend on 

analysis of hip or knee articular cartilage. On top of this, cartilage analysed at different 

stages of OA could affect the results. For example, a particular miRNA could be expressed 

at higher levels either in early or late-stage OA. Levels of miRNA may change throughout 

disease progression and it is important to determine target genes and the pathways they 

regulate in order to understand disease mechanisms.  

 

It was shown that an early onset of OA and aging in mice was caused by miR-140 

deficiency, and an accelerated development of OA was observed in OA induced mice 

(132). Elevated expression levels of miR-146a have been identified in OA cartilage and 

plasma from OA patients. In chondrocytes, this miRNA is responsive to pro-inflammatory 

cytokines (163,164). However, it is unknown whether miR-146a has beneficial or adverse 

effects on chondrocytes, as results have been published for both arguments (144). The 

levels of miR-483 and miR-146a also show an increase in OA cartilage. In human and 

mouse OA cartilage, miR-483 has been identified to be upregulated (165,166). Studies 

have shown that this miRNA, located in the insulin-like growth factor 2 (IGF2) gene, is 

differentially expressed during human chondrocyte differentiation (144). 
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In both OA and in response to inflammatory cytokines, the levels of miR-29a are altered 

(167), and in cartilage from a rat OA model and also in human OA samples, miR-365 levels 

were higher than controls (168). Another miRNA, miR-181a, was found to be increased in 

OA facet joint cartilage but decreased in knee OA cartilage (169). This is another example 

that could demonstrate how miRNAs can have varied functions in chondrocytes at 

different anatomical locations (144). miR-23b was also found to be upregulated in human 

OA chondrocytes in a separate study (170).  

 

Members of the miR-181 family are expressed in both hypertrophic chondrocytes and 

chondrocytes from developing human cartilage (171), and higher levels of miR-181a were 

found in OA facet joint cartilage compared to control specimens (169). It has also been 

reported that mouse OA cartilage has higher levels of miR-181b, and by inhibiting with 

miR-181b antagomir intra-articular injection, the effects of OA were reduced (172). 

However, in contrast, decreased levels of the miR-181 have also been reported in human 

OA articular tissue (173). It has been discovered that miR-181a is highly expressed in 

chicken chondrocytes and directly targets to suppress the pro-chondrogenic gene CCN1 

(CCN family member 1) and aggrecan (174). 

 

The number of miRNAs and small samples sizes analysed in previous studies could be a 

limiting factor in identifying miRNAs with potential to become biomarkers in disease such 

as OA. Although it has been shown that many miRNAs are altered in disease, it is unclear 

whether this dysregulation is a cause of disease or a downstream effect (144). A few 

targets of miR-140 have been identified, for example in the human chondrocytic C28/I2 

cells, miR-140 directly targets MMP13 mRNA, suppressing IL-1ß	induced MMP13 

expression (175). In OA chondrocytes, a downstream mediator of the TGF-ß, Smad3, was 

shown to reduce miR-140 expression (176). An overexpression of miR-140 also 

downregulated IL-1ß-induced Adamts5 expression (177). 

 

In response to IL-1ß	stimulation, is has also been shown that miR-145 is increased in OA 

chondrocytes. The downregulation of type II collagen and aggrecan expression caused by 

IL-1ß	treatment was also reversed by miR-145 inhibition, and SMAD3 has been identified 
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as a miR-145 target (147). MiR-145 was shown also to target SOX9 in human articular 

chondrocytes (178). There are many miRNAs linked with regulation during cartilage  

development, articular cartilage homeostasis, maintenance of articular chondrocytes in 

cartilage and OA, through diverse mechanisms (62). 

 

For normal development and cellular function, epigenetic control of gene expression is 

essential, and it is evident that epigenetic regulation is altered in OA (179). In another 

study, the expression of 4 miRNAs (has-miR-138-5p, has-miR-146a-5p, has-miR-335-5p, 

and has-miR-9-5p) were found to be upregulated in OA patient cartilage compared to 

control (97). However, these results were not significantly related to clinical data 

demonstrating the need for further studies to assess cartilage miRNAs. 

 

One of the most studied miRNAs in cartilage biology is miR-140, as it is known to be highly 

expressed in chondrocytes. As previously discussed, transgenic miR-140 knockout mice 

have been generated, where homozygous knockout mice displayed mild dwarfism 

phenotypes and craniofacial defects, such as short endochondral bones and reduced 

longitudinal growth of the skull (132,133). The post-natal articular cartilage in these mice 

was examined and showed accelerated ECM degradation compared with control (132). 

Results for miR-140 expression patterns in OA are contradictory, as reports have shown 

both increased (180) and decreased levels (177). As miR-140 has been shown to function 

in chondrocyte differentiation and cartilage homeostasis regulation, the altered 

expression of miR-140 in OA could be expected.  

 
1.6.2. Implicated roles for microRNAs in Osteoarthritis  

 
Many signalling pathways have been shown to regulate and be regulated by miRNAs, 

including those implicated in OA (117). For example, a number of miRNAs regulate and 

are regulated by TGFß and TGFß/Smad signalling, where the expression of miR-140 is 

reduced by TGFß (181) and SMAD3 identified as a target of miR-140-5p (142). Another 

example is the chondrocyte miR-29 reduced expression by TGFß (146) which is Smad3 

dependant (182). In addition to this, miR-29 can suppress TGFß signalling (146). These 

feedback loops can again be demonstrated in chondrocytes, where miR-455 expression is 

induced by TGFß and also supresses TGFß signalling through targeting of SMAD2 (180). In 
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chondrocyte hypertrophy, miR-483 expression is significantly decreased, and 

overexpression resulted in a downregulation of SMAD4 which reduced ECM production 

and suppressed chondrogenesis (183). The role of microRNAs in the pathogenesis of OA is 

still unclear, although it is evident that they impact on signalling pathways associated 

with the disease.  

 

Research of miRNAs has implicated a role in the regulation of apoptosis, autophagy and 

senescence, mechanisms involved in OA pathogenesis (117). In chondrocytes, miR-34a 

was identified to be involved in apoptosis, whereby a miR-34a inhibitor suppressed IL-1 

chondrocyte apoptosis (184). In human OA cartilage, miR-34a expression is increased and 

its target SIRT1 decreased (185). This resulted in an increase in chondrocyte apoptosis 

through less acetylation of p53, decrease in Bcl-2 and increased Bax expression. In 

chondrocytes overexpressing miR-34a, markers of autophagy were also decreased (186). 

It has also been reported that miR-34a targets the Notch pathway, increasing 

chondrocyte cell death and senescence (187). In these studies, miR-34a inhibitor 

intraarticular injection into an OA model diminishes the destruction of cartilage 

(185,187). 

 

Markers of senescence, including the cell cycle inhibitor P16INK4a, increase in terminal 

chondrogenesis and OA and are regulated my miR-24, which subsequently decreases in 

OA (188). In human OA cartilage, miR-495 levels are elevated (189). Markers of 

senescence (SA-ß-gal and p16) are increased via AKT1 and the S6- mTOR system targeting 

when miR-495 is overexpressed, increasing chondrocyte apoptosis. Following 

intraarticular injection of a miR-495 inhibitor in a rat OA model, both chondrocyte 

apoptosis and OA decreased. Another study identified CCL4 as a potential target of miR-

495, whereby inhibition of the miRNA suppressed apoptosis by activating the NFκB 

pathway (190). In order to prevent apoptosis during cell stress, autophagy can be 

activated, and particular miRNAs have been shown to regulate this. For example, in OA 

chondrocytes, miR-335-5p expression was lower and overexpression caused a reduction 

in inflammation and increased autophagy (191). Overexpression of miR-107 in OA 

chondrocytes also increased autophagy and inhibited apoptosis (192). 
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In osteoarthritic patients, articular cartilage-derived MSCs (OA-MSCs) were transfected 

with miR-365 inhibitor which suppressed the expression of chondrogenic, hypertrophic, 

and osteogenic gene expression (193). An overexpression of miR-365 in mouse articular 

cartilage also resulted in an upregulation of OA markers and hypertrophy (193). From this 

it was concluded that miR-365 regulates chondrogenesis by activating mineralization, 

hypertrophic and osteogenic genes during OA pathogenesis, providing important 

implications for cartilage repair therapies (193). 

 
1.6.3. microRNAs as biomarkers of Osteoarthritis  

 
Multiple studies have suggested that miRNAs may be useful as biomarkers for various 

bone pathologies (194). miRNAs can be recovered from the blood or other fluids to 

represent markers of skeletal disorders. There is potential for plasma levels of microRNAs 

to be used as biomarkers of OA disease as they exhibit good stability in circulation (117). 

Many studies have investigated this, including the identification of let-7e, miR-454 and 

miR-885-5p as potentially OA progression predictive. In this research, let-7e decreased in 

OA patient plasma compared with control (195). 

 

In OA plasma, 12 microRNAs were identified in a different study to have levels statistically 

different compared with controls in two cohorts (164). Another study identified 70 

differentially expressed microRNAs from 2578 in normal plasma compared to OA, with 

miR-19b-3p and miR-486-5p positive correlating with disease severity (196). Independent 

factors for the risk of knee OA were also identified as miR-19b-3p, miR-122-5p and miR-

486-5p (196). In control plasma against OA, 2549 microRNAs were measured in a study 

and 279 identified as differentially expressed. After validation, potential biomarkers were 

identified as miR-140-3p, miR-33b-3p and miR-671-3p (197). In these studies, no 

microRNAs were validated across all data. This may be due to differences in 

methodologies and also patient groups or sample number (117). Specific circulating 

microRNAs have also been measured as potential biomarkers of OA (198–201). 
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1.6.4. Therapeutic use of microRNAs in Osteoarthritis 
 
For miRNA mimics or inhibitors to be used therapeutically, they need to be taken up into 

the tissues of the joint successfully, for example the articular cartilage (117). The largest 

hurdle surrounding miRNAs as therapeutics is the delivery without systemic toxicity. To 

investigate this, most studies use miRNA-mimic/ inhibitor -expressing lentivirus by 

intraarticular injection in mouse models of OA. Although examining cartilage shows 

efficacy, it does not show if the microRNA has direct uptake in the cartilage. Instead, 

measuring confirmed miRNA targets within the cartilage tissue can be used. Lentivirus 

was used to deliver miR-128a into the joint, and uptake into chondrocytes was 

demonstrated by in situ hybridisation (ISH), in addition to miR-128a mimic increasing OA 

score (202). 

 

In a similar experiment to this, another study delivered miR-483 lentivirus intraarticularly, 

using ISH and co-expressed GFP expression to indicate cartilage uptake in mid and deep 

zone chondrocytes (203). GFP-tag was also used to demonstrate virus penetration in a 

study of miR-101 adenoviral delivery in a rat OA model (204). It is unlikely that this 

procedure will be translated to man, since viral delivery to the mouse knee is associated 

with various risks, and there are non-viral systems of delivery being developed (117). An 

inhibitor of miR-483 has non-virally been delivered directly to the joint and still portrays 

functional outcome (203). This has also been achieved in the DMM model of OA, by 

intraarticular short antisense LNA oligonucleotide injection. This study showed a decrease 

in OA markers and histological OA improvement (205). 

 

Particles produced by the majority of cells called exosomes can also be used to package 

microRNAs. This way, microRNAs can circulate in the bloodstream, with cells taking up 

the exosomes (206). Exosomes produced by hMSCs and transfected with miR-92a-3p 

have been used to inject intraarticularly into a OA mouse model, demonstrating miRNA 

expression in cartilage chondrocytes by ISH and a functional effect (207). Another 

example of this is the use of miR-140-5p transfected synovial MSC exosomes to 

intraarticularly inject into a rat model, showing decreased OA (208). These studies in 
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rodent models suggest that exosomes may be used for microRNA therapeutic delivery, 

although trials to the human joint are yet to be started (117). 

 

Exosomal miRNAs have also been measured as biomarkers of OA, using the synovial fluid 

of OA patients compared to control. This showed that several miRNAs have differential 

levels in OA, and could help to understand OA disease pathogenesis and miRNAs as 

therapeutic targets (209). The function of miRNAs as therapeutic targets is particularly 

relevant with complex diseases due to the ability for targeting interactomes (210). It is 

important to optimise the stability and delivery efficiency of miRNAs to specific tissue, 

target, or cell population, considering the effects of an individual miRNA with several 

different targets (194). 

 

1.7. microRNA-455 
 

1.7.1. microRNA-455 expression in cartilage  
 
microRNA-455 (miR-455) is a member of a broadly conserved family of non-coding RNA 

expressed in most of the phylum (211). The precursor sequence of miR-455 is present on 

the human chromosome 9 at locus 9q32 consisting of 96 base pairs (212). In humans the 

miR-455-3p strand (shown to be the guide strand on www.miRBase.org) is present in 2 

isoforms, miR-455-3p.1 and miR-455-3p.2, which have a one nucleotide difference (211). 

Canonical miRNA targeting uses base pairing of the seed region, nucleotides 2-7 of the 

miRNA, to mRNA target sites in the 3’UTR (213). The miR-455 seed region is 

demonstrated as 5’ CCUGGAC 3’. 

 

The expression of miR-140 and miR-455 has been shown to increase in OA cartilage (180), 

these miRNAs are both located within introns of protein-coding genes (Wwp2 and 

Col27a1 respectively). The product of Col27a1 is a cartilage collagen, type XXVII collagen 

alpha 1 chain (214). The cartilage basis of the developing skeleton shows Col27a1 

expression, particularly in the growth plate proliferative zone, and expression is also seen 

in the articular cartilage of adult mice (214–216). Smad2, activin receptor 2B and chordin-

like 1 have been validated as miR-455-3p direct targets and demonstrate that miR-455 

abrogates Smad-dependant signalling (180). It is suggested that a change in miR-455 
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expression would lead to altered TGF-activin A signalling through the Smad2/3 pathway, 

hypothesising a potential mechanistic link between OA pathology and miRNAs that 

regulate the Smad pathway (180). An important aspect in maintenance of articular 

cartilage is TGF signalling, as a decrease in TGF signalling through the Smad2/3 pathways 

results in OA changes within the joint (217). miR-455 could also possibly indirectly 

regulate Col27a1 expression, for example through effects on TGF signalling. 

 

A whole-mount in situ hybridisation was performed and this showed expression if miR-

455 in the developing long bones of chick, becoming more restricted to developing joints  

with time (Figure 1.11). This miR-455 expression was observed in the cartilage and 

perichondrium (180). There was also expression of miR-455 in muscle, supporting a study 

that showed miR-455 expression in myotubes following TWEAK (a proinflammatory 

cytokine) treatment (218). The expression in long bones and joints was also confirmed in 

a mouse embryo in situ hybridisation, observing miR-455 expression in developing skull 

sutures and in the interdigital region of the developing mouse paw. Where miR-455 is 

expressed, the developmental processes involve apoptosis within these tissues, and miR-

455 may regulate this (180). During chondrogenesis in adult articular cartilage, miR-455 is 

expressed, and also has differential expression in OA. It has the potential to modulate 

cartilage homeostasis by altering TGFß signalling.  

 
1.7.2. microRNA-455 null mouse model 

 
The microRNA-455 null mouse model was created by Dr. Tracey Swingler in the Clark Lab at UEA. 

Previous targeted deletion of miR-455 in a mouse model resulted in a disruption to Col27a1 

expression and a perinatal lethal phenotype. To avoid this distruption to Col27a1 and therefore 

perinatal lethal phenotype, the CRISPR Cas (Clustered Regularly Interspaced Short Palindromic 

Repeats and CRISPR associated (Cas)) genome editing technique was utilised to create miR-455 

null mice. Oligonucleotides were designed against the miR-455 genomic sequence and mixed with 

Cas protein before pronuclear injection into one day single cell mouse embryos from the C57BL/6J 

mouse line (The Jackson Laboratory). Two cell embryos were then implanted into the mouse 

oviducts and off-spring genotyped for the absence of miR-455.  

The phenotype of these miR-455 null mice is currently being investigated by Dr. Tracey Swingler 

within the Clark Lab at UEA (Figure 1.12). 
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Figure 1.11: microRNA-455 expression in the developing embryo. A) Whole-

mount ISH. Expression of miR-455 during chick embryo development 

demonstrates expression in developing limbs and perichondrium. Expression is 

detected from HH30 onwards. B) Mouse ISH. miR-455 expression visible in 

interdigital regions, developing joints, growth plates and perichondrium. 

Sections show staining in and around cartilage (180). 

. 
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Figure 1.12: microRNA-455 null mouse model. A) Growth plate Massons 

Trichome stain. The growth plate may be larger in miR-455 null growth 

plate, possibly more calcification (red) and increased matrix production. 

The proliferative zone could also be increase in miR-455 null. B) Articular 

cartilage Massons Trichome stain. Increased collagen (blue), increased 

calcification (red) and possibly hypo-cellular cartilage in deep zone. 

(Dr Tracey Swingler – unpublished data)  

A) 

B) 
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1.7.3. microRNA-455 during mesenchymal stem cell differentiation 

 

In ATDC5 cells, miR-455-3p has been shown to function as an activator for early 

chondrogenic differentiation, directly targeting Runt-related transcription factor 2 

(Runx2) to inhibit expression (137). A study demonstrated that miR-455-3p regulates 

DNMT3A expression, and in vitro DNMT3A modulates miR-455-3p expression (139). High 

DNMT3A expression levels were observed in miR-455-3p deletion mice, compared to low 

levels in wild-type mice. In miR-455-3p deletion mice, there was also a thinner cartilage 

thickness (139). In the same study, the degenerate process during chondrogenic 

differentiation was inhibited when overexpressing miR-455-3p, by regulating DNA 

methylation of cartilage development genes and pathways (139). It was previously found 

that during chondrogenic differentiation in human adipose-derived stem cells (hADSCs), 

there were high expression levels of miR-455-3p (219). It has also been demonstrated 

that miR-455-3p plays a role in the chondrogenic differentiation of hMSCs and in 

regulating OA (137,138,220). A recent paper has suggested that miR-455 knockout mice 

have an elevated expression of genes related to cartilage degeneration, and cartilage 

degeneration similar to OA was observed. This study also identified hypoxia inducible 

factor-2a (HIF-2a) as a direct target for miR-455, a catabolic factor for cartilage 

homeostasis. In addition to this, overexpression of miR-455 protected cartilage 

degeneration in a mouse OA model (221). 

 

Chondrogenic differentiation in hMSCs may be regulated by miR-455-3p by targeting 

Runx2, HDAC2, and HDAC8, and miR-455-3p directly targets DNMT3A to downregulate 

expression (139). Between normal and OA cartilage, DNA has been shown to be 

differentially methylated (222), and the effect of DNA methylation in the pathophysiology 

of OA is becoming increasingly evident. The progression of OA is present with 

methylation changes to both catabolic and developmental associated genes in cartilage, 

for example MMP13, SOX9 and ADAMTS4 (223–225). DNA methylation is a crucial 

regulator of chondrocyte differentiation, where miR-455-3p and DNMT3 could modulate 

DNA methylation, coregulating chondrogenic differentiation of hMSCs (139). miR-455 

may also regulate brown adipocyte differentiation and mitochondrial biogenesis (226). 
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1.7.4. microRNA-455 in disease 
 
In addition to chondrogenic differentiation, recent studies have shown that many 

pathologies are regulated by miR-455. miR-455 has been implicated in various human 

cancers including colon cancer (227), prostate cancer (228,229), hepatocellular carcinoma 

(230), gastric cancer (231), pancreatic cancer (232), and non-small cell lunger cancer 

(233). Within these studies, miR-455-3p acts as a tumour suppressor, influencing 

processes such as cell proliferation and apoptosis. Additional literature supports a role of 

miR-455 in cell proliferation, suggesting an importance during inflammation and 

extracellular matrix accumulation in diabetic nephropathy (234). A role of miR-455 in 

neurodegenerative diseases has also been investigated, revealing miR-455-3p as a 

potential biomarker and possible therapeutic target for Alzheimer’s Disease (212). 

 

Considering this, it is apparent that miR-455 may have a role in ageing and age-related 

pathologies. To support this, miR-455-3p has been demonstrated to be significantly 

deregulated in aged mice, and may play a functional role in muscle atrophy (235). miR-

455 has also been implicated as an important component in the development and 

progression of multiple sclerosis disease (236). Data has revealed that miR-455-regulated 

signalling network may be a potential therapeutic target for human metabolic disorders 

(226). 

 

1.8. Identification of microRNA target genes  
 

1.8.1. microRNAs and their targets  
 
As a multifactorial disease affecting the whole joint, OA has a complex pathogenesis 

involving different mechanisms and interactions between multiple tissues in the joint. To 

develop methods for diagnosis and treatment of OA, understanding this complex process 

is essential (69). An essential step in understanding the role of miRNAs as regulatory 

molecules is the identification of downstream miRNA targets (237). It is known that 

miRNAs target key signalling mediators in OA, such as Smad, NFkB, WNT, and the TGFß 

signalling pathways. However, in chondrocytes, several miRNAs that are highly 

upregulated or downregulated in OA do not have identified and confirmed targets (94). 
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Many cellular processes can be controlled by miRNAs as they suppress specific target 

gene expression. In any cell type, one miRNA can affect many target genes, therefore 

altering multiple pathways (144). 

 

miRNAs are significant in regulating skeletal development and homeostasis, 

demonstrated in thousands of published reports on miRNAs in the biology and disease of 

both cartilage and bone. During tissue development, disease, or cellular stress, an altered 

expression of miRNAs can impact on different cellular processes. For example, cell 

differentiation, metabolism, proliferation or apoptosis (144). At the post-transcriptional 

level, up to 60% of protein coding genes are regulated by miRNAs, despite miRNAs 

making up only 1-5% of the human genome (238). Since miRNAs have been shown to 

have significant regulating roles in biological pathways during normal development and 

metabolism, the role of aberrant miRNA expression in disease pathogenesis has become 

an increasingly interesting topic (239).  

 

Studies have focussed on identifying changes in expression levels of miRNAs, either 

tissue-based or circulating, with the aim to identify potential diseases associated 

biomarkers or new disease mechanisms (144). There have been many miRNAs 

differentially expressed in human OA cartilage tissue or serum samples compared with 

control, it is important to now focus on the mechanisms and pathways in which these 

miRNAs are targeting. Regardless of whether the aim is to enhance tissue repair and 

regeneration or to attenuate disease, approaches should focus on determining miRNA 

function both in vitro and in vivo (144). 

 

In recent epigenetic studies, many miRNAs have been identified to be involved in the 

pathogenesis of OA. These miRNAs may regulate expression by direct binding to anabolic 

or catabolic miRNAs at a post-transcriptional level to repress translation. It has also been 

indicated that miRNAs may regulate gene expression in OA at upstream levels, such as 

targeting signalling pathways or transcription factors, before their transcription (81). The 

future of miRNAs has great potential for OA diagnosis and therapeutic intervention 

biomarkers. A better understanding of how miRNA interactions impact on the pathology 

of OA will be important, as miRNAs can regulate the expression of several target genes. 
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For example, the overexpression or downregulation of a specific miRNA could provide a 

useful therapeutic approach (240). It is therefore extremely important to focus on 

identifying the specific miRNA target mRNA interactome, and the biological pathways 

these regulate. 

 
1.8.2. Methods for identifying microRNA targets  

 

To completely understand the function of miRNAs, it is important to identify real miRNA 

targets. This section describes techniques currently developed to study miRNAs and their 

targets. There are many in silico approaches available as miRNA target prediction 

programmes based on assumptive miRNA target recognition (241). These bioinformatic 

approaches are based on the assumption that target recognition requires conserved 

pairing to the miRNA seed region (237). Another approach for identifying miRNA targets 

is miR-CLIP (miRNA UV crosslinking and immunoprecipitation), where, to identify miRNA 

targets, a bioinformatic approach can be combined with high throughput CLIP data (245). 

 

In the post-transcriptional regulation of gene expression, RNA-binding proteins (RBPs) 

play an important role. The position of binding sites of RBPs enables a greater 

understanding of molecular level transcript regulation (246). These interactions between 

protein and RNA can be studies using CLIP on a genome-wide scale when combined with 

high-throughput sequencing such as HITS-CLIP (highthroughput sequencing of RNA 

isolated by CLIP) or CLIP-seq (247). The development of individual-nucleotide resolution 

UV crosslinking and immunoprecipitation (iCLIP) has enabled the identification of protein-

RNA crosslink sites on a genome wide scale (248). 

 

As described, miRNAs guide Argonaute (AGO) proteins to specific target sites within their 

target mRNAs to regulate biological processes (249). The miRNA-mRNA base pairing 

occurs mainly in the ‘seed region’ spanning nucleotides 2-8 of the 21-22 nucleotide 

miRNA (250). There have been many miRNA targets identified through bioinformatic 

analysis, however false-positive and -negative rates are high. An empirical method to 

identify miRNA target sites is Ago HITS-CLIP, which, in vivo, maps the global transcriptome 

of Ago:miRNA:mRNA ‘ternary’ complexes. The complex between Argonaute proteins, 
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miRNAs and their target transcripts has been studied using HITS-CLIP (251). From this 

data, the direct pairing of a miRNA and target mRNA cannot be deduced. However, both 

miRNA and mRNA Argonaute direct binding sites were detected, and this enables 

endogenous mRNA target sites to be discovered (252).  

 

The standard HITS-CLIP protocol has minor modifications to accommodate the 

association of Ago with the two RNA species (miRNAs and target mRNAs) (250). The high- 

throughput sequencing of RNAs crosslinked to Argonaute proteins can reveal miRNA 

binding sites and miRNA targets (242). miRNA targets were also studied using Argonaute 

CLIP-Seq, where the miRNA targetome was shown to be diverse across different cell types 

(253). In order to identify endogenous miRNA-target sites, iCLIP has also been used in C-

elegans by isolating AGO-bound RNAs, which produced miRNA-target chimeras that 

identify miRNA targets (106). To increase the resolution of RNA-protein binding to a near 

nucleotide level, various methods of CLIP have been developed, allowing specific binding 

sites to be identified (254). New CLIP methods, such as irCLIP (255) and eCLIP (256), have 

also been developed, improving efficiency through combination of iCLIP with optimization 

at many steps. Protocols that amplify cDNAs include iCLIP, eCLIP, and irCLIP, and ensure 

protein-RNA crosslink sites are identified across the transcriptome (257).  

 

In addition to this, the CLASH technique was derived from a modified version of CLIP 

called CRAC (UV crosslinking and analysis of cDNAs (258). The identification of RNA-RNA 

interactions without bioinformatic predictions by CLASH can be applied to the miRNA 

interactome (259). To identify novel miRNA targets, AGOCLASH is the method used, 

revealing miRNA-mRNA interactions bound by AGO proteins (260). However, CLASH and 

similar protocols using RNA ligation to capture miRNA-mRNA interactions have a low 

ligation efficiency, suggesting that many interactions are uncaptured (249). Another 

method for detecting microRNA-target interactions is Chimera PCR (ChimP). This protocol 

enables the analysis of miRNA targeting in different conditions, thereby validating or 

testing specific miRNA-target interactions (261). Understanding miRNA function and 

mRNA interactions is also commonly studied using the luciferase reporter gene assay 

(262). The firefly luciferase assay has been adapted to explore the target gene effect of 

miRNA-mediated post-transcriptional regulation (262). In order to identify miRNA targets 
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in the future, it is important to modify the efficiency of these protocols and therefore 

enable the study of miRNA interactions in different physiological conditions and compare 

the targets of miRNA family members. 

 
1.8.3. CRISPR/Cas genome editing and microRNAs 

 
1.8.3.1. CRISPR/Cas9 gene editing system  

 

In a variety of fields, genome editing has enabled the generation of more accurate cellular 

and animal models of pathological processes (263). Clustered regularly interspaced short 

palindromic repeats (CRISPR)- Cas associated nucleases are efficient for genome 

engineering in eukaryotic cell lines and to generate genetically modified (GM) animals, 

progressing gene editing from concept to clinic (264).  

 

CRISPR/Cas9 is a gene editing platform derived from a bacterial adaptive immune defence 

system (265). The development of CRISPR/Cas9 technology enables an easy and effective 

gene editing system (Figure 1.13). Within CRISPR/Cas9, an engineered single guide RNA 

(sgRNA) and a Cas9 endonuclease form a complex which recognises a target DNA 

sequence. A double-stranded break in genomic DNA is introduced which is subject to DNA 

repair (266). Within the sgRNA, there is often a unique 20bp sequence, complementary to 

the target DNA site and followed by a PAM (protospacer adjacent motif) of “NGG” or 

“NAG” upstream (267). The PAM is a short DNA sequence which is essential for Cas9 

protein compatibility (263). A sgRNA will bind to its target sequence, where the Cas9 will 

precisely cleave the DNA to generate a double-stranded break (DSB) (268). Following this, 

genome repair is initiated by DNA-DSB repair mechanisms. There are two DNA repair 

mechanisms used with the CRISPR/Cas9 system: error-prone non-homologous end joining 

(NHEJ) and error-proof homology-directed repair (HDR) (269). 

 

CRISPR/Cas9 technology was first applied in mammalian cells as a tool to edit the genome 

in 2013 (266,270), and since then its uses have been expanded from genomic sequence 

alteration or correction, to epigenetic and transcriptional modifications (263). There are 

three developed strategies for CRISPR/Cas9 genome editing: plasmid-bases, whereby a  
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Figure 1.13: CRISPR/Cas9 system schematic. Site-specific DNA cleavage by 
the nuclease Cas9 directed by complementary between guide RNA and 
target sequences. On the opposite strand is a protospacer-adjacent motif 
(PAM). The double-stranded breaks (DSBs) are repaired by either 
nonhomologous end-joining (NHEJ) or by homology-directed repair (HDR). 
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plasmid is used to encode sgRNA and Cas9 protein (266); direct Cas9 mRNA and sgRNA 

intracellular delivery (271); and the direct sgRNA and Cas9 protein delivery (272). 

 

Although double-stranded DNAs have been most commonly used in the past as donor 

templates for CRISPR/Cas9 genome engineering (273), ssDNA or single-stranded donor  

oligonucleotides (ssODNs) show a greater performance in mammalian systems (264). 

ssODNs allow shorter homology arms and provide higher insertion efficiencies in 

comparison to dsDNA templates, becoming the preferred template for HDR applications 

(274). An example of this method is the use of ssODN-mediated in-frame deletion with 

CRISPR/Cas9 methodology in patient-derived iPSCs for research (275). Using optimized 

ssODNs also improves the efficiency of CRISPR ‘knock-in’ methods (276). Each individual 

genome editing experiment using the CRISPR/Cas system requires well-researched design 

parameters (277). 

 

As previously discussed, microRNAs play a key role in gene expression regulation, 

impacting development and disease. The CRISPR/Cas9 system has been shown to robustly 

reduce specific mature miRNA expression, maintaining this in both in vitro and in vivo 

models (278), providing an excellent strategy to modify miRNA expression. The over or 

under expression of miRNAs during development can result in organ system defects, and 

with CRISPR/Cas9 technology each individual miRNA function can be studied (279). For 

example, specific CRISPR knockouts of individual miRNAs were performed in embryonic 

mouse stem cells to study cardiac differentiation (279). A CRISPR/Cas9-mediated in vivo 

system was also developed to knockout miRNAs in a genetically engineered mouse model 

to study lung tumorigenesis (280). The knock-out of specific miRNAs, both conditional and 

complete knockout, can reveal downstream effects on cellular functions and phenotype 

(281). 

 

In regard to skeletal development and pathologies, CRISPR systems are used extensively 

in musculoskeletal research, with potential for clinical therapies and treatments in 

orthopaedic practice (282). These applications in orthopaedic disease include both 

‘knock-out’ and ‘knock-in’ cell and vertebrate animal models, where novel adaptations 

are enhancing the use of CRISPR (282). An example of CRISPR/Cas9-based gene editing for 
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investigating OA therapies was the study performing intra-articular injection in an 

induced OA mouse model (282). From this, CRISPR-mediated ablation of NGF was found 

to alleviate OA pain, and deleting IL-1ß or MMP-13 reduces structural damage (282). This  

suggests that gene editing by CRISPR-based methods may be useful to identify drug 

targets, treatments and therapeutic strategies for OA (282). 

 
 

1.8.4. microRNAs and the future 
 
To completely understand the cellular networks regulated by miRNAs, it is essential to 

identify their endogenous targets in vitro and in vivo (283). This knowledge will be 

important to anticipate the many consequences of miRNA function and manipulation for 

therapeutic intervention. To fully exploit miRNA therapeutic potential, both gain- and 

loss- of function strategies are needed. Recently, approaches to deliver oligonucleotides 

that either mimic or inhibit miRNA expression are being explored, providing a basis for 

tissue specific delivery systems (284). This may include miRNA-targeting oligonucleotide 

delivery by liposome-encapsulating or nanoparticle- associated delivery, administered 

through intravenous or subcutaneous routes (285).  

 

Preclinical and clinical applications of small RNAs are expanding alongside studies of 

miRNAs. There are increasing reports suggesting a use for miRNAs as modulators of drug 

resistance, biomarkers for pathogenic conditions, and as medical intervention drugs for 

most human health conditions (286). The diverse effects that arise from miRNA 

regulation make them attractive drug targets, particularly for diseases with multifactorial 

aetiology and no current effective treatment (286). Currently, miRNA therapies are 

progressing through clinical trial phases, with the potential for both diagnostic and 

interventional medicine in the future (286). To support miRNAs as future therapeutics, 

small molecule drugs have already been successfully designed pharmacologically in order 

to pleiotropically target pathways or multiple targets (287,288). This will enable the study 

of miRNA to expand, with therapeutics focussing on epigenetic targets (286). It is 

important to understand how biological processes are modulated by miRNAs outside of 

their canonical function, and which mRNA targets they regulate, in order to advance the 

clinical development of miRNA treatments in the future.  



 69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14: The future of microRNAs. miRNAs have a huge potential for 

therapeutic applications in the future. Approaches to deliver ‘anti-miRs’ and ‘miR 

mimics’ are being explored, aiming to either inhibit (left) or overexpress (right) 

specific miRNAs in disease phenotypes.  
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1.9. Hypothesis and Aims 
 
This thesis aims to explore the role of microRNA-455 during skeletal development and 

cartilage tissue. The hypothesis is that altering miR-455 expression disrupts skeletal 

development and impacts the cartilage gene expression profile. By identifying the genes 

regulated by miR-455, this will increase understanding on the mechanisms involved in  

skeletal development, and findings can be implemented in the treatment of disease.  

 

The following aims will be addressed throughout this thesis: 

 

• To explore the role of miR-455 during hMSC differentiation using Osteogenesis 

and Chondrogenesis assays and overexpressing or inhibiting miR-455 before 

measuring gene expression by qPCR. 

• To analyse the gene expression profile of miR-455 null mouse adult cartilage from 

knee joints using mRNA-seq. 

• To evaluate the gene expression profile of the SW1353 Chondrosarcoma cell line 

following overexpression and inhibition of miR-455 by mRNA-seq analysis. 

• To explore the role of miR-455 during chick limb bud development by mRNA-seq 

following microinjection of either miR-455 mimic or antagomir. 

• Identify potential novel miR-455 targets using CRISPR/ Cas-mediated HDR. 
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2. MATERIALS & METHODS 
 

2.1. microRNA-455 during MSC differentiation 
 

2.1.1. Cell lines and cell culture  
 

2.1.1.1. Mesenchymal stem cells  
 
The Mesenchymal Stem Cells (MSCs) are isolated from human bone marrow. MSCs are 

maintained in MSCGMTM Mesenchymal Stem Cell Growth Medium (Lonza) at 37°C in 5% 

(v/v) CO2, changing the Lonza MSCGMTM every 5 days. MSC lines from 3 donors 2454e, 

2802f, and 071508a were used. 

 
2.1.2. Transfection using Lipofectamine 3000 

 

The MSCs were plated in 96-well plates. For adipogenesis and osteogenesis 100μL 

cells/well were plated at a density of 5 x104 cells/mL in a flat-bottom 96-well plate and 

for chondrogenesis 100 μL cells/well were plated at a density of 6.7 x106 cells/mL in a U-

bottom 96-well plate and grown for 24 hours (80-90% confluence). A 96-well plate was 

used for each time-point. For the mock transfection, miR-455 mimic and cel-mir-39, 6μL 

(adipogenesis and osteogenesis) or 9μL (chondrogenesis) were prepared in 200μL Opti-

MEMTM Medium (Gibco, USA). For each condition, 8μL LipofectamineTM 3000 

(Invitrogen, USA) was diluted in 200μl Opti-MEMTM Medium. These were mixed together 

and incubated for 10-15 minutes at room temperature. Following this, 10μl were added 

to each well. The transfected cells were incubated for 3 days at 37°C in 5% CO2. 

Table 2.1: miRCURY LNA miRNA (Qiagen) products. 

Product name Sequence 5’ to 3’ 

hsa-miR-455-3p AGAUCAGAAGGUGACUGUGGCU 

Negative Control Cel-miR-39 UCACCGGGUGUAAAUCAGCUUG 

hsa-miR-455-3p TGTATATGCCCATGGACTGC 

Negative Control A TAACACGTCTATACGCCCA 
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2.1.3. MSC differentiation  
 

2.1.3.1. Adipogenesis 
 

Following transfection, MSC adipogenesis was induced. The media was replaced with 

100μL adipogenic culture medium (Table 2.2) and incubated for 3 days. The adipogenic 

culture medium was then replaced with adipogenic maintenance medium and incubated 

for 4 days. This cycle was repeated twice within 14 days. Adipogenesis time points were 

Days 0, 3, 7, 10, and 14. 

 
Table 2.2: Adipogenic culture medium and adipogenic maintenance medium final concentration 

and volume. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 Final concentration  Volume 

Adipogenic culture medium   

DMEM (high glucose)  +1%P/S + 

Sodium Pyruvate 

 21.9mL 

10% FBS  2.5mL 

Dexamethasone 1μM 250.0μL 

Insulin  10μg/mL 25.0μL 

IBMX methyl-isobutylxanthine 500μM  250.0μL 

Indomethacin 60μM 15.0μL 

Rosiglitazone 2μM 5.0μL 

IGF-1 20nM 25.0μL 

Adipogenic maintenance medium   

DMEM (high glucose)  +1%P/S + 

Sodium Pyruvate 

 22.5mL 

10% FBS  2.5mL 

Insulin 10μg/mL 25.0μL 
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2.1.3.2. Chondrogenesis 
 

To induce MSC chondrogenesis, the media was replaced with 100μL chondrogenic culture 

medium (Table 2.3) and replaced every 3 days for 14 days. Chondrogenesis time points 

were Days 0, 3, 7, 10, and 14. 

Table 2.3: Chondrogenic culture medium final concentration and volume. 

 Final concentration Volume 

Chondrogenic culture medium   

DMEM (high glucose)  +1%P/S 

+ Sodium Pyruvate 

 48.4mL 

TGF-b3 10ng/mL 50.0μL 

Dexamethasone 100nM 50.0μL 

ITS+L premix 1x 500.0μL 

L-ascorbic acid-2-phosphate 50μg/mL 500.0μL 

Proline 40μg/mL 500.0μL 

 
2.1.3.3. Osteogenesis 

MSC osteogenesis was induced by replacing the Lonza media with OsteoMAX-XF (Sigma-

Aldrich) containing 90mL OsteoMAX-XF Basal Medium and 10mL 10x OsteoMAX-XF 

supplement, and replaced every 3 days. Osteognesis time points were Days 0, 1, 2, 3, and 

4 for miRNA and mRNA analysis, with the addition of Day 5 for Alizarin red staining. 

2.1.4. Quantitative Real Time Polymerase Chain Reaction (RT-qPCR) 
 

2.1.4.1. Cells to cDNA 

The medium was removed from the 96-well plate and cells washed twice with DPBS 

(Gibco, USA). Following this, 30μL Cells-to-cDNA cell lysis buffer (Ambion, USA) was added 

to each well and the lysates were transferred to a 96-well PCR plate. The PCR plate was 

then incubated for 15 minutes at 75°C to inactivate RNases. After cooling to room 

temperature, 1μL DNase I and 3μL DNase I Buffer (10X) were added to each well in order 

to remove genomic DNA contaminants. The 96-well plate was then incubated for 15 
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minutes at 37°C followed by 5 minutes at 75°C. From the DNase-treated samples, 8μL 

were transferred into a new 96-well PCR plate and 1μL random primers (Invitrogen, USA) 

and 3μL of 10mM dNTP mix (Bioline, UK) were added. To initiate priming, the PCR plate 

was incubated for 5 minutes at 70°C and then chilled on ice. To each well, a mixture was 

added containing 4μL First strand buffer (5x) (Invitrogen, USA), 2μL 0.1M dithiothreitol 

(DTT) (Invitrogen, USA), 1μL ddH2O (Sigma, W4502), 0.5μL Moloney Murine Leukemia 

Virus (M-MLV) reverse transcriptase, and 1μL Rnasin ribonuclease inhibitor (40 units/μL) 

(Promega, USA). The samples were incubated for 50 minutes at 37°C, followed by 15 

minutes at 75°C. After adding 30μL nuclease-free water, samples were stored at -20°C.  

2.1.4.2. miRCURY LNA miRNA PCR 

For highly sensitive Real Time PCR detection of miRNA levels, the miRCURY LNA miRNA 

PCR Kit (Qiagen) was used. From all timepoints, 2 µl of differentiation RNA samples were 

added to 96 well PCR plate with wells containing 2μl 5x miRCURY RT Reaction Buffer 

(Qiagen), 1μl 10x miRCURY RT Enzyme Mix (Qiagen), and 5μl RNase-free H2O. The total 

volume of 10μl was incubated at 42°C for 60 minutes and 95°C for 5 minutes. The cDNA 

was diluted 1/80 ad stored at -20°C. 

2.1.4.3. Taqman Real Time PCR mRNA 

For the RT-qPCR reactions, MicroAmp optical 96-well plates (Applied Biosystem, USA) 

were used. For analysis of mRNA, primers were designed using the Universal ProbeLibrary 

System Assay Design and ordered from Qiagen. Following the cells-to-cDNA protocol, 

each well contained 5μl cDNA templates, with reagent quantities shown in Table 2.4 total 

volume 25μl. The plates were sealed with adhesive cover film and qPCR was performed 

on an ABI 7500 real-time PCR system (Applied Biosystems), with cycle conditions set at 

50°C for 2 minutes and 95°C for 10 minutes, followed by 95°C for 15 seconds and 60°C for 

1 minute for 40 cycles.  
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Table 2.4: Taqman qPCR reagents and volumes. 

Reagent 18S Gene of interest 

2x qPCRBIO Probe Mix Lo- 

ROX (PCR Biosystems)  

8.33μl 8.33μl 

Forward Primer (10μM) 0.5μl 0.5μl 

Reverse Primer (10μM) 0.5μl 0.5μl 

Probe (Roche) 0.5µl 0.25µl 

ddH2O 10.17μl 10.42μl 

 
 

2.1.4.4. SYBR Green Real Time PCR miRNA 

The U6 snRNA miRCURY LNA miRNA PCR Assay (Qiagen) primer set was used as a 

reference gene, and miR-455-3p miRCURY LNA miRNA PCR Assay (Qiagen) to target 

mature miRNA, both containing forward and reverse primers. MicroAmp optical 96-well 

plates (Applied Biosystems, USA) were used and each well contained 4μl cDNA from the 

miRCURY LNA miRNA PCR reaction, with reagent quantities shown in Table 2.5,  total 

volume 10μl. The plates were sealed with adhesive cover film and qPCR was performed 

on an ABI 7500 real-time PCR system (Applied Biosystems), with cycle conditions set at 

95°C for 30 seconds followed by and 95°C for 10 seconds, 58°C for 15 seconds and 72°C 

for 10 seconds for 40 cycles. 

Table 2.5: SYBR green qPCR reagents and volumes for detecting microRNA. 

Reagent  U6 miR-455-3p 

SYBR Green I (Sigma-Aldrich)  0.18μl 0.18μl 

2x qPCRBIO Probe Mix Lo- 

ROX (PCR Biosystems)  

5μl 5μl 

PCR Primer Mix (Qiagen) 1μl 1μl 
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2.1.4.5. Statistical analysis 

Statistical analysis was performed using Microsoft Excel 2019. Expression levels of mRNA 

were normalised to the housekeeping reference gene. The 2-DeltaCT method was applied 

for comparative RT-qPCR analysis. Prism 8 was used to present data as mean ± standard 

error for independent experimental repeats. Statistical p-values from unpaired t-tests 

were created in Prism 8. 

2.1.5. Cell staining  
 

2.1.5.1. Alizarin Red staining  

Alizarin Red staining was used to stain osteocytes containing calcium in differentiated 

human mesenchymal stem cells. To prepare the regents, 40nM Alizarin Red Solution at 

pH 4.2 was dissolved overnight before passing through a 0.2µM filter and 10% 

cetylpyridinium in 10nM sodium pyruvate buffer was prepared at pH7. The MSCs were 

incubated with 40nM Alizarin Red solution for 30 minutes at room temperature. 

Following this, the cells were washed thoroughly with 100µl ddH2O and imaged using 

AxioVision Digital Imaging Software. 

The dye was eluted with 50µl cetylpyridinium (10%), and once solubized the stain was 

transferred to a 96-well plate. The absorbance was measured at 620nM using the Wallac 

Envision programme. Data was analysed using Microsoft Excel 2019. 

 

2.2. Mouse cartilage microRNA-455 knockout  
 

2.2.1. Mouse WT and KO lines 
 
The miR-455 null mouse model was used, as described in 1.7.2. The C57BL/6J mouse line 

was used as wild-type control (The Jackson Laboratory). 

 
2.2.2. Cartilage microdissection 

 

To analyse gene expression in articular cartilage knee joint tissue between wild-type and 

miR-455 knockout mice, knee cartilage microdissection was performed. The cartilage 
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microdissection protocol was adapted from Gardiner et al (2014) supplementary file; 

microdissection of knee joint tissues (289), as previously described (290). Joints were 

dissected from the hind limbs. The skin and musculature were removed before separating 

the joint by dividing the collateral and cruciate ligaments and removing the menisci. 

Under a microscope, the cartilage was dissected using a disposable sterile scalpel no.15 

(Swann-Morton, UK). Cartilage was collected from both the tibia and femur of the joint in 

RNAlater (Invitrogen), snap frozen in liquid nitrogen and stored at -80°C.  

 
2.2.3. Cell lines and cell culture  

 
2.2.3.1. SW1353 cell line  

The SW1353 cell line is derived from human chondrosarcoma of the humerus. SW1353 

cells are maintained in DMEM, high glucose, GlutaMAXTM supplement (Gibco, USA), 

containing 10% (v/v) heat-inactivated fetal bovine serum (FCS) (Gibco, USA), 100U/ml 

penicillin, and 100μg/ml streptomycin (Sigma-Aldrich, USA) at 37°C in 5% (v/v) CO2.  

2.2.4. Lipofectamine 3000 transfection  

SW1353 cells were plated in 6-well plates at a density of 1.5 x10
5
cells/mL and grown for 

24 hours (80-90% confluence). A 6-well plate was used for each condition. For miR-455 

mimic, mimic control, miR-455 inhibitor, and inhibitor control, 1.5μl were prepared in 

100μl Opti-MEMTM Medium (Gibco, USA) for an optimum concentration of 50nM. For 

each well, 3.75μl LipofectamineTM 3000 (Invitrogen, USA) was diluted in 100μl Opti-

MEMTM Medium (Gibco, USA). The two were then mixed together and incubated for 10-

15 minutes at room temperature. Following this, 200μl were added to each well. The 

transfected cells were incubated for 48 hours at 37°C in 5% CO2.  

2.2.5. Total RNA isolation from cultured cells  
 

2.2.5.1. Trizol RNA extraction  
 

RNA was extracted from the SW1353 cell line after transfection with miR-455 mimic, 

mimic control, miR- 455 inhibitor, and inhibitor control in a 6-well plate. To each well, 

500μl of Trizol/TriReagent (1ml Trizol per 50-100mg) was added and mixed before 
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transferring to a 2ml Eppendorf tube on ice (2 wells of the same condition per tube). 

Tubes were centrifuged at 4°C at 13000rpm for 5 minutes. The supernatant was 

transferred to a new 2ml Eppendorf tube and left at RT for 5 minutes. To each tube, 300μl 

of chloroform (300μl in 1.5ml or 200μl in 1ml) was added and vortexed. The tubes were 

then left at RT for 2 minutes and centrifuged at 4°C for 15 minutes at 13000rpm. On ice, 

750μl RNase-free isopropanol was added to new 1.5ml Eppendorf tubes. The aqueous 

phase (approximately 750μl) was also added to the isopropanol tubes and vortexed. The 

tubes were placed at -20°C overnight. Following this, the tubes were centrifuged at 4°C 

for 10 minutes at 13000rpm, producing an RNA pellet. On ice, the isopropanol was 

removed, 1ml 80% EtOH added, and centrifuged at 4°C for 1 minute at 13000rpm. The 

80% EtOH wash was then repeated and EtOH removed. The pellet was left on ice to air 

dry for 10 minutes. The RNA was resuspended in 30μl RNase-free H2O and the RNA 

Nanodrop was used to quantify RNA concentrations.  

2.2.5.2. TURBO DNase treatment  

To DNase treat the RNA, the TURBO DNA-free Kit (Ambion) was used. To the RNA, 0.1 

volume of 10x  TURBO DNase Buffer (Ambion) and 1μl TURBO DNase Enzyme (Ambion) 

was added and incubated at 37°C for 20-30 minutes. A 0.1 volume of DNase Inactivation 

Reagent was then added at incubated at room temperate for 5 minutes. The RNA was 

transferred to a clean Eppendorf after centrifuging the samples at 10000xg for 1.5 

minutes. RNA stored at -80°C. 

2.2.5.3. Qiagen RNeasy Mini kit  

RNA was extracted from the SW1353 cell line after transfection with miR-455 mimic, 

mimic control, miR- 455 inhibitor, and inhibitor control in a 6-well plate, according to the 

Qiagen RNeasy Mini Kit. To each well, 350μl buffer RLT was added to lyse the cells and 

transferred to an Eppendorf before vortexing. To the lysate, 1 volume 70% ethanol was 

added and mixed well before transferring to a RNeasy Mini spin column in a 2ml 

collection tube and centrifuged for 15 seconds at 8000xg. The column was then washed 

with 350µl buffer RW1. For DNase digestion, a volume of 80µl DNase I incubation mix 

(10µl DNase I + 70µl buffer RDD) was added to the column membrane and incubated for 

15 mins at 20-30°C. The column was then washed with 350µl buffer RW1, followed by 2 
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500µl buffer RPE washes. In a 1.5ml collection tube, the RNA was eluted in 30µl RNase-

free water. The RNA Nanodrop was used to quantify RNA concentrations and determine 

260/280 and 260/230 ratios.  

2.2.6. Total RNA extraction from cartilage tissue  
 

2.2.6.1. Mouse articular cartilage  
 
The cartilage from 2 mouse knee joints were microdissected and pooled. The cartilage 

was ground to a fine powder under liquid nitrogen. Trizol was added immediately to the 

ground cartilage (1mL/100mg cartilage), mixed and incubated on ice for 5 minutes. The 

ground cartilage was centrifuged at 4°C for 10 minutes at 9500g and supernatant 

recovered. To ensure the dissociation of nucleoproteins, the supernatant was incubated 

at room temperature for 5 minutes. Following this, 200μl chloroform per mL Trizol was 

added, vortexed and incubated at room temperature for 2 minutes. The 

Trizol/chloroform mixture was centrifuged at 4°C for 15 minutes at 12000g. The aqueous 

layer was recovered into an ice-cold RNase free 1.5mL Eppendorf tube.  

 

2.2.6.2. mirVanaTM miRNA Isolation kit  
 
Total RNA was isolated from the cartilage according to the mirVanaTM miRNA Isolation Kit, 

Total RNA Isolation Procedure. To the aqueous phase, 1.25 volumes of 100% ethanol was 

added, and this lysate/ ethanol mixture was passed through a filter cartridge by 

centrifuging for 15 seconds at 10000xg. The filter was then washed with 700µl miRNA 

wash solution 1 followed by 2 washes with 500µl miRNA wash solution 2/3. The RNA was 

eluted in 50μL RNase-free water and stored at -80°C. The RNA Nanodrop was used to 

quantify RNA concentrations and determine 260/280 and 260/230 ratios. 

 

2.2.7. Electrophoresis for RNA integrity 
 

2.2.7.1. Gel electrophoresis 

To check RNA integrity before gene expression analysis, agarose gel electrophoresis was 

used on RNA samples with high concentration. A 1.5% agarose gel was prepared (2.25g 

agarose in 150ml 0.5xTBE, add 15μl EtBr). For each sample, 1μl of RNA and 5μl Ambion 
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gel loading buffer II (8546G) were loaded. The gel was run at 100V for 30 minutes and 

then imaged. The 28S and 18S bands should be visible in a 2:1 ratio (28S:18S) for good 

quality RNA.  

2.2.7.2. Bio-Rad Experion Automated Electrophoresis system 

To assess RNA integtrity from samples with lower concentrations, the Experion RNA 

StdSens Analysis Kit (Bio-Rad) was used. Before use, electrodes were cleaned, and gel 

stain prepared. The RNA StdSens chip was primed on the Experion Priming Station (Bio-

Rad) after addition of 9µl gel-stain to the gel priming well (GS) and priming station set to 

pressure setting B and time setting 1. The RNA StdSens chip was then loaded with 5µl 

RNA loading buffer into each sample well 1-12 followed by 1µl sample per well. To the 

second GS well, 9µl gel-stain was added, 9µl filtered gel into well G, and 5µl RNA loading 

buffer with 1µl RNA ladder into well L. The chip was then vortexed using the Experion 

Vortex Station II (Bio-Rad) before being place in the Experion Automated Electrophoresis 

Station (Bio-Rad). The Experion Software (Bio-Rad) was used to create a new RNA StdSens 

eukaryotic total RNA run. 

2.2.8. Quantitative Real Time Polymerase Chain Reaction (RT-qPCR) 
 

2.2.8.1. SuperScript II Reverse Transcription  

Following RNA extraction, cDNA was synthesised using SuperScript II reverse 

transcriptase (Invitrogen, USA). In a 96 well PCR plate, 1µg RNA from SW1353 cells was 

diluted in 9μg H2O, and 100ng RNA from mouse articular cartilage was diluted in 9µl H2O. 

To each well, 2μl random primers (Invitrogen, USA) were added and incubated at 70°C for 

10 minutes. On ice, 9μl master mix was added, containing 1μl SuperScript II reverse 

transcriptase (Invitrogen, USA), 4μl First Strand Buffer (5X) (Invitrogen, USA), 2μl 0.1M 

DTT (Invitrogen, USA), 1μl 10mM dNTP mix (Bioline, UK), and 1μl RNasin Ribonuclease 

Inhibitor (Promega, USA). The plate was then incubated at 42°C for 60 minutes, followed 

by 70°C for 10 minutes. The cDNA from SW1353 cells was diluted 1/100, and cDNA from 

mouse articular cartilage was diluted 10/100, and stored at -20°C.  
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2.2.8.2. miRCURY LNA miRNA PCR 

For highly sensitive Real Time PCR detection of miRNA levels, the miRCURY LNA miRNA 

PCR Kit (Qiagen) was used. RNA extracted from SW1353 cells and mouse articular 

cartilage was diluted 5ng/μl and 2μl was added to 96 well PCR plate with wells containing 

2μl 5x miRCURY RT Reaction Buffer (Qiagen), 1μl 10x miRCURY RT Enzyme Mix (Qiagen), 

and 5μl RNase-free H2O. The total volume of 10μl was incubated at 42°C for 60 minutes 

and 95°C for 5 minutes. The cDNA was diluted 1/40 ad stored at -20°C. 

2.2.8.3. Taqman Real Time PCR mRNA 

For the Taqman Real Time PCR (qPCR) reactions, MicroAmp optical 96-well plates 

(Applied Biosystems, USA) were used. For analysis of mRNA, primers were designed using 

the Universal ProbeLibrary System Assay Design tool, and Oligos ordered from Sigma-

Aldrich. The reference gene used was 18S. Each well contained 10μl cDNA (1ng) from the 

SSII RT reaction, with reagent quantities shown in Table 2.4 loaded per well, total volume 

25μl. The plates were sealed with adhesive cover film and qPCR was performed on an ABI 

7500 real-time PCR system (Applied Biosystems), with cycle conditions set at 50°C for 2 

minutes and 95°C for 10 minutes, followed by 95°C for 15 seconds and 60°C for 1 minute 

for 40 cycles.  

2.2.8.4. SYBR Green Real Time PCR miRNA 
 
The U6 snRNA miRCURY LNA miRNA PCR Assay (Qiagen) primer set was used as a 

reference gene, and miR-455-3p miRCURY LNA miRNA PCR Assay (Qiagen) to target 

mature miRNA, as described above in 1.1.4.4. 

 

2.2.8.5. Statistical analysis 

Statistical analysis was performed using as described above in 2.1.4.5. 

2.2.9. mRNA-seq Novogene & Bioinformatic analysis 
 

Eukaryotic transcriptome libraries were created by Novogene using the Illumina NovaSeq 

platform (PE150), HiSeq system (Paired-end 150).  
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Bioinformatic analysis was performed with the assistance of Prof. Simon Moxon at UEA. To check 

the quality of reads, FASTQC was run followed by TrimGalore to trim adapter sequences and low 

quality reads. Transcripts were obtained from Ensembl and Kallisto was used to map reads 

(pseudoalignment) to all transcripts. To identify differential expression between different 

conditions, Sleuth was run (R tool). This analysis produced a table of normalised counts, fold 

changes and p-values for differentially expressed genes, and a PCA plot to show how the samples 

cluster. Following this analysis, the data sets were used to explore differentially expressed (DE) 

gene expression across samples. Gene Ontology (GO) enrichment analysis 

(http://geneontology.org) was used to identify biological processes, cellular locations and 

molecular functions that are impacted by the overexpression or inhibition of miR-455.  

 

2.3. Limb bud development and microRNA-455 
 

2.3.1. Model organism 
 
Chick embryos were used as the model organism due to the accessibility of the embryo to 

manipulative procedures. Development was observed in ovo at multiple stages. The 

Hamburger-Hamilton (HH) series of chronological stages in chick development were used 

to stage the embryos (291).  

 

2.3.2. Microinjection into chick limb bud  
 
Embryos were accessed through a window cut in the eggshell at HH20-21. The chorion 

membrane was removed with forceps, 2 drops of PBS +P/S were dropped onto the 

membrane before removing the amnion membrane with a 25-gauge needle. Using a 1ml 

syringe and 25-gauge needle, Indian ink (1 drop per 1.5ml PBS + P/S) was injected 

underneath the embryo. The allantois was then removed using no.5 forceps. Oligos were 

dissolved at 65°C in a heat block for 2-3 minutes. Needles containing 4µl Oligo at 1mM 

were set up for microinjection using a microscope. The right-side anterior limb buds were 

injected with either Scrambled sequences (AM-Scr) for control, antagomir-455 (AM-455), 

or miR-455 mimic (miR455m). Starting at the top of the limb bud, 3-5 injections were 

made down the limb bud. Following this, 2-3ml of albumin was removed using a 10ml 

syringe and 21-gauge needle. The window was resealed with tape and eggs incubated for 

24 hours at 37°C. 
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Figure 2.1: Chick limb bud microinjection. Egg windowing and microinjection into HH20-21 chick 

embryos. Antagomir and mimic can be visualised by fluorescence in the developing limb bud. 
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2.3.3. Embryo harvest and limb bud dissection  

 
Embryos were harvested 24 hours after injection at HH24-25. The injected limb buds 

were observed under fluorescent microscope for GFP and dissected into PBS. After 

removing PBS, each limb bud was snap frozen in liquid nitrogen and stored at -80°C. 

 
2.3.4. RNA extraction from chick limb bud 

 
2.3.4.1. Qiagen RNeasy Micro kit 

RNA was extracted from 8x AM-Scr, 8x AM-455, and 8x miR455m injected limb buds 

separately according to the Qiagen RNeasy Micro Kit. The limb bud tissue was disrupted 

and homogenized by the addition of 350µl and vortexed for 30 seconds. To the lysate, 1 

volume 70% ethanol was added and mixed well before transferring to a RNeasy MinElute 

spin column in a 2ml collection tube and centrifuged for 15 seconds at 8000xg. The 

column was then washed with 350µl buffer RW1. A volume of 80µl DNase I incubation 

mix (10µl DNase I + 70µl buffer RDD) was added to the column membrane and incubated 

for 15 mins at 20-30°C. The column was then washed with 350µl buffer RW1, followed by 

500µl buffer RPE, and finally 500µl 80% ethanol. In a 1.5ml collection tube, the RNA was 

eluted in 14µl RNase-free water.  The RNA Nanodrop was used to quantify RNA 

concentrations and determine 260/280 and 260/230 ratios.  

2.3.5. Quantitative Real Time Polymerase Chain Reaction (RT-qPCR) 
 

2.3.5.1. SuperScript II Reverse Transcription  
 
Following RNA extraction, cDNA was synthesised using SuperScript II reverse 

transcriptase (Invitrogen, USA) as described above. The cDNA was diluted 10/100 and 

stored at -20°C. 

2.3.5.2. miRCURY LNA miRNA PCR 
 
For highly sensitive Real Time PCR detection of miRNA levels, the miRCURY LNA miRNA 

PCR Kit (Qiagen) was used as described above where RNA extracted from the limb buds 

was diluted 5ng/μl. The cDNA was diluted 1/40 ad stored at -20°C. 

 



 86 

2.3.5.3. SYBR Green Real Time PCR mRNA 

For the Real Time PCR (qPCR) reactions, MicroAmp optical 96-well plates (Applied 

Biosystems, USA) were used. For analysis of mRNA, primers were designed for 

Gallus_gallus in the Integrated DNA Technologies Custom Primer Design Tool, and Oligos 

ordered from Sigma-Aldrich. The reference gene used was GAPDH. Each well contained 

5μl cDNA (1ng) from the SSII RT reaction, with reagent quantities shown in Table 2.6, total 

volume 15μl. The plates were sealed with adhesive cover film and qPCR was performed 

on an ABI 7500 real-time PCR system (Applied Biosystems), with cycle conditions set at 

95°C for 30 seconds followed by and 95°C for 5 seconds, 58°C for 15 seconds and 72°C for 

10 seconds for 40 cycles. 

Table 2.6: SYBR green qPCR reagents and volumes for detecting mRNA. 

Reagent GAPDH Gene of interest 

SYBR Green PCR Master 

Mix (Applied Biosystems)  

7.5μl 7.5μl 

Forward Primer (10μM) 0.5μl 0.5μl 

Reverse Primer (10μM) 0.5μl 0.5μl 

ddH2O 1.5μl 1.5μl 

 
2.3.5.4. SYBR Green Real Time PCR miRNA 

 
The U6 snRNA miRCURY LNA miRNA PCR Assay (Qiagen) primer set was used as a 

reference gene, and miR-455-3p miRCURY LNA miRNA PCR Assay (Qiagen) to target 

mature miRNA, as described above in 1.1.4.4. 

 
2.3.5.5. Statistical analysis  

Statistical analysis was performed as described above in 2.1.4.5. 

2.3.6. mRNA-seq Novogene 
 

Eukaryotic transcriptome libraries were created by Novogene and data analysed as 

described above in 2.2.9.  
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2.4. Identifying microRNA-455 targets  
 

2.4.1. Cell lines and cell culture  
 

2.4.1.1. SW1353 cell line 

The SW1353 cell line is derived from human chondrosarcoma of the humerus. SW1353 

cells are maintained in DMEM, high glucose, GlutaMAXTM supplement (Gibco, USA), 

containing 10% (v/v) heat-inactivated fetal bovine serum (FCS) (Gibco, USA), 100U/ml 

penicillin, and 100μg/ml streptomycin (Sigma-Aldrich, USA) at 37°C in 5% (v/v) CO2.  

2.4.1.2. DF1 cell line  
 
The DF1 cell line is a cell line of chicken embryo fibroblasts. DF1 cell are maintained in 

DMEM, high glucose, GlutaMAXTM supplement (Gibco, USA), containing 10% (v/v) heat-

inactivated fetal bovine serum (FCS) (Gibco, USA), 100U/ml penicillin, and 100μg/ml 

streptomycin (Sigma-Aldrich, USA) at 37°C in 5% (v/v) CO2. 

 
2.4.2. 3’UTR Luciferase Reporter Assay 

 
2.4.2.1. Transformation of 3’UTR into SW1353 cells  

 

SW1353 cells were plated in 96-well plates at a density of 6 x10
4
cells/mL and incubated 

for 24 hours at 37°C. The plasmids were diluted in nuclease free H2O to a 100ng/µl. For 

each transfection, 1 µl WT/MT 3’UTR plasmid DNA, 0.075µl miR-455 mimic and mimic 

control (Qiagen) at 66.7µM, and 0.2µl p3000 Reagent (Invitrogen, USA) were prepared in 

4μl Opti-MEMTM Medium (Gibco, USA). For each well, 0.2μl LipofectamineTM 3000 

(Invitrogen, USA) was diluted in 5μl Opti-MEMTM Medium (Gibco, USA). The two were 

then mixed together and incubated for 10-15 minutes at room temperature before being 

added to each well. A mock control was performed alongside 5 independent transfections 

for each WT/MT 3’UTR of interest. The transfected cells were incubated for 48 hours at 

37°C in 5% CO2.  

 
2.4.2.2. Luciferase Reporter Assay 
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The media in the 96-well plate was replaced with 50µl fresh media. The luciferase assay 

was performed as per the Dual-Glo Luciferase assay system (Promega) protocol. To each 

well, 50µl Dual-Glo Luciferase assay reagent (Promega)was added and incubated for 15 

minutes. The firefly luminescence was measured using a luminometer. Then, 50µl of 

Dual-Glo Stop & Glo reagent (Promega) was added to each well and incubated for 10 

minutes. The Renilla luminescence was measure using a luminometer. The ratio of 

luminescence from the experimental reporter, firefly, to the luminescence from the 

control reporter, Renilla was calculated. This ratio is then normalised to a ratio of control 

wells. 

 
2.4.3. microRNA-target interactions by CRISPR/Cas9 genome engineering 

 
2.4.3.1. miR-CRISPR sgRNA design  

 
For each selected gene, sgRNA was designed using the miR-CRISPR web tool. This 

platform selects CRISPR/Cas9 target sequences close to the predicted MRE of interest. 

The organism of interest, Human, was selected and search mode selected as user-defined 

‘custom sequence’. The gene of interest 3’UTR was copied from Ensembl and predicted 

MRE seed position and length entered from the miRanda algorithm at microrna.org. As 

the PX330 backbone vector was used in mammalian cells, the input sgRNA design 

parameters were “Mammalian U6” and “4bp (BsmBl, Bbcl, Bsal)” in the Promoter/RE 

field. More efficient cleavage is yielded by NGG PAMs so this was selected before ‘Get 

CRISPR Targets’. The output page returns an algorithm with information of the selected 

target gene and miRNA of interest, ranked on distance from MRE and identity of PAM 

sequence. The designed Forward and Reverse oligos for adding the spacer sequence to a 

chimeric sgRNA backbone into the PX330 vector included the overhangs included for 

cloning and were ordered from Sigma-Aldrich.  

 
2.4.3.2. HDR-mediated MRE replacement ssODN design 

 
To perform HDR-mediated MRE replacement, 2 barcoded single stranded 

oligodeoxynucleotide (ssODN) donor templates were designed with the 5’-N60-tag-N60-3’ 

format. The N60 corresponds to homology arms 60nt upstream and downstream of the 

MRE seed sequence of interest and the barcodes used were T7 (5’-
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TAATACGACTCACTATAGGG-3’) and T3 (5’-AATTAACCCTCACTAAAGGGA-3’). For each gene 

of interest, 2 ssODNs were designed: ssODNmut-MRE and ssODNWT-MRE. The tagmut was 

generated by replacing the MRE with a T7 barcode, and the tagWT was generated by 

inserting a T3 barcode downstream of the MRE sequence. This created 2 ssODNs with the 

following structure: 

 

ssODNmut-MRE: 5’-N60-[MRE seed deletion]T7-N60-3’ 

ssODNWT-MRE: 5’-N60-MRE-T3-N60-3’ 

 

In order to prevent any further cleavage following HDR replacement, in the ssODN, the 

PAM is mutated, and ordered from IDT as 4nmol Ultramers. 

 
2.4.3.3. pX330 backbone vector  

 
The pX330 vector was ordered from Addgene as a stab culture. The bacteria was streaked 

on a LB-AMP plate and incubated overnight at 37°C before inoculating an overnight 

culture of multiple colonies, and isolating the plasmid DNA using the QIAprep spin mini 

prep kit (Qiagen). Glycerol stocks were created by adding 500µl bacteria culture to 500µl 

glycerol and stored at -80°C. 

 

Table 2.7: pX330 primer and sequence. 

 

 
 

2.4.3.4. sgRNA cloning into pX330 vector  
 

The sgRNA oligos were annealed and cloned into the pX330 backbone vector.  
 

2.4.3.4.1. pX330 digest 
 
To digest the pX330 backbone vector, 1µg pX330 was mixed with 1µl FastDigestBbsl 

(Thermofisher), 1µl FastAP (Thermofisher), 2µl 10x FastDigst Buffer (Thermofisher), and 

Xµl ddH2O for 30 minutes at 37°C. 

 

Primer name Sequence 5’ to 3’ 

pX330_Seq ACTATCATATGCTTACCGTAAC 
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2.4.3.4.2. Gel purification of digested pX330 
 
Digested pX330 samples were diluted to 1µg in 17µl H2O, and 3µl 6x Gel Loading Dye 

Purple (New England BioLabs), was added to each. Each 20µl sample was loaded onto a 

1% agarose gel (1g Agarose + 100ml TAE buffer), alongside 5µl 1kb ladder (New England 

BioLabs), and run for 1 hour at 120V. The dye was developed by placing the gel in 200ml 

TAE buffer containing 10µl Ethidium Bromide for 15 minutes. The digested plasmid bands 

were cut out us under UV light and gel imaged using a Biorad Gel Doc. 

 

The digested pX330 was gel purified using the QIAquick Gel Extraction Kit (Qiagen). To 1 

volume of gel. To dissolve the gel, 3 volumes of buffer QG was added and incubated at 

50°C for 10 minutes, vortexing every 2 minutes. The solution colour was checked for 

yellow before adding I volume isopropanol and mixed. To bind the DNA, the sample was 

added to a QIAquick column (Qiagen) and centrifuged for 1 minutes at 17900xg. The 

column was then washed with 750µl buffer PE. In a 1.5ml Eppendorf, the DNA was eluted 

in 30µl Elution Buffer (Qiagen), and the concentration of recovered plasmid determined 

by Nanodrop. 

 
2.4.3.4.3. Oligo annealing and phosphorylation  

 
The forward and reverse sgRNA spacer oligos were resuspended in nuclease free H2O to a 

concentration of 100µM. To phosphorylate and anneal each pair of oligos, 1µl oligo1 

(100µM), 1µl oligo2 (100µM), 1µl 10x T4 ligation buffer (Thermofisher), 6.5µl ddH2O, and 

0.5µl T4 PNK (Thermofisher) were added to a 96-well PCR plate. The total 10µl volume 

was incubated in a thermocycler at 37°C for 30 minutes, followed by 95°C for 5 minutes 

and then ramped down to 25°C and 5°C per minute. 

 
2.4.3.4.4. Ligation into pX330 vector  

 
The ligation reaction was set up with 1µl phosphorylated and annealed oligo duplex 

(1/250 dilution), 50ng digested pX330 vector, 1µl 10x T4 ligase buffer (New England 

BioLabs), Xµl ddH2O, and 1µl QuickLigase (New England BioLabs), for a total volume of 

100µl. This was incubated at room temperature for 10 minutes. A control ligation 



 91 

reaction was performed where the annealed sgRNA oligo duplex was replaced with H2O 

in order to assess sgRNA spacer sequence cloning success into destination vector. 

 
2.4.3.4.5. Transformation  

 
To transform competent bacteria, 50µl of Stellar Competent E.coli HST08 cells (Clontech) 

were thawed on ice. On ice, 2µl ligation reaction and 50µl E.coli were gently mixed and 

incubated for 30 minutes. The transformation tubes were then hat shocked at 42°C for 45 

seconds before placing back on ice for 2 minutes. This was then added to 950µl pre-

warmed LB media and put in the shaker at 225rpm for 1 hour at 37°C. The bacteria was 

pelleted by centrifuging at 2500xg for 3 minutes and 800µl of the LB media was removed. 

The pellet was resuspended in the remaining 200µl media and plated on LB-Agar-Amp 

plates (100µl Ampicillin + 100ml LB-Agar for 6 plates) with 10µl, 50µl, and 100µl E.coli. 

The plates were incubated overnight at 37°C. 

 

Overnight cultures were set up from colonies on the LB-Agar-Amp plates containing 100µl 

E.coli. From each plate, 10 colonies were picked and grown overnight in 5ml LB-Amp 

(100ml LB + 100µl Amp for 20 colonies), in a shaker at 225 rpm and 37°C. 

 
2.4.3.4.6. Isolation of plasmid DNA 

 
The bacterial overnight culture was pelleted by centrifuging at 4000rpm for 10 minutes. 

The QIAprep Spin MiniPrep Kit was used at the bacteria cells were resuspended in 250µl 

Buffer P1 (Qiagen) and transferred to an eppendorf before adding 250µl Buffer P2 

(Qiagen) and mixed until clear. To the lysis reaction, 350µl Buffer N3 was added, mixed, 

and centrifuged for 10 minutes at 17900xg. The supernatant was applied to a QIAprep 

spin column (Qiagen), before centrifuging for 1 minutes. The QIAprep spin column was 

then washed with 750µl Buffer PE. In a clean Eppendorf, the DNA was eluted with 50µl 

Elution Buffer (Qiagen). To confirm the presence of the correct sgRNA spacer, Sanger 

Sequencing (Source Bioscience) was used with the pX330_Seq primer (Sigma-Aldrich).   
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2.4.3.5. HDR-mediated MRE engineering into SW1353 cell line  

SW1353 cells were plated in 12-well plates at a density of 1.5 x10
5
cells/mL and incubated 

for 24 hours at 37°C. The ssODNs were resuspended in nuclease free H2O to a 

concentration of 100µM. For each transfection, 1µg pX330-sgRNA plasmid DNA, 0.5µg 

ssODNWT-MRE oligo (100µM), 0.5µg ssODNmut-MRE oligo (!00µM), and p3000 Reagent 

(Invitrogen, USA) were prepared in 75μl Opti-MEMTM Medium (Gibco, USA). For each 

well, 3μl LipofectamineTM 3000 (Invitrogen, USA) was diluted in 75μl Opti-MEMTM 

Medium (Gibco, USA). The two were then mixed together and incubated for 10-15 

minutes at room temperature before being added to each well. An untransfected control 

was performed alongside 3 independent transfections for each sgRNA/target MRE locus. 

The transfected cells were incubated for 48 hours at 37°C in 5% CO2.  

2.4.3.6. DNA/RNA extraction from MRE engineered cells 
 
SW1353 cells were harvested 48 hours post-transfection by incubating with trypsin 

(0.01%) for 5 minutes at 37°C. To neutralise the trypsin, 1mL media was added and the 

cells were centrifuged for 3 minutes at 500xg. Cells were washed with PBS, before snap 

freezing and stored at -80°C. 

 

2.4.3.6.1. Qiagen Allprep DNA/RNA mini kit 
 
From each cell sample, DNA and RNA were simultaneously extracted using the Qiagen 

Allprep DNA/RNA mini kit. To each frozen pellet, 350µl buffer RLT (Qiagen) was added to 

lyse the cells. The homogenized lysate was transferred to an Allprep DNA spin column 

(Qiagen) and centrifuged for 30 seconds at 8000xg. For total RNA purification, 1 volume 

70% ethanol was added to the flow-through and transferred to a RNeasy spin column 

(Qiagen), bfore centrifuging for 15 seconds at 8000xg. The column was then washed with 

700µl buffer RW1 (Qiagen) followd by 500µl buffer RPE. In a new 1.5mL collction tube, 

the RNA was eluted in 30µl RNase-free H2O and stored at -80°C. The RNA Nanodrop was 

used to quantify RNA concentrations and determine 260/280 and 260/230 ratios. 
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The Allprep DNA spin column was placed in a new 2mL collection tube and washed with 

500µl Buffer AW1 (Qiagen), followed by 500µl Buffer AW2. In a new 1.5mL collection 

tube, the DNA was eluted in 100µl Elution Buffer (Qiagen) and stored at -20°C. 

 
2.4.3.6.2. ExoSAP-IT Cleanup 

 
As residual ssODNs can interfere with qPCR analysis, the gDNA sample was treated with 

ExoSAP-IT (Thermofisher). For a reaction volume of 14µl, 10µl gDNA sample was mixed 

with 4µl ExoSAP-IT and incubated at 37°C for 15 minutes to degrade remaining ssODNs, 

followed by 80°C for 15 minutes to inactivate the ExoSAP-IT Reagent. The DNA sample 

was stored at -20°C. 

 
2.4.3.7. Quantitative Real Time Polymerase Chain Reaction (RT-qPCR) 

 
2.4.3.7.1. Qiagen QuantiTect RT kit 

 
To generate cDNA from 1µg total RNA, the Qiagen QuantiTect RT kit was used. For the 

genomic DNA elimination, 1µg RNA was dulited in 12 µl RNase-free H2O and 2µl 7x gDNA 

Wipeout buffer (Qiagen) was added for a total volume of 14 µl. This was incubated for 2 

minutes at 42°C and placed on ice. For the Reverse Transcription master mix, 1µl 

Quantiscript Reverse Transcriptase (Qiagen), 4µl 5x Quantiscript RT buffer (Qiagen), 1µl 

RT Primer mix (Qiagen), and the 14 µl template RNA were mixed for a total volume 20µl. 

This was incubated for 15 minutes at 42°C, followed by 3 minutes at 95°C to inactive the 

reverse transcriptase. The cDNA was stored at -20°C. 

 
2.4.3.7.2. SYBR Green Real-Time PCR 

 
For the Real Time PCR (qPCR) reactions, MicroAmp optical 96-well plates (Applied 

Biosystems, USA) were used. For the qPCR reaction, specific primers approximately 100-

150nt upstream of each MRE seed sequence of interest were designed with a Tm of 60-

65°C. The reverse primers were synthesised complementary to the designed MREmut and 

MREWT (T7 and T3) barcodes. Primers were ordered from Sigma-Aldrich. 

 

For each MRE, the combinations of template and primers in Table 2.8 were run. Each 

sample well contained 1μl template DNA, with reagent quantities shown in Table 2.9 
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loaded per well, total volume 20μl. The plates were sealed with adhesive cover film and 

qPCR was performed on an ABI 7500 real-time PCR system (Applied Biosystems), with 

cycle conditions set at 98°C for 30 seconds, followed by 98°C for 10 seconds and 60°C for 

1 minute for 40 cycles.  

 

Table 2.8: Combinations of template and primers for microRNA-target interactions by 

CRISPR/Cas9 genome engineering qPCR. 

Sample F Primer R Primer Template Annotation 

A MRE specific T3 Rev gDNA WT MRE gDNA 

B MRE specific T7 Rev gDNA MT MRE gDNA 

C MRE specific T3 Rev cDNA WT MRE cDNA 

D MRE specific T7 Rev cDNA MT MRE cDNA 

 

 

Table 2.9: qPCR reagents for microRNA-target interactions by CRISPR/Cas9 genome engineering. 

Reagent  Volume 

Template DNA (gDNA or cDNA) 1µl 

Forward Primer (10µM) 1µl 

Reverse Primer (10µM) 1µl 

SsoAdvanced Universal SYBR Green 

Supermix (BioRad) 

10µl 

Nuclease-free H2O 7µl 

 
 

2.4.3.7.3. Statistical analysis  
 
The cycle of threshold (Ct) values were obtained for reactions A, B, C, and D and for each 

transfected well, technical triplicate average Ct was calculated. The MREmut/MREWT gDNA 

(gDNA T7/T3) ratio [2(-B)/2(-A)] and the MREmut/MREWT cDNA (cDNA T7/T3) ratio [2(-D)/2(-C)] 

were determined and the average ratios for biological replicates of triplicate transfections 

were calculated. Data was displayed in a bar chart as average gDNA MREmut/MREWT ratio 

and average cDNA MREmut/MREWT ratio. 
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2.4.3.7.4. MRE-score calculation 

 
The MRE-score was calculated to determine whether the MREmut is enriched in the cDNA 

samples. This can be calculated by dividing cDNA MREmut/MREWT ratio by the gDNA 

MREmut/MREWT ratio [(2(-D)/2(-C))]/[(2(-B)/2(-A))].  

 

If the MRE-score is >1, this suggests that there is functional miRNA-target regulation. To 

determine if enrichment is significant, a t-test was used by comparing gDNA 

MREmut/MREWT ratios between biological replicates to the cDNA MREmut/MREWT ratio. 
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Figure 2.2: MRE score calculation. This determines whether the MREmut is 
enriched in cDNA samples. 
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3. The role of microRNA-455-3p during mesenchymal stem cell 
differentiation  

 
3.1. Introduction 

 
Within the bone marrow compartment, mesenchymal stem cells contribute to 

mesenchymal tissue regeneration, and can be isolated for in vitro studies. These cells can 

be manipulated and differentiated into mesodermal lineages such as chondrogenic, 

osteogenic and adipogenic cells. During mesenchymal stem cell differentiation, many 

microRNAs have been shown to have a regulatory role, including miR-455. For example, it 

was previously reported that miR-455 is a regulator of brown adipogenesis, possibly 

through targeting adipogenic suppressors (292). It has also been demonstrated that miR-

455 regulates the process of chondrogenic differentiation in hMSCs, altering methylation 

levels of genes involved in the development of cartilage (139). The involvement of miR-

455 is supported by an upregulation of miR-455-3p in chondrogenesis of MSCs, where it 

may function as an early chondrogenic differentiation activator possibly by inhibiting 

RUNX2 expression (137). At the post-transcriptional level, osteogenic-related gene 

expression is also regulated by multiple miRNAs (293). Previous research strongly 

suggests that microRNAs have regulatory roles in the differentiation of MSCs, although a 

specific role for miR-455 has not been identified. To investigate this further, this 

experiment determines the expression of miR-455-3p during chondrogenesis, 

osteogenesis and adipogenesis and from these results explores the role of miR-455-3p in 

both chondrogenesis and osteogenesis.  

 
3.2. Results  

 
3.2.1. microRNA-455-3p expression during hMSC differentiation 

 
During in vitro differentiation assays of human mesenchymal stem cells as described in 

chapter 2.1, direct miR-455-3p expression levels were measured by qPCR (Figure 3.1). The 

results demonstrated that miR-455 increases during adipogenesis until day 3 and 

expression then decreases. From day 10 onwards there is no significant difference in miR-

455 expression between differentiating and non-differentiating control. Similarly, miR- 
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Figure 3.1: Expression of miR-455-3p during hMSC differentiation assays described in 

chapter 2.1.  Comparison of differentiating cells to undifferentiated control. A) 

Adipogenesis assay day 0 to day 14 shows an initial increase of miR-455-3p at day 2, 

before decreasing to day 10. B) Chondrogenesis assay day 0 to day 14 shows an 

increase in miR-455-3p from day 3 to 10. C) Osteogenesis assay day 0 to day 4 shows 

an increase in miR-455-3p until day 2. (n=9, error bars +/- SD). 



 99 

455 increases during osteogenesis until day 2 of differentiation, decreasing from day 2 

onwards but remaining significantly higher than undifferentiated control. The 

chondrogenesis assay also demonstrated an initial increase in miR-455 expression to day 

3, which rapidly increases from day 3 to day 10 where miR-455 is highest. The expression 

of miR-455 remains level from day 10 to day 14. 

 

These results demonstrate that at the beginning of all 3 hMSC differentiation assays miR-

455 increases, before decreasing in both adipogenesis and osteogenesis. The expression 

level of miR-455 during adipogenesis and osteogenesis remains low during 

differentiation. In comparison to this, miR-455 continues to increase during 

chondrogenesis, reaching peak expression level at day 10. From day 3, the expression of 

miR-455 during chondrogenic differentiation is significantly higher compared with 

adipogenic and osteogenic differentiation. This could suggest that miR-455 is required at 

initial stages of hMSC differentiation, but not to proceed in both adipogenesis and 

osteogenesis. The higher levels of miR-455 during chondrogenesis suggest that miR-455 is 

important during chondrogenic differentiation. 

 
3.2.2. A complex role for microRNA-455-3p during osteogenesis 

 
Human mesenchymal stem cells were differentiated into osteoblasts using a 5-day 

osteogenesis assay. During this assay, Osteogenic marker genes were measured. The 

increase in Osteogenic markers genes confirmed that the assay successfully differentiated 

hMSCs towards an osteogenic lineage (Figure 3.2). Samples from 3 individual MSC donors 

were used independently. Biological replicates of each MSC donor were performed and 

this data was combined. Within the assay, MSCs were transfected with either Cel-39 

control, miR-455 mimic, Neg Ctrl A control, or miR-455 inhibitor. At time points day 0, 1, 

2, 3, and 4, gene expression levels for chondrogenic marker genes were measured using 

qPCR, including COL1A1, COL1A2, BMP2, ALP and RUNX2. 

 

Cells transfected with miR-455 inhibitor were compared to control, where data revealed 

that expression levels of all osteogenic marker genes were not significantly different. 

Despite this, it is apparent that expression levels of RUNX2 are higher in cells transfected 

with miR-455 inhibitor, particularly at day 2 (Figure 3.2). This is supported by a decreased  
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Figure 3.2: Osteogenesis differentiation assay. Independent cell lines from 3 

donors were used for osteogenic differentiation: 2802f, 2454e and 071508a 

(n=3 for each cell line).  Osteogenic marker genes COL1A1, COL1A2, ALP, 

BMP2 and RUNX2 were measured at D0, D1, D2, D3 and D4 of differentiating 

hMSCs using qPCR. The increase in Osteogenic marker genes during the 

osteogenesis assay confirmed that the hMSCs were differentiating into an 

osteogenic lineage. (n=9, error bars +/- SD). 
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expression of RUNX2 at day 2 when miR-455 is overexpressed using a mimic (Figure 3.3), 

and this expression pattern can also be observed for BMP2. With the addition of a miR-

455 mimic, expression levels of COL1A1, COL1A2 and ALP show a general increase, 

although not consistently significant (Figure 3.3). For example, the biggest increase in 

gene expression when miR-455 is overexpressed is day 4 for both COL1A2 and ALP, 

whereas this is observed from day 2 onwards for COL1A1. Alizarin red staining also 

demonstrated minimal differences between control groups and inhibiting or 

overexpressing miR-455 (Figure 3.5), therefore differences in gene expression during 

osteogenesis are not significant. 

 

This data suggests that miR-455-3p may have a role in osteogenesis, although whether 

this promotes or inhibits osteogenic differentiation is unclear. Within this assay, an 

overexpression of miR-455 has a greater impact on osteogenesis compared with miR-455 

inhibition. As the osteogenic marker genes COL1A1, COL1A2, and ALP increase when miR-

455 is overexpressed, but BMP2 and RUNX2 decrease (Figure 3.3), it is difficult to 

conclude a specific regulatory role.  

 
3.2.3. Overexpression of microRNA-455-3p suppresses chondrogenesis 

 
To explore the role of miR-455 during chondrogenesis, human mesenchymal stem cells 

were differentiated into chondrocytes using a 14-day chondrogenesis assay. An increase 

in chondrogenic marker genes throughout this assay confirmed differentiation into a 

chondrogenic lineage (Figure 3.6). Samples from 3 individual MSC donors were used 

independently. Biological replicates of each MSC donor were performed and this data 

was combined. Within the assay, MSCs were transfected with either Cel-39 control, miR-

455 mimic, Neg Ctrl A control, or miR-455 inhibitor. At time points day 0, 3, 7, 10, and 14, 

gene expression levels for chondrogenic marker genes were measured using qPCR, 

including COL2A1, COL10A1, SOX9, ACAN, RUNX2, and PRELP. 
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Figure 3.3: Osteogenic marker gene expression during hMSC osteogenesis assay (mimic). 

hMSC were transfected with either mimic Control (Cel-39) or miR-455 mimic prior to 

osteogenic differentiation for 4 days. Gene expression was measured for osteogenic 

marker genes COL1A1, COL1A2, BMP2, ALP, and RUNX2 by qPCR. For each gene, the 

results combine data from 3 biological replicates from each of the 3 hMSC donor cell lines: 

2454e, 2802f, 071508a. (n=9, error bars +/- SD).  

 



 103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 1 2 3 4
0

2

4

6

8

COL1A1

Day

2^
(-Δ

C
T)

 

Control

455i  

0 1 2 3 4
0

2

4

6

8

COL1A2

Day

2^
(-Δ

C
T)

 

Control

455i  

0 1 2 3 4
0

10

20

30

40

50

ALP

Day

2^
(-Δ

C
T)

 

Control

455i  

0 1 2 3 4
0

1

2

3

4

BMP2

Day

2^
(-Δ

C
T)

 

Control

455i  

0 1 2 3 4
0

10

20

30

40

50

RUNX2

Day

2^
(-Δ

C
T)

 

Control

455i 

Figure 3.4: Osteogenic marker gene expression during hMSC osteogenesis assay (inhibitor). hMSC 

were transfected with either inhibitor Control (Neg Ctrl A ) or miR-455 inhibitor prior to 

osteogenic differentiation for 4 days. Gene expression was measured for osteogenic marker 

genes COL1A1, COL1A2, BMP2, ALP, and RUNX2 by qPCR at each time point. For each gene, the 

results combine data from 3 biological replicates from each of the 3 hMSC donor cell  lines: 

2454e, 2802f, 071508a (n=9, error bars +/- SD). 
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Figure 3.5: Alizarin red staining of hMSCs during osteogenic differentiation. Cells were fixed and 

stained with Alizarin red at D0, D1, D2, D3, D4 and D5 of the osteogenic differentiation assay. A) 

Images indicate that there is little difference in staining between control samples and samples 

transfected with miR-455 mimic or miR-455 inhibitor, possibly an increase in staining when miR-455 

is overexpressed. B) Absorbance measured from eluted dye suggests a small increase in staining at 

day 5 in miR-455 mimic samples, and a small decrease and days 4 and 5 in miR-455 inhibitor 

samples, although this is not statistically significant (n=3, p>0.05). 
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Figure 3.6: Chondrogenesis differentiation assay.  Independent cell lines 

from 3 donors were used for chondrogenic differentiation: 2802f, 2454e 

and 071508a (n=3 for each cell line). Chondrogenic marker genes COL2A1, 

COL10A1, SOX9, ACAN, RUNX2 and PRELP were measured at D0, D3, D7, 

D10 and D14 of differentiating hMSCs using qPCR. The increase in 

Chondrogenic marker genes during the chondrogenesis assay confirmed 

that the hMSCs were differentiating into a chondrogenic lineage. (n=9, 

error bars +/- SD). 
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Cells transfected with miR-455 mimic were compared to control. The data revealed that 

expression levels of all chondrogenic marker genes were significantly decreased in cells 

transfected with miR-455 mimic (Figure 3.7). This was most apparent for both SOX9 and 

PRELP gene expression, which increased significantly less during differentiation in cells  

transfected with miR-455 mimic compared with control cells. These results were 

supported by data demonstrating a general increase in chondrogenic marker genes in 

cells transfected with miR-455 inhibitor compared with control, although not always 

statistically significant (Figure 3.8). Interestingly, the effect of the miR-455 inhibitor was 

not as severe compared with miR-455 mimic. For example, there was no significant 

difference in COL2A1, SOX9, and ACAN expression between miR-455 inhibitor and 

control. Although most timepoints had no significant difference in COL10A1 expression, 

day 14 showed a statistically significant increase in gene expression in samples where 

miR-455 had been inhibited. From day 7 onwards, RUNX2 and PRELP expression was also 

higher when miR-455 was inhibited (Figure 3.8).  

 

These results suggest that an overexpression of miR-455-3p may suppress 

chondrogenesis. Although it may be hypothesised that inhibiting miR-455-3p has the 

opposite effect by promoting chondrogenesis, the result of miR-455 inhibition is similar to 

control chondrogenesis hMSC assays. This data may suggest that an increase in miR-455 

impacts negatively during the chondrogenic differentiation process. 
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Figure 3.7: Chondrogenic marker gene expression during hMSC chondrogenesis assay 

(inhibitor). hMSC were transfected with either mimic control (Cel-39) or miR-455 mimic prior 

to chondrogenic differentiation for 14 days. Gene expression was measured for chondrogenic 

marker genes COL1A1, COL10A1, SOX9, ACAN, RUNX2 and PRELP by qPCR. Results combine 

data from 3 biological replicates from each of the 3 hMSC donor cell lines: 2454e, 2802f, 

071508a. (n=9, error bars +/- SD). 
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Figure 3.8: Chondrogenic marker gene expression during hMSC chondrogenesis assay 

(inhibitor). hMSC were transfected with either inhibitor control (Neg Ctrl A) or miR-455 inhibitor 

prior to chondrogenic differentiation for 14 days. Gene expression was measured for 

chondrogenic marker genes COL1A1, COL10A1, SOX9, ACAN, RUNX2 and PRELP by qPCR. 

Results combine data from 3 biological replicates from each of the 3 hMSC donor cell lines: 

2454e, 2802f, 071508a. (n=9, error bars +/- SD). 
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3.1. Discussion 
 
As miR-455-3p initially increases during differentiation of hMSCs in adipogenesis, 

osteogenesis and chondrogenesis, it is evident that miR-455 has a role in the 

differentiation of hMSCs. This could suggest that miR-455 is required to initiate 

differentiation. The change in miR-455 levels between each differentiation process 

indicates that miR-455 is most important during chondrogenesis, since upregulation 

continues during chondrogenic differentiation in comparison to a decrease during 

adipogenic and osteogenic differentiation.  

 

Although miR-455 increases during chondrogenesis, an overexpression of miR-455 results 

in a decrease in chondrogenic marker gene expression. This could suggest that miR-455 is 

required at a particular expression level, and if this is not maintained chondrogenesis is 

dysregulated. Inhibition of miR-455, however, did not demonstrate a significant 

difference in chondrogenic gene expression in most cases. An overexpression of miR-455 

may have a greater impact on chondrogenesis compared with miR-455 knockdown/ 

inhibition. Additionally, transfection of miR-455 mimic during osteogenesis had a greater 

effect compared with miR-455 inhibitor, increasing osteogenic marker gene expression. 

 

These results suggest that miR-455-3p has a role in hMSC differentiation, in particular 

chondrogenesis, although the mechanism is unclear. Interestingly, overexpression of miR-

455 decreases chondrogenic differentiation and this is something to explore further. 

Analysis of adult cartilage and chondrocytes in addition to differentiation and developing 

chondrocytes will give greater insight into a role of miR-455-3p in cartilaginous tissue.   
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4. Functions of microRNA-455-3p in cartilage  
 

4.1. Introduction  
 
Since data has demonstrated that miR-455-3p may have a role in chondrogenesis, this 

was explored further in adult mouse articular cartilage and the cell line SW1353. As a 

chondrosarcoma cell line, SW1353 cells were used as an in vitro model, and the miR-455 

conditional knockout mouse was used as an in vivo model to study the role of miR-455 in 

cartilage and chondrocytes. Previous work has identified cartilage-specific microRNAs, 

including observation of miR-455-3p in the growth plate and perichondrium during 

development. To develop on this, it is important to study adult cartilage and compare the 

role of miR-455 during chondrogenesis and in chondrocytes of mature cartilage. Articular 

cartilage from null miR-455 mouse knee joints can be dissected to study gene expression 

in the absence of miR-455, and potentially identify novel cartilage-specific targets. In vivo 

studies can be combined with in vitro, where manipulation of miR-455 expression is easily 

achieved. These experiments explore the role of miR-455 at a molecular level, using 

mRNA-seq to measure gene expression following an alteration in miR-455 expression 

levels. The aim is to reveal the consequences of miR-455 overexpression and inhibition/ 

complete knockout both in vivo and in vitro and identify novel miR-455 target genes. 

 
4.2. Results 

 
4.2.1. Mouse cartilage microdissection 

 
The articular cartilage from WT and miR-455 null mice was microdissected from the tibia 

and femur of both hind-legs and pooled (Figure 4.1B). RNA was extracted from these 

samples, pooling 3 mice together (articular cartilage from 6 knee joints in total) with an 

average final concentration of 70ng/ul. The expression of miR-455 was measured by qPCR 

in the samples (n=3), confirming that miR-455 KO cartilage did not express miR-455 

(Figure 4.1A). To check the purity of articular cartilage, bone marker genes (COL1A1 and 

TRAP) and cartilage marker genes (COL2A1 and ACAN) were measured against bone 

samples (Figure 4.1C, D). The results demonstrated that the articular cartilage samples 

expressed minimal bone marker genes but significant cartilage marker genes. From this, it  
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Figure 4.1: Mouse articular cartilage microdissection. (A) miR-455 expression levels in WT and 

miR-455 KO articular cartilage samples measured by qPCR. (B) Articular cartilage 

microdissection technique from mouse tibia (left) and femur (right). Arrows indicate articular 

cartilage that has been removed. (C) Cartilage marker gene expression genes COL2A1 and 

ACAN in mouse bone and micro dissected articular cartilage samples. (D) Bone marker gene 

expression genes COL1A1 And TRAP in mouse bone and micro dissected articular cartilage 

samples (n=3, p<0.05, error bars +/- SEM). 
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can be concluded that the samples contain almost pure articular cartilage without bone 

contamination. 

 
4.2.2. miR-455 null cartilage mRNA-seq 

 
Following mRNA-seq of WT and miR-455 articular cartilage samples (n=3), analysis 

showed that in some cases, the changes in differentially expressed (DE) genes are quite 

subtle and most are lowly expressed. For DE genes (q≤0.05), there were a total of 28 DE 

genes, of which 22 were upregulated (Figure 4.2B). The PCA plot indicated that there is 

not a lot of separation between gene expression within the WT and KO samples (Figure 

4.2A). Despite this, for DE genes (q≤0.05), GO analysis revealed enrichment across all GO 

categories indicating an enrichment for genes involved in different biological processes, 

cellular components and molecular functions (Figure 4.2C). Within this set of genes, 

biological processes involved in chondrocyte differentiation, cartilage morphogenesis, 

endochondral bone growth, and extracellular matrix organization are enriched (Table 4.1, 

Table 4.2). These genes include COL6A1, COL6A2, COL14A1, LOXL2, AEBP1, and VCAN 

(Figure 4.3). 

 

This data set was also analyzed to identify DE expressed genes (p≤0.05) between miR-455 

KO articular cartilage and WT articular cartilage. The analysis identified 872 DE genes, of 

which 323 were downregulated in miR-455 KO samples (Figure 4.4A). GO analysis also 

showed greater enrichment for genes (Figure 4.4B). Within this data, biological processes 

with genes significantly upregulated in miR-455 KO articular cartilage include ECM 

organisation, chondrocyte/ cartilage development (including growth plate cartilage), 

chondrocyte differentiation, endochondral bone growth, and metabolism of collagen. 

Similar gene enrichment was observed in molecular functions and cellular components 

such as ECM structure and binding. Examples of genes involved in these processes include 

ACAN, COL2A1, COL10A1, SOX9 (cartilage markers), and COL1A1, ALPL, TRAP1, RUNX2 

(bone markers) (Figure 4.5). RNA-seq data was validated by qPCR (Appendix 9 and 10). 
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Figure 4.2: miR-455 null cartilage RNA-seq data analysis. A) PCA plot demonstrating that 

there is little separation between WT (blue) and miR-455 KO (red) cartilage samples. B) 

RNA-seq volcano plot showing differentially expressed (q≤0.05) genes, of the 28 DE genes, 

22 genes were significantly upregulated and 3 downregulated.  
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Table 4.1: Table of significantly (q≤0.05) upregulated genes in miR-455 KO cartilage samples with 
enrichment for biological processes. Overlapping genes are highlighted in bold. 

 
 
 
Table 4.2: Table of significantly (p≤0.05) upregulated genes in miR-455 KO cartilage samples with 
enrichment for endochondral-related human phenotype ontologies. 

Human Phenotype Ontology  Gene 
Abnormality of lower limb COL6A1, COL6A2, AEBP1, FN1, LIFR, DDR2, FBN1, 

BGN, EVC, PRDM5, SERPINF1, MYO9A, TNNI2, CAV1, 
ACTA1, COL2A1, SH3PXD2B, PLOD1, ANTXR1, DST, 
COL6A3, TNNT3, DYNC2LI1, ABCC9, TRPS1, COMP, 
TWIST1, ERLIN2, FLNB, COL1A1, HOXA11, RPS6KA3, 
GMPPB, CCN2, COL3A1 

Abnormal diaphysis morphology 
 

FN1, LIFR, DDR2, FBN1, BGN, EVC, ACTA1, COL2A1, 
SH3PXD2B, SERPINH1, SGMS2, ALPL, P4HB, AIP, 
DYNC2LI1, TRPS1, COMP, FLNB, COL1A1, HOXA11, 
RPS6KA3, FAM20C 

Platyspondyly  
 

DDR2, BGN, KCNJ8, COL2A1, SERPINH1, SGMS2, 
ALPL, SPARC, ABCC9, PLOD3, COMP, FLNB, COL1A1 

  

Biological Processes Gene 
Chondrocyte morphogenesis  
GO:0090171 

COL6A1, COL6A2, COL14A1 
 

Extracellular matrix organization  
GO:0030198 

COL6A1, COL6A2, LOXL2, VCAN, 
AEBP1, COL14A1 

Growth plate cartilage chondrocyte differentiation  
GO:0003418 

COL6A1, COL6A2, COL14A1 
 

Cartilage morphogenesis  
GO:0060536 

COL6A1, COL6A2, COL14A1 
 

Chondrocyte differentiation involved in endochondral 
bone morphogenesis 
GO:0003413 

COL6A1, COL6A2, COL14A1 
 

Chondrocyte differentiation  
GO:0002062 

COL6A1, COL6A2, LOXL2, 
COL14A1 

Endochondral bone growth  
GO:0003416 

COL6A1, COL6A2, COL14A1 
 

Collagen fibril organization  
GO:0030199 

LOXL2, AEBP1, COL14A1 
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Figure 4.3: miR-455 null cartilage RNA-seq data (q≤0.05). A) Heat map showing 

differentially expressed (q≤0.05) genes between miR-455 KO and WT cartilage. B) RNA-seq 

analysis of genes significantly (q≤0.05) upregulated in miR-455 KO cartilage involved in 

endochondral biological processes. 
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Figure 4.4: miR-455 null cartilage RNA-seq data (p≤0.05). A) RNA-seq volcano 

plot showing differentially expressed (p≤0.05) genes, of the 872 DE genes, 549 

genes were significantly upregulated and 323 downregulated. B) GO analysis of 

significantly (p≤0.05) upregulated genes in miR-455 KO cartilage samples 

indicates enrichment in all categories indicating an enrichment for genes 

involved in different biological processes (orange), cellular components (green)  

and molecular functions (red). 
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Figure 4.5: RNA-seq data showing upregulated genes (p ≤ 0.05) in miR-455 null articular cartilage. (A) 

Cartilage marker genes ACAN, COL2A1, COL10A1 and SOX9 are upregulated in the miR-455 KO articular 

cartilage compared with WT control. (B) Bone marker genes COL1A1, ALPL, TRAP1 and RUNX2 are also 

upregulated in the miR-455 KO articular cartilage compared with WT control.   
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4.2.3. mRNA-seq overexpressing and inhibiting miR-455 in SW1353 cells 
 
To enhance this data further, in vitro studies were performed using the SW1353 cell line. 

Cells were transfected with either a miR-455 mimic or inhibitor and compared with 

controls. For each sample group, expression of miR-455-3p was measured using qPCR to 

validate mimic or inhibitor efficacy (Figure 4.6A). These samples (n=3) were used for 

mRNA-seq and the PCA plot demonstrated separation between groups (Figure 4.6B). 

Volcano plot analysis revealed that overexpression of miR-455 in cells resulted in 522 DE 

genes (q≤0.1), of which 404 were upregulated and 118 downregulated (Figure 4.6C). For 

samples where miR-455 was inhibited, 657 DE genes were identified, where 328 were 

upregulated and 329 downregulated (Figure 4.6D). Interestingly, miR-455 overexpression 

resulted in more upregulated genes than downregulated, whereas inhibiting miR-455 

resulted in a similar number of DE genes both upregulated and downregulated. From this 

data, GO analysis revealed enrichment in all categories. Surprisingly, the groups of DE 

genes with GO enrichment were genes upregulated (q≤0.1) in miR-455 mimic cell samples 

and genes downregulated (q≤0.1) in miR-455 inhibitor cell samples (Figure 4.7).  

 
4.2.4. Downregulating miR-455 results in skeletal system development phenotype 

 
In order to combine this data, comparison of DE genes with expression ‘upregulated in 

miR-455 KO articular cartilage’, ‘upregulated in SW1353 cells transfected with miR-455 

inhibitor’, and ‘downregulated in SW1353 cells transfected with miR-455 mimic’ was 

analysed. This was to identify potential targets of miR-455, since such target gene 

expression level could increase in response to a miR-455 inhibitor/knockout and decrease 

in response to a miR-455 mimic. Although no overlap between all 3 data groups was 

observed, 16 DE genes overlapped between both ‘up in KO’ and ‘up in inhibitor’ samples 

(Figure 4.7). Using GO analysis, this set of DE genes showed enrichment for ‘skeletal 

system development’ and ‘collagen-containing extracellular matrix’ (Table 4.3). These 

genes included FGF8, COL3A1, TIMP1, PHOSPHO1, SNAI1, PRELP and ANXA4, where heat 

map analysis demonstrates increased expression levels in miR-455 KO cartilage compared 

to WT, and SW1353 cells transfected with miR-455 inhibitor compared to control. 
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Figure 4.6: RNA-seq data showing genes (q≤0.1) in SW1353 cells transfected with miR-455 

mimic and inhibitor. (A) miR-455 expression in RNA-seq samples. (B) PCA plot demonstrating 

separation between SW1353 control and +/- miR-455 samples (red = inhibitor control, green 

= mimic control, blue = miR455 inhibitor, purple = miR455 mimic). C) RNA-seq volcano plot 

showing miR-455 mimic differentially expressed (q≤0.1) genes, with 404 genes significantly 

upregulated and 118 downregulated. D) RNA-seq volcano plot showing miR-455 inhibitor 

differentially expressed (q≤0.1) genes, with 328 genes significantly upregulated and 329 

downregulated. 
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Figure 4.7: Combining RNA-seq data from SW1353 cells +/- miR-455 (q≤0.1) and miR-455 KO 

cartilage (p≤0.05). A) GO analysis of significantly (q≤0.1) upregulated genes in miR-455 mimic 

SW1353 samples indicates enrichment in all categories. (B) GO analysis of significantly (q≤0.1) 

downregulated genes in miR-455 inhibitor SW1353 samples indicates enrichment in all 

categories. C) Ven diagram demonstrating 16 common genes both ‘up in miR-455 KO cartilage’ 

and ‘up in miR-455 inhibitor SW1353 cells’. D) Heat map of the 8 genes identified from GO 

analysis DE in miR-455 inhibitor SW1353 cells. E) Heat map of the 8 genes identified from GO 

analysis DE in miR-455 KO cartilage. 
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Table 4.3: Table of gene ontology for common genes combining RNA-seq data from SW1353 cells 
+/- miR-455 (q≤0.1) and miR-455 KO cartilage (p≤0.05), revealing enrichment for skeletal 
phenotypes. 

Gene ontology Gene 
Skeletal system development  
GO:0001501 

FGF18, COL3A1, TIMP1, PHOSPHO1, SNAI1, 
PRELP 

Collagen-containing extracellular matrix 
GO:0062023 

COL3A1, TIMP1, PHOSPHO1, ANXA4, S100A10 
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4.3. Discussion 
 

This data demonstrates that miR-455-3p could play a role in cartilage and osteochondral 

development. RNA-seq from miR-455 KO mouse articular cartilage indicates that DE 

genes resulting from a knockout of miR-455 are implemented in biological processes 

involved in chondrocyte differentiation, cartilage morphogenesis, endochondral bone 

growth, and extracellular matrix organization. Analysis also identified enrichment for 

genes associated with abnormality of the limb. Interestingly, these genes are upregulated 

in the miR-455 KO cartilage, suggesting that a knockout of miR-455 could upregulate 

osteochondral-related processes.  

 

When combining this data with RNA-seq from SW1353 cells either overexpressing or 

inhibiting miR-455, DE genes upregulated in miR-455 KO cartilage and miR-455 inhibited 

cells were associated with skeletal system development and collagen-containing 

extracellular matrix. This supports hMSC data, where an overexpression of miR-455 

resulted in a downregulation of chondrogenic gene markers. Although specific genes have 

been identified as upregulated or downregulated by miR-455 overexpression or 

downregulation, the regulatory mechanisms implemented by miR-455 are unclear. It is 

important to identify possible miR-455 targets and their downstream effects.  

 

From this data, it can be concluded that miR-455 has a role in cartilage, particularly during 

chondrogenic development. To explore this further, studying miR-455 within a 

developmental model will provide more details on the mechanisms regulated by miR-455 

during skeletal development.  
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5. Limb bud development and microRNA-455-3p 
 
 

5.1. Introduction  
 
Previous experiments have indicated a role for miR-455-3p in the developing skeletal 

system. Combining RNA-seq data from both miR-455-3p knockout mice and SW1353 cells 

transfected with a miR-455-3p inhibitor revealed and upregulation of genes for the GO 

terms “skeletal system development” and “collagen-containing ECM”. This dysregulation 

of genes as a result of altered miR-455-3p levels suggest a role for miR-455-3p in skeletal 

development. In addition to this, whole-mount in situ hybridisation demonstrates miR-

455-3p expression in the developing limb of both chick and mouse embryo, particularly in 

the growth plate and perichondrium. Differentiation assays of mesenchymal stem cells 

also suggested potential implications on chondrogenesis and osteogenesis following miR-

455-3p overexpression. To explore this further in a developmental system, the chick 

embryo was used due to its accessibility of the embryo and ability to withstand 

manipulative procedures, with the aim of identifying a role of miR-455-3p during limb bud 

development  

 
5.2. Results  

 
5.2.1. Overexpression of miR-455 inhibits chick limb bud formation 

 
Chick embryos were microinjected in the right-side anterior limb buds with either 

Scrambled sequences (AM-Scr) for control, antagomir-455 (AM-455), or miR-455 mimic 

(miR455m). Starting at the top of the limb bud, 3-5 injections were made down the limb 

bud at HH18-19 and imaged 24 hours after injection. Images demonstrated no apparent 

difference in the limb bud development between AM-455 and AM-Scr injected embryos, 

however, a reduction in the limb bud size of 455m injected embryos was observed and a 

delay in limb bud development compared with control embryos (Figure 5.1). After 24 

hours, at HH24-25, embryos demonstrated approximately a 30% decrease in limb bud 

size of 455m samples compared with both AM-455 and AM-Scr, and similarly after 48 

hours at HH27-28 (Figure 5.2). 
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Figure 5.1: Microinjection of miR-455-3p mimic and antagomir into the developing chick limb bud. 

A) Images taken of chick embryo 24hr after microinjection of AM-Scr, AM-455 or 455 mimic at 

HH24-25 (total n=27, n=9 per condition). Black boxes indicate relative limb bud size, the area of 

these boxes were measured and an average for each condition calculated. These results indicated 

approximately a 30% decrease in limb bud size when miR-455 is overexpressed compared with 

control.  
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Figure 5.2: Overexpression of miR-455-3p inhibits chick limb bud formation. A) Expression of miR-

455-3p in AM-Scr control samples and miR-455 overexpression limb bud samples used for RNA-

seq. B) GFP-tagged miR-455 probe visualisation showing localization in limb bud. C) Chick embryo 

images indicating smaller limb bud size in limb buds overexpressing miR-455 compared to control 

at 24hr (HH24-25) and 48hr (HH27-28) post-microinjection. These results indicated approximately 

a 30% decrease in limb bud size when miR-455 is overexpressed compared with control at both 

24hr and 48hr. 
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RT-qPCR confirmed an increased in miR-455-3p in limb buds injected with 455m 

compared to AM-Scr, and 4 samples of each condition were used for mRNA-seq (n=4). 

The PCA plot showed separation between the two groups. Initial bioinformatic analysis 

identified 2842 differentially expressed (DE) genes (p≤0.05), of which 1630 genes were 

upregulated in the 455m samples and 1212 genes downregulated in the 455m samples 

compared to AM-Scr control (Figure 5.3). Gene Ontology (GO) analysis showed 

enrichment in all categories including Molecular Function, Cellular Components, and 

Biological Pathways. Interestingly, Human Phenotype Ontology analysis of downregulated 

genes in 455m samples showed enrichment for genes involved in Brachydactyly 

(HP:0001156), a shortening of the fingers and toes due to unusually short bones, and 

Polydactyly (HP:0010442), additional fingers or toes, indicating a skeletal development 

phenotype (Table 5.1). Within significantly upregulated genes from 455m limb buds, 

enrichment for genes involved in Global developmental delay (HP:0001283) were 

reported.  

 
5.2.2. Dysregulation of development-related signalling pathway genes 

 
Signalling pathways are essential during development, and it is important that these 

remain regulated correctly in order for normal development to proceed. Within the 

developing limb bud, these include Wnt/ ß-Catenin, Hedgehog (Hh), TGFß (transforming 

growth factor-beta) and BMP (bone morphogenic protein), and FGF (fibroblast growth 

factor) signalling pathways. Within the RNA-seq data, many genes involved in these 

pathways are dysregulated when miR-455 is overexpressed (Figure 5.4). For example, 

WNT2, 3A, 4, 6, and 10A are all significantly upregulated (p≤0.05) in 455m samples 

compared with AM-Scr. Another WNT related gene, DKK3 (Dickkopf WNT Signalling 

Pathway Inhibitor 3), is significantly downregulated in the presence of miR-455 mimic.  

 

When miR-455 is overexpressed, there are also many differentially expressed genes 

involved in the Hh pathway, in particular Sonic Hedgehog (Shh) which is significantly 

upregulated. In addition to this, GLI1 (GLI Family Zinc Finger 1) is upregulated in response 

to miR-455 overexpression, whereas GLI3 (GLI Family Zinc Finger 3) is downregulated, 

both GLI1 and GLI3 have been linked to polydactyly phenotypes (294–297). Other 

dysregulated Hh pathway related genes include upregulated PTCH2 (Patched 2) and SMO  
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Figure 5.3: RNA-seq data from chick limb bud overexpressing miR-455-3p. A) PCA plot showing 

clustering of samples from miR-455 mimic and AM-Scr control, indicating separation in gene 

expression profiles. B) RNA-seq volcano plot. Data points in red indicate DE genes (p≤0.05). C) 

GO analysis of differentially expressed (p≤0.05) genes shows enrichment in all categories 

suggesting an enrichment for genes involved in different biological processes (orange), cellular 

components (green) and molecular functions (red). 
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Table 5.1: RNA-seq data from chick limb bud overexpressing miR-455-3p. DE genes (p≤0.05) 
demonstrate enrichment for genes involved in brachydactyly and polydactyly, both phenotypes 
related to limb development. 

Human Phenotype Ontology Gene 
Brachydactyly 
HP:0001156 
 

TRIP11, ATRX, KIAA0753, RIN2, ADNP, KAT6B, 
SOS1, RB1, AKT1, PIK3CA, EIF2AK3, BBS5, 
TRPS1, DYNC2H1, WDR60, GHR, GNAS, 
MAP3K7, OFD1, CDH11, SOS2, EVC, LZTFLI1, 
SMC3, TRIO, PCNT, LBR, CUL4B, ARID2, 
SHOC2, RAD21, MBTPS1, LIG4, ATP7A, KIF15, 
WASHC5, IFT140, FAM149B1, NEK1, RERE, 
EVC2, SIK3 

Polydactyly 
HP:0010442 
 

KIAA0753, AKT3, ADNP, PIK3CA, BBS5, 
FAM92A, DYNC2H1, AHI1, WDR60, ARL13B, 
CC2D2A, OFD1, FLI1, EVC, LZTFLI1, JMJD1C, 
CENPF, PIBF1, LBR, ZNF423, WASHC5, IFT140, 
FAM149B1, CCND2, NEK1, FBLN1, RERE, 
CEP55, EVC2, TGFBR1 
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Figure 5.4: Dysregulation of development=related signalling pathway genes (p≤0.05) in limb buds 

overexpressing miR-455-3p. A) Wnt/ ß-Catenin pathway-related genes. B) Sonic hedgehog (Shh) 

pathway-related genes. C) Fibroblast growth factor (FGF) pathway-related genes. D) Transforming 

growth factor-beta (TGFß) and Bone morphogenic protein (BMP) pathway-related genes. 
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A) 
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Figure 5.5: Combining development-related signalling pathways. A) Shh signalling molecule and the 

downstream pathway. The red arrows indicate the direction of gene expression level in response to miR-

455 overexpression. Shh is upregulated in response to overexpressing miR-455. B) The Shh and BMP 

signalling pathway’s form a signalling loop, and the mechanism for this is currently unknown (dotted 

line). From the gene expression results following miR-455 overexpression, it could be hypothesised that 

when miR-455 in overexpressed, the increase in GLI1 expression as a result of Shh upregulation may 

impact BMP and its downstream pathway during development.   
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(Smoothened, Frizzled Class Receptor), and downregulated EVC (EvC Ciliary Complex 

Subunit 1) and EVC2 (EvC Ciliary Complex Subunit 2), which function in bone formation, 

endochondral growth and skeletal development (298,299). 

 

The TGFß/ BMP signalling pathways have fundamental roles in both postnatal bone 

homeostasis and embryonic skeletal development (300). In chick limb buds 

overexpressing miR-455, BMP2 and BMP7 gene expression is upregulated, whereas 

BMPR1A and BMPR2 expression is downregulated. BMP2 is essential for skeletal 

development and regeneration, where dysregulation leads to skeletal anomalies (301) 

such as brachydactyly (302), and BMP7 has been associated with degradation of the ECM 

(303). Downstream of BMP receptors and ligands, SMAD1, 5 and 9 are all downregulated 

following overexpression of miR-455.  

 

During vertebrate skeletal development, FGF pathways are essential in regulating limb 

bud development, including mesenchymal condensation, chondrogenesis, and 

osteogenesis (304). Overexpression of miR-455 in limb buds results in DE genes involved 

in FGF signalling pathways. For example, FGF7, 16, and 14 are downregulated and FGF1 

and 22 are upregulated. The FGF family possess broad functions in embryonic 

development, and dysregulation of these genes may influence cell differentiation and 

proliferation (305). 

 

These findings suggest that an overexpression of miR-455-3p may be detrimental to the 

developing limb. The altered expression of genes related to all developmental signalling 

pathways indicates that miR-455 plays a role in the regulation of skeletal development. A 

possible crosstalk between these signalling pathways creates a complex role for miR-455 

regulation. The Shh and BMP signalling pathways form a signalling loop, and the 

mechanism for this is currently unknown. A proposed mechanism could be hypothesised 

that an overexpression of miR-455 increases GLI1 expression. Within this mechanism, 

GLI1 upregulation is a result of an increase in Shh, which forms a positive feedback loop 

with BMP (Figure 5.5). There are many aspects of the signalling involved in skeletal 

development that could be explored further, to identify the specific role of miR-455-3p. 
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Table 5.2: RNA-seq data showing disruption to cell cycle. GO analysis from chick limb bud 

overexpressing miR-455 compared to Scrambled control identified enrichment for biological 

processes including cell cycle (GO:0007049) and negative regulation of cell cycle (GO:0045786). 

The table illustrates differentially expressed genes within the samples. 

Biological Processes Gene 
Cell cycle 
GO:0007049 
 

WAC PPP1R12A USP8 ZMYND11 ATRX RHOA CCPG1 
MDM1 DLG1 EML4 CCP110 SENP6 E2F8 EVI5 RIPK1 
SASS6 PDS5B TET2 PER2 HBP1 LRRCC1 CNTRL CHMP2B 
CETN2 TSG101 RB1 CEP135 ROCK1 GTF2H1 BRCA2 ANLN 
PIAS1 CCNI DBF4 PARD6B SRPK2 PBRM1 TCF7L2 CNOT4 
RAB11A NEDD9 KMT2E E2F6 USP3 OFD1 ERCC4 ATAD5 
BACH1 CDK17 ARNTL NDE1 ORC5 SMC3 MDM2 CDC27 
CENPF PIBF1 PCNT PDS5A CUL5 CUL4B LIMK2 POLE3 
E2F5 FBXO7 TRAPPC12 CBX3 BCL2 PSMA1 KIF15 
WASHC5 USP33 UBR2 SMARCAD1 MSH4 UBE2E1 CCND2 
TASOR NEK1 SMC4 NDC80 CDC14A TFDP1 SEPTIN10 
EDN1 KIF1B ERN1 ITGB1 XPO1 MZT1 TAF2 CHFR SIAH1 
WASL PKP4 AZI2 ANAPC10 

Negative regulation of cell cycle 
GO:0045786 
 

HEXIM1 RPL23 CDK2AP2 LAMTOR2 GAS2L1 PPP1R9B 
PSMC5 NOP53 CDK5 PSMD13 TAF6 RASSF1 APBB1 
PSMB6 CDK2 SHFM1 CBX5 PSMD4 WDR76 MLST8 
TIMELESS SIPA1 FANCD2 PEA15 RPL24 PSMD3 IK HTRA2 
ESPL1 KAT2A BCL2L1 LAMTOR1 CDK5RAP3 PPM1G 
PSMA5 SLC9A3R1 PCNA E2F1 PSMB3 CDT1 PSMB4 
PSMD11 CDC6 PSMC1 RAD51 TFAP4 TNKS1BP1 NAA10 
PSMD9 MAD2L1 CHMP1A PSMD2 PSMB7 WDR6 PSMA3 
PSMA7 CHMP2A AK1 SLC25A33 PSMD10 CDK9 BMP7 
CALR PSMA4 AKT2 NABP2 RPA2 TBRG4 MIF TRIAP1 
EME1 CAMK2N1 PSMD14 BLM HSP90AB1 EED 
CDK5RAP1 NUBP1 ANAPC15 ZNF385A BMP2 RBBP7 
MYBBP1A CDK5R1 
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Figure 5.6: Heat map of differentially expressed genes 

(p≤0.05) identified by GO analysis associated with the 

cell cycle in limb buds overexpressing miR-455-3p 

compared with scrambled control. Genes are 

downregulated following overexpression of miR-455. 
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Table 5.3: RNA-seq data showing abnormal mitochondria and metabolism. GO analysis from chick 

limb bud overexpressing miR-455 compared to Scrambled control identified enrichment for human 

phenotype ontology including abnormality of the mitochondrion (HP:0012103) and abnormality of 

mitochondrial metabolism HP:0003287). The table illustrates differentially expressed genes within 

the samples. 

Human Phenotype Ontology Gene 
Abnormality of the mitochondrion 
HP:0012103 

FUS, NDUFB3, NDUFA6, NDUFS6, NDUFA13, 
HSD17B10, MRPS14, OPA3, NDUFS2, HTRA2, 
ECHS1, GTPBP3, SLC25A4, ND6, NDUFV1, 
TXN2, FOXRED1, MICOS13, ATAD3A, NDUFS7, 
HADHA, ETFA, TIMM50, COX15, SDHD, 
HMGCL, NDUFB9, NDUFS8, NDUFA2, SDHA 

Decreased activity of mitochondrial 
respiratory chain 
HP:0008972 

NDUFB3 ,NDUFA6, NDUFS6, NDUFA13, 
MRPS14, NDUFS2, ECHS1, GTPBP3, NDUFV1, 
TXN2, FOXRED1, NDUFS7, TIMM50, COX15, 
SDHD, NDUFB9, NDUFS8, NDUFA2, SDHA 

Abnormality of mitochondrial metabolism 
HP:0003287 

NDUFB3, NDUFA6, NDUFS6, NDUFA13, 
MRPS14, OPA3, NDUFS2, HTRA2, ECHS1, 
GTPBP3, ND6, NDUFV1, TXN2, FOXRED1, 
MICOS13, ATAD3A, NDUFS7, HADHA, ETFA, 
TIMM50, COX15, SDHD, HMGCL, NDUFB9, 
NDUFS8, NDUFA2, SDHA 
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Figure 5.7: Heat map of differentially expressed genes (p≤0.05) 

identified by GO analysis associated with abnormal mitochondria in 

limb buds overexpressing miR-455-3p compared with scrambled 

control. Genes are upregulated following overexpression of miR-455. 
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5.2.3. Disruption to cell cycle and abnormal mitochondria 
 
Further GO analysis revealed an enrichment for dysregulated genes associated with a 

disruption to the cell cycle in limb bud samples overexpressing miR-455-3p (Table 5.2). 

Differentially expressed genes were enriched for the GO biological processes terms cell 

cycle (GO:0007049) and negative regulation of cell cycle (GO:0045786), and also GO 

human phenotype ontology terms including abnormality of the mitochondrion 

(HP:0012103) and abnormality of mitochondrion metabolism (HP:0003287) (Table 5.3).  

 

Heat map analysis revealed that differentially expressed genes (p≤0.05) associated with 

the cell cycle in limb buds overexpressing miR-455-3p were downregulated (Figure 5.6), 

whereas genes associated with abnormal mitochondria were upregulated (Figure 5.7). 

The phenotype observed in limb buds overexpressing miR-455-3p could be explained by 

an alteration to the cell cycle or abnormal mitochondria, phenotypes which are closely 

linked. When there is a disruption to the cell cycle or mitochondrial abnormality, this can 

result in reduced or delayed development and growth. An explanation for this could be 

that miR-455-3p targets a transcription factor that regulates these genes, as either a 

promotor of cell cycle-related genes or repressor of abnormal mitochondria-related 

genes. 

 
5.2.4. miR-455-3p targets the transcription factor CREB1 

 
Since there were many genes identified with enrichment associated with different 

biological processes, the next step was to explore common transcription factors within 

the data. The 2842 differentially expressed genes in developing limb buds overexpressing 

miR-455-3p were screened for transcription factors. Using Transfac transcription factor 

binding site predictions, CREB1 was identified as a common transcription factor. On 

further analysis, the downregulated genes involved in disruption to cell cycle all have a 

common promotor sequence for the transcription factor CREB1, motif: RTGACGYGTCAN 

(TF:M11221) (Table 5.4). As CREB1 expression is downregulated in limb buds as a result of 

miR-455-3p overexpression, Target scan was used to screen for binding sites. This screen 

revealed that CREB1 is a predicted target of miR-455-3p. To validate this, a luciferase 

assay was performed in the DF-1 chicken fibroblast cell line to confirm that CREB1 is a 
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target of miR-455-3p (Figure 5.8). For CREB1, following transfection, the expression of 

luciferase was decreased by overexpression of miR-455-3p which was then rescued by a 

mutation in the miR-455-3p target site within the UTR. This confirmed that CREB1 is a 

potential target of miR-455-3p. Therefore, the differentially expressed genes in response 

to an overexpression of miR-455-3p could be a result of downregulated expression of 

CREB1, where CREB1 acts as a transcriptional activator. If CREB1 regulates the expression 

of genes associated with the cell cycle, dysregulation of these genes due to a decrease in 

CREB1 could result in abnormalities. 
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Table 5.4: Downregulated genes (p≤0.05) identified by GO analysis associated with the cell cycle in 

limb buds overexpressing miR-455-3p were screened for common transcription factors and CREB1 

was identified using Transfac transcription factor binding site predictions. 

Transcription factor Gene 
Factor: CREB1; motif: RTGACGYGTCAN 
TF:M11221 
 

WAC, PPP1R12A, USP8, ZMYND11, ATRX, RHOA, 
CCPG1, MDM1, DLG1, EML4, CCP110, SENP6, 
E2F8, EVI5, RIPK1, SASS6, PDS5B, TET2, PER2, 
HBP1, LRRCC1, CNTRL, CHMP2B, CETN2, TSG101, 
RB1, CEP135, ROCK1, GTF2H1, BRCA2, ANLN, 
PIAS1, CCNI, DBF4, PARD6B, SRPK2, PBRM1, 
TCF7L2, CNOT4, RAB11A, NEDD9, KMT2E, E2F6, 
USP3, OFD1, ERCC4, ATAD5, BACH1, CDK17, 
ARNTL, NDE1, ORC5, SMC3, MDM2, CDC27, 
CENPF, PIBF1, PCNT, PDS5A, CUL5, CUL4B, LIMK2, 
POLE3, E2F5, FBXO7, TRAPPC12, CBX3, BCL2, 
PSMA1, KIF15, WASHC5, USP33, UBR2, 
SMARCAD1, MSH4, UBE2E1, CCND2, TASOR, NEK1, 
SMC4, NDC80, CDC14A, TFDP1, SEPTIN10, EDN1, 
KIF1B, ERN1, ITGB1, XPO1, MZT1, TAF2, CHFR, 
SIAH1, WASL, PKP4, AZI2, ANAPC10 
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Figure 5.8: miR-455-3p targets CREB1. A) Target scan revealed that CREB1 is a predicted 

target of miR-455. B) Luciferase assay performed in the DF-1 cell line confirmed that miR-

455 could directly target CREB1. The expression of luciferase was decreased by 

overexpression of miR-455-3p (wt miR-455) which was then rescued by a mutation in the 

miR-455-3p target site (mt miR-455) within the UTR. (n=3, error bars +/- SEM). 
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Figure 5.9: CREB1 during chondrogenesis. During chondrogenic 

differentiation of hMSCs, CREB1 expression and miR-455-3p expression 

were measured by qPCR at D0, D3, D7, D10 and D14. qPCR analysis 

showed that CREB1 expression decreases as chondrogenesis 

progresses, while miR-455-3p increases. (n=3, error bars +/- SD). 
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5.2.5. CREB1 siRNA phenocopies miR-455-3p in chondrogenesis  
 
To explore the relationship between miR-455-3p and CREB1 during chondrogenesis, 

CREB1 expression was measured at Day 0, 3, 7, 10 and 14 using the chondrogenesis assay 

described in Chapter 2 (Figure 5.9). Initial analysis revealed that CREB1 expression was 

significantly higher at day 0 compared with day 14, demonstrating an opposite trend to 

miR-455-3p expression which increases from day 0 to day 14. During the chondrogenesis 

assay, CREB1 expression decreases whilst miR-455-3p expression increases from day 3. 

The most significant decrease in CREB1 expression is from day 3 to day 7, correlating with 

the most significant increase in miR-455-3p expression from day 3 to day7. This supports 

CREB1 as a target of miR-455-3p, suggesting this interaction may have a role in 

chondrogenesis.  

 

The role of miR-455-3p/CREB1 during chondrogenesis was investigated further using the 

hMSC chondrogenesis assay. hMSCs were transfected with either CREB1 siRNA to 

knockdown CREB1 expression, or miR-455-3p mimic to overexpress miR-455. As 

previously discussed (Figure 3.7), an overexpression of miR-455-3p resulted in a decrease 

in chondrogenic marker gene expression compared with control. This experiment was 

repeated in the same hMSC donor line using CREB1 siRNA and demonstrated that 

inhibiting CREB1 also resulted in a significant decrease in chondrogenic marker gene 

expression. As with miR-455 overexpression, this was most evident in SOX9 expression 

(Figure 5.10). 

 

Although CREB1 decreases during chondrogenesis, these results indicate that CREB1 is 

required for the initiation of chondrogenic differentiation since siRNA knockdown 

resulted in a significant decrease in chondrogenic marker genes (Figure 5.10). As CREB1 

siRNA phenocopies miR-455 mimic in transfected hMSCs, this could suggest that the miR-

455 overexpression phenotype is a result of directly targeting the transcription factor 

CREB1 and the downstream effects on chondrogenesis. As miR-455-3p levels are low at 

the beginning of chondrogenesis, an overexpression of miRNA and therefore 

downregulation of CREB1 results in a decrease in chondrogenic marker gene expression 

and therefore may inhibit chondrogenesis. If the chondrogenesis assay were to be  
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Figure 5.10: CREB1 siRNA phenocopies miR-455-3p in hMSC chondrogenesis. A) Chondrogenic marker 

gene expression during hMSC chondrogenesis assay, transfected with CREB1 siRNA compared to 

control. B) Chondrogenic marker gene expression during hMSC chondrogenesis assay, transfected with 

miR-455 mimic compared to control. Gene expression was measured for COL1A1, COL10A1, SOX9 and 

ACAN by qPCR. Results combine data from 3 biological replicates from 1 hMSC donor cell line (2802f). 

(n=3, P<0.05, error bars +/- SD). 
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extended after 14 days, this phenotype may be observed as a delay in chondrogenesis, as 

chondrogenic genes do increase but at a slower rate than control. 

 

5.2.6. CREB1 siRNA phenocopies miR-455-3p in hMSC’s 
 
Following this, hMSC’s were transfected with either CREB1 siRNA or miR-455-3p mimic 

and gene expression compared with control. The expression of dysregulated genes 

identified by RNA-seq were measured by qPCR (Figure 5.11). These included 

mitochondrial genes NDUFA5, ND4, ND6, FOXRED1, COX15, TOMM40 and TIMM50 which 

were upregulated in limb buds overexpressing miR-455-3p. In addition to this, hMSC’s 

overexpressing miR-455 also resulted in an increase in ND6, FOXRED1 and COX15 gene 

expression. A similar increase in gene expression of ND6, FOXRED1 and COX15 was also 

observed in hMSC’s with downregulated of CREB1 expression. TOMM40 and TIMM50 

expression increased when miR-455 was overexpressed but decreased when CREB1 was 

inhibited. This could suggest that changed in TOMM40 and TIMM50 expression following 

overexpression of miR-455 is not related to a downregulation of its target CREB1. 

Although in hMSCs NDUFA5 and ND4 expression decreased in response to miR-455 mimic 

transfection, this expression pattern was also observed in hMSC’s transfected with CREB1 

siRNA, suggesting that overexpressing miR-455 and inhibiting CREB1 results in a similar 

phenotype. 

 

The expression of cell cycle genes identified by RNA-seq were also measured in these 

samples (Figure 5.12). These genes, E2F8, TFDP1, POLE3, BCL2, ORC5 and CUL4B, were 

downregulated in limb buds overexpressing miR-455-3p. In hMSC’s, the overexpression of 

miR-455 by mimic transfection also resulted in a downregulation of the cell cycle-related 

genes with the exception of CUL4B. Additionally, a downregulation of these genes was 

observed in hMSC’s transfected with CREB1 siRNA. This suggest that CREB1 siRNA 

phenocopies miR-455 mimic in hMSCs. The data indicates that changes in gene 

expression as a result of miR-455 overexpression may be due to miR-455 targeting and 

therefore downregulating CREB1 expression. 

 
Within the Cyclic AMP (cAMP)/ PKA pathway, transcription is regulated by the direct 

phosphorylation of the transcription factors CREB, CREM, and ATF1 (306). Because of this,  
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Figure 5.11: CREB1 siRNA phenocopies miR-455-3p in hMSCs. Mitochondrial gene expression was 

measured in hMSCs transfected with CREB1 siRNA compared to siRNA control (AllStar), and miR-

455 mimic compared to mimic control (Cel-39). Gene expression was analysed for NDUFA5, ND4, 

ND6, FOXRED1, COX15, TOMM40 and TIMM50 by qPCR. All genes other than TOMM40 and 

TIMM50 followed similar expression patterns in hMSCs transfected with CREB1 siRNA and miR-455 

mimic. Results combine data from 3 biological replicates from 1 hMSC donor cell line (2802f). (n=3, 

error bars +/- SEM). 
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Figure 5.12: CREB1 siRNA phenocopies overexpression of miR-455-3p in 

hMSCs. Cell cycle gene expression was measured in hMSCs transfected with 

CREB1 siRNA compared to control, and miR-455 mimic compared to 

control. Gene expression was analysed for E2F8, TFDP1, POLE3, BCL2, ORC5 

and CUL4B by qPCR. All genes other than CUL4B followed similar expression 

patterns in hMSCs transfected with CREB1 siRNA and miR-455 mimic. 

Results combine data from 3 biological replicates from 1 hMSC donor cell 

line (2802f). (n=3, error bars +/- SEM). 
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CREM and ATF1 (in addition to CREB1) expression levels were also measured in hMSCs 

transfected with either miR-455 mimic or CREB1 siRNA (Figure 5.13). The results 

confirmed that miR-455 overexpression and CREB1 siRNA downregulated CREB1 

expression. This was also observed with CREM expression, where levels were lower in 

miR-455 mimic and CREB1 siRNA samples. ATF1 expression was not altered in response to 

miR-455 overexpression or CREB1 knockdown. These results suggest that overexpression 

of miR-455-3p may impact the cAMP pathway.  

 
5.2.7. Skeletal tissues and CREB1 

 
Within the 3 RNA-seq data-sets described in Chapter 4 and Chapter 5, CREB1 expression 

is consistent. Chick limb buds overexpressing miR-455-3p demonstrate a significant 

downregulation in CREB1 which is also observed in SW1353 cells transfected with miR-

455 mimic (Figure 5.14). Although the expression of CREB1 is upregulated in miR-455 KO 

mouse articular cartilage, this is less significant. In these samples, overexpression of miR-

455-3p has a greater effect than inhibiting miR-455, and this follows with previous 

experiments described in previous chapters, including hMSC chondrogenesis. The 

expression of CREB1 was also measured in both WT and miR-455 KO mouse bone 

samples. Interestingly, CREB1 expression was significantly upregulated in miR-455 KO 

samples, suggesting that downregulation of miR-455 has a greater effect on bone than 

articular cartilage. Since previous research has demonstrated an increase in miR-455-3p 

in human OA articular cartilage, human NOF control samples and OA articular cartilage 

were measured for CREB1 expression. These results demonstrated that CREB1 is 

significantly lower in OA samples compared with control, possibly as a result of the 

increase in miR-455-3p expression. 
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Figure 5.13: CREB1 siRNA phenocopies miR-455-3p in hMSCs. Gene expression of CREB1, CREM 

and ATF1 was measured in hMSCs transfected with CREB1 siRNA compared to control, and miR-

455 mimic compared to control by qPCR. Both CREB1 and CREM followed similar expression 

patterns in hMSCs transfected with CREB1 siRNA and miR-455 mimic. Results combine data from 3 

biological replicates from 1 hMSC donor cell line (2802f). (n=3, error bars +/- SEM). 
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Figure 5.14: CREB1 expression across skeletal samples. (A) RNA-seq data results of CREB1 

expression levels in chick limb buds overexpressing miR-455, miR-455 KO mouse articular 

cartilage, and SW1353 cell line transfected with miR-455 mimic and inhibitor. (B) qPCR 

analysis of CREB1 in miR-455 KO mouse tibia bone samples and human knee OA samples. 

(n=3, P<0.05, error bars +/- SEM).  
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Figure 5.16: Comparison of CREB1 expression levels and HIF1a expression. A) 

Chick limb buds overexpressing miR-455 compared to AM-Scr control 

demonstrating the relationship between an increase in CREB1 expression 

and HIF1a. B) Articular cartilage from miR-455 KO mouse compared to WT 

showing correlation between an increase in CREB1 expression and HIF1a. 

(n=3, P<0.05, error bars +/- SEM). 
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5.3. Discussion 
 

An overexpression of miR-455-3p in the developing chick limb bud results in a visual 

phenotype of smaller limb bud size compared to control (n=9). Interestingly, inhibition of 

miR-455-3p by antagomir did not result in a visual phenotype, where no difference was 

observed compared with control. This data supports previous gene expression analysis in 

mouse cartilage, where altered levels of miR-455 expression resulted in a dysregulation of 

genes associated with skeletal system development. Analysis of RNA-seq data from limb 

buds overexpressing miR-455-3p revealed that developmental pathways are dysregulated 

within these samples. Whilst exploring this further, data analysis demonstrated a 

disruption to the cell cycle and abnormal mitochondria when miR-455 is overexpressed. 

 

In order to uncover a mechanism by which miR-455 regulates the development of the 

limb, the CREB1 transcription factor was identified as a miR-455-3p target, regulating 

many cell cycle related genes. This was confirmed by the phenotype similarity between 

miR-455 overexpression and CREB1 knockdown in hMSCs, and their effect on cell cycle 

and mitochondrial related genes. Analysis revealed a possible role of CREB1 in skeletal 

tissues, including the disease phenotype OA, since CREB1 is downregulated in OA tissue. 

 

There are many possible mechanisms by which the miR-455-3p/CREB1 interaction may 

regulate chondrogenesis and the developing limb. One of these is the regulation of DRP1 

by CREB1. Overexpression of miR-455-3p and therefore a downregulation of CREB1 

results in a downregulation of DRP1 in the developing chick limb (Figure 5.15). During the 

cell cycle, different phases exhibit changes in mitochondrial morphology (307). The 

morphology of mitochondria, in particular mitochondrial fission, required DRP1 (308). 

There is an increase in fission and DRP1 expression during the S & G2M cell cycle phases 

(308). Since an overexpression of miR-455-3p results in a downregulation of CREB1 and 

consequently DRP1, this may lead to a G2M arrest, terminating the cell cycle and 

reducing proliferation. 

 

Another mechanism could be the interaction between CREB1 and HIF-1a as it was 

observed that in chick limb buds overexpressing miR-455-3p and downregulated CREB1, 
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there was also a significant decrease in HIF1a expression (Figure 5.16). To support this, 

articular cartilage from miR-455-3p KO mouse revealed an increase in both CREB1 and 

HIF1a expression. HIF1a regulates cellular response to hypoxia, and it has previously been 

described that HIF-1a has a role in cartilaginous tissues, where a downregulation of HIF1a 

causes growth plate defects and cell death (309). This could explain the phenotypes 

observed in tissues with an overexpression of miR-455-3p, as this results in a 

downregulation of both CREB1 and HIF1a, impacting on hypoxic response and HIF-1a and 

cell survival in tissues. Further experiment should be performed to explore the interaction 

between miR-455-3p and CREB1, and the role of CREB1 during chondrogenesis and 

chondrogenic tissues.  
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6. Identifying microRNA-455-3p targets  
 
 

6.1. Introduction  
 
The post transcriptional regulation of target genes by microRNAs is an essential element 

of eukaryotic gene regulation. miRNA response elements (MRE) complementary target 

transcripts form the miRNA induced silencing complex (mRISC). The understanding of 

miRNA mechanisms has enhanced due to advances in methodologies. Despite this, the 

study of direct miRNA-target interactions in vivo presents as a challenge. Fulga et al have 

described an experimental protocol, identifying specific miRNA-MRE interactions in situ 

by CRISPR/Cas9 genome engineering (310). This has enabled investigation of a putative 

miRNA-target interaction within a pool of cells, eliminating the need for generating 

transgenic animals or clonal cells lines (310). The protocol was performed in HEK-293T 

cells, and before now has not been used to study miRNA-target interactions in cartilage. 

The aim of this research was to optimize CRISPR/Cas9 genome engineering in SW1353 

cells, identifying miR-455-3p novel target interactions in vivo. 

 

6.1.1. Assessing microRNA-455 activity by CRISPR-mediated HDR 
 
Previous advances in methodologies have improved the understanding of miRNA 

biogenesis and mechanisms in which miRNAs repress their targets, however, the 

physiological relevance of direct miRNA-target interactions remains a challenge (310). An 

experimental protocol has been described using CRISPR/Cas9-mediated genome  

engineering to directly interrogate miRNA-MRE interactions (310). It is extremely likely 

that miRNAs regulate a large number of genes, since their target recognition is mainly 

controlled by short ‘seed’ sequences (283). Cell culture systems can offer valuable 

information to directly investigate miRNA function and role in human cells. 

 

Literature has described this technique using CRISPR-mediated homology-directed repair, 

designing short oligonucleotide donors in order to assess MRE activity in human cells, and 

subsequently analyse the consequences of blocking specific miRNA-MRE interactions 

(283). This approach co-transfects Cas9/sgRNA targeting a MRE into cultured cells, with 
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two 140nt single-stranded DNA (ssDNA) oligonucleotide templates for HDR (283). The 

first HDR template inserts a T3 ‘barcode’ downstream of the target MRE maintaining the 

MRE, whilst the second replaces the MRE with a T7 ‘barcode’. These two cell populations 

can be identified from a pooled sample by using a primer specific to the MRE of interest, 

and primers binding the T3 and T7 ‘barcodes’ (283). In a heterogenous mixture of 

transiently transfected cells, the MRE activity can be assessed. For example, with an 

active MRE, mRNA containing the T7 ‘barcode’ and MRE deleted will be higher when 

compared to the intact MRE T3 ‘barcode’ (283). qPCR is used to quantify this with T3 and 

T7 primers on complementary DNA (cDNA), and the T3 and T7 integration efficiencies are 

assessed by qPCR of genomic DNA (gDNA) from the same cells compared to cDNA results 

(283). The MRE is active within the cell type if the T7/T3 ratio is significantly higher in the 

cDNA compared with gDNA. An increase in this indicates the extent of this (283). 

 

This has been tested in HEK293T cells, for three putative miR-92a targets (C9orf7, 

PCMTD1, MAPRE1) which were identified by CLASH (259). The CLASH assay, however, 

cannot discriminate between direct and indirect regulation by miRNA. The analysis of this 

experiment revealed that despite direct miRNA-MRE predicted binding, only one target 

(C9orf7) deletion of MRE affected transcript abundance. This was not shown in the 

PCMTD1 and MAPRE1 MREs, suggesting that miR-92a does not play a role in regulating 

these transcripts in this cell type (283). This protocol may be implemented in different cell 

lines and scaled up for multiplex studies (310).  
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Figure 6.1: CRISPR-mediated HDR and MRE activity protocol. Schematic as described by 

Bassett et al. 2014. A) miR-CRISPR is used to design sgRNA. B) ssODN design for DKK3 

and miR-455-3p. C) Transfection of ssODN, sgRNA and Cas9 into SW1353 cells. gDNA and 

cDNA extracted and qPCR performed. 
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6.2. Results  
 

6.2.1. Optimization and protocol development in SW1353 cells  
 
The microRNA-target interactions by CRISPR/Cas9 genome engineering protocol was 

developed in the SW1353 cell line, due to its extensive use in cartilage-related in vitro 

research and successful transfection efficiency. The genes DKK3 and CLOCK have 

previously been identified in the lab as miR-455-3p targets and were therefore used to 

optimize the CRISPR/Cas9 genome engineering protocol in SW1353 cells. Firstly, to 

confirm that DKK3 and CLOCK are direct targets of miR-455-3p, luciferase assays were 

performed. For both genes, following transfection, the expression of luciferase was 

decreased by overexpression of miR-455-3p which was then rescued by a mutation in the 

miR-455-3p target site within the UTR. This provides confirmation that DKK3 and CLOCK 

are targets of miR-455-3p (Figure 6.2).   

 

The miRanda algorithm (microrna.org) provided predicted MRE seed position for each 

target gene, and sgRNA were designed using the miR-CRISPR tool. Both WT-MRE and 

mut-MRE ssODNs were designed and transfected into SW1353 cells alongside pX330-

sgRNA plasmid DNA using Lipofectamine 3000. After 48 hours, DNA and RNA were 

extracted from each cell sample and qPCR performed (Figure 6.1). For DKK3, MRE score 

calculation revealed a score of 1.56 (Figure 6.2). As this value is greater than 1, this 

suggests that there is functional miRNA-target regulation. Analysis of the qPCR data 

demonstrated that the T7/T3 ratio for DKK3 was significantly different higher in cDNA 

compared with gDNA. An increase in ratio in the cDNA suggests that the MRE is active, as 

its deletion results in increasing amounts of transcript being produced. In the gDNA, the 

T7/T3 ratio is used to estimate the relative integration efficiency of the T7 and T3 oligos. 

For CLOCK, MRE score calculation revealed a score of 0.82. As this value is less than 1, this 

suggests that the MRE is stabilizing. Although the T7/T3 ratio was higher in cDNA samples 

compared to control, this was not significantly different. This may suggest an absence of 

miR-455-CLOCK regulation within the cell line SW1353. This conflicts luciferase assay data 

and could demonstrate that CLOCK downregulation as a result of miR-455-3p 

overexpression could be due to downstream regulation rather than direct interaction 

between CLOCK and miR-455-3p.  
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This data provides an example of how this CRISPR/Cas9 genome engineering protocol can 

distinguish between primary and secondary miRNA targets and could overcome 

limitations in the luciferase assay providing a more accurate representation of miRNA 

mediated gene regulation. 

 
6.2.2. Validating RNA-seq data and identifying novel miR-455-3p targets 

 
Following CRISPR/Cas9 genome engineering protocol optimization in SW1353 cells, 

predicted miR-455-3p target genes selected from RNA-seq data-sets described above 

were analysed. In miR-455 null mouse articular cartilage, ACAN expression was 

upregulated. This gene is interesting in terms of skeletal tissue, as it is a member of the 

aggrecan/versican proteoglycan family. The protein encoded by ACAN is an integral part 

of the ECM in cartilaginous tissue, and upregulation in miR-455 null mouse cartilage could 

suggest a skeletal phenotype. TargetScan identified ACAN as a miR-455-3p targets and 

following miRanda analysis, predicted MRE seed position for ACAN was selected and 

experimental design was performed. Analysis of qPCR data demonstrated that the T7/T3 

ratio was significantly different higher in cDNA compared with gDNA, suggesting that the 

MRE is active (Figure 6.3). This was supported score calculation which revealed a score of 

1.91, where a value greater than 1 suggests an active MRE. Since a complete knockout of 

miR-455-3p in mouse articular cartilage resulted in an upregulation of ACAN, and 

CRISPR/Cas9 genome engineering validated ACAN MRE to be active in SW1353 cells, it 

can be concluded that ACAN is a direct target of miR-455-3p. 

 

Further analysis of RNA-seq data from miR-455 null mouse articular cartilage, SW1353 

cells inhibiting miR-455-3p and chick limb buds overexpressing miR-455-3p was 

performed. This revealed PRELP as a common gene in groups ‘downregulated in limb 

buds overexpressing miR-455-3p’, ‘upregulated in SW1353 cells inhibiting miR-455-3p’ 

and ‘upregulated in miR-455 null mouse articular cartilage’ (Figure 6.4A). In addition to 

this, during hMSC chondrogenesis assays, PRELP expression levels decrease in response to 

cell transfection with miR-455 mimic-3p, and increase following transfection with a miR-

455-3p inhibitor (Figure 6.4C). PRELP (proline and arginine rich end leucine rich repeat 

protein) is another interesting gene in relation to ECM. The protein encoded by PRELP is  
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Figure 6.2: Optimization and development of protocol in SW1353 cells. A) Luciferase assay data 

for DKK3 and CLOCK indicating both genes as miR-455-3p targets. B) Predicted direct binding of 

DKK3 and CLOCK MRE sites and miR-455-3p. C) CRISPR/Cas9 genome editing to identify active 

MRE sites results (n=3, P<0.05, error bars +/- SEM). 
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miR-455-3p seed sequence. B) CRISPR/Cas9 genome editing data to identify active MRE 

and MRE score calculation (n=3, P<0.05, error bars +/- SEM).  
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present in connective tissue ECM, binding type I collagen to basement membranes and 

type II collagen to cartilage. TargetScan identified PRELP as a miR-455-3p targets and 

following miRanda analysis, a predicted MRE seed position for PRELP was selected and 

experimental design was performed. Analysis of qPCR data demonstrated that the T7/T3 

ratio was significantly different higher in cDNA compared with gDNA, suggesting that the 

MRE is active (Figure 6.5). This was supported by the score calculation which revealed a 

score of 1.25, where a value greater than 1 suggests an active MRE. This data suggests 

that PRELP is a direct target of miR-455-3p, and this interaction could be involved in the 

mechanism for the phenotype observed in cartilage tissues as a result of miR-455-3p 

overexpression or downregulation.  
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Figure 6.4: PRELP expression across cartilage samples. PRELP is a gene related to ECM and cartilage. A) 

Ven diagram demonstrating 1 common gene ‘down in 455m limb bud’, ‘up in 455i SW1353 cells’ and ‘up in 

miR-455 KO cartilage’. B) Expression levels of PRELP decrease in chick limb buds overexpressing miR-455, 

increase in miR-455 KO articular cartilage samples, and also increase in SW1353 cells transfected with a 

miR-455 inhibitor. C) During hMSC chondrogenesis assays, PRELP expression levels decrease in response to 

cell transfection with miR-455 mimic, and increase following transfection with a miR-455 inhibitor. 
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Figure 6.5: Identifying PRELP as a target of miR-455-3p. A) Using Target scan, PRELP was identified 

as a miR-455-3p.1 predicted target. Predicted consequential pairing of target region (top) and 

miRNA (bottom). B) ssODN experimental design for CRISPR/Cas9 engineering. C) T7/T3 ratio 

between PRELP gDNA and cDNA, demonstrating that PRELP is a direct target of miR-455-3p. 
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6.1. Discussion 
 
 
These results show that the CRIPSR/Cas9 genome editing protocol to identify miRNA 

target genes has been successfully performed in SW1353 cells. Using this method in 

SW1353 cells will allow further miRNA-MRE interactions to be studied in cartilage 

research. The next step would be to optimize the technique in different cell lines, such as 

human articular chondrocytes or MSCs, to identify cell specific interactions. If this method 

can be transferred into human primary cell lines, it could be used to compare healthy 

articular cartilage samples and OA samples, to understand the regulatory roles of miRNAs 

in diseased and healthy tissues. To enhance this method further, research could focus on 

scaling up the protocol in order to study multiple miRNAs at one time. This could also be 

used to study multiple predicted targets of a miRNA in a single assay.  

 

The protocol overcomes several limitations of previous methods to identify miRNA 

targets such as the luciferase assay. For example, they do not capture the endogenous 

miRNA-target stoichiometry, and therefore cannot identify physiological miRNA-mediated 

repression in vivo. In addition to this, capture-based techniques such as CLIP detect 

spatial-temporal binding between targets and miRNAs. As miRNA-target binding does not 

always mirror repressive action of miRNAs, this does not definitively identify function 

interactions (310). This protocol described by Fulga et al. demonstrates a direct validation 

of miRNA-MRE interactions under physiological conditions, impacting minimally on 

cellular homeostasis (310). 

 

The targets validated by CRISPR/Cas9 genome engineering suggest that miR-455-3p has a 

role in cartilage development or maintenance, since ACAN and PRELP are both expressed 

in cartilaginous tissue. Further analysis is required to explore the role of miR-455-3p 

interactions with ACAN and PRELP, and the downstream consequences of this. 
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1. Discussion  
 

Previous research has shown that miR-455 is expressed in the developing long bone, 

joints and cartilage and has also been identified as an activator for early chondrogenic 

differentiation. This research has aimed to explore the role of miR-455 during skeletal 

development and cartilage. Gene expression analysis has enabled potential miR-455 

targets to be identified, and provided insight into the mechanisms regulated by miR-455 

during chondrogenesis. These results provide a platform for exploring both osteochondral 

development and the role of miR-455 targets within these processes, and translating this 

to disease research. 

 

1.1. microRNA-455-3p in cartilage and skeletal development  
 
This research has demonstrated that miR-455-3p expression increases during 

chondrogenesis, and overexpression of miR-455-3p prior to differentiation results in a 

downregulation of the chondrogenic marker genes SOX9, COL2A1, ACAN and COL10A1. 

During adipogenesis and osteogenesis, miR-455-3p expression also increases at the 

beginning of differentiation. These findings oppose those of the Liao group (137–139), 

where overexpression of miR-455-3p increases chondrogenic markers. This model of 

chondrogenesis is in the ATDC5 cell line, whereas our data is from the hMSC model. Since 

we observe the same results from 3 independent hMSC cells lines, we can be confident 

that CREB1 acts as an activator of gene expression. This disagreement may be explained 

by, using different cofactors, CREB1 acts as a transcriptional repressor in ATDC5 cells.  

 

Analysis of RNA-seq data from miR-455 null mouse articular cartilage suggests that miR-

455-3p has a role in osteochondral development. Differentially expressed genes 

upregulated in miR-455 null cartilage are involved in osteochondral-related processes. In 

combination with SW1353 cells inhibiting miR-455-3p, RNA-seq analysis identified 

differentially expressed genes involved in skeletal system development. Data from 

hMSC’s overexpressing miR-455-3p during chondrogenesis shows a downregulation of 

chondrogenic markers, supporting the hypothesis that altered miR-455-3p expression 

impacts chondrogenic differentiation.  



 169 

 

In the chick limb bud, overexpression of miR-455-3p by microinjection inhibited limb bud 

development. RNA-seq data revealed many differentially expressed genes involved in 

developmental signalling pathways, indicating a dysregulation of development due to 

miR-455-3p overexpression. In addition to this, many mitochondrial genes were 

upregulated, and cell cycle genes downregulated, resulting in mitochondrial dysfunction 

and a disruption to the cell cycle. The majority of these genes are not miR-455-3p 

predicted targets, however, the CRE is overrepresented in their promotors, suggesting 

regulation by the transcription factor CREB1. In the chick limb bud, CREB1 is 

downregulated by miR-455-3p, and is predicted to be a miR-455-3p target. To validate 

this, the 3’UTR of CREB1 was subcloned into pmiRGLO downstream of luciferase. 

Following transfection, luciferase expression was decrease by miR-455-3p overexpression 

which was rescued by mutation in the miR-455-3p UTR target site, confirming CREB1 as a 

direct miR-455-3p target. Due to time constraints, CREB1 was not explored further as a 

potential mi-455-3p target. The next experiment would aim to validate CREB1 as a miR-

455-3p target using the CRISPR/Cas9 genome engineering protocol described in Chapter 

6. 

 

During hMSC chondrogenesis, CREB1 levels decrease as miR-455-3p levels increase. In 

both cultured hMSCs and the hMSC chondrogenesis assay, silencing of CREB1 by siRNA 

phenocopied miR-455-3p overexpression, where chondrogenic markers genes were 

decreased. The expression of mitochondrial and cell cycle related genes were also 

differentially expressed in response to CREB1 siRNA and miR-455-3p overexpression, 

suggesting that the action of miR-455-3p is mediated by a downregulation of CREB1. 

 

From this research, it can be hypothesised that miR-455-3p has a role in chondrogenesis, 

regulating the expression of CREB1. Within skeletal development, the impact of miR-455-

3p demonstrates a significant regulatory mechanism to explore further. It may be 

possible in the future to use miR-455-3p inhibition to upregulate CREB1 and enhance 

chondrogenesis, consequently providing a platform in stem cells, tissue engineering, and 

regenerative medicine.   
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1.2. CREB1 
 
The cAMP-response element binding protein 1 (CREB1) is part of the CREB family of 

activators which stimulate cellular gene expression. This occurs following phosphorylation 

at a conserved serine in response to cAMP, most commonly Ser-133 in CREB1 (311). The 

transcription factor binds to the CRE (cAMP response element) or a half site within a gene 

promotor (312). The phosphorylation of CREB1 enables dimerization and recognition of 

the transcriptional coactivator CBP (CREB1-binding protein) (313). This family of basic 

region/leucine zipper (bZIP) transcription factors also includes CREM (cAMP response 

element regulatory protein) and ATF1 (transcriptional activator 1), where CREB1, CREM 

and ATF1 can form heterodimers and homodimers (313). 

 

Studies on mice have demonstrated that CREB1 has many tissue specific functions. 

Although a genome wide study suggested that approximately 4000 genes were regulated 

by CREB1, the induction of gene expression by cAMP is dependent on the recruitment of 

regulatory partners such as CBP (314). The generation of CREB1-/- mice resulted in 

respiratory failure and lung development problems, leading to death at birth (315).  

 

During endochondral ossification, cell proliferation is essential to control long bone 

growth (316). In multiple cell types, CREB1 has an important role in cell proliferation. G1 

progression is extremely important in the growth plate, regulating chondrocyte 

proliferation through cyclin A and D1 (317). CREB1 is required for the regulation of these 

genes, which both have CREs in their promotors (318). Interestingly, previous research 

demonstrated that CREB recruitment leads to increased levels of MMP13 in both human 

articular chondrocytes and OA (319). It is well known that CREB1 is a critical regulator of 

cell differentiation and proliferation, and knockdown of CREB1 inhibits cell cycle 

transition. The mechanism to which CREB1 and other family members regulate cell cycle 

progression is unclear, although cell cycle related genes have been identified to be 

regulated by CREB1. 

 
1.3. CREB1 in chondrogenesis and endochondral ossification  
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The expression of SOX9 is regulated by cAMP which induces chondrogenesis in micro-

mass culture of chick limb bud mesenchymal cells (320). Within this study, CREB1 was 

highly expressed and phosphorylated during early stages of chondrogenesis, decreasing 

over time. This cell model demonstrated that, at the early stages of chick development, 

CREB1 is required for limb bud chondrogenesis. In addition to this, CREB1 has been 

reported to bind to the SOX9 promotor, inducing SOX9 expression (321). 

 

During endochondral bone development, the CREB family of transcription factors have 

been identified as important (322). The DNA binding of CREB family members, including 

CREB1, CREM and ATF1 is disrupted by a dominant negative CREB1 inhibitor A-CREB 

(323). In growth plate chondrocytes of mice, the expression of a dominant negative A-

CREB inhibitor resulted in short-limbed dwarfism and perinatal lethality, due to 

respiratory failure as a results of small rib cage circumference (Figure7.1) (322). These 

mutant chondrocytes portrayed a delay in hypertrophy and decrease in proliferative 

index. This is in contrast to wild-type cartilage during development, where there is an 

activation of CREB in proliferative zone chondrocytes (322). In addition to this, signalling 

molecules involved in development showed altered expression. In support of this data, It 

has previously been demonstrated that CREB activation is critical in chondrocytes (318). 

 

Many signalling molecules are involved in the regulation of endochondral bone 

formation, and these mechanisms induce cartilage and bone gene expression 

programmes. This study demonstrates that the CREB family of activators function as 

critical intermediates within this process. The results suggest that the decreased 

proliferative zone in A-CREB mutant mice may be due to both a reduced rate of 

proliferation and also the cell cycles in which the chondrocytes undergo before exiting 

the cell cycle (322). This research concludes that CREB increases proliferation and 

promotes chondrocyte differentiation. Additionally, other CRE-binding proteins such as 

ATF2 may have an important function in bone development (324). Although this study 

indicates a critical role for the CREB family during proliferation, the mechanisms involving 

regulation of cell cycle progression in unknown. This in an important beginning for 

developmental research identifying chondrocyte target genes which, in response to 

mitogenic signals, are induced by CREB. 
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Figure 7.1: Inhibiting CREB1 in chondrocytes. The expression of A-CREB 

inhibitor in chondrocytes results in perinatal lethality due to reduced rib 

cage circumference and short-limbed dwarfism. Images demonstrate whole 

skeletal preparations of 18.5dpc littermates containing 0 (WT), 1 (HET), or 

2 (HOM) alleles of the A-CREB transgene. Comparison of forelimbs and 

hindlimbs in the same embryos are also shown (Long et al, 2001). 
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During hMSC differentiation, it has been discovered that the cAMP/PKA/CREB pathway 

also has a role in osteogenic differentiation (325). Phosphorylated CREB was detected in 

hMSCs leading to PKA activation and stimulates osteogenic differentiation in vitro (326). 

From this study, a model for induction of osteogenesis in hMSCs by PKA signalling was 

derived, suggesting that cAMP induces direct expression of BMP target genes via CREB, 

and the expression of BMP2 results in the induction of bone formation (326). During  

osteochondrogenesis, SOX9 is a master transcription factor, whereby interaction between 

SOX9 and CREB was shown to be an active event as a result of BMP2 stimulation (327). 

Overexpressing CREB enhanced the action of SOX9, promoting BMP2 induced 

osteochondrogenic differentiation (327). It has been reported that the SOX9 proximal 

promotor is regulated by CREB, and mutations of the CREB binding site results in a 

reduction of SOX9 promotor activity (321). Multiple growth factor pathways, including 

IGF, TGFβ, FGF, EGF and PDGF, also promote target gene expression via CREB1 (328,329). 

 

It is also interesting that a study has identified CREB1 as a potential direct downstream 

target of miR-140 (330) – a microRNA extensively studied in regard to osteochondral 

elements, known to be coregulated with miR-455 (180). This research demonstrated that 

the function of miR-140 overexpression mimicked CREB1 knockdown on ECM 

degradation, where IL-1ß or TNF-a induced degradation was enhanced (330).    

 
1.4. CREB1 and endochondral disease 

 
Epiphyseal chondrodysplasia Muria type (ECDM) is a skeletal overgrowth disorder 

whereby a mouse model revealed a thickening of the hypertrophic growth plate and 

hypertrophic chondrocytes continue to proliferate (331). Following this, the study 

showed that in disease conditions, hypertrophic chondrocytes are signalled to induce 

CREB phosphorylation and increase expression of cyclin D1, which results in continued 

proliferation, leading to skeletal overgrowth (331). Neonatal-onset multisystem 

inflammatory disease (NOMID) is an auto-inflammatory disease which also affects 

chondrocytes and epiphyseal overgrowth in the joint (332). A study discovered that in 

chondroprogenitor cells, the CREB/ATF-binding site of the human SOX9 promotor was 
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critical for SOX9 overexpression, and NOMID chondrocyte hyperplastic capacity is 

dependent on the cAMP/PKA/CREB pathway (332). 

 

In regard to Osteoarthritis and human articular chondrocytes, CREB was identified as the 

regulating factor able to bind to the MMP13 promotor following a specific CpG 

methylation, inducing MMP13 expression (319). This provides an epigenetic link between 

elevated MMP13 expression, osteoarthritic cartilage, and CREB. The active CREB/MMP13 

axis in OA chondrocytes may cause the degeneration of cartilage and progression of OA 

(333). In a mouse OA model, a high expression of SGK1 was found which in turn inhibited 

the expression of CREB1 in chondrocytes (334). This suppressed chondrocyte proliferation 

and induced inflammation, providing further evidence of a regulatory role of CREB1 in 

chondrocytes and OA.  

 

1.5. CREB1/ miR-455-3p interaction in chondrocytes 
 

1.5.1. miR-455-3p/CREB1, DRP1 and the cell cycle 
 
The overexpression of miR-455-3p in chick limb buds results in a decrease in CREB1 and 

also DRP1. DRP1 has a predicted transcription factor binding site for CREB1, suggesting 

that a decrease in CREB1 expression may result in a decrease in DRP1. During the cell 

cycle, different phases require changes in mitochondrial morphology, and cycles of 

mitochondrial fission and fusion are integrated within the cell cycle progression. It has 

also been demonstrated that tubular-intermediate and fragmented mitochondria 

requires mitochondrial fission (307). Tubular-intermediate and fragmented mitochondria 

morphology are observed at both S and G2M phases of the cell cycle, since there is an 

increase in fission at these phases. DRP1 levels were also shown to be highest during the 

G2M phase, increasing from G1/S to S and then G2M (307). Research has shown that 

mitochondrial fission required DRP1, and the reduction of DRP1 causes a robust 

hyperfusion phenotype (308). Inhibition of DRP1 causes a delay in G2/M cell cycle 

progression, triggering replication stress-mediated genome instability (308). The loss of 

DRP1 increases DNA damage and cell death.  
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From the process of endochondral ossification, it is clear that the cell cycle plays an 

essential role in proliferating chondrocytes (316). During osteogenic dysfunction, the 

DRP1-dependent mitochondrial pathways have a role during inflammation, where DRP1 

upregulation is driven by oxidative stress (335). Since high levels of DRP1 could be a factor 

of TNFα-induced osteogenic dysfunction, this demonstrates that both overexpression and 

downregulation of DRP1 may result in mitochondrial dysfunction and altered cell cycle 

progression. The dysregulation of mitochondria is also related to ageing and age-related 

disease, including mitochondrial fusion and fission processes. It is interesting to mention 

that senescent cells have reduced levels of DRP1, decreasing capacity for mitochondrial 

biogenesis (336). Since OA is an age-related disease, correlating with a rise in senescent 

cells, this is an interesting aspect of future research to explore. In addition to this 

research, cartilage metabolism, mitochondria and osteoarthritis have all been linked, 

since chondrocyte are responsible for maintaining and repairing articular cartilage, and a 

failure of this process is observed in OA (337). 

 

It is clear that a balance of mitochondrial fusion and fission is required to sustain the cell 

cycle and cellular functions, and many core mitochondrial fusion and fission regulators 

are emerging as stem cell regulators (338). Therefore, defects in genes involved in 

mitochondrial dynamics controlling fusion and fission can affect cellular differentiation, 

proliferation, reprogramming and aging (339). It has previously been demonstrated that a 

disruption to CREB activity in mitochondria leads to a dysregulation in mitochondrial 

genes. Since CREB regulates mitochondrial gene expression, a decrease in CREB activity 

may contribute to mitochondrial dysfunction (340). Research suggests that the DRP1 

pathway may be a focus for the development of novel approaches for prevention and 

treatment of osteochondral disease, and this research demonstrates a possible regulatory 

mechanism through miR-455-3p/CREB1, providing a target for future therapy. This 

hypothesis provides a link between the mitochondrial dysfunction and dysregulation of 

the cell cycle observed when miR-455-3p is overexpressed, and the interaction between 

miR-455-3p/CREB1 which phenotypically appears to inhibit chondrogenesis. 

 

miR-455-3p overexpression downregulates CREB1, which in turn leads to reduced 

expression of DRP1. Mitochondrial fission requires DRP1 and loss of DRP1 induces 
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mitochondrial hyperfusion, leading to abnormal mitochondria and metabolism. Since 

fission and DRP1 expression is usually increased in S & GM phases, the reduction in DRP1 

may lead to termination of the cell cycle and therefore reduced proliferation. This could 

be a possible mechanistic explanation for the inhibition of limb bud development and 

chondrogenesis as a result of miR-455-3p overexpression.  

 

1.5.2. miR-455-3p/CREB1, HIF1a and mitochondrial dysfunction 
 
In several diseases, such as OA, there is a suggested protective role of hypoxia inducible 

factor-1a (HIF-1a) mediated mitophagy. The expression of HIF-1a has been shown to 

increase in human and mouse OA cartilage (341). This hypoxia-induced mitochondrial 

dysfunction was impaired further by HIF-1a knockdown, and under hypoxia conditions 

HIF-1a stabilisation alleviated apoptosis and senescence in chondrocytes (341). Surgery 

induced cartilage degeneration in an OA mouse model was also improved by HIF-1a 

stabilisation, suggesting HIF-1a mediated mitophagy could alleviate OA (341). As 

mitochondrial dysfunction leads to OA and disc degeneration (341), the upregulation of 

HIF-1a could provide a basis for future research. 

 

The differentiation of MSCs into chondrocytes can be stimulated by hypoxia and HIFs, 

where their stability is essential to the effect of hypoxia on chondrogenic differentiation  

(342). Limb buds overexpressing miR-455-3p have a significant decrease in expression of 

HIF-1a, whereby miR-455 knockout mice show an increase in HIF-1a expression in the 

articular cartilage. Since CREB1 is a target of miR-455-3p, this can be explained as the 

transcription factor CREB1 constitutively binds to HIF-1a (343), and interactions between 

HIF-1a and CREB1 may be pivotal for chondrocyte survival. It was previously 

demonstrated that miR-455 expression increases in OA cartilage samples (180), and in 

NOF and OA samples, CREB1 expression was shown to decrease. A knockdown of miR-

455-3p, and therefore increase in CREB1 expression, may stabilise HIF-1a and reverse 

mitochondrial dysfunction.       

 

In cartilaginous tissues, hypoxia and HIF-1a have a pivotal role. Functionally inactivating 

HIF-1a in growth plates demonstrated defects caused by massive cell death (309). In 
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addition to this, HIF-1a has been shown to have an important function in matrix synthesis 

in articular chondrocytes, promoting matrix accumulation and decreasing degradation 

(344). Unpublished data phenotyping the miR-455 KO mouse suggests an increase in 

cartilaginous ECM matrix compared to WT. This could be explained by the increase in 

CREB1 and HIF-1a expression as a result of miR-455 absence. In addition to this, hMSC 

chondrogenesis differentiation assays overexpressing miR-455-3p show a decrease in 

chondrogenesis markers, suggesting differentiation into chondrocytes is inhibited by the 

addition of miR-455-3p. This is phenocopied in cells transfected with CREB1 siRNA, 

indicating that the downregulation of CREB1 in response to miR-455-3p may cause this 

phenotype and inhibit chondrogenesis, possibly through interactions with HIF-1a. 

Although HIF-1a may be involved in OA pathogenesis, for example an increased HIF-1a 

concentration in the synovial fluid of OA patients (345), HIF-1a expression has also been 

associated with degrative enzyme and hypertrophic marker downregulation, increasing 

redifferentiation in healthy and OA chondrocytes in vitro (344). 

 

To conclude, overexpressing miR-455-3p decreases CREB1 expression in chondrocytes 

and the developing limb. This causes a developmental delay in the chick limb bud, and a 

differentiation block in hMSC chondrogenesis assay, suggesting high levels of miR-455-3p 

and low levels of CREB1 negatively impacts chondrogenesis.  Increased levels of miR-455-

3p and decreased expression of CREB1 in OA samples also mirrors this phenotype and 

could indicate that miR-455-3p/CREB1 have a role in regulating chondrocyte proliferation 

or cartilage degeneration. This demonstrates the therapeutic potential of miR-455 in 

treating OA, where a knockdown of miR-455 may alleviate OA symptoms in cartilage, 

possibly through interactions with HIF-1a.  

 
1.6. miR-455-3p predicted targets 

 
1.6.1. PRELP 

 
PRELP (proline/arginine-rich end leucine-rich repeat protein) is a glycosaminoglycan and 

collagen binding protein. Expression of PRELP is high in basement membranes, cartilage 

and developing bone (346). Research has demonstrated that PRELP is highly expressed in 

developing bones, increasing during osteogenesis. The downregulation of PRELP also 
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reduced expression of osteogenic marker genes (347). PRELP deficiency is associated with 

Hutchinson-Gilford progeria, a disease of connective tissue, specifically collagen (348). 

Within the joint, MSCs found in the synovium display stable PRELP expression levels, 

whereas bone marrow MSCs display increased PRELP expression levels during in vitro 

chondrogenesis, suggesting that PRELP is a characteristic of intraarticular tissue MSCs 

(349). This could indicate that PRELP has a role in the maintenance of osteochondral 

tissues. An equilibrium between bone resorption by osteoclasts and bone formation by 

osteoblasts is essential for the integrity of the skeleton. PRELP has been shown to inhibit 

mouse osteoclastogenesis both in vivo and in vitro, reducing osteoclast specific gene 

expression (346). In multiple studies, PRELP was also shown to be upregulated in MSC cell 

pellets during chondrogenic differentiation (350,351). 

 

Within this research, PRELP has been identified as a direct target of miR-455-3p. Initially 

identified by RNA-seq analysis, PRELP was a common gene in groups ‘downregulated in 

limb buds overexpressing miR-455-3p’, ‘upregulated in SW1353 cells inhibiting miR-455-

3p’ and ‘upregulated in miR-455 null mouse articular cartilage’. During hMSC 

chondrogenesis assays, PRELP expression levels also decreased when miR-455-3p was 

overexpressed and increased when miR-455-3p was downregulated. TargetScan 

identified PRELP as a miR-455-3p target, and CRISPR/Cas9 genome engineering confirmed 

that miR-455-3p directly targets PRELP. During control chondrogenesis assay samples, 

PRELP increases during chondrogenic differentiation, suggesting that miR-455-3p has a 

role in osteochondral differentiation, directly targeting genes highly expressed in skeletal 

tissues. This supports the hypothesis that overexpressing miR-455-3p inhibits or delays 

chondrogenesis by downregulating chondrogenic related genes both directly and 

indirectly.  

 
1.6.2. Collagen VI 

 
Collagen VI (ColVI) is a member of the collagen family, expressed in a wide range of 

tissues. There are 6 different genes which encode ColVI (COL6A1, COL6A2, COL6A3, 

COL6A4, COL6A5, COL6A6), as an extracellular matrix molecule (352). Originally, three 

ColVI chains were identified (a1, a2, a3) in humans, and later three additional genes 

encoding ColVI chains were also identified (a4, a5, a6) (353). ColVI is a component of the 
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ECM in articular cartilage and foetal bone. The pericellular matrix of adult cartilage has 

high ColVI expression, with a role in chondrocyte attachment and integrity (352). The use 

of soluble ColVI has also been used as a stimulus for the proliferation of both adult and 

OA chondrocytes (354). 

 

Multiple musculoskeletal abnormalities have been linked to the mutation or loss of 

collagen VI including tissue ossification and osteoarthritis (355). Studies have shown that 

Col6a1-/- mice have significant differences in trabecular bone structure such as lower 

bone volume, and also had lower cartilage degradation scores (355). As Col6a1-/- mice 

age, the development of osteoarthritic joint degeneration is accelerated (356). The 

skeletal abnormalities exhibited by Col6a1-/- mice include delayed development and 

ossification and increased osteoarthritic changes within the joint. A deficiency of collagen 

VI also induces osteopenia, and a reduced amount of collagen VI is reported in 

osteoporotic bone ECM (357). 

 

Within miR-455 null articular cartilage samples, the expression of Col6a1, Col6a2 and 

Col6a3 are upregulated. Since the expression of miR-455-3p increases in OA cartilage 

compared with control (180), miR-455-3p could contribute to OA joint degeneration 

through targeting ECM related genes such as ColVI. In addition to this, miRbase revealed 

Col6a1 as a predicted target of miR-455-3p.  

 
1.7. Future directions  

 
Since this data suggests that miR-455-3p regulates chondrocyte differentiation by post-

transcriptionally regulating the expression of the CREB1 transcription factor, there are 

multiple future research directions. There are many possibilities to explore regarding the 

regulation of chondrogenesis by miR-455-3p, many of which have been described above. 

Although this research identifies CREB1 as a potential miR-455-3p target, the downstream 

effects of this interaction needs further analysis. Both in vivo and in vitro analysis will 

enhance this data and identify a specific role for chondrogenic regulation by miR-455-

3p/CREB1. Firstly, luciferase assay data identifying CREB1 as a direct target of miR-455-3p 

could be validated using MRE analysis by CRISPR/Cas9 genome engineering in hMSCs. 
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Future experiments should aim to identify how miR-455-3p/CREB1 is regulated, at what 

time point during chondrogenesis this is most active, and how miR-455-3p/CREB1 

regulates these processes. For example, does miR-455-3p/CREB1 regulate chondrocyte 

proliferation and/ or mitochondrial dysfunction, or are there other targets that influence 

chondrogenesis. In addition to this, future experiments could explore further the miR-455 

null mouse phenotype in the growth plate, for both chondrocyte proliferation, 

hypertrophy and mitochondrial function. In order to explore this, the following research 

could be performed. 

 

 

 
1.7.1. Growth plate phenotype in miR-455 null 

 
To explore the role of miR-455-3p in the mouse growth plate in vivo, the growth plate 

structure, chondrocyte proliferation and hypertrophy, and mitochondrial function can be 

studied. Within the miR-455 null mouse model, the growth plate and resting, proliferative 

and hypertrophic zones can be measured using Masson’s Trichrome histological 

assessment and compared with WT. This can be supported by RNA-seq gene expression 

analysis to identify molecular phenotypic differences. The localisation of miR-455 in the 

developing growth plate can be visualised using whole-mount in situ hybridization (ISH), 

with both embryonic and post-embryonic stages. Within the growth plate, CREB1 can also 

be visualised by ISH and immunohistochemistry (IHC), comparing mRNA and protein 

expression in both miR-455 null and WT. This will reveal the spatial relationship between 

miR-455-3p and CREB1 expression, and the expression of CREB1 when miR-455 is absent. 

 

Further analysis in the growth plate could measure cell proliferation using BrdU.  

If there is a difference in cell proliferation, identified targets of miR-455-3p could be 

measured using IHC, in addition to cyclins, and this could identify mechanisms involved in 

this process. Another experiment could measure mitochondrial function in mouse tissue 

and compare between miR-455 null and WT. This can be achieved using the Agilent 

Seahorse assay, which identifies differences in mitochondrial metabolism. MitoTracker 

dyes can also be used in IHC for cartilage tissue. 
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Using a miR-455 complete knockout mouse as an experimental model also has 

limitations. Although miR-455 null tissues can be studied, there is the possibility that 

knockout of miR-455-3p during development could lead to compensation, since miRNA 

regulatory mechanisms are extremely complex. The development of a controllable, 

tamoxifen inducible miR-455 null mouse could improve future research, exploring the 

consequences of miR-455-3p knockout. 

 
1.7.2. The role of miR-455-3p/CREB1 in chondrogenesis 

 
Since an overexpression of miR-455-3p decreases CREB1 mRNA expression, it is important 

to also study CREB1 protein expression by western blot. CREB1 activity is regulated by 

phosphorylation and binding partners, and CREB1 phosphorylation can also be measured 

using western blot following transfection of miR-455-3p. Co-immunoprecipitation can 

measure other known binding partners. 

 

In order to identify when miR-455-3p/CREB1 interaction is functioning during 

chondrogenesis, miR-455-3p mimic or CREB1 siRNA could be transfected at different 

time-points within the assay such as Day 0, 3, 7 or 10. Chondrogenic marker genes can 

then be measured across the time-points. Rather than inhibiting miR-455-3p by 

transfection of an inhibitor in cell lines, the complete knockout of miR-455-3p can be 

studied. Isolating bone marrow-derived stem cells from miR-455 null mice and culturing 

these cells will allow and ex vivo analysis of miR-455-null MSCs differentiating through 

chondrogenesis. The hypothesised outcome would be an increase in chondrogenesis 

which would demonstrate if miR-455-3p knockout leads to activation of chondrogenesis.  

 

Gene regulation by microRNAs commonly involves feedback loops. To explore the 

potential feedback mechanisms between miR-455-3p and CREB1, CREB1 can be 

overexpressed using a lentiviral system. Following this, miR-455-3p expression can be 

measured and if miR-455 is transactivated by CREB1, the promotor can be defined using 

5’RACE. A rescue experiment in chick embryo can also be performed. For example, chick 

limb buds microinjected with miR-455-3p mimic can be injected with CREB1 mimic to 

reveal if the inhibited limb bud development phenotype is rescued. In addition to this, 
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limb buds can be microinjected with a CREB1 inhibitor to reveal if this phenocopies miR-

455-3p overexpression in ovo.  

 

To demonstrate the impact of miR-455-3p and CREB1 on chondrogenic proliferation, 

hMSCs or human articular chondrocytes can be transduced with miR-455-3p or CREB1 

shRNA lentivirus and cell proliferation can be measured using BrdU incorporation. This 

system can also be used to demonstrate the impact of miR-455-3p and CREB1 on 

mitochondrial dysfunction. The Agilent Seahorse assay can measure mitochondrial 

metabolism and Mitotracker dyes can reveal mitochondrial morphology. 

 
1.7.3. Identification of miR-455-3p/CREB1 targets  

 
Developing upon the chick limb bud RNA-seq data, it is important to identify specific 

targets of miR-455-3p/CREB1 during chondrogenesis. For this, the chondrogenesis assay 

can be used, with miR-455-3p mimic transfection and CREB1 siRNA transfection. From 

each timepoint, RNA-seq can be performed to identify differentially expressed genes. 

These can be assessed by pathway analysis for chondrogenesis involvement. Potential 

novel targets can be assessed by luciferase assay or CRISPR/Cas9 genome engineering. 

The MRE analysis by CRISPR/Cas9 genome engineering described in this research has the 

potential to be scaled up for multiplex studies (310). To develop this technique further, it 

would be useful to optimize the protocol for use in primary human articular chondrocytes 

and human MSCs. This will allow the study of cell-specific interactions between miR-455-

3p and target genes. Many microRNA regulatory pathways differ between tissue type, 

and it would be interesting to compare this in SW1353 cells, human articular 

chondrocytes and MSCs. It would also be interesting to compare healthy articular 

cartilage samples and OA samples, to understand the regulatory roles of miRNAs in 

diseased and healthy tissues. 

 
1.8. Final conclusions 

 
To conclude, through many possible mechanisms, we have shown overexpression of miR-

455-3p appears to inhibit chondrogenesis. This may be due to miR-455-3p targeting 

CREB1, resulting in a downregulation of CREB1 expression. Transcription factors and 
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miRNAs are commonly involved in feedback loops. Previous work has demonstrated that 

CREB1 can increase expression of SOX9, and SOX9 is a major activator of miR-455-3p. The 

repression of chondrogenesis observed when miR-455-3p is overexpressed could be a 

result of CREB1 and therefore SOX9 downregulation, decreasing osteochondrogenic gene 

transcription (Figure 7.2). It is also very likely that CREB1 has additional actions outside of 

the miR-455-3p feedback loop.  

 

miR-455-3p could be present during differentiation to control the level of chondrocyte 

specific proliferation, and this could explain previous research where miR-455-3p is not 

detected at earlier stages of development. This also provides an explanation for why 

there were no differences observed in the developing chick limb bud following inhibition 

of miR-455-3p. Following with this hypothesis, an increase in miR-455-3p is required to 

control proliferation, however, overexpression results in insufficient proliferation. Since 

CREB1 is known to regulate cell proliferation and cell cycle transition, overexpression of 

miR-455-3p could inhibit the cell cycle by downregulating CREB1, resulting in 

dysregulation of the cell cycle. From a disease perspective, the knockdown of miR-455-3p 

may alleviate osteoarthritis, and an increase in CREB1 expression could promote 

regeneration. This provides a basis for future research, hypothesising that the role of miR-

455-3p in chondrogenesis is to regulate the expression of CREB1 within this system. 
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Figure 7.2: miR-455-3p/ CREB1 schematic in chondrocytes. miR-455-3p/ CREB1 schematic in 

chondrocytes. BMP2 induces PKA activation, phosphorylating downstream factors including 

SOX9, CREB1 and other osteochondrogenic factors. This then regulates transcription and 

function of these osteochondrogenic factors, where SOX9 and CREB1 directly interact. Red 

arrows indicate precited miR-455-3p/ CREB1 feedback loop. Blue arrows indicate direction of 

expression, where miR-455-3p overexpression represses chondrogenic gene expression, due 

to direct regulation of CREB1 (Adapted from Zhao et al, 2008). 
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Appendix 1: Osteogenic marker genes, 2802f hMSC donor line. hMSC were transfected with either 
Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression was 
measured for COL1A1, COL1A2, BMP2, ALP, and RUNX2 by qPCR.  
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Appendix 2: Osteogenic marker genes, 0715081 hMSC donor line. hMSC were transfected with 
either Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression 
was measured for COL1A1, COL1A2, BMP2, ALP, and RUNX2 by qPCR.  
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Appendix 3: Osteogenic marker genes, 2454e hMSC donor line. hMSC were transfected with either 
Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression was 
measured for COL1A1, COL1A2, BMP2, ALP, and RUNX2 by qPCR.  
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Appendix 4: Chondrogenic marker genes, 2802f hMSC donor line. hMSC were transfected with either 
Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression was 
measured for COL1A1, COL10A1, SOX9, ACAN, RUNX2 and PRELP by qPCR.  
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Appendix 5: Chondrogenic marker genes, 071508a hMSC donor line. hMSC were transfected with 
either Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression 
was measured for COL1A1, COL10A1, SOX9, ACAN, RUNX2 and PRELP by qPCR.  
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Appendix 6: Chondrogenic marker genes, 2454e hMSC donor line. hMSC were transfected with 
either Cel-39 control or miR-455 mimic, and Neg Ctrl A control or miR-455 inhibitor. Gene expression 
was measured for COL1A1, COL10A1, SOX9, ACAN, RUNX2 and PRELP by qPCR.  
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Appendix 7: RNA-seq data from WT and miR-455 null mouse articular 
cartilage. Genes significantly (q ≤ 0.05) upregulated in null samples 
compared with WT control. 
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Appendix 8: Collagen expression in WT and miR-455 null mouse 
articular cartilage. RNA-seq data showing upregulation of Collagen 
expression in miR-455 null articular cartilage. 
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Appendix 9: RNA-seq and qPCR data from WT and miR-455 null mouse articular 
cartilage. Genes COL10A1, COL2A1, ACAN, TRAP, CLOCK, and BACE were analyzed 
using qPCR assays to validate RNA-seq data. 
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Appendix 10: RNA-seq and qPCR data from WT and miR-455 null mouse articular 
cartilage. Genes SRT1, HDAC2, ADAMTS5, GSK3B, CTNNB1, and PER2were analyzed 
using qPCR assays to validate RNA-seq data. 



 218 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AM-Scr 455m
0

200

400

600

BMP2
✱

SCR AM 455M
0.000

0.001

0.002

0.003

0.004

0.005

BMP2 
✱

ns

AM-Scr 455m
0

500

1000

1500

2000

BMP4
ns

SCR AM 455M
0.0000

0.0005

0.0010

0.0015

BMP4
ns

ns

SCR AM 455M
0.0000

0.0002

0.0004

0.0006

FGF8

ns

ns

SCR AM 455M
0.000

0.005

0.010

0.015

0.020

0.025

GLI3

✱✱

✱

AM-Scr 455m
0

100

200

300

400

FGF8

ns

AM-Scr 455m
0

500

1000

1500

2000

GLI3

✱✱

AM-Scr 455m
0

500

1000

1500

SOX9

ns

AM-Scr 455m
0

50

100

150

200

ACAN
ns

AM-Scr 455m
0

50

100

150

200

RUNX2

ns

AM-Scr 455m
0

5000

10000

15000

PRRX1

✱✱

SCR AM 455M
0.000

0.001

0.002

0.003

SOX9

ns
ns

SCR AM 455M
0.0000

0.0001

0.0002

0.0003

0.0004

ACAN

ns

ns

SCR AM 455M
0.0000

0.0005

0.0010

0.0015

0.0020

RUNX2

✱

ns

SCR AM 455M
0.00

0.05

0.10

0.15

0.20

PRRX1

ns
✱

qPCR data RNA-seq data qPCR data RNA-seq data 

Appendix 11: RNA-seq and qPCR data from chick limb buds injected with AM-Scr 
control, miR-455 mimic, and miR-455 AM. Genes were analyzed using qPCR 
assays to validate RNA-seq data. 
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Appendix 12: RNA-seq and qPCR data from chick limb buds injected with AM-Scr 
control, miR-455 mimic, and miR-455 AM. Genes were analyzed using qPCR 
assays to validate RNA-seq data. 
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Oligo name Forward seq 5’-3’ Reverse seq 5’-3’ 
COL2A1 #3 AGCTCCTGGGAAGGATGG CAGGAGGTCCGACTTCTCC 
ACAN #34 TGAAGCAGAAGGTCTGGACA CCAGAAGGAATCCCACTAACA 
COL1A1 #15 AGACATGTTCAGCTTTGTGGAC GCAGCTGACTTCAGGGATG 
TRAP #3 GGTCAGCAGCTCCCTAGAAG GGAGTGGGAGCCATATGATTT 
COL10A1 #84 GCATCTCCCAGCACCAGA CCATGAACCAGGGTCAAGAA 
CLOCK #83 CAGCTTCCTTCAGTTCAGCA CCGTGGAGCAACCTAGATGT 
BACE1 #34 CCCTTTCCTGCATCGCTAC TACACACCCTTTCGGAGGTC 
SIRT1 #68 CAGTGAGAAAATGCTGGCCTA TTACCCTCAAGCCGCTTACTA 
ADAMTS5 #41 TATAAGCCCTGGTCCAAATG TCGTGGTAGGTCCAGCAAA 
GSK3B #10 CAAGAAGAGCCATCATGTCG TGGTTACCTTGCTGCCATCT 
CTNNB1 #21 GCTTTCAGTTGAGCTGACCA CAAGTCCAAGATCAGCAGTCTC 
PER2 #17 TGACTGCGACGACAATGG TCATCATGAGTCTGAAGGCA 
CREB1 #50 GGAGAAGCGGAGTGTTGGTA GGAGAAGCGGAGTGTTGGTA 

 
 
 
 
 
 
 

Oligo name Forward seq 5’-3’ Reverse seq 5’-3’ 
BMP4 GGAGATCAGCCTGCAGTAC  TGCTGAGGTTGAAGACGAAG  
BMP2 GCTGTTTTGAGGTGGATTGC  AGGCACTGTTCTCTTTGTCC  
SMAD2 GAGAGGTTGGTGTGCTACG  TGGAGTGAATGGCAGAATGG  
SMAD5 TCCCTATCCACCTTCTCCAG  AGAGTTATCCTGCCCCATTTG  
SOX9 CTGGGCAAGCTGTGGAG  GGTTGGTACTTGTAGTCGGG  
CTNNB1 CTTGGACTTGACATTGGTGC  CAGAGTGGAAAGAACGGTAGC  
SHH ACCCCAAATTACAACCCTGAC  CATTCAGCTTGTCCTTGCAG  
FGF8 AAGAAAATCAATGCGATGGCC  ACTCTTGCCGATCAGTTTCC  
WNT2B TGAGTGCCAGTACCAATTCC  GAGATGGCGTAGACGAAGG  
WNT3 CATCTTCGGACCTGTGCTAG  GAGATCCCTTGTGACGAGTG  
WNT7A AGTGCCAGTTCCAGTTTCG  AATGATGGCGTAGGTGAAGG  
GREM1 GTGAAGGAGTGTCGGTGTATATC  TTCAGTTTCATCCAGCCCC  
ACAN GACTTAGATTCTCCGAGCACTG  CAGGTATCTTCACTTCCAGGC  
RUNX2 ACCTAGTTTGTTCCCTGAACG  GTAATCTGACTCTGTCCTTGTGG  
RUNX3 AAAGCTTCACCCTGACCATC  TTCTAACTTCTGCCTGTGCC  
HDAC4 AGTGTGAGAATGAAGAGGCTG  CTCGAAGATGAATGCTACAGGG  
PRRX1 CCTTTGTACGGGAAGACCTTG  CCTGAGTAGGATTTGAGCAGAG  
GLI3 TCCAAGATAAAGCCGGATGAG  AATGGCAGTTCGTCTCGTAG  

Appendix 13: Chick primers. Oligo name and forward/reverse sequence of primers used for 
qPCR. 

Appendix 14: Mouse primers. Oligo name and forward/reverse sequence of primers used for 
qPCR. 
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Oligo name Forward seq 5’-3’ Reverse seq 5’-3’ 
PPARG #1 TTGCTGTCATTATTCTCAGTGGA GAGGACTCAGGGTGGTTCAG 
CEPBA #28 GGAGCTGAGATCCCGACA TTCTAAGGACAGGCGTGGAG 
ACAN #1 AAGCACTGGAGTTCTGTGAATCT CGGCATAGCACTTGTGTCCAG 
COL2A1 #65 CCCTGGTCTTGGTGGAAAC TCCTTGCATTACTCCCAACTG 
COL10A1 #6 CACCTTCTGCACTGCTCATC GGCAGCATATTCTCAGATGGA 
SOX9 #61 GTACCCGCACTTGCACAAC TCTCGCTCTCGTTCAGAAGCT 
RUNX2 #41 CAGTGACACCATGTCAGCAA GCTCACGTCGCTCATTTTG 
PRELP #34 GGGTGGAAGAGGAGGACTAAA AGCAGAGGGGTGACCTCAT 
COL1A1 #1 CCCAAGGCTTCCAAGGTC GGACGACCAGGTTTTCCAG 
COL1A2 #54 GAGTCCGAGGACCTAATGGA AGGGGAACCAGGAAGACCT 
ALP #58 AACACCACCCAGGGGAC GGTCACAATGCCCACAGATT 
BMP2 #49 GACTGCGGTCTCCTAAAGGTC GGAAGCAGCAACGCTAGAAG 
NDUFA5 #20 GTGAGCTGCCTGAGAAAAGAG TTTACTGAGGGCGTTTCCTC 
ND4 #14 CCTCGCTAACCTCGCCTTA GGAGAACGTGGTTACTAGCACA 
ND6 #77 ATTGGTGCTGTGGGTGAAA CCTGACCCCTCTCCTTCATA 
FOEXRED1 #41 TTGGCTTGTCTGTGGCCTA AGTGGAGGCCTGTGAATACG 
COX15 #7 GATCCCGGAGGACCTCTTT ATGGCAGTGACTGAAGTGATTC 
TOMM40 #3 GGACAACAGTGGCAGTCTCA CACCTGCCAGTTCACAAACTT 
TIMM50 #65 ACCGTGCTGGAGCACTATG TGCTTGTTGGACTTGGAGAG 
E2F8 #33 GATGCAGACTTGTACCCAGTTACTT CCGATGGTTCAAGTAGTCCAA 
TFDP1 #50 CTGCTCTGCCGAAGACCTTA GCCGTTAGACGTGGAACCT 
POLE3 #6 AACCTGCTTAATACTCCAAAGTGTG CAAAACGTGAGATTAGAACTAAGGAA 
BCL2 #6 TTGACAGAGGATCATGCTGTACTT ATCTTTATTTCATGAGGCACGTT 
ORC5 #42 TCATCAGAGCTATTGCAAGGAC CCTCTCCTTGGCCAGCTA 
CUL4B #40 CCTTGTTTCAGAAGTGTACAACCA CCATGTAGTCCCGGTCAATTA 
CREB1 #34 TTAGTGCCCAGCAACCAAGT GCTGTGCGAATCTGGTATGTT 
CREM #76 CATGTCCAGGGAGTAATTCAGAC TCTCTGCAATTGCTGCTACC 
ATF1 #53 TTTCTAAATAACCAATAGTTGCCAATC AAACCTGTAGGGTAAATGGATTTTT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oligo name Oligo 5’-3’  
T3 barcode_R TCCCTTTAGTGAGGGTTAATT 
T7 barcode_R CCCTATAGTGAGTCGTATTA 
CLOCK_F  GGTGATAACTCACCATCTTGAAG 
DKK3_F GAAGACAATTATCAACCACGTG 
ACAN_F GTCATATAAGGAATCCCATTAAAG 
PRELP_F GATGCTCCTCTGAGGTCC 
RUNX2_F CTTTAGACGGTCTCACTGC 

Appendix 15: Human primers. Oligo name and forward/reverse sequence of primers used for 
qPCR. 

Appendix 16: CRISPR/Cas9 genome engineering qPCR design. Forward (F) and reverse (R) oligo 
name and sequence used for qPCR. 



 222 

 
 
 
 

Gene CRISPR target 
sequence  

PAM Forward oligo (5’-3’) Reverse oligo (5’-3’) 

CLOCK CTATCAGTCTCTT
GGACTGG 

AGG CACCGCTATCAGTCTCTTG
GACTGG 

AAACCCAAGTCCAAGAGACT
GATAGC 

DKK3 CAAATGATGTTTT
CAGGTGT 

TGG CACCGACACCTGAAAACA
TCATTTG 

AAACCAAATGATGTTTTCAG
GTGTC 

ACAN TGGACTGAGTTTA
GAGACAT 

AGG CACCGATGTCTCTAAACTC
AGTCCA 

AAACTGGACTGAGTTTAGA
GACATC 

PRELP ATGGACTGTCCCT
CCCCCAG 

AGG CACCGATGGACTGTCCCTC
CCCCAG 

AAACCTGGGGGAGGGACAG
TCCATC 

RUNX2 AGGAAAGGGACT
GGCCCAGA 

CGG CACCGTCTGGGCCAGTCC
CTTTCCT 

AAACAGGAAAGGGACTGGC
CCAGAC 

 
 
 
 
 
 
 

Gene ssODN wt-MRE ssODN mut-MRE 
CLOCK GGTGTCAGTGTCATTATTAGTCTCCTAATAA

GTTCCTCTGAAGACTGCTATCAGTCTCTCTT
GGACTGAATTAACCCTCACTAAAGGGAGAG
CTACAAATAATTTAGAAATAAAAGATGATA
ACCTAACACTATCATAGTTAT 

GGTGTCAGTGTCATTATTAGTCTCCTAATAAG
TTCCTCTGAAGACTGCTATCAGTCTCTTTAAT
ACGACTCACTATAGGGGAGCTACAAATAATT
TAGAAATAAAAGATGATAACCTAACACTATC
ATAGTTATTAATGT 

DKK3 ATATGCGACTGCGAACACTGAACTCTACGC
CACTGCACAAATGATGTTTTCAGGTGTCAT
GGACTGAATTAACCCTCACTAAAGGGATTG
CCACCATGTATTCATCCAGAGTTCTTAAAGT
TTAAAGTTGCACATGATTGTATAAGC 

ATATGCGACTGCGAACACTGAACTCTACGCC
ACTGCACAAATGATGTTTTCAGGTGTCATTAA
TACGACTCACTATAGGGTTGCCACCATGTATT
CATCCAGAGTTCTTAAAGTTTAAAGTTGCACA
TGATTGTATAAGC 

ACAN CAAAACCGCATCTAATTTGTCCGCCGAATG
CCAAAGCAAAGCAAACTTATTATAACGCTT
GGACTGAATTAACCCTCACTAAAGGGAAGT
TTAGAGACATTTCTTCAATTTCCCATCGTGC
CTTTCCAGGGACCAGTGCAGGGACAG 

CAAAACCGCATCTAATTTGTCCGCCGAATGCC
AAAGCAAAGCAAACTTATTATAACGCTTTAAT
ACGACTCACTATAGGGAGTTTAGAGACATTT
CTTCAATTTCCCATCGTGCCTTTCCAGGGACC
AGTGCAGGGACAG 

PRELP CGAATGCAGGACAAGTCCTAAATATTTGCC
CCTTCCCTTGCAGTAATTTATTTTCTGTATG
GACTGAATTAACCCTCACTAAAGGGATCCC
TCCCCCAGAGCCTTCCCCACCCTCCATTGCC
TGGCCCAGGTGAGCAGCTTGGCAGG 

CGAATGCAGGACAAGTCCTAAATATTTGCCC
CTTCCCTTGCAGTAATTTATTTTCTGTATTAAT
ACGACTCACTATAGGGTCCCTCCCCCAGAGC
CTTCCCCACCCTCCATTGCCTGGCCCAGGTGA
GCAGCTTGGCAGG 

RUNX2 AAATTCAGAAGGGAGGAGATGTGTGTACA
GCTTTAAGGATTCCCTCAATTGCGAGGAAA
GGGACTGAATTAACCCTCACTAAAGGGAGC
CCAGAATCCAGGTTAATACATGGAAACACG
AAGCATTAGCAAAAGTAATAATTATACC 

AAATTCAGAAGGGAGGAGATGTGTGTACAG
CTTTAAGGATTCCCTCAATTGCGAGGAAAGT
AATACGACTCACTATAGGGGCCCAGAATCCA
GGTTAATACATGGAAACACGAAGCATTAGCA
AAAGTAATAATTATACC 

 

Appendix 17: CRISPR/Cas9 genome engineering sgRNA design. Gene, CRISPR target sequence, 
PAM, and forward/reverse oligo sequences. 

Appendix 18: CRISPR/Cas9 genome engineering ssODN design. Gene, ssODN wt-MRE and mut-
MRE sequences. MRE highlighted in grey, red indicates T3 barcode and green T7 barcode. 


