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ABSTRACT  
 

Cartilage is made up of a single cell type, chondrocytes, which synthesise the 

extracellular matrix in which they reside in. Despite being non-excitable cells, 

chondrocytes’ cell membrane is rich in ion channels. The expression profiles and 

physiological roles of ion channels in articular chondrocytes are well characterised 

compared to tracheal chondrocytes, where little is known. The Ca2+-activated 

chloride channel (CaCC), Ano1 and the voltage-gated Ca2+ Channel, CaV3.2 are 

essential for normal tracheal cartilage formation. Deletion of Ano1 and CaV3.2 leads 

to the deformation of cartilage rings and premature death of mice. MicroRNAs 

(miRNAs) have also been implicated in the deformation of cartilage rings and the 

pathogenesis of tracheomalacia, which is characterised by the collapsibility of the 

trachea. miRNA regulation of ion channels in chondrocytes has not been previously 

shown. In this study, I aim to identify the tracheal chondrocyte transcriptome and 

channelome using RNA-sequencing and compare to that of articular chondrocytes. I 

also aim to elucidate the interplay of miRNA and ion channels between tracheal and 

articular chondrocyte and investigate the effect of miRNAs on chondrocyte function.  

 

Chondrocytes were isolated from rat tracheal and articular cartilage with collagenase 

digestion. Deep RNA sequencing of chondrocytes was performed to unbiasedly 

detect their transcriptome and channelome. miRNA upstream regulators were 

bioinformatically identified and validated with qPCR quantification. To interrogate 

the role of selected miRNAs, chondrocytes were transfected with miR-141-3p and its 

effect on chondrocyte physiology was assessed using functional assays. Patch-clamp 
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electrophysiology was used to characterise the single channel fingerprints of ion 

channel subtypes and pharmacological agents were used to validate their identity. 

 

Tracheal and articular chondrocytes were shown to share a similar transcriptome and 

channelome; however distinct differences in ion channel subtypes were observed. 

miR-141-3p, identified amongst the top upstream regulators (p<0.00002), had a 

putative target site in the 3’-UTR region of the volume regulated anion channel 

(VRAC), Lrrc8a and caused its downregulation in both chondrocyte types (T: 

p<0.000002, A: p<0.00001) whereas the inhibition of miR-141-3p caused its 

upregulation (T: p<0.006, A: p<0.005). miR-141-3p depolarised the resting membrane 

potential (RMP) of tracheal chondrocytes (p<0.01) and decreased their proliferation 

(p<0.007). It also increased the migration of tracheal chondrocytes (p<0.01) which 

was decreased with the addition of CaCC antagonist, CaCCinh-A01 (20 µM). Patch-

clamp electrophysiology detected VRAC currents in tracheal chondrocytes which 

were inhibited with the VRAC antagonist DCPIB (40 µM) at -100 mV (KD: 3.28±0.008 

µM; p<0.05). 

 
In this thesis, one of the first detailed molecular and electrophysiological studies of 

tracheal chondrocytes was undertaken. Together these data show for the first time 

the elucidation of the tracheal chondrocyte channelome and the novel interplay of 

miR-141-3p and ion channels in chondrocyte physiology that leads to functional 

changes that affect chondrocytes’ RMP, proliferation and migration.  
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1 Introduction 
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Cartilage is essential for everyday life and if impaired, the quality of life would be 

greatly reduced. Cartilage is vital for support in the trachea and provides smooth 

articulation and shock absorption in joints. Tracheal cartilage has been 

overshadowed by articular cartilage and has not been as thoroughly studied as 

articular cartilage in the joints. The single cell type found in cartilage, the 

chondrocyte, is the main focus of these studies as chondrocytes synthesise and 

maintain cartilage. The articular chondrocyte ion channel fingerprint has been 

extensively investigated. However, despite the importance of ion channels in cell 

physiology, the electrophysiological characteristics of tracheal chondrocytes remains 

unclear. This is of particular importance as ion channels are vital for normal tracheal 

cartilage development and their deletion leads to malformation of tracheal cartilage 

rings and hence, disease (Rock et al., 2008a). miRNAs have been shown to target ion 

channel genes and epigenetically regulate their expression. This interplay of ion 

channels and miRNA also has a role in disease propagation. This thesis aims to 

address the questions regarding the role of ion channels and miRNAs in tracheal 

chondrocytes and compare to articular chondrocytes.  

 

1.1 Cartilage and chondrocytes 

1.1.1 Cartilage 

Cartilage is the most abundant connective tissue in the body. It is a firm and flexible 

avascular connective tissue that has a high fluid content and is an anaerobic tissue 

that requires low oxygen consumption (Zhou et al., 2004). Cartilage is categorised 

into three types, fibro, elastic, and hyaline. Different types of cartilage show different 
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protein expression patterns and histological characteristics. Fibro cartilage, which 

forms mostly as a response to injury is characterised by the high content of 

collagenous fibres and type I collagens in the extracellular matrix (ECM) (Benjamin 

and Evans, 1990). Elastic cartilage, which is the least abundant cartilage in the body 

is identified by the presence of elastic fibres in the ECM (Anderson, 1964) and hyaline 

cartilage, the most abundant cartilage in the body, is characterised by the 

predominance of glycosaminoglycans and type II collagen in the ECM (Mendler et al., 

1989). For this doctoral thesis, the focus will be on hyaline cartilage, specifically 

hyaline cartilage of the joints and trachea. 

 

The structure of hyaline articular and tracheal cartilage is similar. However, there are 

slight differences that reflect the function of these two cartilages. Both cartilage types 

can be divided into multiple layers. The arrangement of these cartilage layers and 

their ECM content differs between the two cartilages. Articular cartilage can be 

divided into three layers, the superficial zone, the middle zone, and the deep zone 

(Figure 1.1A). The ECM content and arrangement of these zones is important as these 

ECM proteins can be used as markers to identify the cartilage type and differentiate 

between the stages of cartilage development from Mesenchymal Stem Cells (MSCs) 

during chondrogenesis, which will be discussed later.  

 

The superficial zone is the thinnest outermost layer of articular cartilage. It is covered 

in synovial fluid that contains lubricin which provides a gliding surface for joints to 

articulate (Jay et al., 2001). The superficial zone is abundant in flattened 
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chondrocytes that lie parallel to the joint surface (Figure 1.1A). These chondrocytes 

synthesise large amounts of collagen compared to proteoglycans, making the 

superficial zone the highest water content zone in articular cartilage (Buckwalter et 

al., 1997). The collagen fibrils and fibres in this zone are tightly packed and arranged 

parallel to the joint surface in order to provide greater tensile and shear strength. The 

superficial zone of cartilage acts as a protective layer and is followed by the middle 

zone.  

 

The chondrocytes in the middle zone have a more spheroid shape and are arranged 

perpendicular to the joint surface (Aydelotte and Kuettner, 1988) (Figure 1.1A). They 

have a lower density, but synthesise more proteoglycans, with aggrecan dominating 

the matrix (Aydelotte et al., 1988). The collagen fibres in the middle zone are thicker 

than the superficial zone and their arrangement is more random and oblique (Sophia 

Fox et al., 2009). Finally, in the deep zone, chondrocytes are arranged parallel to the 

collagen fibres and are perpendicular to the joint surface (Figure 1.1A). The collagen 

fibres in the deep zone are also arranged perpendicular to the joint surface in a radial 

disposition (Sophia Fox et al., 2009). They have the largest diameter compared to 

other zones along with the highest proteoglycan content, and the lowest water 

concentration (Buckwalter and Mankin, 1998). The deep zone provides the greatest 

resistance to compressive force and is followed by the tide mark that separates 

cartilage from calcified cartilage which later forms into bones (Askew and Mow, 1978) 

(Figure 1.1A). In the trachea this is not the case as cartilage forms C-shaped rings that 

provide support. 
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Figure 1.1: The structure of hyaline articular and tracheal cartilage. A) Articular 
cartilage consists of the superficial zone, the middle zone, and the deep zone followed by 
the tide mark, calcified cartilage, and subchondral bone. B) Tracheal cartilage comprises 
of the perichondrium which contains an outer fibrous layer and an inner chondrogenic 
layer followed by the luminal superficial zone, the middle zone and the abluminal 
superficial zone. The arrangement of collagen fibres and chondrocyte density differ 
depending on the zone in each cartilage type. 
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Tracheal cartilage is protected by the perichondrium, which consists of two separate 

layers: an outer fibrous layer and an inner chondrogenic layer (Figure 1.1B). The 

chondrogenic layer remains undifferentiated and can later form chondrocytes 

(Bairati et al., 1996). The perichondrium is followed by the luminal superficial zone, 

which is rich in collagens, mainly type II. The collagens in the superficial zone are 

arranged parallel to the surface and layered at right angles to each other (Roberts et 

al., 1997) (Figure 1.1B). The superficial zone has a higher density of chondrocytes that 

are flattened and parallel to the surface. Similar to articular cartilage, the luminal 

superficial layer is also followed by the middle zone which has a lower density of 

chondrocytes that are rounder in shape and a higher density of proteoglycans 

(Roberts et al., 1997) (Figure 1.1B). The arrangement of the collagen fibres in the 

middle zone is less evident and the collagen fibres are arranged predominantly 

perpendicular to the luminal and abluminal surfaces (Roberts et al., 1997).  

 

However, unlike articular cartilage, the middle zone of tracheal cartilage is followed 

by the abluminal superficial zone (Figure 1.1B), which is similar to the luminal 

superficial zone but shows less clear layering of collagen fibres. The cartilage in the 

trachea functions to provide structural support as well as resilience to friction and 

the layering of collagen fibres supports this function. Compromise of the tracheal 

cartilage rings can be fatal. Factors such as epigenetic inhibition of vital genes by 

miRNAs can lead to cartilage ring deformation and tracheal collapse (Gradus et al., 

2011).  
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The role and function that chondrocytes play in different cartilage types and their 

genetic identity complements and enhances the function of the cartilage that they 

reside in. Hence it is important to understand how these chondrocytes differ 

genetically to gain the ability to enhance their cartilage function.  

 

1.1.2 Chondrocyte role and function 

Cartilage health and growth is dependent on the important role that chondrocytes 

play in the synthesis, development, maintenance and repair of the ECM that surround 

them (Sophia Fox et al., 2009). Chondrocytes only occupy 1-5% of total cartilage 

tissue. They are metabolically active and have a low density because they turnover 

large volumes of ECM components compared to cell volume ratio (Akkiraju and Nohe, 

2015a). Despite the avascular, anaerobic nature of cartilage, chondrocytes are 

resilient, and they obtain their nutrients and metabolites through diffusion from the 

synovium in articular cartilage and from the perichondrium in tracheal cartilage 

(Akkiraju and Nohe, 2015a). 

 

Chondrocytes in both tracheal and articular cartilage are surrounded by a pericellular 

matrix in structures known as chondrones. Chondrocytes continue to proliferate and 

migrate through gaps in these chondrones until they mature (Poole, 1997). These 

chondrones are embedded in the ECM and are rich in collagen VI. This enables 

chondrocytes to resist loading in dynamic compression, which is important in 

articular cartilage as the cartilage needs to be able to withstand heavy loads in the 

joints. The resilience and ability of chondrocytes to adapt to the forces experienced 



8 

 

in cartilage is striking and contributes to the cartilage function. In order to further 

understand chondrocytes and gain knowledge of their identity in relation to their 

function in their respective cartilage environment, an understanding of how 

chondrocytes form from MSCs is required.  

 

1.1.3 Chondrogenesis 

Chondrocytes originate from the condensation, proliferation, differentiation, and 

maturation of MSCs in a process known as chondrogenesis (Figure 1.2). 

Chondrogenesis is a well-orchestrated process that is mediated by signals initiated 

through cell-cell and cell-matrix interactions in order to form chondrocytes. 

Chondrogenesis was first described by (Fell, 1925) and is dependent on various 

growth and differentiation factors as well as the activation of signalling pathways that 

affect the transcription of specific genes. The different factors that regulate 

chondrogenesis can be used as markers to identify the stage of cell transition and 

phenotype. Despite the identification of signalling molecules and pathways necessary 

for chondrogenesis, the understanding of the molecular events that regulate this 

intricate process is still ongoing.  

 

The process of chondrogenesis is initiated with the condensation of MSCs into 

chondroprogenitor cells. The ECM of MSCs prior to condensation is rich in hyaluronan 

and collagen type I and collagen type II α (Sandell et al., 1994). As the MSCs condense 

into chondroprogenitor cells, the expression of collagen I is lost and the expression 

of the nuclear transcription factor, Sox9, a master regulator of chondrogenesis is 
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enhanced (Ng et al., 1997). Sox9 is expressed early in chondrogenesis and is required 

to further drive the expression of collagen II α 1 (Ng et al., 1997, Goldring et al., 

2006b). Additionally, Sox9 promotes the expression of cartilage-specific genes such 

as Col2a1 which encodes the collagen type II alpha 1 peptide, which is also needed 

for the formation of cartilage (Eames et al., 2003). Moreover, the activation of the 

signalling molecule, sonic hedgehog (Shh), which is a member of the hedgehog family 

of proteins along with bone morpho-genetic proteins (BMPs) also causes the 

upregulation of Sox9 (Monsoro-Burq, 2005). This in turn causes the activation of 

other growth factors such as transforming growth factor-β (TGF-β), fibroblast growth 

factor (FGF), and Wingless factors (Wnt).  

 
Figure 1.2: Embryonic development of cartilage. The process of chondrogenesis is 
regulated by various growth factors and signalling pathways.  
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TGF-β, BMP, FGF and Wnt pathways interplay together to promote the expression of 

ECM proteins and growth factors that further drive the process of chondrogenesis 

and cartilage formation. TGF-β stimulates the synthesis of proteoglycans, fibronectin, 

and collagen II α 1, all essential for cartilage formation (Goldring et al., 2006b, 

Morales, 1991, Fukumoto et al., 2003). Whereas BMPs play a part in the synthesis of 

collagen II α 1 as well as aggrecan (Indrawattana et al., 2004). It is the balance of FGF 

and BMP signalling that determines the rate of proliferation of chondroprogenitor 

cells and their differentiation into chondroblasts (Minina et al., 2002).  

 

Furthermore, Insulin-like growth factor (IGF) also stimulates proliferation of the 

chondroprogenitor cells and aids their differentiation into chondroblasts along with 

BMPs and FGFs (Fukumoto et al., 2003). IGF enhances the synthesis of proteoglycans 

and collagen II α which further drives the process of chondrogenesis (Guenther et al., 

1982, Luyten et al., 1988, Osborn et al., 1989). Other members of the Sox family, Sox5 

and Sox6, are not expressed in chondrocyte condensation but are expressed during 

the chondrocyte differentiation (Lefebvre et al., 1998b). They are also required for 

the expression of collagen IX, aggrecan, as well as collagen II α 1 during chondrocyte 

differentiation (Smits et al., 2001). Finally, the expression of Indian hedgehog (Ihh), 

also a member of the hedgehog family, controls the maturation of chondrocytes from 

chondroblasts and causes the upregulation of parathyroid hormone-related protein 

(PTHrP), which works as a feedback mechanism to regulate the process. It is these 

mature chondrocytes that synthesise and maintain the ECM proteins that form 

cartilage.   
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1.1.4 ECM production and regulation by chondrocytes 

Chondrocytes synthesise the ECM that facilitates compressional and tensile forces in 

articular cartilage and structural support in tracheal cartilage. The ECM components 

they synthesize, and turnover include collagens, glycoproteins, glycosaminoglycans 

such as chondroitin sulphates, proteoglycans, and hyaluronan (Archer and Francis-

West, 2003). Chondrocytes synthesise collagen II, IX and XI. Collagens are the most 

abundant macromolecule in the ECM and make up two thirds of the dry weight of 

cartilage (Eyre, 2004). Collagens stabilise the matrix of cartilage and provide tensile 

and shear strength in the tissue. Collagen II, known as the collagen of cartilage, makes 

up 90 – 95% of the collagens in cartilage and gets arranged into fibrils and fibres that 

get interwoven with the proteoglycan, aggrecan (Bhosale and Richardson, 2008a). 

These proteoglycans function to trap large volumes of fluid that allows the cartilage 

to be compressible and make it an ideal tissue to resist forces. Chondrocytes organise 

collagens, proteoglycans, and other non-collagenous proteins uniquely and the 

structure of cartilage and its ECM composition differs slightly depending on the type, 

zone, and area of residence (Boutell et al., 2000, McKee et al., 2019). Dysregulation 

of the ECM structure, composition and abundance in cartilage leads to cartilage 

diseases.  

 

1.1.5 Diseases of cartilage  

The most prevalent disease of cartilage is osteoarthritis (OA). OA results in the 

progressive degradation of articular cartilage and is characterised by the erosion of 

the articular surface (Chen et al., 2017). The breakdown of proteoglycans leads to a 
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reduction in compressive stiffness of cartilage and accelerates the breakdown of 

collagen II, which has a half-life of several decades to 400 years and is irreplaceable 

once lost (Eyre et al., 2006). In addition, the environment that chondrocytes reside in 

controls their metabolic activity and plays a role in the progression of the disease. 

Pro-inflammatory cytokines and growth factors play a role in the synthesis and 

degradation of the ECM (van den Berg, 1999). As well as that epigenetic regulation of 

cartilage genes by miRNAs also leads to the progression of OA (Malemud, 2018a). 

miRNAs have been shown to regulate chondrocyte signalling pathways in OA such as 

the MAPK, SMAD, BMP, and NF-κB (Li et al., 2018b, Li et al., 2018a). Additionally, 

miRNAs also regulate chondrocyte apoptosis and the enzymes that lead to the 

breakdown of cartilage such as matrix metalloproteinases (Mmps) and ADAMTSs (Jin 

et al., 2014, Yamasaki et al., 2009, Ji et al., 2016).  

 

Once chondrocytes hypertrophy, they start to express collagen X (Zheng et al., 2003). 

This marks the terminal differentiation of chondrocytes that regulates the expression 

of proteolytic enzymes such as Mmps and ADAMTSs that degrade the proteoglycan 

and collagen network (Porter et al., 2005, Murphy and Lee, 2005). The activation of 

transcriptional regulators such as Runt-Related Transcription Factor 2 (RUNX2) 

further induces hypotrophy and enhances the production of proteolytic enzymes that 

digest the articular cartilage ECM (Chen et al., 2020). Mmp-1 and Mmp-13 which are 

collagenases, break down the cartilage network (Murphy and Lee, 2005). Whereas 

ADAMTSs breakdown proteoglycans (Porter et al., 2005). These proteolytic enzymes 

are regulated by activators such as cathepsin B and inhibitors such as tissue inhibitors 
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of Mmps (TIMPs). It is the imbalance of these factors that leads to OA. Moreover, 

repeated assault and injury to articular cartilage further enhances Mmp production 

and so enhances the cartilage breakdown.  

 

Inflammatory cytokines, such as interleukin-1β (IL-1β), tumour necrosis factor-α 

(TNF-α), and interleukin-6 (IL-6), are known to be upregulated during OA progression, 

they get secreted by chondrocytes and play a role in the disruption of cartilage 

homeostasis, through increasing Mmp expression and inhibiting the production of 

Mmp inhibitors (Wojdasiewicz et al., 2014). These inflammatory cytokines also affect 

ion channel expression in OA and rheumatoid arthritis (RA). TNFα and IL1β were 

shown to cause alterations in chondrocyte’s membrane proteins (Jeremiasse et al., 

2020). They were also shown by my group to increase calcium-activated potassium 

channel expression at the transcriptomic level (Haidar et al., 2020).  

 

As explained above, the cartilage ECM undergoes alterations during OA 

pathogenesis, these changes also include changes in the osmotic environment driven 

by increased water content and composition of its ionic environment. As well as that 

the cartilage water content also increases (Mow et al., 1999, Venn and Maroudas, 

1977, Mankin and Thrasher, 1975). Chondrocytes attempt to adjust to these changes 

and maintain their homeostasis by altering the transport of ions across their 

membrane and thus increase their cell volume (Lewis et al., 2011b, Hdud et al., 2014).  

Despite chondrocytes recognizing the loss of ECM proteins and actively changing 

their membrane proteins and producing collagen II and proteoglycans, the ratio 
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between the ECM protein production compared to proteolytic enzyme production is 

imbalanced and results in complete loss of cartilaginous tissue overtime. Moreover, 

cellular attempts to repair the tissue results in aberrant osteoblast like 

differentiation, forming osteophytes or fibroblastic differentiation and inducing 

fibrosis or stiffening of the joints (Hashimoto et al., 2002, Findlay and Atkins, 2014, 

Remst et al., 2015).  

 

In the trachea, defects to the cartilage rings cause tracheomalacia (TM), which was 

first described in 1963 by (Baxter and Dunbar, 1963) as an uncommon condition in 

which the tracheal wall is soft and pliable. TM is characterised by the collapse of the 

trachea during respiration. Its symptoms can range from minor expiratory stridor 

with typical barking cough to severe respiratory distress (Filler et al., 1982). It is often 

misdiagnosed as it presents with asthma-like symptoms; TM can be classified into 

congenital or acquired disorder (Baxter and Dunbar, 1963). Congenital TM results due 

to abnormal formation of the cartilage rings whereas acquired TM occurs when there 

is a degeneration of normal cartilage that supports the trachea. Some of the causes 

of acquired TM are infections, tumours and trauma (Baxter and Dunbar, 1963). If the 

ECM of cartilage is deformed, then the cartilage rings will not be able to resist heavy 

loads or provide strength and structure to the trachea. Membrane proteins such as 

ion channels and transporters have been shown to be implicated in TM, whereby 

their deletion can lead to the malformation of the cartilage rings (Rock et al., 2008a). 

Ion channels and their role in chondrocytes in health and disease will be discussed in 

the next section.  
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1.2 Ion channels 

Despite being ‘non-excitable’ cells, chondrocytes express a diverse collection of ion 

channels that are vital for chondrocyte homeostasis. These ion channels play a role 

in regulating chondrocyte membrane potential, proliferation, migration, volume 

regulation and their ability to synthesise ECM proteins (Barrett-Jolley et al., 2010a). 

Emerging evidence implicates ion channels in diseases of the cartilage (TM and OA). 

Ion channel expression is altered in articular cartilage in OA and RA and is vital for 

tracheal cartilage support (Haidar et al., 2020, Jeremiasse et al., 2020, Lin et al., 

2014b, Rock et al., 2008a). Ion channels constitute a large superfamily, however 

despite their importance in tracheal cartilage as demonstrated above, very little is 

known about the members that may be expressed in tracheal chondrocytes. An 

overview of the role of ion channels in chondrocytes and how they contribute to the 

pathogenesis of cartilage disease will be discussed below.  

 

1.2.1 Definition and classification of ion channels 

Ion channels are transmembrane proteins that are essential for a variety of cellular 

functions. They facilitate the movement of ions into and out of the cell (Hodgkin and 

Huxley, 1952a) and play a vital role in setting the resting membrane potential (RMP). 

Ion channels usually consist of a central aqueous pore with one or more subunits that 

surround it. The opening of ion channels and hence their activation, usually occurs 

through a conformational change of the ion channel pore (Catterall, 1995) that allows 

the flow of ions such as K+, Na+, Ca2+, Mg2+ and Cl-. There are multiple stimuli that can 

control the opening of the ion channel pore, also known as ion channel gating; these 
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are specific to each ion channel and can include voltage changes across the 

membrane (voltage-gated ion channels), mechanical stress (mechanically-gated ion 

channels) or chemical stimuli such as binding of a ligand (ligand-gated ion channels) 

(Sachs, 1991, Unwin, 1993).  

 

1.2.2 Ion channel families 

According to the International Union of Basic and Clinical pharmacology (IUPHAR) 

and the British Pharmacological Society (BPS) database for ion channels, there are 

three main classes of ion channels: ligand-gated ion channels, voltage-gated ion 

channels and ‘other’ ion channels (Table 1.1). This classification is based on the ion 

channels’ mode of activation and correlates to structural similarities and common 

ancestors between the ion channel families (Yu et al., 2005). These three classes of 

ion channels are subsequently classified into different ion channel families, which are 

further subdivided into ion channel subtypes (Alexander et al., 2019). Ligand-gated 

ion channels are comprised of the inhibitory, anion-selective GABAA and glycine 

receptors and the excitatory cation-selective nicotinic acetylcholine, 5‐HT3, 

ionotropic glutamate and P2X receptors (Alexander et al., 2019). The binding of a 

neurotransmitter to an orthosteric site triggers a conformational change of these 

receptors and hence results in their opening/activation (Unwin, 1993). Meanwhile 

the binding of endogenous or exogenous modulators to allosteric sites of these 

channels regulates their gating. Ligand-gated ion channels mediate fast synaptic 

transmission (in milliseconds) at neuromuscular junctions and in the nervous system 

(Changeux, 2010).  
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Voltage-gated ion channels are a superfamily of channels that are characterised by 

their rapid response to changes in the RMP, resulting in the permeation of select ions. 

They play a pivotal role in the propagation of action potentials and the promotion of 

neurotransmitter secretion in neurones and muscles (Moran et al., 2015) as well as 

the secretion of hormones, sensation of the environment, gene expression, and cell 

division (Yu and Catterall, 2004). The ion channel families included in the voltage-

gated ion channel superfamily are the voltage-gated sodium, potassium, proton and 

calcium channels; calcium-activated, two-pore domain, and inwardly rectifying 

potassium channels; cyclic nucleotide regulated channels, CatSper channels, two 

pore channels; ryanodine receptors and transient receptor potential channels 

(Alexander et al., 2019).  

 

Finally, the last classification of ion channels is the ‘other’ ion channels, this includes 

ion channel families that do not fit into the ligand-gated or voltage-gated ion channel 

categories. These ‘other’ ion channels also do not share structural properties with 

the two previous categories and have evolved separately (Yu et al., 2005). The ‘other’ 

ion channel category consists of ClC, Maxi and calcium-activated chloride channels; 

volume regulated anion channels, CFTR, connexins and pannexins; Orai channels, 

sodium leak channels, piezo channels and aquaporins (Alexander et al., 2019). These 

channels are involved in a variety of processes such as systemic water homeostasis, 

cell migration, cell volume regulation, membrane excitability, cell proliferation, 

epithelial electrolyte transport, muscle contraction and regulation of neuronal 

excitability (Alexander et al., 2019). Many of the major ion channel families have been 
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detected in articular chondrocytes. Family members of the voltage-gated, ligand-

gated, and ‘other’ ion channel categories have been observed in articular 

chondrocytes over the years; the expression of these channel and their roles in 

chondrocyte physiology and disease will be discussed below.   

 

1.2.3 Role of ion channels in chondrocyte physiology and disease 

A number of studies, including those from my group have shown the functional 

presence of the ever-expanding list of ion channels in chondrocytes (Table 1.1). The 

RMP of any cell is determined by the compliment of ion channels expressed by these 

cells – in the case of chondrocytes, ion channels shown in Table 1.1 regulate the RMP. 

In excitable cells, the expression of ion channels is vital for the firing of action 

potentials and regulation of the RMP is essential for excitability in these cells. In 

general, the RMP of cells is essential for its function and signalling within the cell’s 

microenvironment. For years it was debated whether the RMP was important for the 

control of non-excitable cell function, which the basic answer for such question is 

‘yes’. Most non-excitable cells have a dynamic membrane potential despite not 

having an action potential firing phenotype which sub-serves a range of essential 

biological functions (Abdul Kadir et al., 2018). Similarly, for chondrocytes, the RMP is 

vital for their ability to produce the ECM. Studies have shown that modifying the RMP 

through ion channel inhibition compromised their ability to produce ECM mRNA and 

proteins (Wu and Chen, 2000, Mouw et al., 2007). Hence the RMP is important for 

the chondrocyte microenvironment and will be further discussed in chapter 4.  
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Chondrocytes exist in a unique microenvironment. The ECM which chondrocytes 

synthesise and are embedded in, contributes to the net charge of the cartilage tissue, 

and drives the osmotic and ionic gradients (Urban et al., 1993). The ECM is able to 

resist and maintain the osmotic gradient. This results in hydrostatic pressure that 

contributes to the ability of cartilage to withstand biomechanical stresses and strains 

(Sanchez-Adams et al., 2014). Chondrocytes have an unusual ionic environment as 

they are surrounded by proteoglycans that are negatively charged. This fixed charge 

density attracts a large number of cations such as Na+ in addition to water, creating 

high extracellular osmolarity and contributing to the low pH environment of 

chondrocytes (Urban et al., 1993). The high extracellular [Na+] creates a steep inward 

gradient for Na+ entry into chondrocytes through the Na+/K+-ATPase pump in these 

cells. Hence the function of ion channels is important in chondrocytes as they 

regulate the volume changes of chondrocytes and help to maintain their viability in 

such harsh environments. 

 

Chondrocytes are subjected to high dynamic loads during physical activity (Eckstein 

et al., 1999). Under pressure, cartilage decreases in volume by exuding fluids 

(McCutchen, 1962). This causes changes in the water content of the interstitial 

component of cartilage and thus causes changes in the extracellular osmotic 

potential (Sivan et al., 2006). These changes are reversible upon relaxation and so 

chondrocytes are regularly exposed to increasing and decreasing osmotic forces 

(Mow et al., 1992). These changes are modulated by the regulatory volume increase 
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Table 1.1: Ion channels expressed in chondrocytes. 
 

Ion channel General role Subtype  Role in chondrocytes Reference  

Sodium Channels 

Epithelial sodium 
channel (ENaC) 

Essential for the 
clearance of the 
respiratory airways. 
Regulates blood pressure 
and extracellular fluid 
volume in the kidney. 
Also regulates cell’s 
osmolarity.  

α- and β-
subunits 

Mechanotransduction (Shakibaei and Mobasheri, 2003, Trujillo et 
al., 1999a) 

Voltage-gated 
sodium channel 
(VGSC) 

Regulates the voltage 
changes across the 
plasma membrane.  

NaVβ1 and 2, 
NaV1.2, 
NaV1.3, 
NaV1.6 & 
NaV1.7  

Mechanotransduction and 
ECM maintenance  

(Sugimoto et al., 1996b, Wu and Chen, 
2000, Asmar, 2017) 

Potassium Channels 

Voltage-gated 
Potassium channel 
(Kv) 

Critical for the 
repolarization of the 
membrane following an 
action potential. 

KV1.4 & KV1.6 Maintenance of the RMP (Mobasheri et al., 2005, Clark et al., 2010b) 

ATP- sensitive 
potassium channel 
(KATP)  

Modulates cellular 
excitability.  

Kir6.x Coupling cellular activity to 
metabolic state 

(Mobasheri et al., 2007) 
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Inward rectifier 
potassium channel 
(Kir) 
 

Stabilizes the RMP. Kir2.2 Maintenance of the  RMP (Clark et al., 2011b) 

Large conductance 
calcium-activated 
potassium channel 
(BK)  

Regulates excitability. 
Contributes to after-
hyperpolarisation 
activity. 

Kcnma1 & 
kcnmnb1 

Coupling of membrane 
stretch to regulated volume 
decrease (RVD) 

(Long and Walsh, 1994, Mobasheri et al., 
2010) 

Small conductance 
calcium-activated 
potassium channel 
(SK)  

Regulates excitability and 
response to pressure. 

- Intracellular calcium 
regulation 

(Mobasheri et al., 2007, Wright et al., 
1996) 

Two-pore domain 
potassium channel 
(K2P) 

Maintenance of the RMP 
in different smooth 
muscle cells and 
neurones.  
 
 
 

Task-2, Twik-1 
& Twik-2 

Regulation of the RMP (Clark et al., 2011b) 

Calcium Channels 

Voltage-gated 
calcium channel 
(VGCC) 

Involved in calcium 
signalling and cell 
excitability.   

CaV1.2 & 
CaV3.2  

Calcium signalling and ECM 
maintenance  

(Shakibaei and Mobasheri, 2003, 
Poiraudeau et al., 1997b, Wu and Chen, 
2000, Shao et al., 2005) 

Non-selective Cations 
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Transient receptor 
potential  vanilloid 
channel (TRPV) 

Plays a role in 
mechanosensing, 
osmosensing and 
thermosensing. Plays a 
role in calcium 
homeostasis. 
 

Trpv4, Trpv5 & 
Trpv6 

Osmoregulation and 
calcium signalling 
regulation 

(Phan et al., 2009, Gavenis et al., 2009, 
Clark et al., 2010a) 

Chloride Channels 

Maxi channel Involved in cell volume 
and apoptosis regulation.  

Maxi-Cl Control of RMP (Tsuga et al., 2002, Sugimoto et al., 1996b, 
Sumiyoshi et al., 2010)   

Volume regulated 
anion channel 
(VRAC)  

Involved in volume 
regulation. 

Lrrc8a, b, c, d 
& e 

Regulates the RVD and the 
RMP 

(Okumura et al., 2009) 

Calcium-activated 
chloride channel 
(CaCC) 
 

Involved in calcium 
signalling. 

Ano1 and 
Ano2 

Essential for the formation 
of cartilage rings 

(Rock et al., 2008a) 

ClC channel Stabilizes the RMP. ClC-7 Maintains chloride currents 
that are activated by 
extracellular acidification. 
 

(Kurita et al., 2015) 

‘Other’ Channels 

Aquaporins Involved in cell volume 
regulation. 

Aqp-1, Aqp-3 Regulates cell volume (Mobasheri and Marples, 2004, Mobasheri 
et al., 2004) 
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Acid sensing ion 
channels (ASIC) 
 

pH sensing. Asic1 Intracellular pH regulation (Sánchez et al., 2006, Song et al., 2020) 

Ionotropic 
glutamate 
receptors (NMDAR) 
 

Role in mechanosensing.  - Response to mechanical 
stimulation 

(Millward-Sadler et al., 2001, Salter et al., 
2004) 

Connexins Mediates ATP and Ca2+ 
exchange in the joint. 
 

Connexin 43 Mechano-coupling (Knight et al., 2009, Zhang et al., 2014) 

Piezo Mechanotransduction.  Piezo1 & 
Piezo2 

Calcium signalling in 
response to mechanical 
stimuli. 
 

(Lee et al., 2017, Beech and Xiao, 2018) 
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(RVI) and regulatory volume decrease (RVD), which are mechanisms controlled by ion 

channels. RVD occurs when chondrocytes recover their volume after swelling via 

osmosis following exposure to a hypotonic challenge. When a chondrocyte takes up 

water, it causes the efflux of ions and hence decreases its intracellular osmolarity 

until it is in equilibrium with the extracellular environment. On the other hand, when 

chondrocytes recover their volume following a shrinkage due to a hypertonic 

challenge, RVI occurs (Lewis et al., 2011c). Ion channels and transporters that have 

been shown to be linked to the RVI include the Na+/K+/2Cl- co-transporter (Lytle, 

1997) and the Na+/H+ transporter (Hughes et al., 2010), whereas  RVD is mediated by 

the transient receptor potential vanilloid type 4 channel (TRPV4) (Phan et al., 2009), 

where it was shown that TRPV4 null mice were unable to exhibit a RVD response 

(Clark et al., 2010a).  

 

Transient receptor potential (TRP) channels are a family of non-selective cation 

channels that are involved in nociception, temperature, mechano- and 

osmosensation (Becker et al., 2005, Phan et al., 2009, Feetham et al., 2014). TRP 

channels regulate the intracellular Ca2+ concentrations in non-excitable cells. They 

are divided into 6 subfamilies: canonical (TRPC), vanilloid (TRPV), melastatin (TRPM), 

ankyrin (TRPA), mucolipin (TRPML), polycystin (TRPP), and no mechanoreceptor 

potential C (TRPN) (Matta and Zakany, 2013). TRP channels have been shown to be 

implicated in OA; articular chondrocytes isolated from OA patients expressed various 

TRP channels (Gavenis et al., 2009). TRPA1 was shown to mediate acute inflammation 

in OA (Moilanen et al., 2015). Whereas, TRPV5 facilitates calcium influx and inhibits 
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chondrocyte autophagy in a rat OA model (Wei et al., 2017) and TRPV6 acts as a 

chondroprotective factor where its deletion causes cartilage fibrillation, loss of 

proteoglycans and severe OA changes (Song et al., 2017). In chondrocytes, TRPV4 is 

not only essential in RVI but it also plays a role in chondrocyte mechanotransduction 

(O'Conor et al., 2014) and is a regulator of Sox9 and hence chondrogenesis 

(Muramatsu et al., 2007) whereby its mutation causes skeletal malformations due to 

the inhibition of BMP signalling pathway (Leddy et al., 2014). Other channels that 

transport cations such as Na+ which is attracted by the negatively charged 

chondrocyte environment are the Epithelial sodium channel (ENaC) which also plays 

a role in the RVI (Trujillo et al., 1999b, Bondarava et al., 2009).  

 

ENaCs were first shown to be expressed in chondrocytes by (Trujillo et al., 1999a) and 

were later functionally identified by my own group (Lewis et al., 2013a). ENaC is a 

heteromeric channel, that forms from up to four subunits: α, β, δ, and γ (Canessa et 

al., 1994). ENaCs are known to regulate blood volume and pressure in the cardiac 

system (Canessa et al., 1994) and in the kidney, they play a role in sodium 

reabsorption (Rossier et al., 2002). In articular chondrocytes, ENaC is thought to play 

a role in mechanotransduction and contribute to the maintenance of the RMP, which 

may aid in the regulation of ECM synthesis and prevent apoptosis (Wright et al., 1996, 

Shakibaei et al., 2001, Shakibaei and Mobasheri, 2003). The abundance of the α and 

β subunits of ENaC were shown to be altered in human chondrocytes from RA 

patients and were significantly higher compared to control. However, in OA patients, 

the α and β subunits of ENaC were absent compared to control (Trujillo et al., 1999a).  
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ENaCs were also shown to co-localise with other ion channels such as the voltage-

gated calcium channels (VGCC) and β1 integrin in differentiating chondrocytes 

(Shakibaei and Mobasheri, 2003). 

 

Calcium signalling is important in chondrocytes during skeletal development. VGCC 

play a major role in calcium signalling in chondrocytes and are classified into CaV1.x, 

CaV2.x and CaV3.x (x denoting the subtype) (Matta et al., 2015b). CaV1.2 and CaV3.2 

subunits were detected in chondrocytes of developing murine embryos (Shao et al., 

2005), they enable a rapid elevation of cytosolic Ca2+ levels by IGF-1 in articular 

chondrocytes (Poiraudeau et al., 1997a). This cytosolic calcium influx is necessary for 

the regulation of ECM synthesis of aggrecan and type II collagen in articular 

chondrocytes (Xu et al., 2009a). The inhibition of VGCC with the drugs nifedipine and 

verapamil inhibits proliferation and abrogates chondrogenesis (Fodor et al., 2013), it 

also reduces the RMP of chondrocytes by 18% (Wohlrab et al., 2001). VGCC are also 

important in tracheal chondrocyte, whereby CaV3.2 was shown to be essential in 

tracheal cartilage formation. Mice null for CaV3.2 had altered Sox9 expression and 

disrupted cartilage ring formation (Lin et al., 2014b). CaV3.2 was also found to be 

involved in signalling pathways triggering mechanical load-induced OA; where mice 

null for CaV3.2 exhibited significantly lower articular cartilage damage than controls 

(Lin et al., 2014b). Specific inhibitors of the VGCC also reduced the expression of 

MMP-1, -3 and -13 in osteoarthritic canine chondrocytes (Boileau et al., 2005). The 

importance of calcium signalling in chondrocytes is evident as there are multiple 
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channels that get activated by calcium that are vital for normal cartilage physiology, 

such as the calcium activated chloride channels (CaCC).  

 

CaCC were first recognised in Xenopus Oocytes by (Miledi, 1982, Barish, 1983). 

However, the molecular identity underlining this current was not discovered until 

2008 by three different groups (Caputo et al., 2008, Schroeder et al., 2008, Yang et 

al., 2008) which showed TMEM16A as a strong candidate. TMEM16 proteins are also 

known as anoctamins (Anos). They are a family of 10 proteins, with Ano1 and Ano2 

being the most studied. CaCC currents were also generated by Ano6 and Ano7, 

whereas Ano5, 8, 9, and 10 did not produce measurable currents and their role as 

CaCC is debated (Schreiber et al., 2010).  CaCC are expressed in various tissues among 

which are sensory receptors, smooth muscles, neuronal tissues, and different 

epithelial organs. They are also involved in various diseases such as cancers and 

airway malformations (Kunzelmann et al., 2011). The importance of chloride 

channels in the airway is well established, with CFTR being vital for physiological 

functioning of the airway. CaCC are of strong interest as they were ideal druggable 

targets to control physiological functions or correct defects such as cystic fibrosis 

(Rock et al., 2009). Aside from their importance in cystic fibrosis and being functional 

alternatives to CFTR, CaCC proved to be essential for the functioning of the trachea.  

 

Deletion of Ano1 and Ano2 causes severe malformation of the cartilage rings and 

death of mice 1 month post birth due to TM (Rock et al., 2008a). Another family of 

chloride channels that are important in chondrocytes are the volume regulated anion 
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channels (VRAC). They play a role in the volume regulation of chondrocytes (Okumura 

et al., 2009). VRACs consist of 5 subunits Lrrc8a, b, c, d, and e. With Lrrc8a being 

essential for the formation of the channel (Qiu et al., 2014, Voss et al., 2014). Other 

chloride channels such as ClC, which form a large family of voltage-dependent 

chloride channels, are also essential in chondrocytes as they play a role in OA (Poroca 

et al., 2017). ClC-7 gets downregulated as OA progresses and its knockdown 

decreases the acid sensitive currents and results in enhanced cell death in a human 

chondrocyte cell line (Kurita et al., 2015). 

 

Thus, chondrocyte ion channels have widespread importance in physiology and 

disease. nevertheless, it is important to note that ion channels not only regulate 

chondrocytes RMP, volume changes and progression of diseases but they too are 

regulated by multiple factors. These factors include pharmacological agents as well 

as epigenetically factors such as miRNAs which will be discussed in the section below. 

This regulation of ion channels by miRNAs too plays a role in chondrocyte physiology 

and disease. 

 

1.3 MicroRNA-mediated regulation of gene expression 

MicroRNAs, also known as miRNAs or miRs, play a vital role in the regulation of gene 

expression in several biological processes including cell proliferation, differentiation, 

and cell death (Hwang and Mendell, 2006). They are short non-coding RNA that are 

evolutionarily conserved, present in virtually all eukaryotes, signifying their 

important role in biological processes. Here, the role of miRNAs in both tracheal and 
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articular chondrocytes will be discussed and their role in chondrocyte physiology, 

cartilage diseases and ion channels will be investigated. 

 

1.3.1 MicroRNA biogenesis, nomenclature, and regulation  

MicroRNAs are evolutionarily conserved short non-coding RNAs that are usually 18 - 

22 nucleotides long (Bartel, 2004b). They bind to complementary sequences within 

their target mRNAs leading to post-transcriptional changes and modification of gene 

expression. Generally, miRNAs base pair to regions within the 3’- untranslated region 

(3’-UTR) of protein coding mRNA that are complimentary. The interaction of miRNAs 

with their target(s) usually leads to translational repression or cleavage of these 

target mRNA (Meijer et al., 2013). miRNAs were first observed in 1993 by Ambrose 

and colleagues when the characterisation of genes that control the timing of larval 

development in Caenorhabditis elegans (C. elegans) revealed a regulatory small non-

coding RNA, known as lin-4 (Lee et al., 1993). It was not until later on in 2000, when 

another non-coding RNA, let-7 was discovered in C. elegans by Ruvkun’s group 

(Reinhart et al., 2000) that miRNA started to gain attention from scientists. This led 

to the exploration of the role of miRNAs and what was previously thought to be junk 

RNA was recognised as functional. Soon after, other homologs were found in other 

bilateral animals, including mammals and these two regulatory RNAs were found to 

represent a class of small endogenous RNAs found in worms, flies, and mammals 

(Lagos-Quintana et al., 2001, Griffiths-Jones et al., 2008).  
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Approximately a quarter of miRNA genes in humans are found in the introns of pre-

mRNAs (Bartel, 2004b), this makes it convenient for the coordinated expression of 

miRNA and protein, explaining the conserved sites between miRNA and targeted 

mRNA (Bartel, 2004b, Aravin et al., 2003). Canonical miRNAs are usually transcribed 

as single miRNAs from introns of coding or non-coding transcripts. However, there is 

a class of miRNAs, mirtrons, that originate from a non-canonical biogenesis pathway 

(Ruby et al., 2007, Okamura et al., 2007). Sometimes several miRNA loci that are 

located close to each other get transcribed together forming a polycistronic cluster 

(Lee et al., 2002). Nearly all the miRNAs are conserved in closely related animals such 

as human and mouse (Friedman et al., 2009). Other small RNAs have also been 

discovered in plants, fungi, and animals, such as small interfering RNA (siRNA) 

(Carthew and Sontheimer, 2009) and piwi-interacting RNA (piRNA) (Ozata et al., 

2019), which also act as guide RNAs. However, miRNAs differ in their biogenesis.  

 

Most miRNAs are transcribed as an RNA stem-loop by RNA polymerase II/III that 

results in a hairpin structure of several hundred to thousand nucleotide (nt) long 

double-stranded miRNA precursor known as primary miRNA (pri-miRNA) (Figure 1.3) 

(Lee et al., 2002). This pri-miRNA gets processed by the nuclear RNase III enzyme, 

Drosha, which forms a complex with its cofactor DiGeorge Syndrome Critical Region 

8 (DGCR8), resulting in the pri-miRNA cleavage into a shorter (70 - 90 nt) hairpin 

named pre-miRNA that contains a 2 nt 3’ overhang that serves as a recognition site 

for the second processing step (Figure 1.3) (Lee et al., 2003). Next, the pre-miRNA is 

exported to the cytoplasm by exportin 5 (Exp5) which binds to small RNAs that bear 
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a short 3’ overhang and a terminal stem-loop (Lund et al., 2004). Exp5 depends on a 

co-factor known as Ran, a GTPase that only binds in the GTP bound form (Bohnsack 

et al., 2004). Once the Exp5/Ran-GTP/pre-miRNA complex passes through the nuclear 

pore, Ran-GTP gets hydrolysed, and the pre-miRNA gets released (Figure 1.3). In 

contrast to canonical miRNA, mirtrons, originate from an alternative non-canonical 

pathway that omits Drosha cleavage and arise as by-products of intron splicing. 

Mirtrons enter the canonical biogenesis pathway at the Exp5 level (Westholm and 

Lai, 2011). This thesis will not focus on mirtrons and reference to miRNAs will be 

referring to canonical miRNAs unless otherwise stated. 

 

In the cytoplasm, Dicer - the RNase III endonuclease, makes a cleavage ~ 20-nt 

upstream of the 2-nt 3’ overhang recognition site of the pre-miRNA releasing a 

double stranded miRNA duplex that has a 5’ phosphate and a 2 nt 3’ overhang (Figure 

1.3). This duplex gets unravelled by an RNA helicase and one strand of the duplex is 

loaded into the Argonaute (AGO) protein, which along with other proteins, forms the 

RNA-induced silencing complex (RISC) (Figure 1.3). Usually the guide strand (either 

the 5’ or 3’ strand, depending on which end of the pre-miRNA they are derived from) 

forms the mature miRNA while the passenger strand gets degraded, however in some 

cases the passenger strand can be stable and functional (Yang et al., 2011c). Hence 

the stability of the miRNA strand determines which miRNA gets produced. This 

mature miRNA binds to target sequences partially or completely complementary in 

mRNA at the 3’-UTR and results in either the mRNA degradation, translational 

repression or mRNA deadenylation (Meijer et al., 2013). Hundreds of genes can be 
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targeted by one mature miRNA and one gene can be targeted by several different 

miRNAs, making miRNAs powerful regulators of post-translational gene expression.  

 

 

Figure 1.3: Canonical pathway of miRNA biogenesis and processing. miRNA 
processing through a series of endonucleolytic maturation steps. Figure adapted from 
(Winter et al., 2009) 
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The regulation of miRNAs can occur at any step of their biogenesis. miRNAs can be 

regulated by different physiological triggers such as different cell cycle stages, growth 

factors and neuronal signalling which have an effect on miRNA turnover, causing their 

rapid degradation (Ghini et al., 2018, Gulyaeva and Kushlinskiy, 2016, Zhang et al., 

2012). miRNAs can also be regulated by different ribonucleases (RNases); as in 

contrast to their precursors, miRNAs have unprotected 5’ and 3’ ends that can be 

targeted by these enzymes. However, it was shown that miRNAs can be made more 

stable by methylation or uridylation which deters the activity of exoribonucleases 

(Ramachandran and Chen, 2008).  Another form of miRNA regulation can occur 

through the miRNA: target interaction, where the miRNA target affects the miRNA 

activity. Two mechanisms of this regulation have been proposed. The competing 

endogenous RNA (ceRNA) (Thomson and Dinger, 2016) and the target-directed 

miRNA degradation (TDMD) mechanism (Rüegger and Großhans, 2012).  

 

The ceRNA mechanism proposes that endogenous RNAs with shared miRNA binding 

sites compete with one another for the binding of the miRNA and binding of the RISC 

complex. Specific RNAs can impair miRNA activity by sequestering the miRNA-RISC 

complex and hence upregulating target mRNA gene expression (Thomson and Dinger, 

2016). Whereas in the TDMD mechanism, the RNA target promotes degradation of 

its miRNA, whereby binding of highly complementary RNAs, either target mRNAs or 

non-coding RNAs, and destabilise the miRNA (Baccarini et al., 2011, Marcinowski et 

al., 2012, Ameres et al., 2010). This triggers post-transcriptional modification of the 

miRNA and causes tailing (addition of non-templated nucleotides at the 3’ end of the 
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miRNA) and 3’ to 5’ trimming (shortening) (Ameres et al., 2010) as well as unloading 

from AGO (De et al., 2013), all leading to the decay of the highly complementary 

miRNA. 

 

The nomenclature of mature miRNA usually starts with the prefix ‘miR-’ followed by 

a number, which identifies the miRNA, for example, miR-181. However, some 

miRNAs such as lin-4 and let-7 are an exception. In order to identify the designated 

species that the miRNA belongs to, a short letter prefix is used, for example ‘hsa-’ 

refers to Homo sapiens, while ‘rno-’ refers to Rattus norvegicus. Moreover, a letter 

suffix is used to identify miRNA paralogous sequences that differ at one or two 

positions, for example, miR-30a, miR-30b and miR-30c. Whereas a number suffix 

indicates miRNAs with identical sequences but at different loci, for example, miR-1-

2. In order to identify which strand gets incorporated into the RISC complex and 

which gets degraded as it is less stable, an asterisk was previously used to distinguish 

the less stable strand, for example, miR-143*. However now a clearer nomenclature 

is used which identifies each strand by the arm of the pre-miRNA  that it is derived 

from. For example, miRNAs that originate from the 5’ arm of the pre-miRNA adopt a 

‘5p’ suffix and those derived from the 3’ arm adopt a ‘3p’ suffix, regardless of being 

the guide or passenger strand. Therefore, miR-141 can either be miR-141-5p or miR-

141-3p (Griffiths-Jones et al., 2006).  

 

The expression profile of miRNAs and their function varies between different cell 

types, tissues, developmental stages, and cellular environments, with some miRNA 
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being specific and enriched in the tissues they are expressed in. This provides a 

mechanism of gene regulation in which miRNA abundance can allow for customised 

expression of proteins in different cell types depending on function whilst achieving 

a uniform expression level within each cell type. Several miRNA with profound effects 

on skeletal development and cell function have been studied, with many affecting 

chondrogenesis. These miRNAs will be discussed below. 

 

1.3.2 MicroRNAs in cartilage physiology and disease 

MicroRNAs play a vital role in all aspects of cartilage physiology such as the regulation 

of ECM proteins, chondrocyte differentiation, growth factor regulation, chondrocyte 

proliferation and disease (Gibson and Asahara, 2013). miRNAs have been shown to 

be essential for normal skeletal development, whereby the tissue specific deletion of 

Dicer, the RNase III endonuclease needed for miRNA biogenesis, causes a decrease in 

chondrocyte proliferation, and accelerates hypertrophy of chondrocytes, leading to 

severe growth retardation in Dicer null mice (Kobayashi et al., 2008). A highly 

expressed miRNA that has been widely studied in cartilage is miR-140 (Papaioannou 

et al., 2013, Miyaki et al., 2010). Numerous studies have been carried out on this 

miRNA after it was shown to have cartilage specific expression in zebrafish and mice 

embryos (Wienholds et al., 2005, Tuddenham et al., 2006). miR-140 is expressed in 

the intronic sequence of the Wwp2 gene (Yang et al., 2011b). In zebrafish, miR-140 

was shown to disrupt Platelet-derived growth factor (PDGF) signalling thus affecting 

palatogenesis and producing defects resembling cleft palate (Eberhart et al., 2008). 

This was supported in humans where there were significantly higher numbers of 



36 

 

missense mutations in the coding regions and the 3’-UTR region of the PDGF 

receptors of patients with cleft palate compared to matched controls, with one case 

having mutations adjacent to and affecting the miR-140 binding site (Rattanasopha 

et al., 2012). 

 

In mice, the knockout of miR-140 caused reduced longitudinal growth of the skull and 

growth defects of endochondral bones (Miyaki et al., 2010). Knockout of miR-140 also 

caused altered differentiation of chondrocytes due to the targeting of the dnpep gene 

that modulates the BMP signalling pathway by miR-140. This results in the mice 

having craniofacial deformities and dwarfism (Nakamura et al., 2011). miR-140 null 

mice also showed progressive cartilage fibrillation and proteoglycan loss, which are 

characteristics of early OA (Miyaki et al., 2010). Further studies have implicated miR-

140 in the disease progression of OA, whereby miR-140 was shown to be 

downregulated in human OA cartilage compared to normal cartilage (Tardif et al., 

2009). In addition, Histone deacetylase 4 (HDAC4), an enzyme that regulates 

chondrocyte hypertrophy through the inhibition of Runx2, a driver of hypertrophy, 

was shown to be a target of miR-140. HDAC4 is specifically expressed in non-

hypertrophic chondrocytes and plays a role in the proliferation and differentiation of 

chondrocytes. Targeting of HDAC4 by miR-140 inhibits its expression thus eliminating 

the inhibition of Runx2, driving the chondrocytes into hypertrophy and progressing 

OA (Tuddenham et al., 2006). miR-140 was also shown to target other genes 

associated with OA including ADAMTS5, an enzyme that is involved in the 

degradation of articular cartilage (Miyaki et al., 2010),  SP1, associated with 
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maintaining chondrocyte proliferation (Yang et al., 2011b), and Mmp-13, an enzyme 

that degrades collagens and other ECM proteins (Tardif et al., 2009, Tuddenham et 

al., 2006). The expression of miR-140 is regulated in cartilage whereby Sox9 is 

upstream of miR-140 expression (Nakamura et al., 2012). Sox9 along with related 

family members, Sox5 and Sox6 enhanced miR-140 expression (Yamashita et al., 

2012) demonstrating the Sox9 dependent miR-140 expression.  

 

Not all miRNA regulation in cartilage is detrimental, Let-7 was shown to be required 

for normal chondrocyte proliferation in the growth plate (Papaioannou et al., 2013). 

Another miRNA, miR-675, rescues the expression of collagen II, which in the absence 

of Sox9 in articular chondrocytes is blocked. This proposes a mechanism through 

which miR-675 mediates the Sox9 regulation of collagen II in articular chondrocytes 

and promotes its expression (Dudek et al., 2010). Studies have also shown that the 

expression of miR-675 is tightly regulated by HuR, an RNA binding and stress response 

protein. HuR suppresses miR-675 expression by inhibiting Drosha processing (an 

RNase III enzyme important in miRNA biogenesis), however when it is relocated from 

the nucleus to the cytoplasm in response to stress, it no longer inhibits Drosha and 

hence rapidly stimulates miR-675 expression (Keniry et al., 2012). This response to 

stress may explain the increased expression of miR-675 in chondrocytes from OA 

patients. 

 

Other miRNAs have also been shown to target ECM proteins through Sox9. miR-145 

targets Sox9 and hence regulates the expression of cartilage ECM genes indirectly. 
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The overexpression of miR-145 supresses Sox9 and as a consequence, supresses  

Col2a1, Acan, Col9a2, and Col11a1 ECM gene expression (Yang et al., 2011a) while 

stimulating the expression of Runx2 and Mmp-13, which are associated with 

hypertrophy and OA (Martinez-Sanchez et al., 2012). In contrast, miR-125 targets 

ADAMTS4 and Mmp-13 and reduces their expression (Matsukawa et al., 2013, Yu et 

al., 2015b) and miR-27a was shown to be decreased in OA chondrocytes where its 

inhibition causes increased Mmp-13 expression (Tardif et al., 2009). Sox9 is also 

targeted by miR-101 which was shown to reverse the IL-1β-induced downregulation 

of collagen II and Acan. In addition, overexpression of miR-101 reduced cartilage 

destruction in OA induced mouse knee joint (Kim et al., 2013). Whereas miR-1 was 

shown to repress Acan expression but only in hypertrophic chondrocytes (Sumiyoshi 

et al., 2010) and miR-29a and b directly target and suppress type II collagen 

expression (Yan et al., 2011).  As well as that miR-181a, highly expressed in chicken 

chondrocytes, was shown to directly target and supress Acan (Sumiyoshi et al., 2013). 

miR-199a and miR-193 have also been shown to influence the expression of cartilage 

ECM genes. These two miRNAs inhibit the expression of Col2a1 and Acan when 

they’re overexpressed (Ukai et al., 2012). However, the deletion of a cluster of 

miRNAs, which include miR-199a and miR-214 results in severe deformity in skeletal 

development (Watanabe et al., 2008) suggesting that the role of miRNAs in cartilage 

physiology is complicated and contradictions need to be elucidated further.   

 

Another miRNA that fuels the imbalance of anabolic and catabolic mechanism in 

cartilage is miR-455-3p, which was shown to target the translation of Smad2, which 
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signals through the Smad 2/3 pathway, which has been shown to have anabolic 

consequences (promoting the expression of Collagen II and Acan). An increase in the 

expression of miR-455 was observed in OA cartilage and is thought to promote the 

TGF-β Smad 1/5/8 pathway (which has catabolic consequences by enhancing the 

expression of Mmp-13 and Col10a1) by supressing the Smad 2/3 pathway and hence 

promoting cartilage catabolism and the degradation response of chondrocytes 

(Swingler et al., 2012).  

 

miR-146a and b are key miRNAs involved in regulating the inflammatory response. 

miR-146a was amongst the top miRNAs to be downregulated in patients with 

advanced OA and its overexpression in human chondrocytes reduced the IL-1β-

induced TNFα production suggesting that this miRNA is a negative regulator of 

inflammation in OA (Jones et al., 2009).  miR-146a was expressed abundantly in early-

stage human OA cartilage and its expression is reduced as OA advances (Yamasaki et 

al., 2009). miR-146a was also found to target downstream Smad4 which induced 

VEGF expression and increased articular chondrocyte apoptosis (Li et al., 2012). In 

addition, expression of miR-34a was upregulated in rat primary chondrocytes after 

IL-1β stimulation. Silencing of miR-34a prevented the IL-1β induced collagen II a1 

downregulation and apoptosis in rat chondrocytes (Abouheif et al., 2010) IL-1β 

contributes to OA progression (Hashimoto et al., 2008, Daheshia and Yao, 2008, 

Kobayashi et al., 2005) and the balance of TGF-β signalling and IL-1β is crucial for 

cartilage homeostasis whereby TGF-β counteracts the IL-1β upregulation of Mmp-13 

and downregulation of ECM proteins (Takahashi et al., 2005). On the other hand, the 
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stimulation of Collagen II and Acan by TGF-β is abrogated by IL-1β (Roman-Blas et al., 

2007).  

 

miRNA also have a role in tracheal cartilage formation. Several miRNAs such as miR-

140, miR-675, miR-145, miR-199, miR-125 and miR-30a/c are expressed in tracheal 

tissue (Gradus et al., 2011). miRNAs can cause the deformation of cartilage rings and 

result in TM. miR-125 and miR-30a/c, have been shown to target snail1 which is a FGF 

signalling effector in growth plate pre-hypertrophic chondrocytes that represses the 

transcription of Acan and Col2a1. These two miRNAs repress Snail1 and enable the 

full functional differentiation of Col2a1 in tracheal chondrocytes and hence they are 

essential for normal tracheal development. The inhibition of miR-125 and miR-30a/c 

has been shown to upregulate Snail1 and cause poor deposition of the ECM which 

leads to abnormal cartilage ring formation and TM (Gradus et al., 2011). TM also 

occurs due to the targeting of ion channels by miRNAs.  

 

1.4 Aims  

There are several aims to this doctoral thesis exploring the interplay of miRNAs and 

ion channels differentially expressed between tracheal and articular chondrocytes. 

Firstly, the unbiased characterisation of the tracheal chondrocyte transcriptome and 

channelome using RNA-sequencing and comparison to that of articular chondrocytes 

will be achieved. Specifically, identifying similarities and differences in ion channel 

gene expression and using bioinformatic tools to investigate the upstream regulators 

(miRNA) driving the gene expression between the two chondrocyte types. Following 
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that, these upstream regulators will be validated using quantitative polymerase chain 

reaction and their effect on ion channel genes differentially expressed between 

tracheal and articular chondrocytes will be studied. Subsequently the effect of these 

upstream regulators on tracheal and articular chondrocyte function will be 

investigated through transfection of these upstream regulators. Finally, the 

functional fingerprint of tracheal chondrocyte channelome will be validated using 

electrophysiology and pharmacological agents and the effect of changing the 

environment of these chondrocytes on the constitutively active ion channels and the 

resting membrane potential will be investigated. 
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2 Materials and methods 

2 Materials and Methods 
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2.1 Tissue collection and cell preparation 

2.1.1 Animals  

Male Wistar rats were purchased from Charles River (UK) and kept under standard 

12hr/12hr light/dark conditions with unlimited access to water and a normal chow 

diet. Healthy male Wistar rats (6-10 weeks old, weighing between 200-300g) were 

euthanized using Schedule 1 methods, through a lethal dose of pentobarbitone 

followed by cervical dislocation.  

 

2.1.2 Tracheal Chondrocytes 

The trachea was isolated ensuring that the connective tissue and the trachealis 

muscle were removed, and was cut into small pieces. The tissue was incubated 

overnight with type II collagenase (from Clostridium histolyticum, 265 collagen 

digestion units/mg, Invitrogen, UK) in serum-free Dulbecco's modified Eagle's 

medium (DMEM) supplemented with 1 g/L glucose, pyruvate, 4 mM glutamine, 0.5% 

Amphotericin B and 1% penicillin/streptomycin solution. The filtered cell suspension 

was centrifuged at 318 x g (1400 rpm) for 5 minutes. The supernatant was removed, 

and the pellet was re-suspended in serum-free DMEM. This step was repeated, and 

the pellet was re-suspended in DMEM with 10% Foetal Calf Serum (FCS) and grown 

in a monolayer culture for no more than four passages. Cells were kept at 37 oC, 5% 

CO2 in humidified air and passaged every two to three days to maintain cells at 70-

80% confluence. 
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2.1.3 Articular Chondrocytes 

Articular cartilage was isolated by removing the femoral head off the rat femur and 

cutting off the ligamentum teres. In order to isolate articular chondrocytes, the 

femoral head was incubated overnight with type II collagenase as stated above and 

cells were grown in a monolayer culture for no more than four passages. Cells were 

kept at 37 oC, 5% CO2 in humidified air and passaged every two to three days to 

maintain cells at 70-80% confluence. 

 

2.2 Immunofluorescence  

Rat tracheal and articular chondrocytes were seeded onto coverslips at a density of 

2.5x104 per ml. The cells were fixed with 4% paraformaldehyde (PFA) in PBS for 10 

minutes and washed with 100 mM Glycine solution for 10 minutes. Following that 

they were washed with 0.05% Triton X-100 in PBS for 10 minutes and rinsed with PBS, 

three times, 5 minutes each. To block non-specific binding, the cells were incubated 

with antibody buffer solution (2-10% donkey/goat serum, 1% bovine serum albumin 

and 0.05% Triton X-100) for 60 minutes. After that, the cells were incubated with 

primary antibodies at 4 oC overnight. After incubation, the chondrocytes were 

washed with PBS containing 0.05% Triton-X100 three times, 10 minutes each and 

were incubated with secondary antibody at room temperature for 1-2 hours. 

Negative controls involved primary and secondary antibody omission. Following 

incubation with secondary antibody, the cells were washed with PBS containing 

0.05% Triton-X100 three times, 10 minutes each. The chondrocytes were post-fixed 

with 4% PFA in PBS for 5 minutes. The coverslips were mounted with Vectashield 
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Hard Set Antifade Mounting Medium containing DAPI (Vector laboratories, UK). 

Images were acquired using the Zeiss LSM 800 confocal microscope. Images were 

acquired using x40 or x63 oil immersion objective and analysed using the ImageJ 

software.   

 

2.3 RNA-sequencing  

2.3.1 RNA extraction 

Total RNA was extracted from rat tracheal and articular chondrocytes using the 

RNeasy mini kit (Qiagen, UK) according to the manufacturer’s instructions. Tracheal 

and articular chondrocytes were harvested with trypsinization at passage 1 and 

centrifugation at 300 x g for 5 minutes. Cells were disrupted with the addition of 350 

µl of buffer RLT plus and homogenized using a blunt 20G needle. Following that, the 

cells were transferred to genomic DNA eliminator spin columns and centrifuged for 

30 s at 8000 x g. For the purification of RNA molecules longer than 200 nucleotides, 

the genomic DNA eliminator spin columns were discarded and 350 µl of ethanol was 

added to the flowthrough.  

 

The samples were transferred to RNeasy MinElute spin columns and centrifuged for 

15 s at 8000 x g. 700 µl of buffer RW1 was added and centrifuged for 15 s at 8000 x 

g. Following that, 500 µl of buffer RPE was added and the samples were centrifuged 

for 15 s at 8000 x g. Then 500 µl of 80% ethanol was added and centrifuged for 2 

minutes at 8000 x g. The RNeasy MinElute spin columns were centrifuged at full 

speed for 5 minutes with the lids open. Finally, 28 µl of RNase free water (Sigma 
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Aldrich, UK) was added to the RNeasy MinElute spin columns and centrifuged for 1 

minute at full speed to elute the RNA. RNA concentration and purity were estimated 

according to the 260/280 and 260/230 ratio recorded using Nanodrop2000 

(Thermofisher Scientific, UK). 

 

2.3.2 RNA preparation and library construction 

Following the RNA extraction, samples were prepped for sequencing as shown in 

Figure 2.1. RNA integrity was assessed using a TapeStation 2200 (Agilent 

Technologies) and samples with RIN > 9.6 were used. As total RNA consists of rRNA, 

long nc-mRNA, mRNA and various ncRNA, it is important to purify the RNA species of 

interest from the total RNA (for this project, mRNA was the RNA species of interest 

as well as the ncRNAs, miRNAs). This is usually carried out through the enrichment or 

the depletion of the total RNA. Poly-A selection and enrichment were performed to 

sequence mRNA; 500 ng of polyA enriched mRNA was used for sequencing (Figure 

2.1). PolyA tail enrichment was carried out by annealing oligo-(dT) magnetic beads 

onto the RNA. Samples were assessed for quality control and the sequence library 

was prepared by Eurofins Scientific, Luxembourg.  

 

RNA was broken down into small fragments and converted into double stranded 

circular DNA (ds-cDNA) in order to increase the coverage during sequencing. 

Following that, sequence adapters were added to the samples, which were amplified 

by PCR. The samples were assessed for quality control and sequenced using the 

Illumina protocol and sequencer. Once the samples were sequenced with a flow cell, 
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quality scores were assigned to each base of the sequenced fragments to ensure that 

there were no false positives. The sequence reads were refined through the removal 

of the sequence adaptors, trimming the reads, and filtering the data to discard 

garbage reads that do not pass the quality control process (low quality base calls and 

artefacts). RNA-seq data was provided in the FASTQ format, ready to be analysed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Workflow of RNA-sequencing sample preparation and library 
construction. Process of RNA-seq detailing RNA preparation, library construction, RNA 
fragmentation and ligation of sequence adapters. 
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2.4 Quantitative Polymerase Chain Reaction (qPCR) 

2.4.1 RNA extraction 

Total RNA was extracted from rat tracheal and articular chondrocytes as described 

above. For the isolation of total RNA that includes 18 nucleotides upwards, the 

RNeasy mini kit (Qiagen, UK) was used according to the manufacturer’s instructions. 

For the purification of total RNA containing small RNAs such as miRNAs, 525 µl of 

100% ethanol was added to the flowthrough from the genomic DNA eliminator spin 

columns following centrifugation for 30 s at 8000 x g. The samples were transferred 

to RNeasy MinElute spin columns and centrifuged for 15 s at 8000 x g. following that 

500 µl buffer RPE was added, and the samples were centrifuged for 15 s at 8000 x g. 

An additional 500 µl of buffer RPE was added to the samples and centrifuged for 2 

minutes at 8000 x g. The RNeasy MinElute spin columns were centrifuged at full 

speed for 5 minutes with the lids open. Finally, 28 µl of RNase free water (Sigma 

Aldrich, UK) was added to the RNeasy MinElute spin columns and centrifuged for 1 

minute at full speed to elute the RNA. RNA concentration and purity were estimated 

as previously described using Nanodrop 2000 (Thermofisher Scientific, UK). 

 

Total RNA extraction to include small RNAs such as miRNA was also performed using 

TRIzol reagent (Invitrogen, UK) to extract RNA from tracheal and articular 

chondrocytes. Chondrocytes were seeded in 6-well plates and left to grow overnight. 

The cells were lysed with 500 µl of TRIzol reagent (Invitrogen, UK) followed by the 

addition of 100 µl of chloroform (Sigma Aldrich, UK) and the samples were mixed by 

hand. The samples were incubated at room temperature for 5 minutes and 
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centrifuged at 12000 x g for 10 minutes at 4 oC. The samples split into three phases: 

the lower red phenol-chloroform phase, the interphase, and the aqueous phase. The 

aqueous phase, which contains the RNA was transferred into new tubes. In order to 

precipitate the RNA, 250 µl of 100% isopropanol (Sigma Aldrich, UK) was added and 

mixed by hand. The samples were incubated for 30 minutes and centrifuged at 

maximum speed (17000 x g) for 20 minutes at 4 oC. The supernatant was removed 

and 500 µl of 70% ethanol (Sigma Aldrich, UK) was added to wash the RNA and 

samples were incubated for 30 minutes at room temperature. Following that the 

samples were centrifuged at 12000 x g for 2 minutes at 4 oC. The supernatant was 

removed, and the pellet was left to air dry for 5 - 15 minutes and re-suspended in 20 

– 30 µl of RNase-free water (Sigma Aldrich, UK). RNA concentration and purity were 

estimated as previously described using Nanodrop2000 (Thermofisher Scientific, UK).  

 

2.4.2 First strand cDNA synthesis 

Isolated total RNA was used to synthesise first-strand cDNA. For qPCR quantification 

of mRNA, the reaction was prepared as shown in Table 2.1. Template RNA was 

diluted to 500 ng with RNase-free water (Sigma Aldrich, UK) and random hexamers 

(Invitrogen, UK) were incubated at 65 oC in a thermocycler (Applied Biosystems, USA) 

for 10 minutes. Following that, 5x first strand buffer (RT buffer) (Invetrogen, UK), 

dithiothreitol (DTT) (Invitrogen, UK), dNTPs (a mix of dATP, dCTP, dGTP, and dTTP in 

water; Qiagen, UK), Superscript II Reverse Transcriptase (Invitrogen, UK) and RNase 

inhibitor, Riblock (Thermofisher Scientific, UK) were incubated at 42 oC for 60 minutes 

in a thermocycler (Applied Biosystems, USA) as shown in Table 2.1. The cDNA was 
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diluted 1 in 10 by adding 180 µl of RNase free water (Sigma Aldrich, UK) to the 20 µl 

reaction mix.  

Table 2.1: First strand cDNA synthesis for mRNA quantification using qPCR. 
 

Component Volume per reaction (µl) 

First reaction 10 minutes at 65 oC  

Template RNA (500 ng) Variable 

RNase-free water Variable 

Random hexamers 1 µl 

Second Reaction 60 minutes at 42 oC  

RT buffer 4 µl 

DTT 2 µl 

dNTP 1 µl 

Superscript II 1 µl 

RNase inhibitor 1 µl 

 

For qPCR quantification of miRNA, the miScript RT II kit (Qiagen, UK) was used as 

shown in Table 2.2. 5x miScript HiSpec buffer, 10x miScript Nucleic mix, RNase-free 

water, miScript Reverse transcriptase mix (Qiagen, UK) and template RNA (100 ng) 

were added as shown in Table 2.2 and incubated for 60 minutes at 37 oC, the samples 

were incubated for a further 5 minutes at 95 oC to deactivate the reverse 

transcriptase. The cDNA was diluted 1 in 10 by adding 180 µl of RNase free water 

(Sigma Aldrich, UK) to the 20 µl reaction mix.  

 

2.4.3 Quantitative Polymerase Chain Reaction (qPCR) 

For the qPCR quantification of mRNA, cDNA was used as a template, RNase-free 

water, the gene primers, and Faststart Essential DNA Green Master (Roche, UK) were 
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also used. Whereas for the qPCR quantification of miRNAs, cDNA was used as a 

template, universal primers, Faststart Essential DNA Green Master (Roche, UK) and 

microRNA primers were used. The composition of qPCR reaction mix per reaction for 

mRNA and miRNAs is outlined in Table 2.3. Three technical replicates and at least 3 

biological replicates were used. The qPCR was performed with 45 cycles on a Roche 

Light Cycler 96 system (Roche, UK). The qPCR protocol used is shown in Table 2.4.  

 

Table 2.2: First strand cDNA synthesis for miRNA quantification using qPCR. 
 

Component  Volume per reaction (µl) 

Incubate for 60 minutes at 37 oC followed by 5 minutes at 95 oC 

5x miScript HiSpec Buffer 4 µl 

10x miScript Nucleic mix 2 µl 

RNase-free water  Variable 

miScript Reverse Transcriptase mix  2 µl 

Template RNA (100 ng) Variable 

 

Table 2.3: Reagents used per reaction of qPCR run for mRNA and miRNA. 
 

 
Component  mRNA microRNA 

 Volume (µl) 

Universal primers - 0.7 

microRNA primers  - 0.7 

Forward primer 1 - 

Reverse primer 1 - 

Faststart Essential DNA 
Green Master 

10 5 

cDNA template 5 5 

RNase-free water 3 - 
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Table 2.4: qPCR conditions for mRNA and miRNA quantification. 
 
 

qPCR Condition mRNA miRNA 

 Temperature 
(oC) 

Time (s) Temperature 
(oC) 

Time (s) 

Preheating 95 600 95 600 

Denaturation 95 10 95 10 

Annealing 58 - 60 10 55 10 

Extension 72 10 72 10 

Cycles 45 45 45 45 

Melt Curve (end of 
45 cycles) 

95 
65 
97 

10 
60 

1s (5 readings/ 
continuous oC) 

95 
65 
97 

10 
60 

1s (5 readings/ 
continuous oC) 
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2.5 Electrophysiology  

Chondrocytes were passaged with x1 Trypsin-EDTA (Sigma Aldrich, UK) and re-

suspended in FCS-free DMEM and plated onto glass bottom dishes coated with Poly-

D-Lysine (MatTek, UK). The cells were incubated for 30-60 minutes at 37 oC in order 

to lightly adhere to the dishes. Cells were freshly prepared for each experiment and 

were used up to passage 4. 

 

2.5.1 Single-channel electrophysiological recordings 

Single-channel electrophysiological recordings were performed through cell-

attached patch clamp using an Axopatch 200a amplifier (Axon Instruments, 

USA). Low-pass filtering was set to 1 kHz and the data was digitized at 5 kHz with a 

Digidata 1200A interface. Patch pipettes were fabricated using fire-polished 1.5 mm 

o.d. borosilicate glass capillary tubes (Sutter Instrument, USA, supplied by INTRACEL, 

UK). They were pulled using a two-step electrode puller (Narishige, Japan) and when 

filled with recording solutions had a resistance of approximately 5-8 MΩ depending 

on the patch-clamp method used. All electrophysiological solutions are listed in Table 

2.5. Single-channel all-points amplitude histograms were created in WinEDR (John 

Dempster, University of Strathclyde) or QuB (Qin et al., SUNY, Buffalo, NY, USA). 

Amplitudes were taken at various holding potentials and used to create current–

voltage (IV) curves. Reversal potential and slop conductance (g) were then calculated 

from the equation of the fitted line and open probabilities (Po) were analysed using 

the QuB software (Qin et al., SUNY, Buffalo, NY, USA) or the WinEDR software (John 

Dempster, University of Strathclyde). Liquid junction potentials were calculated using 
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JpCalc (Barry & Lynch, 1991) and are shown in Table 2.6 for the relevant extracellular 

and intracellular solutions. 

 

2.5.2 Equilibrium potentials 

The selectively permeable membrane of cells separates charged ions and results in 

equilibrium potentials. The differential distribution of ions in the intracellular and 

extracellular solutions indicate where the equilibrium potential for each ion lies and 

can be calculated for each ion within a solution using the Nernst equation (Equation 

2.1).  

 

𝐸 =  −58 ∗ 𝑧 ∗  log (
[𝐼]𝑖𝑛

[𝐼]𝑜𝑢𝑡
) 

 

Where E is the equilibrium potential of the ion, z is the valency of the ion and [I]in and 

[I]out are the intracellular and extracellular concentrations of the ion, respectively. 

When an ion channel is selectively permeable to one ion only, E equates the reversal 

potential (Vrev) of the channel at which the channel current is zero. Vrev can then be 

compared to the experimentally measured value taken from the IV curve. 

   

 

 

 

 

Equation 2.1 
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Table 2.5: Ionic composition of solutions used during electrophysiology recordings. The pH adjustments were made with HCl and NaOH. All 
extracellular solutions were pH 7.4 and all intracellular solutions were pH 7.2 unless stated otherwise. 

 

Reagents Physiological solution (mM) High K+/Ca2+-free solution (mM) K+-free solution (mM) Acidic solution (pH 6.5) (mM) 

 Intracellular  Extracellular Intracellular  Extracellular  Intracellular  Extracellular  Intracellular  Extracellular  

Na 0 140 0 0 100 145 0 140 

K 141 5 141 141 0 0 141 5 

Ca 0 2 0 0 0 1.5 0 2 

Cl 27 148 27 27 41 147.5 27 148 

Mg 1 1 1 1 1 1 1 1 

Gluconic acid 115 0 115 115 0 0 115 0 

Cs 0 0 0 0 40 0 0 0 

EGTA 5 0 5 5 0.5 0 5 0 

Glucose 0 5 0 0 0 0 0 5 

HEPES 10 10 10 10 3 3 0 0 

Me 0 0 0 0 100 0 0 0 

SO3
 0 0 0 0 100 0 0 0 

MES 0 0 0 0 0 0 10 10 
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Table 2.6: Liquid junction potentials calculated for the electrophysiological 
solutions. Calculations were performed using JpCalc (Barry and Lynch, 1991b). 

 

Solution Junction potential (mV) 

Physiological and acidic pH solution - 

High K+/ Ca2+- free solution 3.5 mV 

K+-free solution - 

 

2.6 Statistical analysis 

Statistical analysis was performed using GraphPad  Prism 8 (GraphPad Software, USA) 

and Minitab (Minitab Ltd, UK). Statistical tests are reported in the figure legends. All 

values are reported as mean ± SEM, with sample size = n unless stated otherwise. 

Statistical significance defined as p<0.05. 
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3 Comparison between tracheal and articular chondrocyte 
transcriptome and channelome 

3 Comparison between 

tracheal and articular 

chondrocyte transcriptome 

and channelome 
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3.1 Introduction  

Understanding the transcriptome of cells is essential as it allows for an unbiased 

insight into the functional elements of the genome and an understanding of the 

development of cells and tissues under normal physiological conditions and how 

these may change in disease states. Articular cartilage has been well studied over the 

past few decades, with an extensive focus on diseases such as OA and RA. However, 

tracheal cartilage has been somewhat neglected and the transcriptome of tracheal 

cartilage and its ‘channelome’ are yet be investigated. Since articular and tracheal 

cartilage express one cell type, chondrocytes, their transcriptome may be very 

similar. However, the influence of the environment around them and the function of 

the cartilage they synthesise and reside in may drive some differences. Therefore, in 

this chapter, a comparison between the articular and tracheal chondrocyte 

transcriptome will be undertaken to gain a better understanding of these cells and 

their function in physiology and disease. This will be achieved using RNA sequencing, 

which will provide an unbiased investigation into these cells’ transcriptome.  

 

3.1.1 RNA-sequencing for transcriptome profiling 

Over the past decade, transcriptomics became a general phenotyping tool, with 

several methods used in the past to deduce and quantify the transcriptome. The 

complete set of RNA transcripts in a cell and the quantity in which they are present 

is referred to as the transcriptome of a cell. The development of high-throughput 

next-generation sequencing (NGS) in the early 2000s revolutionized transcriptomics 

by enabling RNA analysis through the sequencing of complementary DNA (cDNA) 

(Wang et al., 2009). This method, known as RNA sequencing (RNA-Seq), had distinct 
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advantages over previous approaches and has revolutionized our understanding of 

the complex and dynamic nature of the transcriptome.  

 

RNA-Seq provides a more thorough and quantitative view of gene expression, 

allowing the detection of novel transcripts. As well as that allele-specific expression, 

and alternative splicing can be easily detected with RNA-seq (Kukurba and 

Montgomery, 2015). Unlike other methods, RNA-seq is not limited to only detecting 

transcripts that correspond to existing genomic sequences, it can also be used to 

detect sequence variations such as single nucleotide polymorphisms (SNPs) (Wilhelm 

et al., 2008). Moreover, RNA-Seq has very minimal background signal compared to 

other methods such as DNA microarrays (Wang et al., 2009). RNA-seq also has a large 

dynamic range of expression levels over which transcripts can be detected as it does 

not have an upper quantification limit (Mortazavi et al., 2008). The expression levels 

detected by RNA-seq are highly accurate as RNA-seq exhibits high reproducibility of 

technical and biological replicates. It also uses less RNA sample and is cheaper than 

methods previously used with prices decreasing with time (Wang et al., 2009).  

 

RNA-seq offers a variety of different applications and analysis pipelines. Coupled with 

bioinformatic tools, it provides a strong platform for studying the transcriptome. 

Hence in the present study, RNA-seq quantification that relies on mapping the 

transcripts against a reference genome was chosen as the method of transcriptome 

quantification. Through this, various parameters could be detected and measured. 

For example, genes that are typically used as cell markers could be compared. In the 

case of this project, genes identified as chondrocyte markers shared between 
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tracheal and articular chondrocytes will be compared as well as those specific to each 

cell type.  

 

3.1.2 Chondrocyte markers  

In order to accurately assess the transcriptome of a cell, characterisation of the cell 

type under the conditions that are optimal for the study needs to be undertaken. 

There are no real ‘markers’ for cells, however, the genes expressed by cells can give 

a specific indication to which cell lineage they belong to, how mature they are and in 

the case of chondrocytes, what stage they are at in the chondrogenesis process. 

Some of the genes that can be used as chondrocyte markers are genes that are 

essential for the function of chondrocytes. Such genes include: Sox9, Col2a1 and 

Runx2 (Ng et al., 1997, Goldring et al., 2006a). These genes are core for the function 

of chondrocytes and without them, chondrocytes are not able to produce normal 

cartilage. Other genes that can be used as markers of chondrocytes are ECM genes 

such as Acan that are synthesised by chondrocytes (Bhosale and Richardson, 2008b). 

Surface markers such as Cd44, Cd9 and Cd151 can also be used in addition to the 

markers stated above (Hamada et al., 2013, Xu et al., 2020, Sumiyoshi et al., 2016). 

 

Genes that are not part of the chondrogenic profile can be used to confirm the 

identity of chondrocytes such as Col1a1 (Dessau et al., 1980). As well as that, genes 

expressed at different stages of the chondrogenesis pathway can help to identify the 

maturity of the cells and would therefore make useful markers for chondrocytes. 

Also, genes that play a role in the anabolism and catabolism of cartilage, such as 

Mmps and  ADAMTSs are also useful markers of chondrocytes as the balance of these 
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genes contributes to the healthy functioning of cartilage and their imbalance leads to 

diseases such as OA (Murphy and Lee, 2005, Porter et al., 2005, Bi, 2018). Table 3.1 

summarises the genes that are generally used as chondrocyte markers. As well as 

chondrocyte markers, chondrocytes express a variety of membrane proteins 

including different ion channel families and subtypes that make up their channelome. 

These ion channels are essential for the functioning of chondrocytes and are involved 

in the regulation of multiple biological processes such as cell volume control, 

proliferation, and migration, among others.  

 

Table 3.1: Chondrocyte markers identified from the literature.  
 

 

Chondrocyte 
marker 

Role of gene Reference 

  Acan ECM protein (Kiani et al., 2002) 

Sox9 
Chondrogenesis 
master regulator 

(Henry et al., 2012) 

Sox5 
Chondrocyte 
differentiation 

(Lefebvre et al., 2001) 

Sox6 
Chondrocyte 
differentiation 

(Lefebvre et al., 2001) 

Col1a1 Expressed in MSCs (Sandell et al., 1994) 

Col2a1 ECM protein  (Mendler et al., 1989) 

Cd44 Surface marker (Hamada et al., 2013) 

Cd9 Surface marker (Sumiyoshi et al., 2016) 

Cd151 Surface marker (Fujita et al., 2006) 

Epyc ECM organisation (Onnerfjord et al., 2012) 

Adamts5 Proteolytic enzyme 
(Akkiraju and Nohe, 
2015a) 

Mmp13  Proteolytic enzyme 
(Akkiraju and Nohe, 
2015a) 
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3.1.3 Ion channels in chondrocytes  

All living cells exhibit electrical properties and possess a membrane potential (Abdul 

Kadir et al., 2018). However, only a few cells are considered excitable and are able to 

fire action potentials, such as neurones and muscle cells. Other cells such as 

chondrocytes are considered inexcitable, yet despite this they still express a diverse 

collection of ion channels which influence their membrane potential (Abdul Kadir et 

al., 2018). The chondrocyte channelome of articular chondrocytes has been well 

established (Mobasheri et al., 2019, Barrett-Jolley et al., 2010b). Whereas the 

tracheal chondrocyte channelome remains to be elucidated. Identifying the tracheal 

chondrocyte channelome would not only aid in the understanding of these cells 

under physiological and disease conditions but would also offer a valuable list of 

druggable targets that can be used to tackle tracheal cartilage diseases and support 

regenerative medicine advances.  

 

3.1.4 Aims  

Despite the many similarities between chondrocytes from tracheal and articular 

cartilage. The comparison between their transcriptome and channelome remains to 

be investigated. Factors that would influence the similarities and differences 

between the two chondrocyte types such as the function of the cartilage that these 

chondrocytes reside in and their environment, have not been studied and will likely 

influence the genes they express. It may be that these chondrocytes express slightly 

different genes in order to accommodate for their cartilage-specific function.  

Therefore, in this chapter, the aim is to characterise the tracheal chondrocyte 

transcriptome and compare it to that of the established articular chondrocyte. 
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Specifically, identifying similarities and differences in ion channel gene expression, 

elucidating differences in biological pathways between the two cell types and 

identifying upstream regulators driving these differences. Furthermore, identifying 

the ion channels expressed in both cell types and detecting similarities and difference 

between the channelomes of these two cartilage phenotypes will be undertaken. This 

will be carried out using RNA-seq.  

 

3.2 Methods  

3.2.1 Immunofluorescence  

Immunocytochemistry was carried out as previously described in chapter 2.2. 

Chondrocytes were stained with anti-CD44 (ab6124; Abcam), anti-aggrecan 

(ab36816; Abcam), anti-Sox9 (ab185966; Abcam) and anti-collagen II a1 (ab185430; 

Abcam) primary antibodies. AF594 (A11037; Life Technologies) and AF488 (A11029; 

Life Technologies) were used as secondary antibodies. AF488 was excited at 488 nm 

and emission spectra were recorded between 500-600 nm; AF594 was excited at 594 

nm and emission was recorded between 575-700 nm and DAPI was excited at 374 

nm and emission was recorded at 748 nm. 

 

3.2.2 RNA sequencing  

RNA extraction and RNA-seq was conducted as previously reported in chapter 2. For 

the analysis of the RNA-seq data, UseGalaxy.org, an open-source web-based 

bioinformatics platform for data intensive biomedical research was used. As shown 

in Figure 3.1, a reference-based transcriptome assembly was used to analyse the 
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dataset in this project. In order to map the transcriptome, bowtie2 was used to align 

the sequencing reads to the reference genome sequences, in this case the Rattus 

norvegicus genome (Rnor_6.0 (GCA_000001895.4)). Aligning the read fragments to 

the Rattus norvegicus genome fragments helps to determine the location 

(chromosome and position) of the fragments in the genome. The genome is initially 

broken down into fragments as it allows the alignment of reads even if they are not 

exact matches to the reference genome. Once the reads per gene were determined, 

cufflinks was used to assemble the transcripts, estimate their abundances and test 

for the differential expression and regulation in the samples.  

 

Cufflinks estimates the relative abundance of the transcripts based on how many 

reads support each transcript. Following that cuffdiff, part of the cufflinks package 

was used in order to find significant changes in the transcript expression, splicing, and 

promotor use. This gives an output to many different parameters such as gene ID, 

Fragments Per Kilobase of transcript per Million mapped reads (FPKM), log2 fold 

change and p-value as well as q-value. The output data was then further analysed 

using the Ingenuity Pathway Analysis (Qiagen, UK). Once the differentially expressed 

genes between tracheal and articular chondrocytes were determined, R studio was 

used to generate principal component analysis (PCA) plots. This was done for both 

the entire datasets and a subset containing channels only.  The channels subset of 

data used for the majority of analysis here was created by subsetting the global data 

set with MATLAB. This also enabled the categorisation of these ion channel families 

and the comparison of their expression levels between the trachea and articular 

chondrocytes.  
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3.2.3 Ingenuity Pathway Analysis (IPA) 

Ingenuity Pathway Analysis (IPA) (Qiagen, UK) was used to further analyse the RNA-

seq data. It was used to predict downstream effects, molecular interactions and new 

targets using the RNA-seq data. A core analysis was conducted and a cut off of 0.05 

was set for the expression p-value. Direct and indirect interactions were included in 

Figure 3.1: Workflow of RNA-sequencing analysis. Representation of the RNA-seq 

data processing through bioinformatics. Raw reads obtained are subjected to quality 

control assessment. The clean reads are used for transcriptome assembly, ready to be 

further analysed.    
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the analysis. In addition, a miRNA target filter was also used to obtain a list of miRNAs 

that were upstream regulators in the RNA-seq data. IPA was used to predict upstream 

regulators and canonical pathways involved in chondrocytes as well as the causal 

networks.  

 

3.2.4 Quantitative polymerase reaction (qPCR) 

qPCR analysis was carried out as described in chapter 2.4. Accession numbers of ion 

channel genes were sourced from the NCBI gene database 

(https://www.ncbi.nlm.nih.gov/gene/). Primers for Ano genes were designed and 

validated by Primerdesign Ltd, UK (Table 3.2). Pimerblast NCBI was used to design 

the primer sequences for Lrrc8 ion channel genes as well as Clcn7 and Cacna1g (Table 

3.3). Primers were designed to span the exon-exon junction and to cover as many of 

the isoforms/ variants as possible. The optimal primers were chosen based on 

melting temperature (Tm), self-complementarity, and the sequence of the primers. 

Primers were purchased from Sigma-Aldrich, UK.

https://www.ncbi.nlm.nih.gov/gene/
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Table 3.2: Ano primers designed by Primerdesign Ltd., UK. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene  Accession number Species Sequence (5’ → 3’) Size (bp) Melting Tm (oC) 

Ano1 NM_00110756 Rat F: CATCCCTGCCTCCATTGTGG 
R: GGTGATGTTGTGTCTCTGGTCA 

106 57.7 
57.7 

Ano2 XM_00876329 Rat F: TCAACGTCAGCCAGCTGAA 
R: GGGTGGCTCTCGATAATCTTTG 

98 56.2 
56.3 

Ano3 XM_01759233 Rat F: AGGGTGCCCTTCAGGAAAA 
R: GAACCATTGGGTTTTGGGACA 

115 55.3 
56.1 

Ano4 NM_00110677 Rat F: AGCAGAAGGATTACAGATGGAGAA 
R: CCTGAAAGGCATCCGTACATTC 

130 57.1 
56.9 

Ano5 XM_00622926 Rat F: TTGCCGCCAAGATGACCTTC 
R: CTCGTTTGATTTTCTCCGCGAC 

117 57.9 
58 

Ano6 NM_00110810 Rat F: CCAAGCTGGCTTTTATCATTGTTA 
R: CTCCCTCTTGATCTTGCTTTTCG 

113 55.9 
57.3 

Ano7 NM_00100407 Rat F: GAGTGACAACCAGGACACCTTC 
R: GCACTCAATACACCTTCTGCCA 

141 58.3 
58.3 

Ano8 XM_01760040 Rat F: CTGCGTCTGGAGTCCTGGA 
R: CACTGTCTTCATCCATGCCTTG 

92 57.6 
57.1 

Ano9 XM_01759024 Rat F: CACTGTCAAGTTCTTCATCCTGC 
R: GCCACTGAGATGGCACTCC 

148 57.5 
57.1 

Ano10 XM_236774.8 Rat F: GGCATTGAAGTCGGATGTTGAC 
R: CAGGAACAACTCCAAGTAATCATCAA 

106 57.7 
57.8 
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Table 3.3: Ion channel primers designed using Primerblast NCBI. 
 

 

 

 

 

 

 

 

 

 

Gene  Accession number Species Sequence (5’ → 3’) Size (bp) Melting Tm (oC) 

Lrrc8a NM_001127244.2 Human F: GGGTTGAACCATGATTCCGGTGAC 
R: GAAGACGGCAATCATCAGCATGAC 

133 72.9 
70.7 

Lrrc8b NM_001134476.2 Human  F: ACCTGGATGGCCCACAGGTAATAG 
R: ATGCTGGTCAACTGGAACCTCTGC 

126 
 

69.5 
71.4 

Lrrc8c NM_032270.5 Human  F: ACAAGCCATGAGCAGCGAC 
R: GGAATCATGTTTCTCCGGGC 

132 66.7 
67.7 

Lrrc8d NM_001134479.2 Human F: ATGGAGGAGTGAAGTCTCCTGTCG 
R: CTTCCGCAAGGGTAAACATTCCTG 

126 68.8 
70.7 

Lrrc8e NM_001268284.3 Human  F: ACCGTGGCCATGCTCATGATTG 
R: ATCTTGTCCTGTGTCACCTGGAG 

62 73.2 
66.5 

Clcn7 NM_031568.2 Rat F: GCCATGGCCAACGTTTCTAA 
R: AAGTGCAGAATGAGACTGGCG 

156 59.11 
60.94 

Cacna1g NM_001308302 Rat F: ATGACAGTGAAGGTGGTGGC 
R: CCAGGATGTCGATGACGGAG 

115 60.25 
59.97 

Hprt1 NM_012583 Rat F:  TCCTCCTCAGACCGCTTTTC 
R:  ATCACTAATCACGACGCTGGG 

78 59.39 
60.20 
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3.2.5 Identifying differentially expressed ion channel genes.  

To identify ion channel genes that were differentially expressed between the tracheal 

and articular chondrocytes from the RNA-seq dataset, MATLAB was used. Ion channel 

genes were identified from the International Union of Basic and Clinical 

Pharmacology database (IUPHAR-DB) (Sharman et al., 2009) and separated out from 

the RNA-seq dataset. Following the identification of the ion channel genes, an 

interactive tool for comparing lists using Venn Diagrams, Venny 2.1 

(https://bioinfogp.cnb.csic.es/tools/venny/index.html) was used to create a Venn 

diagram of the ion channel genes shared between tracheal and articular 

chondrocytes. A heatmap of the ion channel gene expression between tracheal and 

articular samples was also created using R studio and a hierarchical clustering  of the 

samples and ion channel genes was performed using MATLAB. 

 

3.3 Results 

3.3.1 Expression of chondrocyte markers in isolated tracheal and 

articular chondrocytes.  

To confirm cell phenotype and ensure that the population of isolated cells (passage 

1) were mature chondrocytes, chondrocyte markers were used. First, a list of markers 

used to classify chondrocytes was identified from the literature (Table 3.1). Next, 

immunofluorescence was used to identify functional expression of some of these 

markers in tracheal and articular chondrocytes as observed in Figure 3.2. Aggrecan 

(Figure 3.2A &E),  Col2a1 (Figure 3.2B & F), Sox9 (Figure 3.2C &G) and Cd44 (Figure 

https://bioinfogp.cnb.csic.es/tools/venny/index.html
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Figure 3.2: Representative immunofluorescence of chondrocyte markers in tracheal and articular chondrocytes. Representative immunostaining 
of tracheal and articular chondrocytes with chondrocyte markers: Aggrecan (A and E), Collagen II α 1 (B and F), Sox9 (C and G) and Cd44 (D and H). Images 
obtained using a Zeiss LSM 800 confocal microscope at x20 magnification. Scale bar: 100 µm. 
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3.2D & H), were shown to be expressed. Finally, to validate the expression of these 

chondrocyte markers and others (Table 3.1), differential gene expression of these 

markers between tracheal and articular chondrocytes was determined from the RNA-

seq data. Interestingly several of these genes were significantly decreased in tracheal 

chondrocytes compared to articular chondrocytes (Figure 3.3). These genes include 

Sox5 (p<0.00005), Col2a1 (p<0.03), Epyc (p<0.00005), Adamts5 (p<0.00005) and 

Mmp13 (p<0.00005). However, Acan (p<0.00005) and Runx2 (p<0.01) were 

significantly increased in tracheal chondrocytes (Figure 3.3). 

 

3.3.2 Assessment of global tracheal and articular chondrocyte 

differential gene expression  

To provide an initial assessment of how similar or different the global gene expression 

patterns between tracheal and articular chondrocytes, PCA analysis of the RNA-Seq 

dataset was performed in R studio. This revealed that over 50% of the variability 

between the genes expressed by tracheal and articular chondrocytes was captured 

in the first three principal components (Figure 3.4A). Dimensionality reduction with 

PCA showed that in both the first and second principal components there was a clear 

difference between the two chondrocyte types (Figure 3.4B). This was also seen 

between the second and third principal components (Figure 3.4C). However, 

clustering of the first and third principal component indicated that there was a slight 

overlap between the tracheal and articular chondrocyte genes (Figure 3.4D). To 

identify which genes were most different between the two global RNA-Seq datasets, 

differential analysis with DESEQ2 was performed (Love et al., 2014). This identified 

528 genes to be significantly differentially expressed by a factor of 3 (log2 fold  
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change) or more (adjust p-value: p<0.05). The top 50 of these genes are shown in the 

appendix (Table A.2). Following this, IPA (Qiagen, UK) was used examine this 

differential gene expression between tracheal and articular chondrocytes. 

 

  

 

 

 

 

 

Figure 3.4: Principal component analysis (PCA) of global RNA-Seq gene 
expression between tracheal and articular chondrocytes. 32650 genes were 
identified and subjected to dimensionality reduction with PCA in R Studio. A) Over 50% of 
the variability between the two chondrocyte types was captured within the first three 
principal components. B) Clustering of tracheal and articular chondrocyte gene 
expression between the first and second principal components. C) Clustering of tracheal 
and articular chondrocyte gene expression between the second and third principal 
components. D) Clustering of tracheal and articular chondrocyte gene expression 
between the first and third principal components. The 95% confidence intervals for 
unsupervised clustering are shown in yellow for tracheal chondrocyte samples (n=5) and 
blue for articular samples (n=3).  
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3.3.3 Top canonical pathways identified between tracheal and articular 

chondrocytes.  

Global RNA-Seq analysis detected 32650 genes to be expressed by tracheal and 

articular chondrocytes. An unbiased approach was used to gain a clearer view into 

the function of these genes, the role they play in chondrocyte canonical pathways 

and the targets they regulate. A core analysis was carried out in IPA (Qiagen, UK) and 

upstream regulators and top canonical pathways were identified. Through this, 546 

pathways were identified with the top 25 pathways shown in Figure 3.5A. A closer 

look into these pathways identified the osteoarthritis pathway to be amongst the top 

5 pathways differentially expressed between tracheal and articular chondrocytes 

(Figure 3.5B).  Other pathways relating to chondrocytes were also identified such as 

‘the role of osteoblasts, osteoclasts and chondrocytes in Rheumatoid Arthritis’, ‘the 

Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis’, and 

‘the Role of IL-17A in Arthritis’ (Figure 3.5B). Aside from investigating the top 

canonical pathways, genes differentially expressed between the two chondrocyte 

types that were upstream regulators were examined, many of which were found to 

be miRNAs, some of the top ones are highlighted in Figure 3.5C.  

 

To determine the role of the differentially expressed genes in the top chondrocyte 

canonical pathways, the genes differentially expressed between tracheal and 

articular chondrocytes were mapped onto the pathways using the Molecular Activity 

Predictor (MAP) function in IPA. Mapping the genes onto the osteoarthritis pathway 

in chondrocytes highlights some important genes that are differentially expressed 

between tracheal and articular chondrocytes (Figure 3.6A). The most notable genes 
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are Runx2 and Sox9, which seem to be central to the development of OA and get 

targeted by upstream regulators which lead to the downstream processes that lead 

to cartilage catabolism and disease. Mapping the genes onto the OA pathway, shows 

that most of the genes seem to be predicted to be inhibited (blue), with a few that 

were predicted to be activated (orange) (Figure 3.6A). MAP analysis was also 

conducted on the Rheumatoid Arthritis in chondrocytes pathway (Figure 3.6B).  
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Figure 3.5: Top Canonical pathways and upstream regulators identified using IPA. A) Overlapping canonical pathways and their connection to 
each other. B) Key predicted pathways generated by IPA comparing tracheal chondrocytes to articular chondrocytes. C) Key predicted upstream regulators 
identified through IPA comparing the two chondrocyte types. 
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Figure 3.6: Chondrocyte pathways with Molecular Activity Predictor (MAP) 
overlay. A) Osteoarthritis pathway in the chondrocyte. B) Rheumatoid Arthritis pathway 
in the chondrocyte. Genes that have increased (red) or decreased (green) measurements 
from the RNA-seq dataset are predicted to be activated (orange) or inhibited (blue), The 
strength of the prediction is represented by the opacity of the colour. The predicted 
relationship between the molecules are shown in the key. Orange leads to activation, blue 
leads to inhibition, yellow indicates findings inconsistent with the state of downstream 
molecule and grey indicates effect not predicted.  

B 
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3.3.4 Expression of ion channel families in tracheal and articular 

chondrocytes 

In order to identify the ion channel gene expression in tracheal chondrocytes and 

compare to that of articular chondrocytes, ion channel genes were identified from 

the RNA-seq dataset using MATLAB. This identified a total of 190 ion channel genes 

that showed expression in either tracheal or articular chondrocytes or both (Figure 

3.7). Further investigating the expression of these genes revealed that 164 ion 

channel genes were shared between the two chondrocyte types and 8 were exclusive 

to tracheal chondrocytes while 18 ion channel genes were expressed in articular 

chondrocytes only (Figure 3.7). Out of the 164 genes shared between the tracheal 

and articular chondrocytes, 89 genes were shown to be significantly different in 

either the tracheal or articular chondrocytes, 19 of which are highlighted in the box 

(Figure 3.7). For example, the VGCC, Cacna1g and the CaCC, Ano1 had significantly 

higher expression in tracheal cartilage (p<0.00005 for both). Whereas the CaCC Ano2 

was only expressed in tracheal cartilage (p<0.00005). However, the ClC channel Clcn7 

was also expressed in both chondrocyte types but showed no significant difference 

(Figure 3.7).  

 

To further validate and compare the ion channel gene expression between the two 

chondrocyte types, a heatmap of the ion channel gene expression (Log2 fold change 

values) between the tracheal and articular chondrocyte unpooled samples was 

created to visually observe the differences (Figure 3.8). Hierarchical clustering of the 

samples detected the difference between the two chondrocyte types and clustered 
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tracheal chondrocytes together and articular chondrocyte samples together (Figure 

3.8).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The heatmap also showed that the ion channel gene expression in tracheal and 

articular chondrocytes was very similar and mostly conserved. However, there were 

notable differences in the ion channel subtype genes. In order to investigate these 

differences, ion channel genes were grouped into families and subfamilies according 

to the International Union of Basic and Clinical pharmacology (IUPHAR) and the 

British Pharmacological Society (BPS) database (Alexander et al., 2019). These 

subtypes were plotted between tracheal and articular chondrocytes. 
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Figure 3.7: Venn diagram of differential ion channel gene expression between 
tracheal and articular chondrocytes. A total of 190 ion channel genes were found to 
be expressed in the RNA-seq dataset. Out of those, 8 genes were expressed in tracheal 
chondrocytes only and 18 were expressed in articular chondrocytes only. 164 ion channel 
genes were shared between tracheal and articular chondrocytes. Some ion channel genes 
significantly different between tracheal and articular chondrocytes are shown in the box.  
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Figure 3.8: Heat map of the ion channel differential gene expression in tracheal 

and articular chondrocytes. Ion channel genes shown on the right-hand side and 

tracheal (n=5) and articular (n=3) chondrocyte samples shown on bottom axis. Legend 

corresponds to the fold change Values. Samples were clustered using MATLAB and graph 

was created using R studio.   
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Out of the ten ligand-gated ion channels (Alexander et al., 2019) 8 were found to be 

expressed in tracheal and articular chondrocytes (Figure 3.9). These ligand-gated ion 

channels had 22 significantly different subtypes between the two chondrocyte types 

(Figure 3.9A-H). Eight voltage-gated ion channels (Alexander et al., 2019) excluding 

potassium channels were also found to be expressed in the two chondrocyte types 

(Figure 3.10). Of those voltage-gated ion channels, 19 subtypes were shown to be 

significantly different (Figure 3.10A-H). The RNA-seq dataset also identified the 
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Figure 3.9: RNA-seq differential expression of ligand-gated ion channel genes. 
Expression of A) Acid-sensing ion channels. B) Endothelial Sodium channels (ENaC) C) 

Glycine receptors D) IP
3 

receptors E) GABA
A
 receptors F) Ionotropic glutamate receptors 

G) Nicotinic Acetylcholine receptors and H) P2X receptors was observed. Graphs were 

created using GraphPad Prism 8. Bars represent mean FPKM values. Error bars represent 

95% confidence limits. * denotes p<0.05, ** denotes p<0.01, *** p<0.001 and **** 

p<0.0001. 
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expression of four potassium channel families (Alexander et al., 2019), of which 22 

subtypes were shown to be significantly different (Figure 3.11A-D). Next the 

expression of six ‘other’ ion channels (Alexander et al., 2019) was detected which had 

16 significantly different subtypes (Figure 3.12A-F). Finally, four chloride ion channels 

(Alexander et al., 2019) were shown to be expressed between the two chondrocyte 

types. These chloride channels showed 10 significantly different subtypes (Figure 

3.13A-D). Combining the transcriptomic expression of these ion channel families 
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Figure 3.10: RNA-seq differential expression of voltage-gated ion channel genes. 
Expression of  A) CatSper channels B) Two pore channels C) Cyclic nucleotide regulated 
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channels was observed. Graphs were created using GraphPad Prism 8. Bars represent 
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provided the information for an updated articular chondrocyte channelome and the 

establishment of the novel tracheal chondrocyte channelome (Figure 3.14).  
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Figure 3.11: RNA-seq differential expression of potassium ion channel genes. Expression of A) Calcium- and Sodium-activated potassium 

channels B) Inwardly rectifying potassium channels C) Voltage-gated potassium channels and D) Two-pore domain potassium channels was 

observed. Graphs were created using GraphPad Prism 8. Bars represent mean FPKM values. Error bars represent 95% confidence limits. * denotes 
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Figure 3.12: RNA-seq differential expression of ‘other’ ion channel genes. Expression of A) Aquaporins B) Piezo channels C) Pannexins D) 

Orai channels E) Sodium leak channels and F) Connexins was observed. Graphs were created using GraphPad Prism 8. Bars represent mean FPKM 
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Figure 3.13: RNA-seq differential expression of chloride ion channels genes. Expression of  A) ClC channels B) Volume-regulated anion 
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Figure 3.14: Summary of chondrocyte channelome. Tracheal and articular chondrocytes share most ion channel families but express different 
subtypes of ion channels.  
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3.3.5 Validation of chloride ion channel expression between tracheal and 

articular chondrocytes  

As described in section 1.2.3, chloride channels have previously been implicated in 

diseases of cartilage and are of interest. Hence the transcriptomic expression of  

chloride channels was further validated through qPCR analysis (Figure 3.15). The 

expression of these ion channel genes using qPCR correlated with the transcriptomic 

expression of RNA-seq. For example, Ano1 was also shown to have significantly 

higher expression in tracheal chondrocytes in comparison to articular chondrocytes 

(p<0.05) as well as Ano2, Ano3 and Ano10 (p<0.05 for all) (Figure 3.15A). VRAC 

channel relative expression also correlated with the transcriptomic expression, with 

Lrrc8a also being significantly higher in articular chondrocytes (p<0.005) (Figure 

3.15B). However, the expression of the ClC ion channel gene Clcn7 did not shown 

significant difference between the two chondrocyte types (Figure 3.15C). The qPCR 

expression of the VGCC, Cacna1g was also investigated, and this too showed 

significantly higher expression in tracheal chondrocytes as in the transcriptomic data 

(p<0.05) (Figure 3.15D).  
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3.4 Discussion  

In this chapter, the tracheal chondrocyte transcriptome and channelome were 

assessed using an unbiased approach with RNA-seq and compared to that of the 

articular chondrocyte. Different bioinformatic analyses were used to ascertain the 

similarities and differences between the two chondrocyte types. This revealed that 

there were many similarities between the two chondrocyte types as had been 

expected; with many canonical pathways being identified, amongst which, the role 

of chondrocytes in OA being in the top 5 pathways. In addition, novel ion channel 

gene expression of many of the ion channel genes was identified in tracheal 

chondrocytes as well as articular chondrocytes, with many subtypes showing 

significant differential expression. This was validated with qPCR analysis and showed 

that the expression of these genes was correlated with that of the transcriptome 
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Figure 3.15: Relative gene expression of chloride ion channel genes in rat 

tracheal and articular chondrocytes. Expression of A) Ano gene family. B) Lrrc8 gene 

family. C) Clcn7 (ClC-7) gene and D) Cacna1g gene in tracheal and articular chondrocytes. 

All genes were normalised against Hprt1 as a reference. Bars indicate mean and error bars 

represent SEM of n=3 biological samples. Graphs were created using GraphPad Prism 8 

and analysed using an unpaired t-test. * denotes p<0.05 and *** denotes p<0.001.  
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expression. Though many similarities were observed between the two chondrocyte 

types, some differences were detected which will be discussed below.  

 

3.4.1 Chondrocyte characterisation  

An approach that was used to characterise the tracheal and articular chondrocytes 

was to use a range of different chondrocyte makers identified from the literature and 

investigate their expression in chondrocytes using immunocytochemistry and 

transcriptomic expression from the RNA-seq data. Immunocytochemistry of the 

tracheal and articular chondrocytes did not show an observable difference of 

aggrecan, collagen II a1, Sox9, and Cd44 expression between the two chondrocyte 

types (Figure 3.2).  

 

Aggrecan (Acan), was used as a marker of chondrocyte function as Acan is an ECM 

protein only synthesised by chondrocytes (Kiani et al., 2002). The expression of 

aggrecan was significantly higher in tracheal chondrocytes compared to articular 

chondrocytes (p<0.00005), this difference in expression between the two 

chondrocyte types has not been previously reported in the literature. However, 

tracheal chondrocytes may express more aggrecan as a mechanism to adapt to the 

tracheal cartilage function – to provide support to the windpipe as aggrecan is vital 

for structural support and ECM stabilisation (Kiani et al., 2002). The deletion of 

aggrecan has been observed to cause deformation of tracheal cartilage rings that is 

lethal (Lauing et al., 2014, Watanabe et al., 1994). This raises questions as to why 

aggrecan deletion seems to be lethal in tracheal cartilage in comparison to articular 

cartilage. These questions could be investigated in the future through knockdown 
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studies and comparison of the ECM composition between the two chondrocyte 

types.  

 

Interestingly the expression of epiphycan (Epyc) was observed only in tracheal 

chondrocytes and was not expressed in articular chondrocytes. Epyc has been 

previously shown to be specific to cartilage of the ribs and trachea (Onnerfjord et al., 

2012). This indicates that the populations of chondrocytes isolated were pure, 

uncontaminated and cartilage specific. However, another study showed its 

expression in the deep zones of articular cartilage whereby its deletion exacerbates 

OA progression (Nuka et al., 2010).  Epyc’s unique expression in chick and mouse 

cartilage suggests a key role in chondrocyte differentiation and cartilage stability 

(Shinomura and Kimata, 1992, Kurita et al., 1996). Future work is needed to fully 

understand these discrepancies in Epyc expression.  

 

The transcription factor Sox9 and its relatives Sox5 and Sox6 were also used as 

markers as Sox9 is a master regulator of cartilage formation and regulates the 

expression of collagen II a1 (Bell et al., 1997, Bi et al., 1999, Lefebvre et al., 1998a). 

Sox5 was shown to be significantly higher in articular chondrocytes (p<0.00005). It is 

not clear why Sox5 expression is higher in articular chondrocytes. Sox5 was thought 

to be redundant however it has been shown to enhance the expression of aggrecan 

by potentiating Sox9 binding to its site (Han and Lefebvre, 2008). As aggrecan 

expression was more significant in tracheal chondrocytes, it was surprising that 

articular chondrocytes had higher levels of Sox5. Future studies to determine if Sox5 
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expression is also higher at the protein level would further investigate these 

discrepancies in Sox5 expression.  

 

Collagen II a1 (Col2a1) expression was used as a marker as Col2a1 is a hallmark 

collagen of cartilage and is also synthesised by chondrocytes (Mendler et al., 1989). 

Col2a1 expression was shown to be significantly higher in articular chondrocytes 

(p<0.03). To identify if the chondrocytes were mature and differentiated, the 

expression of Col1a1 was inspected (Figure 3.3). This showed no expression in either 

tracheal or articular chondrocytes confirming that the population of chondrocytes 

that was isolated is not showing a fibroblastic or osteogenic phenotype (Von Der 

Mark et al., 1977, Marlovits et al., 2004, Dessau et al., 1978).  

 

Col10a1 expression was also identified and showed very little expression in tracheal 

and almost undetectable expression in articular chondrocytes (Figure 3.3). Col10a1 

was used as a marker for chondrocyte hypertrophy to ensure that the mature 

chondrocytes used for this study were not becoming hypertrophic and developing 

into calcified bone. The minimal expression of col10a1 indicates that the 

chondrocytes may be becoming more mature at which point they start to synthesise 

Col10a1 (Pullig et al., 2000, Drissi et al., 2005). In addition, the expression of Col10a1 

could be due to the expression of Runx2, which regulates Col10a1 expression (Zheng 

et al., 2003) and was shown to be significantly higher in tracheal chondrocytes in 

comparison to articular chondrocytes (p<0.01), which was reflected in the Col10a1 

expression (Figure 3.3). This will be further discussed in chapter 7.  
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Surface markers such as Cd44 were also used as markers as they have been previously 

reported to characterise chondrocytes in the literature (Hamada et al., 2013). Cd9 

and Cd151, markers of OA, were also used as they have been shown to activate 

proteolytic enzymes in OA (Fujita et al., 2006, Sumiyoshi et al., 2016). Adamts5 and 

Mmp-13, which are proteolytic enzymes involved in OA, were shown to be 

significantly higher in articular chondrocytes (p<0.00005 for both). This was expected 

as OA occurs in articular cartilage (Akkiraju and Nohe, 2015a). However, the effect of 

inflammation and expression of these proteolytic enzymes has not been previously 

studies in tracheal cartilage. Future studies would perhaps investigate the effect of 

factors upregulated in OA progression on tracheal chondrocytes.  

 

3.4.2 Tracheal and articular chondrocyte transcriptome 

In this chapter, RNA-seq was the chosen method to study the transcriptomics of 

tracheal and articular chondrocytes as it is the best method on the market for 

assessing the transcriptome of cells. Initial transcriptomic studies were performed 

using hybridization-based technologies; these were relatively low cost and provided 

a high-throughput option (Schena et al., 1995). However, they had some limitations 

which include: the requirement of prior knowledge of the sequences being tested, 

the presence of cross-hybridisation artifacts when similar sequences were being 

analysed and the inability to accurately quantify low expressed or high expressed 

genes (Schena et al., 1995, Shendure and Ji, 2008). In contrast, sequence-based 

methods were developed; these methods include the generation of expressed 

sequence tag (EST) libraries, which was relatively low-throughput and not ideal for 

quantifying transcripts,  leading to other tag-based methods such as serial analysis of 
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gene expression (SAGE) and cap analysis gene expression (CAGE) which were 

developed to enable higher throughput and more precise quantification of 

expression levels (Velculescu et al., 1995, Shiraki et al., 2003). Although they were 

more advantageous over array-based methods, these sequence-based methods were 

insensitive to measuring expression levels of splice isoforms and were not able to be 

used for novel gene discovery. In addition, the cloning of sequence tags was very 

laborious, expensive, and required large amounts of RNA. This lead to the 

development of high-throughput next-generation sequencing (NGS) in the early 

2000s. NGS such as RNA-seq enabled transcriptomic analysis through the sequencing 

of complementary DNA (cDNA), which transformed transcriptomics analysis (Wang 

et al., 2009).  

 

Following the sequencing and analysis of the sequence reads of the two chondrocyte 

types, differentially expressed genes between tracheal and articular chondrocytes 

were identified with the cuffdiff package. These 32650 genes were subjected to 

dimensionality reduction with PCA, which transformed the large dataset into smaller 

variables. Tracheal and articular chondrocyte gene expression was reduced to seven 

principal components with more than 50% of the data being contained within the 

first three principal components (Figure 3.4A). Clustering of the tracheal and articular 

gene expression revealed clear difference between the first and second principal 

components (Figure 3.4B) and the second and third principal components (Figure 

3.4C). This indicated that tracheal and articular chondrocytes gene expression was 

different between the two chondrocyte types. This was validated with DESEQ2 

analysis which revealed that between tracheal and articular chondrocytes 528 genes 
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were significantly differentially expressed by a factor of 3 or more (adjust p-value: 

p<0.05). It should be noted that although these data indicate that the two 

chondrocyte types show significant differential gene expression, the first and third 

principal component clustering showed that there was a slight overlap between 

tracheal and articular chondrocytes (Figure 3.4D). This could be due to the expression 

of genes that are essential to both chondrocyte types that make up the chondrocyte 

phenotype.  

 

To gain a better insight into the role of the genes differentially expressed between 

tracheal and articular chondrocytes and study the reasons that drive this differential 

expression, IPA was used to identify the canonical pathways expressed in the RNA-

Seq dataset. A total of 546 pathways were identified. The top 25 significant pathways 

of these were shown to relate to a variety of signalling pathways including calcium 

and GABA receptor signalling, implicating ion channel genes in the differential 

expression (Figure 3.5A). As well as that pathways relating to cartilage disease were 

shown to be amongst the top 25 pathways. These were also shown to be amongst 

the top 5 pathways (Figure 3.5A). This indicates that the population of cells used for 

RNA-seq was pure and further confirms the identity of these cells. Two of the top 5 

pathways, the OA pathway, and the role of chondrocytes in RA were further 

examined and MAP analysis was conducted using IPA. MAP analysis predicts the 

functional effects of the genes from the RNA-seq dataset on neighbouring molecules. 

It also predicts genes to be activated (orange) or inhibited (blue), and their increased 

(red) or decreased (green) measurements and how that affects downstream 

molecules.  
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MAP analysis on the osteoarthritis pathway revealed that many of the genes that 

drive OA were predicted to be inhibited. This is a good indicator as the chondrocytes 

used for this project were isolated from healthy rats that showed no signs of OA. As 

the osteoarthritis progression occurs due to a variety of factors and the OA pathway 

is vast, the details of the OA pathway are beyond the scope of this chapter. Hence 

the focus will be on a few highlights observed. One of the observations was that 

inflammation was predicted to be inhibited from the RNA-seq dataset (Figure 3.6A). 

This is a good indication that the chondrocytes isolated were healthy. Another 

observation was the effect of miRNAs on the OA pathway. Several miRNAs were 

shown to be involved such as miR-145 and miR-140 which were predicted to be 

activated as well as miR-155 and miR-142 which were predicted to be inhibited 

(Figure 3.6A). The role of miRNAs in OA progression has been reviewed by (Malemud, 

2018b).  

 

Two main genes that were central to the OA pathway were Sox9 and Runx2 (Figure 

3.6A). Perhaps this reflects the balance between genes that drive the synthesis of 

cartilage ECM proteins such as Col2a1 and aggrecan (Bell et al., 1997, Han and 

Lefebvre, 2008) and the genes that drive cartilage degradation such as osteopontin, 

Adamts genes and Mmps (Li et al., 2016, Yang et al., 2017). Interestingly Sox9 and its 

downstream targets were predicted to be inhibited however their effect on cartilage 

catabolism was inconclusive. Whereas Runx2 and its downstream targets were 

predicted to be activated, leading to ossification of cartilage tissue, degradation and 

hence OA (Figure 3.6A). Future studies would further investigate the genes that drive 

these predicted activations and inhibitions and elucidate their effect on tracheal 
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chondrocytes too as it has not been previously shown how these factors would affect 

tracheal chondrocytes.  

 

Another pathway that was identified from the RNA-seq data to be amongst the top 5 

pathways was the role of chondrocytes in RA (Figure 3.6B). MAP analysis using IPA 

highlighted cytokines that were shown to be involved in the activation of cartilage 

degradation. It indicated that IL-17 was predicted to be activated and lead to the 

activation of chondrocyte death, the switch from catabolic to anabolic state and 

proteoglycan cleavage which leads to cartilage degradation. IL-17 is the signature 

cytokine involved in RA (Gaffen, 2009). The predicted activation of IL-17 and the 

increased measurement of IL-18 receptor were predicted to inhibit 

glycosaminoglycans. In addition to this, IL-1 was shown to activate Mmp-8 which 

leads to cleavage of collagen fibres. Despite this, it was shown that the cleavage of 

collagen fibres and proteoglycan cleavage were predicted to be inhibited (Figure 

3.6B). These inconsistent findings would need to be further validated in future 

studies. Using IPA, upstream regulators that were predicted to be driving the 

differential gene expression between the two chondrocyte types were also identified 

(Figure 3.5C). Interestingly many of these were found to be miRNAs. The effect of 

these upstream regulators would be further investigated in the next chapter.  

 

3.4.3 Tracheal and articular chondrocyte channelome  

An unbiased and comprehensive view into the ion channel genes expressed between 

tracheal and articular chondrocytes was investigated in this chapter and provided 

novel insights into the tracheal chondrocyte channelome. A closer look at the 
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individual ion channel families and their subtypes gives an idea of which ion channels 

were conserved and essential for the viability of these chondrocytes and their basic 

function and which ion channels were expressed specifically in relation of the 

chondrocyte environment and cartilage specific function. As was predicted, about 

86% of ion channel genes were shared between tracheal and articular chondrocytes 

(Figure 3.7) and the heatmap of the tracheal and articular chondrocyte samples 

showed the ion channel gene expression to be very similar (Figure 3.8). This was 

expected as many ion channels are involved in processes that are vital for cell survival 

(Barrett-Jolley et al., 2010b). In addition to this ion channels regulate the RMP which 

in turn regulates these vital functions (Abdul Kadir et al., 2018).  Despite this similarity 

the tracheal and articular chondrocyte samples were clustered separately, indicating 

that there were subtle differences in the ion channel genes that distinguish between 

the two chondrocyte types. 

 

The ion channel genes expressed only in tracheal chondrocytes were found to belong 

to the voltage-gated calcium channel, TRPM and C channels, sodium leak channel and 

voltage-gated sodium channel families (Figure 3.7). Interestingly VGCC have been 

previously shown to be vital for tracheal cartilage development (Matta et al., 2015a, 

Wang et al., 2000, Atsuta et al., 2019, Lin et al., 2014a) as previously discussed in 

Chapter 1. TRP channels, sodium leak channels and voltage-gated sodium channels 

however have not been shown to be expressed in tracheal chondrocytes. Perhaps, 

the functional expression of these genes would be validated using pharmacological 

agents in future studies. On the other hand, the ion channel genes that were 

expressed in articular chondrocytes only were shown to belong to TRP channel, 
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calcium-activated chloride channel, voltage-gated calcium channel, voltage-gated 

sodium channels, inwardly-rectifying potassium channel, voltage-gated potassium 

channels, two-pore domain potassium channels, ClC channels, and purinergic 

receptor families (Figure 3.7). The majority of these channels have been previously 

shown to be expressed in articular chondrocytes (Barrett-Jolley et al., 2010b, 

Mobasheri et al., 2012, Lewis et al., 2011c, Mobasheri et al., 2019).  

 

It is unclear why the expression of these ion channel genes occurs in one chondrocyte 

type only. Perhaps these ion channel subtypes confer specific functions to the 

chondrocytes which would aid in their cartilage specific roles. For example, in 

articular chondrocytes, TRP channels have been shown to regulate the intracellular 

Ca2+ concentration and play vital roles in nociception, temperature regulation, 

mechano- and osmosensation (Matta and Zakany, 2013). In addition, VGCCs have 

also been shown to be necessary for initiating Ca2+ influx in articular chondrocytes 

which is vital for signalling pathways that regulate ECM synthesis (Xu et al., 2009b). 

CaCC have been shown to be linked to cell volume and apoptosis (Hoffmann et al., 

2014, Kunzelmann, 2015) as well as contribute to the volume sensitive Cl- current in 

anterior cruciate ligament transection rabbit OA model as shown by my group 

(Kumagai et al., 2016). Ca2+ signalling was identified as one of the top 5 canonical 

pathways from the RNA-Seq dataset, highlighting its importance in chondrocytes 

(Figure 3.5B). Whereas VGSC have previously been reported in articular chondrocytes 

yet their functional role remains elusive (Sugimoto et al., 1996a). On the other hand, 

potassium channels have been well-studied in articular chondrocytes and are 

involved in regulation of chondrogenesis, cell volume, apoptosis and 
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mechanotransduction as reviewed by (Mobasheri et al., 2012). Purinergic receptors 

have also been found to be important in articular chondrocytes whereby they also 

aid in the regulation of chondrogenesis (Fodor et al., 2009). The reasons behind the 

expression of these ion channel genes needs to be validated in future studies through 

the detection of their functional ion channel subtypes in chondrocytes using specific 

pharmacological agents.  

 

In addition to finding chondrocyte-specific expression of these ion channel genes 

many ion channel families were observed to have significantly different subtype 

expression between the two chondrocyte types (Figures 9 – 13). This also could be 

due to cartilage-specific roles that these two chondrocyte types are implicated in. For 

example, articular chondrocytes’ ion channels are mainly involved in the cell volume 

regulation and mechanotransduction, reflecting the role of load bearing of articular 

cartilage. Whereas tracheal chondrocytes ion channels are more involved in the 

development and maintenance of cartilage, which would ensure that the structure 

and stability of the cartilage rings are preserved to support the trachea. This 

transcriptomic expression of ion channel genes has provided a more comprehensive 

view of the tracheal and articular chondrocyte channelome (Figure 3.14), enabling 

for the first time the comparison between the two. Future studies would further 

investigate the factors driving these differences in the ion channel expression 

between these two chondrocytes.  

 

As chloride channels were shown to be implicated in cartilage diseases, their 

expression was further validated between the two chondrocyte types using qPCR 
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(Figure 3.15). This showed that the ion channel expression detected by qPRC was 

mostly correlated with that of the transcriptomic expression detected by RNA-seq. 

RNA-seq data and qPCR expression have been previously shown to be correlated by 

others (Griffith et al., 2010, Asmann et al., 2009, Wu et al., 2014, Shi and He, 2014). 

However, some groups have shown discrepancies, this could be due to qPCR bias as 

only a specific region of the cDNA can be amplified, whereas with RNA-seq the whole 

transcript is accessed. Implication of these chloride channels validated above in 

tracheal and articular chondrocytes will be investigated further in the next chapter.  
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4 MicroRNA regulation of ion channels in tracheal and articular 
chondrocytes 
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4.1 Introduction  

MicroRNAs are important regulators of gene expression. They control the expression 

of multiple transcripts and play a significant role in various aspects of cartilage 

development, homeostasis, and pathology. Chondrocytes, the single cell type of 

cartilage, express many different miRNAs. They also express multiple ion channels 

that are essential for cartilage physiology, whereby the deletion of chloride channels 

leads to the malformation of the cartilage rings and death of mice 1 month post birth 

(Rock et al., 2008a). miRNAs have been associated with the development and 

pathogenesis of various diseases such as cardiovascular diseases, diabetes, 

neurodegenerative diseases, cancer, and developmental disorders (Mendell and 

Olson, 2012). They have also been shown to be implicated with diseases of the 

cartilage such as OA (Malemud, 2018a) and TM (Gradus et al., 2011). miRNAs target 

ion channel genes and affect a multitude of processes such as cardiac, neuro, 

epithelial and endocrine physiology as well as cancer biology, as reviewed by (Wang, 

2013).  

 

The expression of miRNA is dynamically regulated and hence, altered miRNA 

expression can render expression deregulation of ion channel genes leading to 

channelopathies. RNA-Seq data from chapter 3 revealed several differentially 

expressed ion channel and miRNA genes between tracheal and articular 

chondrocytes. Although miRNA induced silencing of ion channel genes was shown in 

several different studies, and despite the evidence of regulation of ion channels that 

play a role in chondrocytes (Table 1.1) by different miRNAs, miRNA targeting of ion 

channel genes in chondrocytes has not been previously shown. Hence, in this chapter 
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the interplay of miRNAs and ion channels in tracheal and articular chondrocyte 

physiology will be investigated.  

 

4.1.1 Role of microRNAs in ion channel regulation and channelopathies 

Ion channel genes functionally expressed in chondrocytes have been shown to be 

targeted by miRNAs in other tissues and cell types. For example, the calcium-

activated potassium (BK) channel, Kcnma that couples membrane stretch to RVD in 

chondrocytes was shown to be directly targeted by miR-211 in melanoma, and has 

been shown to be implicated in cell proliferation and migration of various cancers 

(Mazar et al., 2010). miR-181a, which is expressed in chondrocytes and directly 

targets Acan, has been shown to target the glutamate receptor, GluA2 in an epilepsy 

rat model and have a neuroprotective role (Ren et al., 2016). Whereas NaV1.3, which 

modulates mechanotransduction in chondrocytes and aids in the maintenance of the 

ECM is targeted by miR-30b. This causes downregulation of NaV1.3 and attenuates 

neuropathic pain in rats (Su et al., 2017). Another sodium channel, ENaC is also 

regulated by miRNAs. miR-124-5p directly targets α-ENaC and downregulates its 

expression and function in MSCs (Ding et al., 2020).  

 

In addition, the VGCC, CaV1.2, which plays a role in calcium signalling and 

maintenance of the RMP in chondrocytes was found to be targeted by miR-21 and 

miR-328 in atrial fibrillation of human atria (Barana et al., 2014, Lu et al., 2010) and 

by miR-221 and miR-222 in a mouse model of cardiac hypertrophy (Binas et al., 2020). 

This existing evidence indicates that although the interaction of miRNAs and ion 

channels has not been specifically shown in chondrocytes, miRNAs interplay with ion 
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channels expressed in chondrocytes and affect their expression and function in 

various tissues and diseases. This raises many different questions as to whether these 

ion channels would be affected in a similar manner in chondrocytes of tracheal and 

articular cartilage. To answer these questions, transcriptomics, and associated 

bioinformatic tools to predict genes targeted by miRNA in particular cell types can be 

used.    

 

4.1.2 MicroRNA target prediction 

There are a variety of bioinformatic tools available online that can be used for miRNA 

target prediction. Online databases such as miRBase (http://www.microrna.org/), 

TargetScan (http://www.targetscan.org/) and the microRNA Data Integration Portal 

(miRDIP) (http://ophid.utoronto.ca/mirDIP/index.jsp#r) can be used to obtain 

microRNA targets and sequence information (Griffiths-Jones et al., 2006, Bartel, 

2004a). These bioinformatic platforms use sophisticated algorithms based on several 

miRNA characteristics such as the thermal stability of the miRNA:mRNA duplex and 

the level of complementary of the mRNA seed sequence to predict potential miRNA 

targets. For instance, TargetScan uses the degree of evolutionary conservation 

between species to classify miRNA families into ‘conserved’ and ‘non-conserved’. It 

also categorises miRNAs’ targets using a ‘context score’ according to the predicted 

efficiency of the sites (van Rooij, 2011).  

 

In addition, further analyses such as function/gene ontology analyses can be 

performed by databases of gene families such as the PANTHER Classification System 

(http://www.pantherdb.org). PANTHER is most widely used for the inference of gene 

http://www.microrna.org/
http://www.targetscan.org/
http://ophid.utoronto.ca/mirDIP/index.jsp#r
http://www.pantherdb.org/
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function for uncharacterized genes from an organism. It uses algorithms to 

statistically analyse gene function of a list of genes by overrepresentation or 

enrichment tests (Mi et al., 2013, Thomas et al., 2003). As well as that it annotates 

these functions with gene ontology terms as part of the GO reference genome project 

(Gaudet et al., 2011). Despite the availability of these tools, a more robust way of 

miRNA target prediction is the use of transcriptomic data in addition to these 

bioinformatic tools. For example, Qiagen’s IPA can be used to analyse user’s 

transcriptomic data to predict upstream regulators such as miRNAs that target a set 

of genes identified from the user’s data.  

 

4.1.3 IPA ingenuity upstream regulator analysis 

IPA’s ingenuity upstream regulator analysis is a bioinformatic tool that is used to 

identify a cascade of upstream regulators from the user’s RNA-Seq dataset. This 

upstream regulator analysis uses the curated Ingenuity® Knowledge database to 

explain the differential gene expression in a user’s dataset and identify expected 

effects between upstream regulators and their target genes (Calvano et al., 2005, 

Thomas and Bonchev, 2010). It examines the targets of each upstream regulator from 

the user’s dataset and compares the directional change using the experimental 

expression in the samples. Essentially IPA uses upstream analyses to identify the 

upstream regulators from user’s dataset.  

 

4.1.4 Aims  

In the previous chapter, RNA-Seq of tracheal and articular chondrocytes identified a 

number of genes relating to chondrocyte identity and function as well as ion channel 
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genes and miRNA genes to be differentially expressed. Several known miRNAs that 

regulate gene expression of ion channels in different tissues and diseases have been 

previously reported, however how these miRNAs and ion channels interplay in 

tracheal and articular chondrocytes has not been previously investigated. To gain an 

understanding of the mechanisms behind this differential expression, a bioinformatic 

approach will be used to identify upstream regulators that could be driving this 

differential expression. Using the RNA-Seq dataset from chapter 3, upstream 

regulators from the differential expression analysis between tracheal and articular 

chondrocytes will be identified. Function/gene ontology analysis of these regulators 

will be performed to identify pathways, molecular functions and biological processes 

linked with these upstream regulators. The expression of these upstream regulators 

will be validated and their effect on ion channels genes that are differentially 

expressed between tracheal and articular chondrocytes will be determined.  

 

4.2 Methods 

4.2.1 MicroRNA target prediction and Gene ontology analysis 

IPA analysis of the RNA-seq dataset was used as previously described in chapter 3.2.3 

to predict upstream regulators from tracheal and articular chondrocytes. IPA’s 

ingenuity upstream regulator analysis was performed to identify miRNA upstream 

regulators and their predicted targets. Gene ontology analysed using the PANTHER 

classification system was carried out on these upstream regulators. Targets of miR-

141-3p were also predicted using TargetScan and miRDIP and gene ontology analysis 

was also carried out on these genes using the PANTHER classification system.   



119 

 

4.2.2 qPCR quantification of microRNAs and ion channel genes 

qPCR was used as previously reported in chapter 2.4, to quantify the expression of 

miRNAs between tracheal and articular chondrocytes. The miRNA primers were 

purchased from the miScript primer assays from Qiagen, UK. Primer pairs with none 

or few hairpins, dimers and repeat and runs were selected for quantification using 

qPCR. qPCR primers of the miRNAs used are listed in Table 4.1. qPCR was also used 

to quantify the expression of ion channel genes predicted to be targeted by miR-141-

3p. qPCR primers of these ion channel genes are shown in Table 4.2. 

 

4.2.3 Transfection of tracheal and articular chondrocytes with miR-141-

3p mimic and antagomiR 

Chondrocytes were seeded at 2.5x104 in 24-well plates and at 15x104 in 6-well plates. 

At 70% confluence, the media was changed to FCS-free DMEM, and cells were 

incubated for 30 minutes at 37oC and 5% CO2 to allow the cells to adjust to the 

transfection conditions. Following that 3 µl of Lipofectamine 2000 (Life Technologies, 

UK) was added to 1000 µl of FCS-free DMEM and miR-141-3p mimic (Qiagen, UK), 

antagomiR (Qiagen, UK) and mimic scrambled control (Qiagen, UK)  (Table 4.3) were 

diluted to a final concentrations of 50 nM, 100 nM and 200 nM and incubated at 

room temperature for 30 minutes. Following incubation, the media was removed 

from cells and the miRNA and Lipofectamine 2000 mixture was added in a dropwise 

manner and the cells were incubated for 6 hours. Following incubation, the media 

was changed to DMEM with 10% FCS and cells were further incubated for 48 hours. 

Following that miRNA mimic, antagomiR and scrambled control were optimised using 
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qPRC, which was also used to quantify target gene expression. The mimic, antagomiR 

and scrambled control were purchased from the miRCURY primer assays from 

Qiagen, UK (Table 4.3). 
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Table 4.1: miRNA primers designed by Qiagen, UK. 
 

Gene  Mature miRNA ID Mature miRNA Sequence (5’ → 3’) 

miR-141-3p rno-miR-141-3p UAACACUGUCUGGUAAAGAUGG 

miR-181a-5p mmu-miR-181a-5p AACAUUCAACGCUGUCGGUGAGU 

miR-1-2-5p mmu-miR-1-2-5p ACAUACUUCUUUAUGUACCCAUA 

miR-29b-3p mmu-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU 

miR-132-3p mmu-miR-132-3p UAACAGUCUACAGCCAUGGUCG 

miR-30c-5p mmu-miR-30c-5p UGUAAACAUCCUACACUCUCAGC 

miR-34a-5p hsa-miR-34a-5p UGGCAGUGUCUUAGCUGGUUGU 

miR-27a-3p mmu-miR-27a-3p UUCACAGUGGCUAAGUUCCGC 

miR-241-5p mmu-miR-241-5p UGCCUGUCUACACUUGCUGUGC 

Let7a-1-3p mmu-Let7a-1-3p CUAUACAAUCUACUGUCUUUCC 

miR-125a-5p mmu-miR-125a-5p UCCCUGAGACCCUUUAACCUGUGA 

miR-140-5p mmu-miR-140-5p CAGUGGUUUUACCCUAUGGUAG 

RNU6 - - 

SNORD-61 - - 
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Table 4.2: Ion channel gene primers for qPCR quantification designed by Primerdesign Ltd., UK and Primerblast NCBI. 
 

 

 

Table 4.3: miR-141-3p negative control, mimic and antagomiR primers designed by Qiagen, UK.  
 

 

Gene  Accession number Species Sequence (5’ → 3’) 

Lrrc8a NM_001127244.2 Human F: GGGTTGAACCATGATTCCGGTGAC 
R: GAAGACGGCAATCATCAGCATGAC 

Cacna1g NM_001308302.1 Rat F: ATGACAGTGAAGGTGGTGGC 
R: CCAGGATGTCGATGACGGAG 

Ano1 NM_00110756 Rat F: CATCCCTGCCTCCATTGTGG 
R: GGTGATGTTGTGTCTCTGGTCA 

Hprt1 NM_012583.2 Rat F:  TCCTCCTCAGACCGCTTTTC 
R:  ATCACTAATCACGACGCTGGG 

miRCURY LNA miRNA (5nM) Sequence (5’ → 3’) Catalogue number  Modification 

miRCURY LNA miRNA mimic hsa-miR-141-3p UAACACUGUCUGGUAAAGAUGG 339173 
YM00471957-ADB 

5’-FAM 

Negative control miRCURY LNA (5) UCACCGGGUGUAAAUCAGCUUG 339173 
YM00479902-ADB 

5’-FAM 

miRCURY LNA miRNA inhibitor rno-miR-141-
3p 

CATCTTTACCAGACAGTGTT 339121 
YI04100686-ADB 

5’-FAM 
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4.3 Results  

4.3.1 MicroRNA expression between tracheal and articular chondrocytes 

IPA’s ingenuity upstream analysis was used to investigate the differential gene 

expression of tracheal and articular chondrocytes in the RNA-Seq dataset from 

chapter 3. Using this transcriptomic and bioinformatic approach, 983 upstream 

regulators were identified of which 55 were miRNAs. From these, twelve miRNAs 

were selected for further investigation, ten of which were identified from IPA and 

two from the literature (miR-125-5p & miR-140-5p) (Table 4.4). For the miRNAs 

identified as upstream regulators, IPA was used to compute an overlap p-value using 

Fisher’s exact test. miR-141-3p had the most significantly different overlap p-value 

(p<0.0001) whereas miR-29b-3p and miR-34a-5p differential overlap was not found 

to be significant (Table 4.4).  

 

To validate the expression of these predicted miRNA upstream regulators in tracheal 

and articular chondrocytes, qPCR quantification of the predicted miRNAs was 

conducted (Figure 4.1). Of the 12 miRNAs investigated, only two displayed 

significantly different expression between tracheal and articular chondrocytes; with 

miR-30c being more highly expressed in tracheal chondrocytes (p<0.05; n=6) and 

miR-141-3p being more highly expressed in articular chondrocytes (p<0.05; n=6) 

(Figure 4.1L & H).  
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Table 4.4: miRNA upstream regulators identified from RNA-seq data using IPA 
upstream regulator analysis (Qiagen, UK). miR-125-5p and miR-140-5p were identified 
from the literature. p-value of overlap calculated using Fisher’s Exact Test. 

 
 
Upstream regulators P-value of overlap Target molecule 

miR‐141‐3p 0.00002 Cacna1g, Cdh1, Dach1, Enam, Hmx1, 
Irf6, Lhx6, Nanog, Pitx1, Satb1, Sox2, 
Tbx1 & Tbx5 

miR‐181a‐5p 0.0002 Cdx2, Epcam, Ezh2, Gata6, Gria2, 
Mmp14 & Pgr 

miR‐1‐2‐5p 0.005 Cebpb, Eif4e3, Irx5, Met, Mmp9, 
Mrtfa, Tagln2, Trim63, Vegfa & Vegfc 

miR‐29b‐3p 1 Mybl2, Nasp, Shroom2 & Trim9 

miR‐132‐3p 0.02 Gria1,grin2a & Grin2b 

miR‐30c‐5p 0.02 Cdkn1a, Gadd45a, Il6, Itga2, Runx2 & 
Tp53 

miR‐34a‐5p 0.05 Birc5, Cdk1, Dhfr, Lin28a, Mcm10, 
Mcm3, Met, Pou5f1 & Sox2 

miR‐27‐3p 0.03 Ephb4, Ifi16, Igf1, Pxn, Runx1 & Wee1 

miR‐214‐5p 0.04 Alcam, Birc5 & Tfap2c 

Let‐7a‐1‐3p 0.001 Ago2, Aurkb, Bdnf, Btg2, Ccnd1, 
Cdc25a, Cdh2, Cebpd, Cpsf1, Dicer1, 
Fosl1, Gpi, Hmga1, Irs2, Itga4, Itgb3, 
Mcm2, Mgat1, Nfkb1, Pa2g4, Ptgs2, 
Rrp1b, Scd, Skp2 & Stard13 

miR‐125a‐5p 
‐ ‐ 

miR‐140‐5p 
‐ ‐ 
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4.3.2 Gene ontology of miR-141-3p predicted downstream targets 

IPA and TargetScan were used to identify predicted downstream targets of miR-141-

3p, and the PANTHER Classification System was used for multiple function/gene 

ontology analyses. IPA revealed 13 genes from the RNA-Seq dataset to be targets of 

miR-141-3p that lead to downstream effects and differential gene expression (Table 

4.4). Whereas TargetScan revealed a total of 654 genes from the Rattus norvegicus 

genome to be targeted by miR-141-3p. Analysing the molecular function of these 

miR-132-3p

Articular Tracheal
0.000

0.005

0.010

0.015

0.020

0.025

R
e

la
ti

v
e

 E
x

p
re

s
s

io
n

miR-140-5p

Articular Tracheal
0.00

0.05

0.10

0.15

R
e

la
ti

v
e

 E
x

p
re

s
s

io
n

J I 

miR-34a-5p

Articular Tracheal
0.0

0.5

1.0

1.5

R
e

la
ti

v
e

 E
x

p
re

s
s

io
n

miR-30c-5p

Articular Tracheal
0.0

0.1

0.2

0.3

0.4 *

R
e

la
ti

v
e

 E
x

p
re

s
s

io
n

L K 

Figure 4.1: Relative expression of miRNAs identified as upstream regulators 
between tracheal and articular chondrocytes obtained using qPCR 
quantification. Expression of A) miR-125a-5p B) miR-214-5p C) miR-29b-3p D) Let-7a-1-
3p E) miR-181a-5p F) miR-27-3p G) miR-1-2-5p H) miR-141-3p I) miR-132-3p J) miR-140-
5p K) miR-34a-5p and L) miR-30c-5p. miRNA expression was normalised with U6 as 
housekeeping gene. Each point indicates a biological replicate (AC; blue; n=6. TC; red; 
n=6). Error bars represent SEM. Graphs were created using GraphPad Prism 8. Paired t-
test was used to statistically analyse the data. * denotes p<0.05.   
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genes with PANTHER indicated that the majority of these genes identified from 

TargetScan, and IPA were involved in binding (Figure 4.2A & B), of which 32 genes 

were implicated in ion binding and 3 in neurotransmitter binding according to 

TargetScan prediction (Figure 4.2C). A closer inspection of the genes involved in ion  

binding revealed 27 genes associated with anion binding in comparison to 10 genes 

involved in cation binding (Figure 4.2D).  

 

The biological processes linked with the targets of miR-141-3p were also analysed 

and these revealed links to cellular component organisation or biogenesis, 

developmental processes, and signalling (Figure 4.2E). Moreover, the cellular 

components such as cell junction, membrane and synapse were found to be 

associated with the predicated target genes of miR-141-3p (Figure 4.2F). The protein 

class of these predicted targets of miR-141-3p also gives an indication of the type of 

genes that could potentially be regulated by this miRNA, it revealed protein classes 

such as calcium-binding, cell junction, cytoskeletal, extracellular matrix, 

transmembrane signal receptor and transporter proteins (Figure 4.2G).  

 

Finally, the pathways associated with these miR-141-3p targets included cytoskeletal 

regulation by Rho GTPase, FGF signalling, GABA-β receptor signalling, hedgehog 

signalling, IGF pathway/protein kinase β signalling cascade, ionotropic glutamate 

receptor pathway, metabotropic glutamate receptor pathways, muscarinic and 

nicotinic acetylcholine receptor signalling pathways, TGF-beta signalling, and Wnt 

signalling pathway (Figure 4.2H). In addition, upon inspecting the target genes of miR-

141-3p, 15 ion channel genes were identified to be predicted targets of miR-141-3p 
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Figure 4.2: Gene ontology analysis of miR-141-3p targets. TargetScan revealed 654 
targets of miR-141-3p, analysis of these targets with PANTHER classification system 
functional analysis identified A) Molecular functions with the majority being related to 
binding. B) Analysis of targets identified from IPA also revealed molecular functions 
largely related to binding C) A closer look into binding reveals 32 genes implicated in ion 
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These ion channel genes include Lrrc8a, Cacna1g and Ano1. These ion channel genes 

were further investigated using TargetScan to explore if they are direct targets of 

miR-141-3p. This revealed a conserved alignment of a putative miR-141-3p target site 

within the 3’-UTR of Lrrc8a (Figure 4.5A) but did not show target sites for Cacna1g 

and Ano1.  

  

4.3.3 Tracheal and articular chondrocyte transfection with miR-141-3p 

To assess the effect of miR-141-3p on a selection of ion channel genes, both tracheal 

and articular chondrocytes were transfected with miR-141-3p mimic, antagomiR and 

scrambled control. These miRNA sequences were tagged with a 3’-FAM label (Table 

4.3) in order to allow visualisation of transfection efficiency and facilitate transfection 

optimisation. Tracheal and articular chondrocytes were transfected with 50 nM, 100 

nM, and 200 nM of miR-141-3p mimic, antagomiR and scrambled control to 

determine the optimal concentration for best transfection efficiency. Fluorescent 

imaging to visualise the tagged 3’-FAM labels (Figure 4.3) along with qPCRs of two 

different batches of RNA and cDNA determined 50 nM as the optimal concentration 

for miR-141-3p mimic and 100 nM as the optimal transfection concentrations for 

miR-141-3p antagomiR as at these concentrations, more chondrocytes were 

transfected with miR-141-3p mimic (Figure 4.3C) or antagomiR (Figure 4.3D). Two 

concentrations of scrambled control (50nM and 100nM) were used to allow for 

comparison with mimic and antagomiR (Figure 4.3B).  

 

Following the transfection with the optimal concentrations, qPCR quantification of 

miR-141-3p expression levels was carried out to further validate the success of the 
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transfection.  This showed that transfection of tracheal chondrocytes with miR-141-

3p mimic significantly increased miR-141-3p expression compared to scrambled 

control (p<0.01) and transfection with antagomiR (AM-141-3p) significantly 

decreased miR-141-3p expression compared to scrambled control (p<0.05) (Figure 

4.4A & B). This was also observed in articular chondrocytes transfected with miR-141-

3p mimic, where the miR-141-3p levels were significantly increased compared to 

scrambled control (p<0.01), however the levels of miR-141-3p were not significantly 

different following antagomiR (AM-141-3p) transfection (Figure 4. 4C & D).   

 

4.3.4 Ion channel genes targeted by miR-141-3p following transfection  

Following  the successful transfection of tracheal and articular chondrocytes, qPCR 

quantification of Lrrc8a, Cacna1g and Ano1 genes was performed on chondrocytes 

transfected with miR-141-3p mimic, antagomiR and scrambled control (Figure 4.5 & 

4.6). The expression levels of Lrrc8a were significantly decreased in tracheal and 

articular chondrocytes (p<0.0001 for both) following transfection with miR-141-3p 

mimic (Figure 4.5B & C) with levels of Lrrc8a being significantly lower in tracheal 

chondrocytes in comparison with articular chondrocytes (p<0.05) (Figure 4.6A). 

Lrrc8a expression was significantly increased in tracheal chondrocytes following 

transfection with AM-141-3p antagomiR as well as in articular chondrocytes (p<0.001 

for both) (Figure 4.5D & E). Tracheal chondrocytes had also significantly lower levels 

of Lrrc8a than articular chondrocytes (p<0.001) (Figure 4.6B).  
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Figure 4.3: Representative immunofluorescence of tracheal chondrocytes 
transfected with miR-141-3p. A) vehicle control (control) and different concentrations 
(50, 100 and 200 nM) of B) Scramble control (Scr) C) miR-141-3p mimic (miR-141-3p) and 
D) AntagomiR (AM-141-3p). Images were obtained at x20 magnification with Zeiss LSM 
800 confocal microscope. 3’-FAM tag was excited at 488 nm and emission spectra were 
recorded between 500-600 nm. Scale bar: 100 µm.  
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The expression of Cacna1g was also significantly decreased in tracheal chondrocytes 

following transfection with miR-141-3p mimic (p<0.001) but not in articular 

chondrocytes (Figure 4.5F & G) and comparison between the two chondrocyte types 

also showed no significant difference (Figure 4.6C). Whereas the expression of 

Cacna1g was not different in tracheal chondrocytes post transfection with AM-141-
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Figure 4.4: qPCR quantification of relative expression of miR-141-3p levels 
following transfection of tracheal and articular chondrocytes with miR-141-3p. 
Expression of A) miR-141-3p in tracheal chondrocytes following transfection with 
scramble control (Scr) and miR-141-3p mimic. B) miR-141-3p in tracheal chondrocytes 
following transfection with scramble control (Scr) and miR-141-3p antagomiR. C) miR-141-
3p in articular chondrocytes following transfection with scramble control (Scr) and miR-
141-3p mimic. D) miR-141-3p in articular chondrocytes following transfection with 
scramble control (Scr) and miR-141-3p antagomiR. TC: red; n=6. AC: blue; n=6. Expression 
levels of miR-141-3p were normalised with SNORD61 housekeeping gene. Error bars 
represent SEM. Graphs were created using GraphPad Prism 8. Unpaired t-test was used 
to statistically analyse the data. * denotes p<0.05 and ** denotes p<0.01. 
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3p antagomiR but significantly increased in articular chondrocytes (p<0.001) (Figure 

4.5H & I) and comparison between the two cartilage types also showed no significant 

difference (Figure 4.6D).  

 

Finally, the expression levels of Ano1 post transfection with miR-141-3p mimic were 

not significantly different in tracheal or articular chondrocytes in comparison to  

scramble control (Figure 4.5J & K) and when comparing the expression levels of Ano1 

after miR-141-3p mimic transfection there was no significant difference between 

trachea and articular chondrocytes (Figure 4.6E). However, transfection with AM-

141-3p antagomiR indicated that inhibition of miR-141-3p significantly increased 

Ano1 expression in tracheal chondrocytes (p<0.05) (Figure 4.5L) but not in articular 

chondrocytes (Figure 4.5M) and when the levels of Ano1 expression post AM-141-3p 

antagomiR transfection were compared between tracheal and articular chondrocytes 

there was also no significant difference (Figure 4.6F).  
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Figure 4.5: qPCR quantification of relative expression of ion channel genes in 
tracheal and articular chondrocytes following transfection with miR-141-3p. A) 
Alignment of rno-miR-141-3p sequence with putative target site in the 3’-UTR of Lrrc8a 
gene. Conserved human and rat target sites are indicated in red and miR-141-3p seed 
sequence is shown in blue. Expression of Lrrc8a following transfection of B) Tracheal 
chondrocytes (TC) with scramble control (Scr) and miR-141-3p mimic, C) Articular 
chondrocytes (AC) with Scr and miR-141-3p mimic, D) TC with Scr and miR-141-3p 
antagomiR and E) AC with Scr and miR-141-3p antagomiR. Expression of Cacna1g 
following transfection of F) TC with Scr and miR-141-3p mimic, G) AC with Scr and miR-
141-3p mimic, H) TC with Scr and miR-141-3p antagomiR and I) AC with Scr and miR-141-
3p antagomiR. Expression of Ano1 following transfection of J) TC with Scr and miR-141-3p 
mimic. G) AC with Scr and miR-141-3p mimic. H) TC with Scr and miR-141-3p antagomiR 
and I) AC with Scr and miR-141-3p antagomiR. All genes were normalised to Hprt1 
housekeeping gene. Error bar represents SEM. Data was statistically analysed with 
MANOVA in Minitab.  TC: red; n=5. AC: blue; n=5. * denotes p<0.05, ** p<0.01 *** 
p<0.001 and **** p<0.0001.  
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Figure 4.6: Comparison of expression levels of ion channel genes between 
tracheal and articular chondrocytes following transfection with miR-141-3p 
using qPCR quantification. Expression of Lrrc8a following transfection of tracheal and 
articular chondrocytes with A) miR-141-3p mimic and B) miR-141-3p antagomiR. 
Expression of Cacna1g following transfection of tracheal and articular chondrocytes with 
C) miR-141-3p mimic and D) miR-141-3p antagomiR. Expression of Ano1 following 
transfection of tracheal and articular chondrocytes with E) miR-141-3p mimic and F) miR-
141-3p antagomiR. All genes were normalised to Hprt1 housekeeping gene. Error bars 
represent SEM. Graphs were created using GraphPad Prism 8. Paired t-test was used to 
statistically analyse the data. TC: red; n=5. AC: blue; n=5. * denotes p<0.05 and ** p<0.01. 
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4.4 Discussion  

In this chapter a transcriptomic and bioinformatic approach was used to identify 

factors driving the differential gene expression between the trachea and articular 

chondrocytes. miRNA upstream regulators were identified from the transcriptomic 

data and their expression between tracheal and articular chondrocytes was validated 

with qPCRs which revealed for the first time miR-141-3p expression to be significantly 

increased in articular chondrocytes compared to tracheal chondrocytes. Investigation 

of the predicted target genes of miR-141-3p using multiple bioinformatic tools 

showed novel links to ion channels and chondrocyte associated signalling pathways. 

As well as unveiling a putative miR-141-3p target site in the 3’-UTR of Lrrc8a ion 

channel gene.  Successful transfection of the two chondrocyte types with miR-141-

3p showed that miR-141-3p mimic and antagomiR target ion channel genes and 

change their expression in both chondrocyte type.  

 

4.4.1 Comparison of miRNA expression in tracheal and articular 

chondrocytes 

Among the 55 miRNAs identified, 10 miRNAs were chosen from the IPA dataset based 

on their relation to cartilage physiology and disease and two miRNAs, miR-140-5p 

and miR-125a-5p, were chosen from the literature. These two miRNAs were not 

identified from our RNA-seq dataset to be upstream regulators; however, they have 

been shown to play roles in chondrogenesis, cartilage physiology and disease 

(Papaioannou et al., 2013, Miyaki et al., 2010, Tuddenham et al., 2006, Matsukawa 

et al., 2013, Yu et al., 2015b). Despite miR-140-5p not being detected as an upstream 
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regulator, its expression was detected in both chondrocyte type (Figure 4.1J). miR-

140-5p was potentially not identified as an upstream regulator because it may not 

drive downstream changes in gene expression between trachea and articular 

chondrocytes, this was supported by the fact that its expression was not significantly 

different between the two chondrocyte type; this also was the case for miR-125a-5p.  

 

The observed variance in the expression of miRNAs between the articular and 

tracheal chondrocytes could be attributed to the genetic variation between rats as 

primary chondrocytes were used. To ensure that the variance was minimised, RNA 

was extracted from cells that were at passage one. However, there was still variation 

between the biological replicates which could be due to miRNA expression variability 

which may lead to non-genetic cell to cell heterogeneity in miRNA expression (Wang 

et al., 2019). miRNA expression and action has also been shown to be context-

dependent whereby slight differences in environmental conditions can alter miRNA 

expression (Erhard et al., 2014, Bartel, 2018). It was not surprising that the expression 

of most miRNA between trachea and articular chondrocytes did not show significant 

differences as miRNAs are dynamically expressed in multiple tissues and as observed 

in chapter 3, the two chondrocyte types showed great similarity in their 

transcriptome and channelome. Interestingly, two miRNAs, miR-30c and miR-141-3p, 

had significantly different expression between trachea and articular chondrocytes.  

 

The increased expression of miR-30c in tracheal cartilage compared to articular 

cartilage coincides with the fact that miR-30 is vital for tracheal cartilage 

development, whereby it has been shown to repress an FGF growth factor, snail, to 
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enable the differentiation of chondrocytes. Deletion of miR-30c de-represses this 

growth factor, causing poor deposition of ECM components and malformation of 

cartilage rings (Gradus et al., 2011). On the other hand, the role of miR-141-3p in 

cartilage homeostasis has not been investigated. Hence, this chapter focused on miR-

141-3p, which was shown to have significantly increased expression in articular 

chondrocytes compared to tracheal chondrocytes (Figure 4.1H).  

 

4.4.2 Gene ontology of miR-141-3p predicted downstream targets 

Gene ontology analysis of the miR-141-3p targets predicted using IPA and TargetScan 

indicated that the main molecular function associated with these targets was binding, 

of which 32 genes were involved in ion binding and 3 in neurotransmitter binding 

(Figure 4.2C). A panel of 15 ion channel genes were also shown to be targets of miR-

141-3p from TargetScan. Together this data indicates that miR-141-3p may have an 

important role in ion channel homeostasis of chondrocytes. Interestingly the ion 

binding revealed that there were more genes targeted by miR-141-3p that were 

involved in anion binding (27 genes) than cation binding (10 genes) (Figure 4.2D). This 

is interesting as a target of miR-141-3p is the anion channel Lrrc8a which is a VRAC 

channel. Some of the notable biological processes that are associated with miR-141-

3p targets such as ‘signalling’, ‘cellular component organisation and biogenesis’, ‘cell 

population proliferation’ and ‘developmental processes’ (Figure 4.2E) complement 

the function of miR-141-3p as it was shown to negatively regulate the proliferation, 

migration and apoptosis of colorectal cancer cells (Xing et al., 2020a).  
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miR-141-3p also had an effect on multiple signalling pathways, whereby transfection 

of colorectal cancer cells with miR-141-3p mimic caused E-cadherin expression to 

increase, and the level of N-cadherin, Snail, and Vimentin to significantly decrease 

(Xing et al., 2020a). The fact that miR-141-3p also targets snail and represses its 

expression is important as snail was shown to be targeted by miR-125 and miR-30c 

in tracheal chondrocytes, which also repressed its expression as previously discussed. 

Deletion of these miRNAs was found to lead to the malformation of cartilage rings as 

chondrocytes were not able to differentiate properly when snail expression was 

increased (Gradus et al., 2011). Thus, the expression of miR-141-3p in tracheal 

chondrocytes may be vital for cartilage formation and may act as a mechanism along 

with miR-125 and miR-30c to repress snail and regulate chondrocyte differentiation 

and hence cartilage formation.  

 

Many of the cellular components identified from gene ontology analysis of miR-141-

3p targets such as ‘membrane’, ‘membrane part’, ‘synapse part’, ‘synapse’ and ‘cell 

junction’ are associated with ion channels (Figure 4.2F). This was reflected in the 

protein class, which displayed links to ion channels with ‘cell junction protein’, 

‘membrane traffic protein’, ‘transfer carrier protein’, ‘calcium binding protein’ and 

‘transporter protein’ being amongst the top protein class hits (Figure 4.2G). Whereas 

‘ECM proteins’ and ‘cytoskeletal protein’ hits indicate links to chondrocyte function 

(Figure 4.2G). One study showed that miR-141-3p targets a number of genes 

important in chondrogenesis such as Runx1, a transcription factor expressed during 

MSCs differentiation to chondrocytes and Hs2st1 (LeBlanc et al., 2015). Hs2st1 codes 
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for a heparin sulfate biosynthetic enzyme that also plays a role in chondrogenic 

differentiation (Wang et al., 2013, Zhao et al., 2015).  

 

Most of the pathways associated with miR-141-3p targets from the gene ontology 

analysis were involved in chondrogenesis such as the ‘cytoskeletal regulation by Rho 

GTPase’, ‘FGF signalling’, ‘hedgehog signalling’, ‘IGF pathway/protein kinase β 

signalling cascade’, ‘TGF-beta signalling’, and ‘Wnt signalling pathway’ (Figure 4.2H). 

As well as that pathways associated with ion channels were also amongst the top 

pathways such as ‘GABA-β receptor signalling’, ‘ionotropic glutamate receptor 

pathway’, ‘metabotropic glutamate receptor pathways’, ‘muscarinic and nicotinic 

acetylcholine receptor signalling pathways’ (Figure 4.2H). These data provide 

evidence that miR-141-3p may be a key miRNA in chondrocyte homeostasis and 

normal cartilage formation.  

 

Although mirBase and TargetScan platforms are useful, it should be noted that they 

are only prediction tools and that the interaction of miRNAs with their target should 

be verified using other means such as 3’-UTR reporter assay, northern blot, qPCR, 

western blot, transcriptomic and proteomic analysis (van Rooij, 2011). Recently, it 

was shown that miRNA mediated effects on target expression and translation can be 

determined using quantitative RNA-seq and sub-codon resolution ribosomal 

footprinting (Wessels et al., 2019). In addition, gain and loss of function analysis 

through the transfection of the cells with miRNA mimics and antagomiRs must also 

be used to validate the effect of these miRNAs on the biological function of cultured 

cells. Hence, tracheal and articular chondrocytes were transfected with scrambled 
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sequence as a control and miR-141-3p mimic and antagomiR to exogenously express 

or inhibit miR-141-3p. 

 

4.4.3 Ion channels genes targeted by miR-141-3p in tracheal and 

articular chondrocytes 

Transfection of tracheal and articular chondrocytes with miR-141-3p was shown to 

be successful and efficient as miR-141-3p mimic significantly increased miR-141-3p 

levels in  both chondrocyte types (Figure 4.4A & C) and antagomiR significantly 

decreased miR-141-3p levels in tracheal chondrocyte (Figure 4.4B). However, it did 

not cause its significant decrease in articular chondrocytes (Figure 4.4D). This could 

be due to the antagomiR no longer being bound to miR-141-3p after RNA isolation. 

miR-141-3p also had the most significant overlap p-value amongst the upstream 

miRNAs. This indicates that there is a significant overlap between the RNA-Seq genes, 

and the genes regulated by miR-141-3p. Thus, miR-141-3p could be driving the 

differential gene expression between tracheal and articular chondrocytes through 

targeting the 13 genes predicted with IPA of amongst which Cacna1g was identified 

(Table 4.4).  

   

Analysing the sequences of some of the ion channel genes predicted to be targets of 

miR-141-3p with TargetScan revealed that Lrrc8a had a putative target site of miR-

141-3p in the 3’-UTR that was conserved amongst species, including human and rat 

(Figure 4.5A). This indicates that miR-141-3p may directly target Lrrc8a and cause 

changes in its expression level. Transfection of miR-141-3p mimic caused the 

significant decrease of Lrrc8a levels in both tracheal and articular chondrocytes, 
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indicating that the targeting of Lrrc8a by miR-141-3p must have an important role in 

cartilage physiology as not only is the target site conserved amongst species but miR-

141-3p affected Lrrc8a levels in chondrocytes from the two different sites of cartilage 

(Figure 4.5B & C). It was observed that miR-141-3p mimic reduced Lrrc8a expression 

more in tracheal chondrocytes than articular chondrocytes. This could be because 

the expression of Lrrc8a is significantly higher in articular chondrocytes as observed 

from the RNA-seq and qPCR data (Figure 3.13B & Figure 3.15B) and hence there were 

more Lrrc8a mRNA for miR-141-3p to target in articular chondrocytes.  

 

To further validate whether miR-141-3p targets Lrrc8a and decreases its expression, 

chondrocytes were also transfected with miR-141-3p antagomiR. This had opposite 

effect of what was observed with miR-141-3p mimic. The inhibition of miR-141-3p 

caused the significant increase in Lrrc8a expression, which was again more 

pronounced in tracheal chondrocytes as the expression of Lrrc8a is higher in articular 

chondrocytes (Figure 4.5D & E). This is an important finding as Lrrc8a is an essential 

subunit in the expression of functional VRAC (Syeda et al., 2016). VRAC are essential 

for many biological processes, one of their main functions is to regulate cell volume 

by modulating RVD in chondrocytes, this is important as it allows chondrocytes need 

to be able to change their volume as the joint moves (Lewis et al., 2011b). Cell volume 

regulation is also important in diseases of cartilage, as cell volume increase is 

associated with OA progression (Hdud et al., 2014). Future studies would further 

validate Lrrc8a targeting by miR-141-3p through luciferase gene reporter assays to 

determine direct binding of miR-141-3p to the 3’-UTR region of Lrrc8a as well as 

validate Lrrc8a protein expression using western blot analysis.  
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Another ion channel gene predicted to be a downstream target of miR-141-3p from 

IPA was Cacna1g. Measuring the expression levels of Cacna1g in chondrocytes 

transfected with miR-141-3p mimic indicated a significant decreased in Cacna1g 

levels in tracheal chondrocytes (Figure 4.5F). However, this was not observed in 

articular chondrocytes (Figure 4.5G). On the other hand, inhibiting miR-141-3p 

significantly increased Cacna1g expression in articular chondrocytes, and although it 

also increased it in tracheal chondrocytes, the increase in expression was not 

significant (Figure 4.5H & I). Cacna1g expression levels are significantly higher in 

tracheal chondrocytes in comparison to articular chondrocytes. This was shown in 

both RNA-Seq and qPCR data (Figure 3.10G & Figure 3.15D). Analysis of the 

sequences of Cacna1g and miR-141-3p using miRBase and TargetScan did not show a 

putative target site for miR-141-3p in Cacna1g 3’-UTR. This indicates that Cacna1g 

could be indirectly targeted by miR-141-3p, causing downstream effects on its 

expression levels. A luciferase gene reporter assay in future studies would determine 

whether there is direct binding between miR-141-3p and Cacna1g mRNA. 

 

Cacna1g belongs to voltage-gated calcium channels. Its expression in cartilage is 

important, as intracellular transient Ca2+ is fundamental in differentiation initiation 

of MSCs into chondrocytes during chondrogenesis. Interestingly another group have 

shown Cacna1g along with its relative subtype, Cacna1h to be amongst genes 

differentially expressed in articular cartilage (Kemper et al., 2019). Although Cacna1h 

was not found to be amongst the genes targeted by miR-141-3p, it was observed to 

be differentially expressed in the RNA-Seq data (Appendix, Table A.1). Cacna1h had 

higher expression in tracheal chondrocytes compared to articular chondrocytes. This 
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is interesting, as another group have shown Cacna1h to be essential for tracheal 

cartilage chondrogenesis, whereby its deletion causes a reduction in Sox9 expression 

and malformation of cartilage rings (Lin et al., 2014b). 

 

Although Ano1 was not shown to be a target of miR-141-3p from IPA or TargetScan 

data, it was amongst the top 1/3 predicted targets of miR-141-3p in human when 

miR-141-3p targets were analysed with miRDIP. Therefore, it was interesting to 

investigate whether miR-141-3p affects its expression in rat as miR-141-3p is 

conserved amongst humans and rats. Transfection with miR-141-3p mimic did not 

show significant difference in either tracheal or articular chondrocytes (Figure 4.5J & 

K). However, transfection of miR-141-13p antagomiR indicated that the inhibition of 

miR-141-3p causes the significant increase of Ano1 expression levels in tracheal 

chondrocytes (Figure 4.5L). This was also observed in articular chondrocytes but was 

not a significant increase (Figure 4.5M). This indicates that miR-141-3p may be 

targeting Ano1 indirectly as it did not have a target site for miR-141-3p in its 3’-UTR 

region. To fully validate if miR-141-3p directly or indirectly targets Ano1, a luciferase 

gene reporter assay would assert the type of binding between miR-141-3p and Ano1 

mRNAs.  

 

It remains unknown why miR-141-3p acts differently in tracheal and articular 

chondrocytes. Perhaps the slight differences in chondrocyte environment and the 

transcriptome and channelome they express affects the regulation of miRNA 

expression (Erhard et al., 2014). Perhaps miR-141-3p expression is used as a 
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mechanism to carry out the cartilage specific functions. Future studies would explore 

the cofactors and elements that lead to these differences.  

 

One of the limitations encountered during this study was that the initial design of the 

RNA-Seq was not specific to identify miRNA. As initially, the aim of this project was 

to assess the gene expression between tracheal and articular chondrocytes. The 

number of miRNAs identified as upstream regulators was not expected. Hence in the 

future, RNA-seq designed to specifically quantify small RNAs should be performed. In 

addition, there was variation in the expression levels of ion channel genes in 

transfected chondrocytes. This could be because of the heterogeneity in the genetics 

between rats; a higher number of replicates in the future would reduce this variation 

and give a better indication of the effects of miR-141-3p on these genes.   

 

Overall, using an unbiased transcriptomic and bioinformatic approach this chapter 

provided novel evidence that miR-141-3p is a key upstream regulator miRNA in 

cartilage physiology; whereby its regulation of ion channel genes may be vital for 

chondrocyte function and homeostasis. The impact of miR-141-3p on tracheal and 

articular chondrocytes function will be evaluated in the next chapter, where 

functional assay will be used to investigate miR-141-3p gain and loss of function on 

chondrocyte homeostasis.  



150 

 

5 The effect of miR-141-3p on chondrocyte physiology  

5 The effect of miR-141-3p 

on chondrocyte physiology 
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5.1 Introduction  

MicroRNAs have a role in many vital cellular functions. They are able to epigenetically 

regulate gene expression and influence downstream cellular functions. Ion channel 

genes were shown in the previous chapter to be targeted and regulated by  miRNA. 

Ion channels maintain the resting membrane potential (RMP) of cells, which regulates 

a variety of cellular processes including migration and proliferation (Abdul Kadir et 

al., 2018). Many of the mechanisms by which ion channels regulate cell migration and 

proliferation are related to the housekeeping functions exerted by ion transport 

proteins such as regulating the cell volume, intracellular Ca2+ levels and intra- and 

extracellular pH.  

 

Studies have previously shown that miRNA can affect the proliferation and migration 

of chondrocytes (Song et al., 2013, Gu et al., 2017). Chondrocytes respond to stress 

signals, injury and external signalling factors by initiating proliferation (Adams and 

Shapiro, 2002). Proliferation in chondrocytes is affected by multiple cytokines, 

growth factors and signalling pathways (Chen et al., 2008, Enomoto-Iwamoto et al., 

1997, Wuelling and Vortkamp, 2011). These factors also regulate the migration of 

chondrocytes, which is important during development and pathology (Morales, 

2007). The endogenous expression of miR-141-3p and its inhibition was shown in the 

previous chapter to cause changes in Lrrc8a, Cacna1g and Ano1 ion channel gene 

expression. In this chapter, the effect of miR-141-3p mimic and antagomiR on 

chondrocyte function is investigated, focusing on the RMP, proliferation and  

migration, which are all affected by changes in ion channel genes.  

 



152 

 

5.1.1 Role of Ion channels in migration and proliferation  

The complement of ion channels expressed by a cell contribute to its RMP and 

changes in gene expression and/or function of these ion channels leads to changes in 

the RMP. The regulation of proliferation and migration by the RMP is well defined in 

non-excitable cells such as chondrocytes (Abdul Kadir et al., 2018). The inhibition of 

Na+ and K+ ion channels with antagonists was shown to temporarily cause an increase 

in the proliferation of chondrocytes, however inhibiting these ion channels long term 

causes the inhibition of chondrocyte proliferation (Wohlrab et al., 2002).  

 

The connection between free intracellular Ca2+ and proliferation has been well 

established (Al-Ani et al., 1988, Amigorena et al., 1990, Breitkreutz et al., 1993). The 

block of L-type voltage-gated calcium channels by nifedipine was shown to abolish 

mechanically stimulated chondrocyte proliferation (Wu and Chen, 2000). This is also 

seen in potassium channels, whereby blocking K+ channels with tetraethylammonium 

(TEA) and 4-aminopyridine (4-AP) also decreases chondrocyte proliferation (Wohlrab 

et al., 2001, Wohlrab et al., 2004). It has been suggested that the mechanism through 

which these ion channels regulate chondrocyte proliferation is through the 

modulation of the RMP which would indirectly change the cell’s proliferation 

(Mobasheri et al., 2012). In addition to regulating proliferation, ion channel have also 

been implicated in the regulation of cell migration.  

 

An extensive list of ion channels involved in the regulation of migration is reviewed 

in (Schwab et al., 2012a). Amongst those ion channels, aquaporins have been shown 

to regulate the migration of chondrocytes, whereby the inhibition of Aqp1 causes the 
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reduction of chondrocyte migration and adhesion (Liang et al., 2008). It was also 

shown that an increase in intracellular Ca2+ through the activation of purinergic 

receptors with ATP, stimulates calcium-activated K+ channels and causes a 

hyperpolarisation of the RMP which causes changes to the chondrocyte migration 

and proliferation (Suzuki et al., 2020b). There are not many studies on the effects of 

ion channels on chondrocyte migration. However, ion channels are known to regulate 

migration in different cell types. For example, VRAC which require Lrrc8a subunit to 

function, were also shown to have a role in cell migration whereby the inhibition of 

VRAC currents reduces the migration of glioma cells (Ransom et al., 2001, Soroceanu 

et al., 1999). In addition, Ano1 was also shown to regulate cell migration in different 

cancer cells. It was shown that when overexpressed, Ano1 causes an enhancement 

in the migration of head and neck carcinoma cells (Ayoub et al., 2010).  

 

5.1.2 Chondrocyte proliferation and migration 

In the early stages of postnatal development, chondrocyte proliferation is important 

and is tightly regulated to ensure normal cartilage and bone formation (Wuelling and 

Vortkamp, 2011). Signalling pathways and growth factors involved in 

chondrogenesis, such as Ihh, BMP, FGF, and Wnt signalling, all regulate chondrocyte 

proliferation as reviewed in (Wuelling and Vortkamp, 2011). Ihh directly activates 

chondrocyte proliferation by inducing the expression of Parathyroid hormone-

related protein (PTHrP) (St-Jacques et al., 1999). Ihh signalling is mediated by Gli 

transcription factors, which are a family made up of Gli1, Gli2 and Gli3 (Alman, 2015). 

In Gli2-/- null mice, Gli2 was shown to activate chondrocyte proliferation whereas Gli3 

acts in the opposite manner and inhibits chondrocyte proliferation (Mau et al., 2007). 
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Another study showed that in Ihh null mice, Gli3 restores chondrocyte proliferation 

(Hilton et al., 2005). Hence, the balance between the Gli receptor and activator forms 

is essential for the regulation of chondrocyte proliferation downstream of Ihh. Gli 

transcription factors have been shown to be targeted by miRNAs, affecting the Ihh 

signalling pathway and altering the proliferation of cells (Yu et al., 2015a, Cao et al., 

2016).  Ihh is important for chondrocyte physiology. The activation of the Ihh 

signalling pathway not only affects cell proliferation, but it also impacts cell 

migration. Ihh activates migration through the Integrin β4 subunit (ITGB4) mediated 

focal adhesion kinase (FAK) pathway (Chen et al., 2014b).  

 

Similar to proliferation, chondrocyte migration is controlled by various signalling 

pathways (Takebayashi et al., 1995, Maniwa et al., 2001). However, chondrocyte 

migration is slightly different to other cell type’s migration, as chondrocytes have to 

migrate through the dense ECM. A number of studies have shown that chondrocytes 

are able to migrate under different stimuli such as Insulin-like growth factor-I, Runx2 

and fibrin (Chang et al., 2003, Fujita et al., 2004, Kirilak et al., 2006). Chondrocytes 

have also been shown to migrate in 3D collagen gels (Gosiewska et al., 2001, Frenkel 

et al., 1996). Migration is not usually taken into account for chondrocytes as once 

they differentiate and synthesise the ECM, they are perceived to stay put. However,  

chondrocyte migration is key in the repair process of cartilage post injury. It is also an 

important factor in tissue engineering of cartilage as regulating the migration of 

tissue-engineered chondrocytes would aid in the long-term restoration of the joint 

surface (Lu et al., 2013). Cartilage is difficult to heal, as it does not repair defects 

effectively. Hence manipulating the migration and proliferation of chondrocytes 
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would aid in the restoration of the cartilage surface post injury/damage. One 

approach that can be adapted to manipulate chondrocyte migration and proliferation 

is through epigenetic regulation with miRNAs. As well as affecting proliferation, 

miRNAs have also been shown to regulate chondrocyte migration (Song et al., 2013, 

Gu et al., 2017).  

 

5.1.3 Role of miR-141-3p in proliferation and migration 

Numerous studies have shown miRNAs to regulate cell proliferation and migration, 

with two miRNAs, miR-195 and miR-197, regulating chondrocyte migration and 

proliferation (Gu et al., 2017, Gao et al., 2020). However, the role of miR-141-3p in 

cartilage and chondrocytes has not yet been investigated. Despite this, miR-141-3p 

has been extensively studied in cancer biology and has been shown to have a dual 

role of being an oncogene and tumour suppressor gene as reviewed in (Gao et al., 

2016). miR-141-3p plays an essential role in the migration and proliferation of 

different cancer types, either potentiating disease progression or posing as a possible 

therapeutic target (Gao et al., 2016). miR-141-3p plays a dual role in proliferation of 

cancer cells and was shown to inhibit the proliferation of human stromal stem cells 

(Qiu and Kassem, 2014) and gastric cancer cells (Griffiths-Jones S, 2006, Chen et al., 

2014a). However, in pancreatic ductal adenocarcinoma cells and non-small cell lung 

cancer cells it was shown to enhance proliferation (Kent et al., 2009, Mei et al., 2014).  

 

This dual effect of miR-141-3p on proliferation of cancer cells is not seen in migration. 

miR-141-3p has an inhibitory effect on migration of cancer cells, where it was shown 

to supress migration of gastric cancer cells (Chen et al., 2014a), colorectal cancer cells 
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(Hu et al., 2010) and pancreatic cancer cells (Xu et al., 2014). Although the effect of 

miR-141-3p on chondrocyte migration and proliferation is unknown, the above 

evidence indicates that miR-141-3p plays a key role in cell proliferation and 

migration. Interestingly, miR-141-3p was identified in the previous chapter to be an 

important upstream regulator that targets ion channels in tracheal and articular 

chondrocytes.  

 

5.1.4 Aims  

Studies have shown that ion channels are involved in the regulation of proliferation 

and migration of chondrocytes by modulating the RMP (Schwab et al., 2012b, 

Wohlrab et al., 2002). miR-141-3p has been well established in regulating the 

proliferate and migration of different cancer cells as discussed above. However, its 

effect on chondrocyte function is unknown. In the previous chapter, miR-141-3p was 

identified as an upstream regulator that altered Lrrc8a, cacna1g and Ano1 gene 

expression. This change in the expression of these ion channel genes will in turn affect 

the RMP of chondrocytes and hence their ability to proliferate and migrate. Hence, 

the aim of this chapter is to evaluate the effects of miR-141-3p transfection on the 

function of chondrocytes. This will be assessed by investigating the effect of miR-141-

3p mimic and antagomiR on chondrocyte RMP, proliferation and migration.   
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5.2 Methods 

5.2.1 RMP measurement  

The RMP was measured using whole-cell patch clamp in current clamp mode using 

the Axopatch 200A amplifier (Axon Instruments, USA) as described in chapter 2.5.  

The glass pipettes used had slightly lower resistance than those used for cell-attached 

patch clamp experiments (4-8 mΩ). A standard physiological saline was used for both 

intracellular and extracellular solutions (Table 2.5). Electrophysiological data were 

digitized and analysed using the WinEDR program (John Dempster, University of 

Strathclyde) and QuB software (Qin et al., SUNY, Buffalo, NY, USA). Graphs and 

statistical analyses were generated using GraphPad Prism 8. 

 

5.2.2 Ki67 proliferation assay   

Following the transfection of chondrocytes with miR-141-3p mimic, antagomiR and 

scrambled control, the FCS-free DMEM was changed after 6 hours to DMEM with 10% 

FCS and cells were incubated for 48 hours. Following the incubation, cells were 

immunostained  Ki67 (ab16667; Abcam, UK) primary antibody and AF488 (A11029; 

Life Technologies, UK) secondary antibody as described in chapter 2.2. Cells were left 

in PBS following immunocytochemistry and imaged using the Nikon Eclipse Ti live cell 

microscope. AF488 was excited at 488 nm and emission spectra were recorded 

between 500-600 nm. DAPI was excited at 374 nm and emission was recorded at 748 

nm. Images were acquired using x40 objective and analysed using the ImageJ 

software where the percentage of cells expressing ki67 was determined in relation to 
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DAPI expression. Fisher’s individual test for differences of means was used to 

statistically analyse the data with Minitab. 

 

5.2.3 Migration assay  

Following the transfection of chondrocytes with miR-141-3p mimic, antagomiR and 

scrambled control, cells were left for 48 hours to reach effective transfection 

efficiency and 100% confluence. To inhibit Ano1, cells were incubated with DMSO as 

a control and 20 µM of 6-(1,1-Dimethylethyl)-2-[(2-furanylcarbonyl)amino]-4,5,6,7-

tetrahydrobenzo[b] thiophene-3-carboxylic acid (CaCCinh-A01) (Tocris, UK) diluted in 

DMOS for 1 hour with DMSO being no more than 0.01% which had no effect alone. A 

scratch assay was conducted to measure the cell’s migration. A wound was created 

in the middle of the culturing dish and the cells were washed with FCS-free DMEM, 

which was replaced with DMEM containing 10% FCS. Cells were imaged using the 

Nikon Eclipse Ti live cell microscope, every 30 minutes for 24 hours at x20 objective. 

Images were analysed using ImageJ software. Fisher’s individual test for differences 

of means was used to statistically analyse the data with Minitab. 

 

5.3 Results  

5.3.1 RMP of tracheal chondrocytes transfected with miR-141-3p  

In the previous chapter ion channel genes were targeted by miR-141-3p and their 

gene expression levels were altered. Ion channels regulate the RMP and changes in 

their expression levels would alter the RMP. To investigate this effect of miR-141-3p 

transfection, the RMP of the tracheal chondrocytes transfected with miR-141-3p 
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mimic and antagomiR was measured and compared to that of untreated cells (Figure 

5.1). This revealed that the RMP was affected by the transfection of miR-141-3p and 

was significantly depolarised following miR-141-3p mimic (p<0.0001) and antagomiR 

(p<0.01) transfection, with miR-141-3p mimic causing tracheal chondrocytes to have 

a more positive RMP compared to the miR-141-3p antagomiR (Figure 5.1).  
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Figure 5.1: RMP measurement of tracheal chondrocytes transfected with miR-
141-3p mimic and antagomiR.  RMP values were recorded using whole cell patch 
clamp electrophysiology. Bars represent mean and error bars represent SEM. n= 18 cells 
used for untreated and n= 8 cells used for miR-141-3p and AM-141-3p, respectively. ** 
denotes p<0.01 and *** denotes p<0.001.   
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5.3.2 Proliferation of tracheal and articular chondrocytes transfected 

with miR-141-3p 

The proliferation of tracheal and articular chondrocytes following the transfection 

with miR-141-3p was measured with the nuclear stain, Ki67, which stains the 

proliferating nuclei (Figure 5.2). Images following transfection and staining with Ki67 

were analysed with ImageJ to identify the percentage of cells that were Ki67 positive, 

and hence proliferative in comparison to DAPI, which stained the nuclei of all 

chondrocytes. Two controls were used for comparison, an untreated control, and a 

vehicle control where the chondrocytes were treated with lipofectamine 2000 only 

(Figure 5.2A& B; G& H). Tracheal and articular chondrocytes were transfected with 

miR-141-3p mimic (Figure 5.2D& J) and antagomiR (Figure 5.2F& L), as well as a 

scrambled control at two concentrations 50 nM (Figure 5.2C& I) and 100 nM (Figure 

5.2E& K) to match the concentration of the mimic and antagomiR, respectively.  

 

In order to identify the chondrocytes transfected with miR-141-3p, the mimic, 

antagomiR and scrambled control were tagged with a fluorescent FAM label at the 3’ 

end (Figure 4.3 & 5.2). This indicated that the transfection with miR-141-3p was 

successful as untreated and vehicle control showed no FAM fluorescence (Figure 

5.2A, B, G & H). Ki67 staining revealed that in tracheal chondrocytes, proliferation 

was significantly decreased following transfection with miR-141-3p mimic compared 

to the untreated, vehicle and scrambled control (p<0.007, p<0.01 and p<0.04 

respectively) (Figure 5.3A) as well as that it was also significantly lower than that of 

chondrocytes transfected with miR-141-3p antagomiR (p<0.02) (Figure 5.3A). 

Whereas in articular chondrocytes, the proliferation was significantly increased in 
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chondrocytes transfected with miR-141-3p mimic compared to the untreated control 

(p<0.007) (Figure 5.3C). The proliferation of the cells transfected with the miR-141-

3p antagomiR also had significantly increased proliferation compared to untreated 

control (p<0.004) (Figure 5.3C). In addition, the vehicle control in articular 

chondrocytes too had increased proliferation compared to untreated control 

(p<0.01).  

 

Comparison of proliferation between tracheal and articular chondrocytes following 

transfection with miR-141-3p showed that the proliferation of cells transfected with 

miR-141-3p mimic were significantly lower in tracheal chondrocytes compared to 

that of articular chondrocytes (p<0.02) (Figure 5.3E). Tracheal chondrocytes 

transfected with miR-141-3p mimic also had significantly lower proliferation 

compared to articular chondrocytes transfected with miR-141-3p antagomiR 

(p<0.001) (Figure 5.3E). As well as that proliferation was significantly lower in 

untreated articular chondrocytes compared to untreated tracheal chondrocytes 

(p<0.02) (Figure 5.3E). The total number of chondrocyte nuclei between the different 

treatment groups in both tracheal and articular chondrocytes was not significantly 

Figure 5.2: Ki67 immunocytochemistry staining of tracheal and articular 
chondrocytes following transfection with miR-141-3p mimic and antagomiR. 
Chondrocytes were stained with DAPI (blue), FAM-miR-141-3p (green), and the nuclear 
stain, Ki67 antibody (Red). Ki67 staining of tracheal chondrocytes with different 
treatments (A-F). A) Untreated cells, B) Vehicle control, C) Scrambled control (50 nM), D) 
miR-141-3p mimic, E) Scrambled control (100nM) and F) miR-141-3p antagomiR. Ki67 
staining of articular chondrocytes with different treatments (G-L). G) Untreated cells, H) 
Vehicle control, I) Scrambled control (50 nM), J) miR-141-3p mimic, K) Scrambled control 
(100nM) and L) miR-141-3p antagomiR. Images were taken with Nikon Eclipse Ti live cell 
microscope at x40 magnification. Scale bar = 100µM. Images were analysed using ImageJ. 
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different indicating proliferation changes were not due to changes in nuclei numbers 

(Figure 5.3B & D).  
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5.3.3 Migration of tracheal chondrocytes transfected with miR-141-3p 

The migration of the tracheal chondrocytes transfected with miR-141-3p was 

assessed using a live migration assay over 24 hours. The images obtained were 

analysed using ImageJ. This revealed that tracheal chondrocytes transfected with the 

miR-141-3p mimic had significantly increased migration compared to vehicle and 

scrambled control at 50 nM and 100 nM (p<0.01, p<0.04 and p<0.04 respectively) 

(Figure 5.4A). Interestingly, transfection of tracheal chondrocytes with miR-141-3p 
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Figure 5.3: Proliferation of tracheal and articular chondrocytes assessed with 
Ki67 immunocytochemistry staining. Chondrocytes were stained with Ki67 antibody 
and the percentage of cells that were Ki67 positive were determined. A) Tracheal 
chondrocytes were transfected with miR-141-3p mimic and antagomiR. Untreated 
chondrocytes and chondrocytes transfected with lipofectamine only (vehicle control) 
were used as controls. Scrambled controls (Scr) at two different concentrations were used 
(50nM and 100nM). B) The total number of nuclei of tracheal chondrocytes for each 
treatment was calculated. C) Articular chondrocytes were transfected with miR-141-3p 
mimic and antagomiR. Untreated chondrocytes and chondrocytes transfected with 
lipofectamine only (vehicle control) were used as controls. Scrambled controls (Scr) at two 
different concentrations were used (50nM and 100nM). D) The total number of nuclei of 
articular chondrocytes for each treatment was calculated. E) comparison of proliferation 
between trachea and articular chondrocytes. Images were analysed with ImageJ. Fisher’s 
individual test for differences of means was used to statistically analyse the data in 
MINITAB. n= 3 replicates, each replicate consisted of 6 images. Bars represent mean and 
error bars represent SEM. * denotes p<0.05, ** denotes p<0.01 and *** p<0.001. 

E 
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antagomiR also caused a significant increase in migration compared to vehicle control 

(p<0.03) (Figure 5.4A). However, although not significantly different, the migration 

of tracheal chondrocytes transfected with miR-141-3p mimic was higher than that of 

chondrocytes transfected with miR-141-3p antagomiR (Figure 5.4A). In order to 

elucidate the role of the ion channel Ano1 on the migration of tracheal chondrocytes, 

the Ano1 channel antagonist, CaCCinh-A01, was used to inhibit Ano1 and DMSO was 

used as a control as CaCCinh-A01 was dissolved in DMSO. This revealed that inhibition 

of Ano1 with channel blocker CaCCinh-A01 caused a decrease in the migration of 

tracheal chondrocytes compared to DMSO control, however this was not significant 

(Figure 5.4B).  
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5.4 Discussion  

In this chapter, transfection of tracheal and articular chondrocytes with miR-141-3p 

was shown to lead to functional changes in chondrocytes. These are summarised in 

Table 5.1. Since many of the studies investigating the migration and RMP of 

chondrocytes were conducted on articular chondrocytes, the effect of miR-141-3p on 

migration and RMP was studied in tracheal chondrocytes only. This showed for the 

first time that miR-141-3p results in the depolarisation of the RMP of tracheal 

chondrocytes. Changes to the chondrocytes’ proliferation was also observed, with 

tracheal chondrocytes showing a decrease in proliferation with miR-141-3p mimic 

and articular chondrocytes showing increased proliferation. miR-141-3p also caused 

an increase in tracheal chondrocyte migration, which was abrogated with Ano1 

DMSO CaCCinh-A01
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Figure 5.4: Rate of migration of tracheal chondrocytes transfected with miR-141-
3p assessed with wound scratch assay. A) Rate of migration of untreated 
chondrocytes, chondrocytes transfected with lipofectamine only (vehicle control), 
chondrocytes transfected with scrambled control (Scr) used at two concentrations 50 and 
100 nM and chondrocytes transfected with miR-141-3p mimic (miR-141-3p) and miR-141-
3p antagomiR (AM-141-3p). B) Rate of migration of chondrocytes treated with Ano1 
channel blocker, CaCCinh-A01 and DMSO as control. Data was statistically analysed with 
Fisher individual test for difference of mean using Minitab. Error bars represent the SEM. 
n=3 wells. * denotes p<0.05 and ** p<0.01.   
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channel blocker. Cell proliferation and migration are central to tissue homeostasis in 

physiological and pathological conditions. Multiple factors influence the migration 

and proliferation of cells. Research over the past 20 years revealed that ion channels 

are vital in the regulation of migration and proliferation. The mechanism through 

which miR-141-3p mediates these changes to chondrocyte function is unknown. 

However, there are multiple explanations, which will be examined below.  

 

Table 5.1: Summary of the effect of miR-141-3p mimic and antagomiR transfection 
on the RMP, proliferation and migration of tracheal and articular chondrocytes. 
 

Chondrocyte function Trachea Articular 

 
miR-141-3p 

mimic 
miR-141-3p 
antagomiR 

miR-141-3p 
mimic 

miR-141-3p 
antagomiR 

RMP Depolarised Depolarised - - 

Proliferation Decreased No change Increased Increased 

migration Increased Increased - - 

 

5.4.1 Effect of miR-141-3p on RMP of tracheal chondrocytes 

The RMP plays a vital role in chondrocyte homeostasis and changes in the RMP can 

cause changes in many biological functions (Abdul Kadir et al., 2018). The membrane 

potential of migrating cells indirectly affects their migration by regulating aspects 

such as cell volume, intracellular Ca2+ and pH levels. In the previous chapter, it was 

revealed that miR-141-3p targets and affects the expression levels of ion channel 

genes either directly or indirectly. miR-141-3p mimic was shown to downregulate ion 

channel genes and miR-141-3p antagomiR to upregulate their expression. Changes in 

the expression levels of ion channels can affect their function and hence the RMP, 

which is set and regulated by numerous ion channel families. Upon investigating the 
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effect of miR-141-3p transfection on the RMP, it was shown that miR-141-3p mimic 

and antagomiR lead to the depolarisation of the RMP of tracheal chondrocytes with 

miR-141-3p mimic causing a greater depolarisation than miR-141-3p antagomiR 

(Figure 5.1).  

 

The RMP plays an important role in regulating voltage-gated Ca2+ channels (VGCC) 

(which include Cacna1g as a member). Depolarisation of the RMP in VGCC expressing 

cells causes a rise in intracellular Ca2+. This coupled with Ca2+-activated potassium 

channels can create a negative feedback loop terminating Ca2+ influx (Fakler and 

Adelman, 2008). This depolarisation of the RMP by miR-141-3p may be a factor that 

regulates Ca2+ influx, which is required for cell migration as it was shown in 

neutrophils that proton channels prevent the depolarisation of the membrane 

potential, thus sustaining the Ca2+ entry, which is required for the regulation of 

neutrophil migration (El Chemaly et al., 2010).  

 

The modulation of the RMP could also be driving the changes to chondrocyte 

proliferation. It is postulated that cells’ RMP determines their proliferative potential, 

with cells that have more hyperpolarised RMP being more quiescent (Abdul Kadir et 

al., 2018). Interestingly, it was shown that tracheal chondrocytes transfected with 

miR-141-3p mimic had decreased proliferation and those transfected with miR-141-

3p antagomiR were significantly more proliferative. This may potentially be due to 

the depolarisation of the RMP, which is associated with higher proliferative potential 

(Cone Jr., 1974).  Effect of miR-141-3p on chondrocyte proliferation will be discussed 

below.  
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5.4.2 Effect of miR-141-3p on tracheal and articular chondrocyte 

proliferation   

The effect of miR-141-3p transfection on proliferation was different in tracheal and 

articular chondrocytes (Table 5.1). Transfecting tracheal chondrocytes with miR-141-

3p mimic caused a significant decrease in chondrocyte proliferation compared to 

controls, whereas in articular chondrocytes it caused the increase in proliferation 

(Figure 5.3E). On the other hand, inhibiting miR-141-3p did not significantly change 

the proliferation of tracheal chondrocytes but significantly increased proliferation in 

articular chondrocytes (Figure 5.3E). These observed effects on chondrocyte 

proliferation were not due to changes in the total number of chondrocyte nuclei, 

which showed no significant difference between the different treatment groups 

(Figure 5.3B &D). It is possible that miR-141-3p modulates chondrocyte proliferation 

through two different mechanisms in tracheal and articular chondrocytes.  

 

Perhaps in articular chondrocytes miR-141-3p mimic increases proliferation and 

antagomiR decreases proliferation but this was not observed. This could be due to 

miR-141-3p antagomiR in articular chondrocytes being dissociated from miR-141-3p 

following RNA isolation and hence not exerting its effects. One of the possible 

mechanisms that miR-141-3p could be operating through is the regulation of ion 

channel expression and hence regulation of the RMP and proliferation. Many of the 

mechanisms through which ion channels regulate cell proliferation are essentially 

related to housekeeping functions performed by ion channels such as setting the 

RMP, regulating volume changes, intracellular Ca2+ concentration and pH (Barrett-

Jolley et al., 2010b). miR-141-3p was shown to target Lrrc8a and downregulate its 
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expression in the previous chapter. Lrrc8a is an essential subunit for the function of 

VRAC, which are responsible for the maintenance of volume changes in chondrocytes 

(Lewis et al., 2011b).  

 

A number of studies have shown Lrrc8a to play a role in cell proliferation. The 

knockdown of Lrrc8a was shown to supress cerebrovascular smooth muscle cell 

proliferation (Lu et al., 2019). The inhibition of Lrrc8a was also shown to decrease 

proliferation in a number of different cell types, including cervical cancer cells, 

fibroblasts, HeLa cells and Ehrlich Lettre ascites cells (Shen et al., 2000, Doroshenko 

et al., 2001, Varela et al., 2004, Klausen et al., 2010). Cell proliferation is accompanied 

by an increase in cell volume, which is known to be regulated by VRAC (Okumura et 

al., 2009). The downregulation of Lrcc8a is likely to lead to cell shrinkage, which 

impedes cell proliferation (Lang et al., 2000). Hence, the decrease in tracheal 

chondrocyte proliferation could be due to miR-141-3p targeting Lrrc8a and 

decreasing its expression which would lead to the dysregulation of volume changes 

in chondrocytes and thus the decrease in their proliferation. The inhibition of miR-

141-3p in tracheal chondrocytes however did not cause a significant difference in 

proliferation (Figure 5.3A). This could be due to the number of biological replicates. 

Future studies would involve increasing the power of the study by increasing the 

biological replicates and performing knockdown of Lrrc8a to investigate fully the 

effect of miR-141-3p inhibition on tracheal chondrocytes proliferation.  

 

Another ion channel through which miR-141-3p could be acting through is the CaCC, 

Ano1, which has been shown to regulate the proliferation of many cancerous cells. It 
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has been shown that Ano1 inhibition supresses the proliferation of epithelium 

originated cancer cells (Guan et al., 2016) and breast cancer cells (Britschgi et al., 

2013). This was also shown in interstitial cells of Cajal, where Ano1 inhibition either 

genetically or pharmacologically decreases cell proliferation (Stanich et al., 2011) and 

in oesophageal epithelial cells, where the loss of Ano1 also decreases proliferation 

(Vanoni et al., 2020). Hence, it is possible that the decrease in proliferation of tracheal 

chondrocytes could be due to the indirect miR-141-3p targeting of Ano1, which was 

shown in the previous chapter to decrease Ano1 expression although not 

significantly. To validate this, future studies would investigate the effect of miR-141-

3p on protein levels of Ano1 through western blotting. Luciferase gene reporter assay 

would also be used to investigate whether miR-141-3p directly or indirectly targets 

Ano1. Other studies have shown that Ano1 downregulation can promote 

proliferation of different cells depending on factors that regulate its expression and 

function (Wang et al., 2012, Zhang et al., 2015, Wu et al., 2017). Therefore, the 

increase in articular chondrocyte proliferation after transfection with miR-141-3p 

mimic could be due to the targeting of Ano1 by miR-141-3p causing its 

downregulation and increase in proliferation.  

 

In the previous chapter, miR-141-3p was also shown to downregulate the expression 

of Cacna1g (CaV3.1), which encodes the low voltage-activated T-type Ca2+ channels 

(Felix, 2005). As a result, miR-141-3p may also be acting through Cacna1g. As the 

upregulation of CaV3.1 by ghrelin, a hormone involved in cell proliferation, was shown 

to cause the inhibition of PC-3 human prostate carcinoma cell proliferation (Díaz-

Lezama et al., 2010). The upregulation of CaV3.1 was also shown to inhibit 
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proliferation of MCF-7 human breast cancer cells (Ohkubo and Yamazaki, 2012). On 

the other hand knockdown of CaV3.1 supresses the proliferation of prostate cancer 

cells by inhibiting AKT (Hu et al., 2018). These findings suggest that the 

downregulation of ion channel genes Lrrc8a, Ano1 and cacna1g decreases cell 

proliferation. However, other mechanisms unrelated to ion channels could be playing 

a role as miR-141-3p has also been shown to modulate cell proliferation.   

 

miR-141-3p plays a role in proliferation through modulation of the Ihh signalling 

pathway. Gli2, which is a primary transcriptional activator downstream of the Ihh 

pathway, is regulated by miR-141-3p, whereby miR-141-3p has a target site in the 3’-

UTR region of the Gli2 mRNA (Wang et al., 2018). The overexpression of miR-141-3p 

was shown to downregulate Gli2 expression and inhibit osteosarcoma cell 

proliferation (Wang et al., 2018). However, in chondrocytes the downregulation of 

Gli2 causes the increase in proliferation (Mau et al., 2007). It was observed from the 

RNA-Seq data in chapter 3, that Gli2 expression is significantly higher in tracheal 

chondrocytes compared to articular chondrocytes (p<0.001) (Appendix, Table A.1). 

Therefore, endogenous expression of miR-141-3p with miR-141-3p mimic could be 

targeting Gli2 in articular chondrocytes and reducing its expression, hence causing 

the increase in proliferation of articular chondrocytes.  

 

Interestingly, the inhibition of miR-141-3p also increased the proliferation of articular 

chondrocytes. The reason for this is unclear, however, it has been previously shown 

that inhibition of miR-141-3p increases the proliferation of colorectal cancer cells by 

regulating tumour necrosis factor receptor-associated factor 5 (TRAF5) (Liang et al., 
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2019). Alternatively, it could be due to the fact that the inhibition of miR-141-3p 

causes an upregulation of ion channel genes which would result in an increase in 

proliferation. Future studies investigating the effect of knockdown of ion channel 

genes genetically and pharmacologically on chondrocyte proliferation needs to be 

carried out to obtain a clearer understanding of the mechanisms taking place. 

 

5.4.3 Effect of miR-141-3p on tracheal chondrocytes migration  

Cell migration is essential for cell’s homeostasis in health and disease. All cells 

undergo migration at a given point in their life cycle including chondrocytes, which 

are thought to not be very motile. However, on the contrary, migration of 

chondrocytes is important in disease as it may be a mechanism through which the 

healing of cartilage can be modulated. During migration, cells undergo volume 

changes, with an increase in volume at the leading edge and a decrease at the trailing 

edge (Schwab et al., 2012b). Chondrocyte migration was investigated in tracheal 

chondrocytes only as articular chondrocyte migration has been previously studied 

(Gu et al., 2017). Following the transfection of tracheal chondrocytes with miR-141-

3p mimic and antagomiR, their migration was assessed with a live wound assay, 

which revealed an increase in the rate of tracheal chondrocyte migration (Figure 5.4). 

One possible mechanism that this could be occurring through is the modulation of 

cell volume and shape with ion channels to enable cell migration (Schwab et al., 

2012b).  

 

Ion channels that were identified in the previous chapter to be regulated by miR-141-

3p have been shown to play a role in cell volume and migration regulation. For 
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example, Lrrc8a, an ion channel essential for volume regulation in chondrocytes is 

involved in migration (Kumagai et al., 2016). VRACs regulate volume changes of cells, 

and their inactivation using VRAC inhibitors was shown to supress the migration of 

nasopharyngeal carcinoma and glioma cells (Soroceanu et al., 1999, Mao et al., 2007). 

Therefore, it is possible that inhibition of miR-141-3p, which was shown in the 

previous chapter to increase Lrrc8a expression, causes changes to the cell volume, 

allowing chondrocytes to increase their volume and hence enabling them to be more 

motile and increases their migration rate. Another ion channel that was indirectly 

targeted by miR-141-3p in the previous chapter that could be modulating 

chondrocyte migration is Ano1. 

 

Ano1 is not only known to be involved in the regulation of proliferation of cancerous 

cells as described in the previous section but also their migration. The knockdown of 

Ano1 inhibits migration of lung cancer cells (Jia et al., 2015). It also significantly 

decreases the migration rate of pancreatic ductal adenocarcinoma cells (Sauter et al., 

2015), anaplastic thyroid carcinoma cells (Kim et al., 2019) and breast carcinoma cells 

(Bae et al., 2017). To investigate the effect of blocking Ano1 on the migration of 

chondrocytes, an Ano1 antagonist, CaCCinh-A01 was used to pharmacologically 

inhibit Ano1. This revealed that suppression of Ano1 decreased tracheal chondrocyte 

migration compared to DMSO control. This suppression of migration by Ano1 

inhibition supports the model where cell volume changes result in cell shape changes 

which are driven by fluxes of K+ and Cl− ions (Schwab et al., 2012b). Knockdown of 

Ano1 was also shown to supress the expression of Mmp-9 and snail1 (Bae et al., 

2017). Mmp-9 affects cell motility and is upregulated in chondrocytes by peripheral 
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blood derived mononuclear cell stimulation which enhances osteoarthritic human 

chondrocyte migration (Hopper et al., 2015). Snail1 is also known to be involved in 

cell migration (Cano et al., 2000). 

 

The repression of snail1 is essential for tracheal cartilage formation. It was shown in 

tracheal chondrocytes to be targeted and repressed by two miRNAs, miR-125 and 

miR-30c. The deletion of these two miRNAs causes the upregulation of snail1, which 

results in poor deposition of matrix proteins and malformation of tracheal cartilage 

rings (Gradus et al., 2011). Interestingly miR-141-3p was also shown to also target 

snail1 and repress its expression (Xing et al., 2020b). Snail1 is also targeted by 

Cacna1g, which regulates the migration of melanoma cells through modulating snail1 

expression. The Inhibition of Cacna1g with pharmacological agents and its 

knockdown decreases migration and represses snail1 (Maiques et al., 2018). Similar 

to Lrrc8a and Ano1, Cacna1g also regulates migration of cancerous cells whereby its 

knockdown causes the suppression of migration of prostate cancer cells (Hu et al., 

2018). 

 

It is possible that the inhibition of miR-141-3p causes the increase in Ano1 and 

Cacna1g expression, as was observed in the previous chapter, which would 

upregulate snail1 expression and cause tracheal chondrocytes to proliferate and 

migrate more. This may be a mechanism to compensate for the poor matrix 

deposition resulting from snail1 upregulation. On the other hand, miR-141-3p mimic 

also increased the migration of tracheal chondrocytes (Figure 5.4). It is unclear why 

this occurs, however increasing the power of the study in the future by increasing the 
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biological replicates would give a clearer idea of the mechanisms taking place. It was 

observed from the RNA-Seq data in chapter 3 that Snail1 expression is higher in 

tracheal chondrocytes in comparison to articular chondrocytes (Appendix, Table A.1). 

Future studies would validate whether miR-141-3p modulates ion channel expression 

to regulate snail1 expression. This could be investigated by measuring the expression 

of snail1 post transfection with miR-141-3p mimic and antagomiR and investigating 

the effect of knocking down snail1 on chondrocyte migration.  

 

A limitation of using a wound assay to assess the migration of tracheal chondrocytes 

is that the proliferation of these chondrocytes could have been a contributing factor 

to the change in migration observed. This is unlikely however as the proliferation of 

tracheal chondrocytes was decreased with miR-141-3p mimic transfection and 

unchanged with miR-141-3p antagomiR transfection (Table 5.1). Future studies 

would eliminate the contribution of proliferation by inhibiting it through serum 

starvation along with preincubation of the chondrocytes with Mitomycin C, which 

inhibits mitosis (Kang et al., 2001). It is possible that the effect of miR-141-3p on 

migration is also modulated through changes to the RMP. 

 

Overall, the depolarisation of the RMP following miR-141-3p transfection may be due 

to changes in the expression levels of Lrrc8a, Cacna1g and Ano1. This modulation of 

the RMP could be the driving factor causing changes to proliferation and migration in 

chondrocytes. The depolarisation of the RMP was observed in both mimic and 

antagomiR, with greater depolarisation in miR-141-3p mimic transfected 

chondrocytes, which could be reflected by the higher migration rate in those 
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chondrocytes. The decreased proliferation observed in chondrocytes following miR-

141-3p transfection may also potentially be due to the depolarisation of the RMP 

(Cone Jr., 1974). Considering the changes observed in the expression levels of ion 

channel genes and the RMP, the next step is to investigate the functional fingerprints 

of these ion channels in tracheal and articular chondrocytes and compare their 

electrophysiological fingerprint. This will be conducted in the next chapter.  
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6 Electrophysiological comparison between tracheal and 
articular chondrocytes  
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6.1 Introduction: 

The ion channel fingerprint of a cell is essential for its survival. Ion channels in the 

past were thought to be redundant, however, the ion channel composition of a cell 

determines its RMP, which in turn sub-serves a large range of essential biological 

functions as reviewed in (Abdul Kadir et al., 2018). There are many ion channels that 

serve the same purpose in a cell, this is a backup mechanism in order to compensate 

for potential loss of certain subtypes. Relatively minor differences in the expression 

of ion channel genes leaves cells with distinct membrane potential properties. The 

modulation of the RMP is a possible new therapeutic target for a range of diseases 

and biological function. Changing the expression of ion channel genes changes the 

cell’s functions, as was observed in the previous chapter where changes in the RMP 

of chondrocytes following the transfection with miR-141-3p and changes in their 

proliferation and migration was observed. In this chapter, the ion channel fingerprint 

of tracheal chondrocytes will be investigated under different conditions and 

pharmacological agents will be used to aid in the identification of the ion channels 

expressed. This chapter will mainly focus on tracheal chondrocytes, as articular 

chondrocyte electrophysiological properties are well established.  

 

6.1.1 RMP of tracheal and articular chondrocytes  

In chondrocytes, maintenance of the RMP has been demonstrated to be heavily 

dependent on TRP channels, with TRPV5 being a key player (Lewis et al., 2011a). 

Other channel subunits have also been shown to be essential contributors such as 

the voltage-gated KV1.6 (Clark et al., 2010c) and Task-2 two-pore domain K+ channel 

which confers pH sensitivity to chondrocytes (Clark et al., 2011a). Over the years, my 
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group has observed across different species that the RMP of chondrocytes is more 

positive than recorded in the literature for most other cell types. This relatively 

positive RMP is postulated to be due to the diverse compliment of ion channels 

expressed by chondrocytes (Asmar et al., 2016, Barrett-Jolley et al., 2010b) that 

contribute to the RMP and aid in the regulation of volume changes as an adaptation 

to the extreme osmotic challenges these cells routinely face (Lewis et al., 2011b). My 

lab have shown that at negative potentials, chondrocytes exposed to higher osmotic 

solutions are unable to decrease their volume i.e. cell shrinkage was slower or non-

existent (Lewis et al., 2011a). This supports the proposed hypothesis of why 

chondrocytes have a more depolarised RMP. In addition to the complement of ion 

channels, the extracellular environment of a cell also regulates its RMP.  

 

6.1.2 pH in tracheal and articular chondrocytes environment 

The environment that chondrocytes reside in is very different to that of most 

mammalian cells. It can control chondrocyte metabolism and affect their function 

and ability to synthesise ECM components. The avascular nature of cartilage leads to 

chondrocytes being as far as 3mm from the nearest blood supply. This can cause the 

oxygen and substrate levels to decrease to almost zero (Otte, 1991). Chondrocytes 

are very resilient cells that are well adapted to their environment. They are 

metabolically active cells and although there is a limited supply of oxygen and 

nutrients, chondrocytes anaerobically respire and generate ATP by substrate level 

phosphorylation. This results in the accumulation of lactic acid which leads to lower 

pH levels as lactate can only be dissipated by diffusion through the ECM (Browning 

and Wilkins, 2004).  
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In addition, the fixed negative charge caused by the high density of proteoglycans in 

cartilage results in an increased H+ concentration and also attracts cation movement 

into the ECM which then attracts the movement of osmotically obliged water 

(Mobasheri et al., 1998). In articular cartilage, additionally, compression of the 

cartilage during loading leads to the expression of water and a transient increase in 

the concentration of fixed negative charge, which in turn leads to further reduction 

of the pH of cartilage (Gray et al., 1988, Grodzinsky, 1983, Wilkins and Hall, 1995, Lee 

and Urban, 1997).  The reported pH levels for chondrocytes are between 6.9 – 7.2 

and are lower than the typical value of pH 7.4 for other cell types (Wilkins and Hall, 

1995). Many ion channels are regulated by intracellular and extracellular pH and 

therefore, changes to the pH environment can affect their gating, which in turn would 

affect the RMP of cells and hence their function. Therefore, this chapter will also 

investigate the effect of acidic pH levels on the RMP of chondrocytes.  

 

6.1.3 Aims  

Previous chapters have shown that transfecting chondrocytes with miR-141-3p 

causes changes to the expression of ion channel genes which leads to changes in the 

RMP of chondrocytes and results in altered proliferation and migration. Since ion 

channels have been shown to be targeted by miR-141-3p, this chapter will investigate 

the functional ion channel fingerprint of tracheal chondrocytes using cell attached 

patch clamp electrophysiology. To validate the ion channels detected, 

pharmacological agents will be used. In addition, the impact of changing the cellular 

environment on chondrocytes will also be investigated.  
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6.2 Methods 

6.2.1 Single-channel cell-attached patch clamp recordings  

Single-channel electrophysiological recordings were performed by cell-attached 

patch clamp as previously described in chapter 2.5.  

 

6.2.2 RMP recordings under normal and acidic pH conditions 

The RMP was measured using whole-cell patch clamp in current clamp mode as 

described in Chapter 5.2.1. For RMP measurements under normal pH conditions, a 

standard physiological saline was used for both intracellular and extracellular 

solutions (Table 2.5). For recordings under low pH conditions, a standard 

physiological saline was also used for intracellular and extracellular solutions, 

however the HEPES buffer was replaced with 10 mM MES buffer (Table 2.5), and the 

pH was set at 6.5 with HCl for both solutions. Membrane potential (Vm) was 

calculated by subtracting the holding potential from the measured RMP. 

 

6.2.3 Pharmacological agents 

The selective VRAC blocker, 4-[(2-Butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-

oxo-1H-inden-5-yl)oxy]butanoic acid (DCPIB) was sourced from Tocris, UK. It was 

dissolved in DMSO and diluted to a final working concentration of 40 µM, with DMSO 

being no more than 0.01% which had no observable effects alone. Tracheal 

chondrocytes were perfused with 40 µM DCPIB and current was measured as 

previously reported.  
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6.2.4 Statistical Analysis 

Electrophysiology graphs were created in GraphPad Prism 8 and statistically analysed 

for difference with a t-test and for similarity with an equivalence and noninferiority 

test using the EQUIVNONINF package (Wellek and Ziegler, 2017) in R 4.0.3 (R, 2020). 

To group ion channels with similar electrophysiological properties, the VRev and slope 

conductance of the channels were plotted against each other. These ion channel 

properties were clustered with K-means clustering performed with python 3.9.0 (Van 

Rossum and Drake Jr, 1995). 

 

6.3 Results 

6.3.1 Comparison of the RMP between tracheal and articular 

chondrocytes  

As the RMP of tracheal chondrocytes was shown to be affected by the transfection 

of miR-141-3p in the previous chapter, one of the first parameters to investigate and 

compare between tracheal and articular chondrocytes was the RMP under normal 

physiological conditions. Whole-cell measurements of the RMP revealed a RMP of -

8.1±6.9 mV (n=18) in tracheal chondrocytes and -10.6±6.9 mV (n=13) in articular 

chondrocytes (Figure 6.1). Comparison of these RMPs showed no significant 

difference with an unpaired t-test. An equivalence and noninferiority test (Wellek and 

Ziegler, 2017) also failed to reject a null hypothesis that they were different. These 

RMPs as previously observed by my group were more depolarised than reported for 

other cell types (Barrett-Jolley et al., 2010b, Lewis et al., 2011a, Maleckar et al., 2018).  
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6.3.2 Ion channels functionally expressed in tracheal chondrocytes  

In order to investigate the functional ion channel fingerprints of tracheal 

chondrocytes, cell attached patch-clamp electrophysiology was used. 

Pharmacological agents were used to confirm functional ion channel families. A 

variety of different ion channels with different electrophysiological properties were 

recorded. For example, analysing these recordings revealed a slow gated ion channel 

that was commonly observed in the tracheal chondrocyte traces (Figure 6.2). Holding 

the cell at different voltages shows that the ion channel’s current increases as the 

voltage increases (Figure 6.2A). In addition, all points amplitude histograms for each 

trace along with calculated open probabilities of the channel indicate that the 

channel is more active at more positive voltages (Figure 6.2B-E). A representative IV 

curve shows that the channel had a VRev of -25.5±2.8 mV and a slope conductance of 

203±12 pS (Figure 6.2F). These properties indicate that it could be a chloride channel. 
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Figure 6.1: Comparison of the RMP between tracheal and articular chondrocytes 
under normal physiological conditions. RMP values were recorded using whole cell 
patch clamp electrophysiology. Bars represent mean of n=18 tracheal chondrocytes and 
n=13 articular chondrocytes. Error bars represent SEM. Unpaired t-test conducted with 
GraphPad Prism 8 did not show significant difference and equivalence and noninferiority 
test conducted with R showed no significant similarity.  
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However, pharmacological agents are needed to further validate the ion channel 

identity. 

 

As there was a wide variety of ion channels recorded from the tracheal chondrocytes 

with a range of VRev and slope conductance, a non-biased approach was used in order 

to classify these channels to gain a better understanding of their identity. The VRev 

was plotted against the slope conductance and the channels were clustered with k-

means clustering (Figure 6.3). Under physiological conditions, 28 ion channels were 

grouped into 10 clusters (Figure 6.3A). The equilibrium potentials for Na+, Ca2+, Cl-, 

and K+ were calculated based on their concentrations in the physiological recording 

solutions (Table 2.5). The VRev from the IV curves reflects the equilibrium potential 

and aids in the identification of the type of ion channel being shown. This enabled  

the classification of the clusters into sodium channels, non-specific cations, chloride 

channels and potassium channels based on their VRev (Figure 6.3A). Using the k-

means clustering enabled the identification of a non-specific cation-like channel that 

was slow-gated (Figure 6.4A). All amplitude histograms and open probabilities 

indicated that the channel was mostly in the closed state (Figure 6.4B-E) and the IV 

curve indicated that the channel had a VRev of 8.8±6.9 mV and a slope conductance 

of 33.5±2.6 pS (Figure 6.4F), indicative of a non-specific cation.  

 

A fast-gated sodium-like channel (Figure 6.5A) was also identified; where the channel 

is activated and it’s ‘gates’ are open for shorter periods of time and close very quickly. 

All points amplitude histograms indicated that at low voltages, the channel is 

predominantly in the closed state and at high voltages it is predominantly in the open 
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state (Figure 6.5B & C). IV curve showed a conductance of 22.7±1.1 pS and a VRev of 

18.6±4.8 mV (Figure 6.5D), indicating that it may be a sodium channel. As well as that 

a fast-gated potassium-like channel was also observed from the tracheal chondrocyte 

recordings (Figure 6.6A). All points amplitude histogram and open probabilities also 

revealed that at high voltages it is predominantly in the open state and is in the closed 

state at low voltages (Figure 6.6B & C). IV curve showed a conductance of 115±0 pS 

and a VRev of -64.7±0 mV (Figure 6.6D) which are properties of a potassium channel 

according to the concentrations used in our physiological recording solutions.  
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Figure 6.2: Representative Single channel activity of a chloride-like ion channel 
in cell-attached patch-clamp mode. A) Representative raw single channel recordings 
at different holding potentials. B-E) All points amplitude histograms for ion channel 
recordings at different holding potentials. Open probabilities (P

o
) shown for each 

histogram. D) Representative current-voltage (IV) curve for chloride-like single-channel. 
IV curve shows a slope conductance of 203±12 pS and reversal potential of -25.5±2.8 mV. 
Indicative of a chloride channel. O and red dashed line represents open state; C and blue 
dashed line represents closed state. 
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Figure 6.3: K-means clustering of single channels measured using different 
recording solutions. A) Channels recorded with normal physiological solution. B) 
Channels recorded with High K+/ Ca2+-free solution. C) Channels recorded with K+-free 
Solution. Predicted channel equilibrium potentials are indicated with different coloured 
bands. Yellow: sodium channels ; Green: chloride channels; Magenta: non-specific 
cations; Purple: calcium channels; Red: potassium channels.  
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To further confirm the type of channels being expressed in tracheal chondrocytes, 

recording solutions with different ion compositions were used (Table 2.5) and ion 

channel expression was recorded. This would cause a shift in the ions’ equilibrium 

potential and hence a shift in the VRev. Using a high K+/ Ca2+-free solution caused a 

shift in the ion channels’ VRev whereby potassium and chloride ions VRev shifted up 

and sodium ions VRev shifted down (Figure 6.3B). Using this solution, 11 channels 

were identified, which were clustered into 5 groups (Figure 6.3B). A K+- free solution 

was also used and this caused a shift in the sodium and chloride ions VRev as well as 

that it eliminated the potassium ions VRev from the range (Figure 6.3C). Using the K+- 

free solution, 33 ion channels were identified and clustered into 5 groups (Figure 

6.3C).  

 

6.3.3 Expression of VRAC in tracheal chondrocytes  

As Lrrc8a was previously shown to be differentially expressed between the two 

chondrocyte types in chapter 3, targeted by miR-141-3p in chapter 4 and potentially 

drive changes in the function of chondrocytes as observed in chapter 5, determining 

its functional expression in tracheal chondrocytes was important. A commonly 

observed channel in the tracheal chondrocyte recordings was a fast-gated channel 

that was active at around -100 mV holding potential (Figure 6.7A). This channel had 

high open probabilities at these low holding potentials as observed from the all-

points amplitude histograms (Figure 6.7C & D) and had a slope conductance of 

49±34.3 pS (n=7) and a VRev of -54.9±5.7 mV (n=7) (Figure 6.7E). These findings were 

similar to those observed in the literature and implicate this channel as a strong VRAC 

candidate. However, to fully validate this channel’s identity, DCPIB, a selective VRAC  
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Figure 6.4: Representative Single channel activity of a non-specific cation-like ion 

channel in cell-attached patch-clamp mode. A) Representative raw single channel 

recordings at different holding potentials. B-E) All points amplitude histograms for ion 

channel recordings at different holding potentials. Open probabilities (P
o
) shown for each 

histogram. D) Representative current-voltage (IV) curve for non-specific cation-like single-

channel. IV curve shows a slope conductance of 33.5±2.6 pS and reversal potential of 

8.8±6.9 mV. Indicative of a non-specific cation channel. O and red dashed line represents 

open state; C and blue dashed line represents closed state.   
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Figure 6.5: Representative Single channel activity of a sodium-like ion channel in 

cell-attached patch-clamp mode. A) Representative raw single channel recordings at 

different holding potentials. B-E) All points amplitude histograms for ion channel 

recordings at different holding potentials. Open probabilities (P
o
) shown for each 

histogram. D) Representative current-voltage (IV) curve for sodium-like single-channel. IV 

curve shows a slope conductance of 22.7±1.1 pS and reversal potential of 18.6±4.8 mV. 

Indicative of a sodium channel. O and red dashed line represents open state; C and blue 

dashed line represents closed state.  
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Figure 6.6: Representative Single channel activity of a potassium-like ion channel 

in cell-attached patch-clamp mode. A) Representative raw single channel recordings 

at different holding potentials. B-E) All points amplitude histograms for ion channel 

recordings at different holding potentials. Open probabilities (P
o
) shown for each 

histogram. D) Representative current-voltage (IV) curve for potassium-like single-channel. 

IV curve shows a slope conductance of 115±0 pS and reversal potential of -64.7± mV. 

Indicative of a potassium channel. O and red dashed line represents open state; C and 

blue dashed line represents closed state. 
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Figure 6.7: Representative Single channel activity of VRAC channel in cell-
attached patch-clamp mode. A) Representative raw single channel recordings at 
different holding potentials. B) Representative single-channel trace following addition of 
VRAC blocker, DCPIB (40 µM). Equilibrium dissociation constant (K

D
) was calculated to be 

3.27 ± 0.008 µM (n=3). C-D) All points amplitude histograms for ion channel recordings at 
different holding potentials. Open probabilities (P

o
) shown for each histogram. E) Current-

voltage (IV) curve for VRAC single-channel. IV curve showed a mean slope conductance of 
49±34.8 pS and reversal potential of -54.9±5.7 mV (n=7). F) open probability of channels 
following VRAC inhibition with DCPIB. Bar indicates mean open probability. Error bars 
represent SEM. T-test was used to statistically analyse data in GraphPad Prism 8. * 
denotes p<0.05. O and red dashed line represents open state; C and blue dashed line 
represents closed state.  
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antagonist was used. At 40 µM, DCPIB abolished the channels current at a holding 

potential of -100 mV (Figure 6.7B) and significantly decreased the channel’s open 

probability (p<0.05) (Figure 6.7F). DCPIB had a dissociation constant (KD) of 

3.27±0.008 µM, indicating that DCPIB potently blocks VRAC currents in tracheal 

chondrocytes. 

 

6.3.4 The effect of pH on the RMP in both tracheal and articular 

chondrocytes.  

Upon investigating the ion channels that were identified to be functionally expressed 

in tracheal chondrocytes, it was revealed from the literature that many of these ion 

channels are regulated by pH. It was also observed from the RNA-seq data from 

chapter 3 that most of the highly differentially expressed ion channels in tracheal 

chondrocytes compared to articular chondrocytes are also regulated by pH (Table 

6.1). Some of these channels such as Nicotinic Acetylcholine Receptors and 

Aquaporins are not predicted to be functionally present in the recordings from 

tracheal chondrocytes as ligands were not used that would enable their activation 

and in the case of aquaporins, they conduct water through their pore and hence 

would not be identified under the electrophysiological recording conditions used in 

this chapter.  

 

As pH is important in maintaining the homeostasis of chondrocytes and essential for 

functions such as volume control, migration and proliferation, the effect of changing 

the extracellular pH on the RMP of tracheal and articular chondrocytes was 

investigated. Chondrocytes’ RMPs were recorded using whole-cell patch clamp and 
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an extracellular solution with physiological pH 7.4 or low pH 6.5 was perfused onto 

the cells. This showed that both tracheal and articular chondrocytes had a biphasic 

response to the pH change (Figure 6.8A). The addition of the acidic pH extracellular 

solution caused a significant depolarisation of the RMP from -8.1±6.9 mV (n=18) at 

pH 7.4 to 5.9±6.8 mV (n=11) at pH 6.5 (p<0.001) in tracheal chondrocytes (Figure 

6.8B) and from -10.6±6.9 mV (n=13) at pH 7.4 to 5.1±6.8 mV (n=10) at pH 6.5 

(p<0.0001) in articular chondrocytes (Figure 6.8C). The RMP hyperpolarised back to 

physiological levels with the perfusion of physiological pH 7.4 extracellular solution 

(Figure 6.8A).  
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Table 6.1: pH-sensitive ion channels significantly differentially expressed in tracheal 
chondrocytes in comparison to articular chondrocytes. Subtypes with – would not be 
identified to be functionally expressed under the recording conditions used. 
 

Gene  Ion channel Family Prediction of functional 
expression 

Asic2 Acid Sensing Ion channels + 

Scnn1b Epithelial Sodium Channels + 

Chrna1 Nicotinic Acetylcholine Receptors ‐ 

Chrnb4 Nicotinic Acetylcholine Receptors ‐ 

P2rx2 P2X Receptors + 

Catsper4 Catsper ion channels + 

Kcnk1 Two‐pore potassium channels  + 

Kcnk16 Two‐pore potassium channels  + 

Kcnh8 Voltage‐activated potassium 
channels 

+ 

Trpc4 Transient Potential Channels + 

Trpc5 Transient Potential Channels + 

Pkd2l1 Transient Potential Channels + 

Cacna1g Voltage‐gated Calcium channels + 

Scn2a Voltage‐gated Sodium channels + 

Aqp5 Aquaporins ‐ 

Aqp7 Aquaporins ‐ 

Clcn3 ClC family + 

Clcnka ClC family + 

Panx1 Pannexins + 
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Figure 6.8: The effect of low pH on RMP of tracheal and articular chondrocytes. 
A) Representative raw trace recording of the RMP of tracheal chondrocytes under low pH 
(6.5) and physiological pH (7.4) for tracheal and articular chondrocytes. Summary of 
chondrocyte RMP at low and physiological pH in B) tracheal chondrocytes and C) articular 
chondrocytes. Bars represent mean of n=18 pH 7.4 and n=11 pH 6.5 for tracheal 
chondrocytes and n=13 pH 7.4 and n=10 pH 6.5 for articular chondrocytes. Error bars 
represent SEM. Unpaired t-test was used to statistically analyse the data using GraphPad 
Prism 8. ** denotes p<0.001 and **** denotes p<0.0001. Dashed red line indicates 0 mV.  
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6.4 Discussion 

In this chapter, tracheal chondrocytes were shown to express a diverse complement 

of ion channels comparable to the articular chondrocytes ‘channelome’  (Barrett-

Jolley et al., 2010b, Mobasheri et al., 2019). Together these ion channels set the 

tracheal chondrocyte RMP, which was found to be similar to that of articular 

chondrocytes and not significantly different. Using different extracellular solution, 

numerous functional ion channel families were identified in tracheal chondrocytes 

that were further identified using pharmacological agents, which inhibited channel 

currents when applied. Many of the ion channels identified from the RNA-Seq data 

and functionally expressed in tracheal chondrocytes were pH sensitive (Holzer, 2009). 

Changing the extracellular pH caused a shift in the RMP to a more depolarised 

potential which was biphasic and hyperpolarised back to normal levels with 

physiological pH extracellular solutions. The implications of pH changes on ion 

channels and the physiological importance in tracheal chondrocytes will be discussed 

below.  

 

6.4.1 RMP of tracheal and articular chondrocytes 

The RMP of tracheal and articular chondrocytes as initially hypothesised was similar 

between the two chondrocyte types and fell between -8 to -10 mV (Figure 6.1). This 

was expected as the two chondrocyte types express the same ion channel families as 

observed in Chapter 3 from the RNA-seq data. Although the two chondrocyte types 

express the same ion channel families, there are still difference in ion channel 

subtype expression and abundance as previously observed from the RNA-seq data. 
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The ‘channelome’ expressed in a cell ensures that ion channels function in 

synchronicity to ensure that the RMP of the cell remains within normal physiological 

ranges, hence why there are many different ion channels that carry out the same 

function. This may be to have redundancies, should one subtype fail, the effect it 

provides could be compensated for by other ion channels.  

 

Determining an accurate RMP recording in chondrocytes is very challenging as there 

are multiple technical limits associated with chondrocytes’ biophysics when 

conventional patch-clamp techniques are applied (Wilson et al., 2004). These are the 

following: the small size of chondrocytes ~ 6 pF together with the chondrocyte’s very 

high input resistance of ~10 GΩ, require optimisation of the patch-clamp conditions 

in which a very high seal resistance that is consistent is achieved. Otherwise, a ‘seal 

leak current’ contaminates the true RMP value. Capacitance measurement is used to 

assess the cell’s size as the cell membrane acts as a capacitor where the lipid bilayer 

composition acts as an insulating layer that separates two electrically charged media, 

the extracellular and intracellular space (Golowasch and Nadim, 2015). The total 

membrane capacitance is directly proportional to the cell surface area and hence 

reflects the cell size of a typical spherical cell (Streit and Lux, 1987). The cell 

capacitance along with the membrane resistance (arising from ion channels 

embedded in the lipid bilayer) determine how fast the RMP responds to the flow of 

current from ion channels by determining the membrane time constant (Lempka and 

McIntyre, 2015).  
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In this study, the RMP of chondrocytes was more positive than values reported for 

other cell types. The values observed were in line with data from my group and others 

that also found the RMP of chondrocytes to be more positive than other cell types 

(Barrett-Jolley et al., 2010b, Lewis et al., 2011a, Maleckar et al., 2018). Perhaps the 

basis of this more positive RMP in chondrocytes is to provide an adaptive mechanism 

to modulate dramatic osmotic changes that these cells routinely face with minimum 

changes to the cell volume (Lewis et al., 2011a). However, due to the limitations 

explained above, this more positive RMP could be due to leak current through the 

seal resistance, and a more representative value of ~ -40 mV to -50 mV could be more 

accurate although not completely correct (Suzuki et al., 2020a). This value is also 

more positive than usual compared to other cell types. However other groups have 

shown it to be more negative (Maleckar et al., 2020). The RMP of chondrocytes will 

continue to be debated amongst electrophysiologists. Future studies would involve 

further optimising the electrophysiological conditions to accurately report the RMP 

of chondrocytes as well as using 3D cultured chondrocytes to mimic as much as 

possible the physiological environment that chondrocytes reside in. Determining the 

ion channel composition of a cell can also give a better indication of their role and 

contribution to the RMP.  

 

6.4.2 Tracheal chondrocyte channelome  

The differential gene expression of the main ion channel families between tracheal 

and articular chondrocytes was observed in chapter 3 from the RNA-seq data. 

However, although these ion channel genes were identified in both chondrocyte 

types, the functional expression of these ion channels has not been shown in tracheal 
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chondrocytes and the tracheal chondrocyte ‘channelome’ has not yet been well 

characterised unlike that of articular cartilage. Cell-attached patch clamp of single 

channels enabled the identification of a variety to ion channels with different 

electrophysiological properties in tracheal chondrocytes. 

 

One of the most commonly observed channels was a slow-gated chloride-like channel 

(Figure 6.2); where the channel is activated and it’s ‘gates’ are open for longer and 

close more slowly. Interestingly, this channel showed current relaxation at 

depolarised voltages, where the current changes at different holding potentials, in 

this case it increases. According to some electrophysiologists this is an ‘artifact’. 

However, one possible explanation is that the concentrations of the permeable ion 

inside the cell changes as the recording is taking place and hence the current changes. 

Another possible explanation as to why this occurs was first described by (Fenwick et 

al., 1982). Where change in current occurs due to the change in the cell’s membrane 

potential, which changes due to the activation of the channel. This change in the 

membrane potential cannot be clamped in the cell-attached mode because of the 

cell’s high membrane resistance (Barry and Lynch, 1991a, Fenwick et al., 1982) and 

hence a change in current is observed. The properties observed for this channel such 

as its VRev and high open probabilities at depolarised holding potentials, along with 

its slow-gating indicate that it could belong to the ClC chloride channel family (Pusch 

et al., 1999). However, further validation with ClC channel blockers such as 

methanesulfonate and cyclamate (Rychkov et al., 1998) needs to be used in future 

studies to elucidate the channel’s identity.  
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As many ion channels with varied electrophysiological properties were observed in 

tracheal chondrocytes, a non-biased method was used to group these channels based 

on their VRev and slope conductance with K-means clustering. Essentially the 

algorithm for K-means clustering groups the data points so that the distance between 

the groups is maximised, but the total distance between the points within a ‘cluster’ 

is kept to a minimum. As the equilibrium potential of the ions passing through a 

channel lead to the VRev, the equilibrium potentials of common ions was calculated 

using the Nernst equation (Equation 2.1, Chapter 2.5). This was used as a guide to 

identify the ion channel families observed in the clustering (Figure 6.3). Using this 

method not only enabled the prediction of where the different ion channel families 

would lie on the VRev scale but also identified clusters of different sized ion channels 

within the same ion channel family.  

 

Using the K-means clustering of channels recorded with physiological solutions along 

with equilibrium potentials, a large population of non-specific cation channels were 

identified to be expressed in tracheal chondrocytes. This expression of non-specific 

cations such as TRP channels was previously shown in articular chondrocytes by my 

lab group (Feetham et al., 2015, Lewis et al., 2013b, Feetham et al., 2018). However, 

TRP channels expression in tracheal chondrocytes has not previously been reported. 

A representative example of a TRP-like channel is shown in Figure 6.4. This channel 

had a slope conductance of 33.5±2.6 pS and reversal potential of 8.8±6.9 mV and did 

not show voltage sensitivity, indicative of a TRP channel. However, to fully validate 

the channel’s identity pharmacological agents that block TRP channels would need to 
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be used (Alexander et al., 2011). Sodium channels and potassium channels were also 

identified in recordings using physiological solutions and K-means clustering.  

 

Voltage-gated sodium channels share hallmark properties of voltage-dependent 

activation, rapid inactivation, and selective ion conductance as identified by the 

seminal work of (Hodgkin and Huxley, 1952b). The properties of the sodium-like 

channel identified in tracheal chondrocytes (Figure 6.5) with a VRev of 18.6±4.8 mV 

and slope conductance of 22.7±1.1 pS, indicates that it may be a voltage-gated ion 

channel. This sodium-like channel was fast-gated, whereby the channel is open for 

shorter periods of time and gets inactivated quickly. Voltage-gated sodium channels 

are important in articular chondrocytes (Table 1.1), yet their functional expression 

has not been previously reported in tracheal chondrocytes. Future studies would use 

the neurotoxins tetrodotoxin and saxitoxin that block voltage-gated sodium channels 

(Yu and Catterall, 2003), to validate and report this novel finding in tracheal 

chondrocytes.  

 

Surprisingly, potassium channels were not as commonly observed in the tracheal 

chondrocytes however a few potassium channels were functionally expressed as 

shown in (Figure 6.6). This potassium-like channel was fast-gated and had a slope 

conductance of 115±0 pS and reversal potential of -64.7±0 mV, properties indicative 

of a large conductance calcium-activated potassium channel (BK) (Ishii et al., 1997, 

Latorre et al., 1989). Likewise, as there are many different types of potassium 

channels and different groups of calcium-activated potassium channels, 
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pharmacological agents will need to be used in order to fully confirm the channel’s 

identity (Alexander et al., 2019).  

 

Despite clustering the ion channels into groups based on equilibrium potentials and 

size, it was still difficult to discern between the ion channels observed (Figure 6.3A). 

One approach to distinguish between the channels was applied through changing the 

ion concentrations in the recording solutions. This led to a shift in the equilibrium 

potentials of ions and hence changed the activation of the ion channels they are 

permeable through. Initially, a high K+/ Ca2+-free recording solution was used (Figure 

6.3B). Recording the channels with physiological solutions, sodium channels and 

chloride channels were observed to be clustered closely together. Through the use 

of a high K+/ Ca2+-free solution, the possibility of sodium channels being active was 

eliminated as sodium’s equilibrium potential was outside of the VRev range.  

 

However, using this recording solution, potassium channels were still observed and 

overlapped with non-specific cations, to eliminate the possibility of potassium 

channel activation a K+-free solution was used (Figure 6.3C). This indeed changed the 

equilibrium potential of K+ ion to be outside the VRev range, giving a clearer idea of 

the channels being activated using this K+- free solution. Future studies would involve 

increasing the number of channels recorded and using other specific solutions to 

distinguish between the channels. Nevertheless, the gold-standard validation of the 

ion channels identities involves using pharmacological agents that would activate or 

inhibit channels, this is also an approach that would need to be investigated in future 

studies.  
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6.4.3 The expression of VRAC in tracheal chondrocytes  

Due to the sheer number of different channels recorded and the tedious process of 

patch-clamp cell attached recording and analysis as well as the time constraints of 

this project, a focus on chloride channels was adopted. As not only were chloride 

channels frequently observed but also because in previous chapters, they were 

shown to be key in the interplay of miRNAs and ion channels. The chloride channel 

Lrrc8a, an essential subunit of VRAC was shown to be differentially expressed 

between tracheal and articular chondrocytes and a target of miR-141-3p which 

potentially drives the observed functional changes in chondrocytes following miR-

141-3p transfection.  

 

Using the literature as a guide, K-means clustering and observing the phenotypes of 

chloride-like channels, a fast-gated channel was identified as a potential target for 

VRAC identity (Figure 6.8). VRAC have been previously shown to be active at -100 mV 

with conductance ranging from ~ 10 pS to 50 pS (Syeda et al., 2016). The VRAC-like 

channel identified in (Figure 6.8) had a slope conductance of 49±34.3 pS (n=7) and its 

gating phenotype resembled that observed by (Syeda et al., 2016), with similar open 

probabilities at -100mV. Its reversal potential was -54.9±5.7 mV (n=7), indicating that 

it was a chloride channel as it belong to the chloride channel cluster.  

 

Finally, to verify the identity of this channel, a selective VRAC antagonist DCPIB was 

used as it has been previously shown by many groups to selectively block VRAC 

channels (Ponce et al., 2012, Abdullaev et al., 2006, Decher et al., 2001). Perfusion of 

40 µM of DCPIB onto the tracheal chondrocytes inhibited the VRAC current (Figure 
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6.7B &F). In order to assess the potency of this block of DCPIB on VRAC current, the 

dissociation constant (KD) of the reaction between the ion channel and DCPIB was 

calculated. KD is the concentration of when 50% of receptors of the ion channel are 

occupied by DCPIB, this was determined to be 3.27±0.008 µM (n=3). This indicates 

that less DCPIB is required to occupy 50% of the channel’s receptors, implying that 

each molecule of DCPIB is tightly associated with the channel’s receptor (Salahudeen 

and Nishtala, 2017). Together these findings indicate that this channel is a strong 

candidate for VRAC channel. Future studies would further investigate this VRAC 

current by using different hypotonic solutions, as different osmolality gradients are 

known to regulate VRAC current (Trothe et al., 2018). VRAC have also been involved 

in pH sensing and hence the effect of changing the pH environment of chondrocytes 

will be discussed below. 

 

6.4.4 The effect of extracellular acidic pH on tracheal and articular 

chondrocytes  

The extracellular environment of the chondrocyte plays a major role in the ion 

channel gating and modulation of the RMP which impacts its cellular function. The 

chondrocyte extracellular environment is unusual compared to other cell types, in 

particular its osmotic and ionic gradients. The low extracellular pH environment in 

cartilage constantly exposes the chondrocytes to the risk of intracellular acidification 

as the extracellular pH and intracellular pH in chondrocytes are closely linked 

whereby slight reductions of extracellular pH leads to reductions in intracellular pH 

(Wilkins and Hall, 1995, Falchuk et al., 1970). Since many ion channels that were 

differentially expressed between tracheal and articular chondrocytes in chapter 3 
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and targeted by miR-141-3p in chapter 5 and 6 such as Lrrc8a, were pH sensitive, in 

this chapter, the RMP of chondrocytes was measured at acidic pH conditions and 

compared to the RMP at normal physiological conditions. This showed that in an 

acidic pH environment of 6.5 (lower than the values reported for cartilage) the RMP 

becomes significantly depolarised to ~ 5mV for both chondrocyte types. This 

depolarisation was biphasic and reversed back to physiological RMP under normal pH 

conditions. This indicates that the acidic pH environment modulates the ion channel 

gating leading to changes in the RMP that were reversible once the extracellular 

conditions were restored back to normal.     

 

Some of the possible ion channels that could be driving this reversible RMP change 

could be chloride channels. Recently, the structure and pH-sensing mechanism of the 

proton-activated chloride channel (PAC) was elucidated by (Ruan et al., 2020). PAC 

mediates the influx of Cl- as well as cell swelling, it is also implicated in acid-induced 

cell death (Ruan et al., 2020). The novel PAC gene TMEM206 was identified in the 

RNA-seq dataset and hence could be driving these RMP changes (Table A.1). Another 

chloride channel that could be mediating this RMP change is the VRAC, which was 

functionally expressed in tracheal chondrocytes as shown in Figure 6.7. It has been 

shown that VRAC are not only involved in osmoregulation but also in pH sensing, in 

particular low extracellular pH (Wang et al., 2017). Sustained low pH environments 

have been shown to activate Lrrc8a currents, an essential component of VRAC, and 

lead to an increase in intracellular alkalinity and depolarisation of nodose neurones 

(Wang et al., 2017). In addition, extracellular acidity has also been shown to activate 

Ano1, a CaCC (Faria et al., 2014). Ano1 activation has been known to cause 
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depolarisation in neurones and other cell types (Cho and Oh, 2013, Liu et al., 2010, 

Cho et al., 2012, Hartzell et al., 2009). However, its role in chondrocyte’s RMP is 

unknown. Therefore, to validate whether these channels are mediating the RMP 

depolarisation caused by low pH, future studies would involve measuring the RMP in 

the presence of channel antagonists such as DCPIB and CaCCinh-A01 which are VRAC 

and Ano1 inhibitors respectively, at low extracellular pH conditions.   

 

It is important to maintain the overall extracellular pH environment of cartilage as it 

can affect the metabolism of chondrocytes and their ability to synthesise ECM 

proteins which are sensitive to extracellular pH. This provides a negative feedback 

mechanism that regulates the production of matrix proteins. Although low pH 

reduces the lactate production, it has been shown to significantly inhibit cartilage 

production by around 75% at acidic pH levels (Wilkins and Hall, 1995). Whereas in 

physiological conditions at extracellular pH values of 7.1 – 7.2, cartilage turnover was 

found to be upregulated by 50%. This effect of pH was also shown by (Wu et al., 2007) 

whereby glycosaminoglycans synthesis was reduced by 80% at acidic environments. 

Glycosaminoglycans are needed to attract water to cartilage to maintain its 

physiological role (Wu et al., 2007).  

 

However, some ECM proteins were shown to be pH independent. For example, an 

acidic pH environment in chondrocytes does not affect the rate of collagen 

production (Wu et al., 2007). Aside from ECM turnover, other physiological functions 

that are affected by an acidic pH environment are proliferation and migration. This is 

due to the fact that an acidic pH environment promotes the degradation of the ECM, 
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thus allowing cells to be more migratory (Stock and Schwab, 2009). On the other 

hand, an alkaline pH environment affects the cell’s proliferation whereby high 

intracellular pH is a permissive signal for proliferation (Denker et al., 2000, 

Pouysségur et al., 1985). Regulating the pH environment of chondrocytes is 

important as dysregulation of the intracellular and/or extracellular pH can occur in 

disease states. This will be further discussed in chapter 7.  

 

Overall, in this chapter, novel functional ion channels belonging to different families  

were observed in tracheal chondrocytes, giving a clearer image of the tracheal 

chondrocyte channelome. Of these channels, VRAC currents were identified and 

were shown to be blocked with the potent VRAC inhibitor DCPIB. Seeing as VRAC is 

also involved in pH sensing, the effect of pH on the RMP of chondrocytes was 

investigated and was observed to lead to the depolarisation of the membrane 

potential. Since RMP is important in the maintenance of many cellular functions in 

cartilage, the pH environment is an important consideration in relation to cartilage 

disease.  
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7 General Discussion 
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7.1 Main findings 

This study used an unbiased approach that combined molecular biology and 

electrophysiology to investigate the interplay of miRNAs and ion channels in tracheal 

and articular chondrocyte physiology. The main novel findings of this doctoral study 

are as follows:  

(1) Tracheal and articular chondrocytes share a similar transcriptome and 

channelome. They express most ion channel families with distinct differences 

in ion channel subtypes.  

(2) miRNA upstream regulators drive downstream changes in gene expression 

between tracheal and articular chondrocytes with miR-141-3p being amongst 

the top regulators identified. miR-141-3p expression was significantly higher 

in articular chondrocytes in comparison to tracheal chondrocytes. Gene 

ontology analysis of miR-141-3p target genes indicated important links to ion 

channels. Transcriptomic analysis also implicated miR-141-3p as a key miRNA 

in chondrocyte homeostasis and normal cartilage function. 

(3) miR-141-3p targets ion channel genes and alters their expression. It has a 

putative target site in the 3’-UTR of Lrrc8a ion channel gene. Transfecting 

tracheal and articular chondrocytes with miR-141-3p caused the 

downregulation of Lrrc8a expression whereas the inhibition of miR-141-3p 

caused the upregulation of Lrrc8a levels. miR-141-3p affects chondrocytes’ 

function, possibly through the targeting of ion channel genes. Transfecting 

chondrocytes with miR-141-3p resulted in the depolarisation of tracheal 

chondrocytes RMP and decreased their proliferation. Whereas in articular 

chondrocytes it increased their proliferation. Tracheal chondrocyte migration 
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was increased with miR-141-3p transfection, which was decreased with the 

addition of a CaCC channel blocker, CaCCinh-A01.  

(4) Tracheal chondrocytes express a diverse range of ion channel genes that 

contribute to their channelome. The functional fingerprint of a variety of ion 

channels was observed in tracheal chondrocytes. Novel VRAC currents were 

observed in tracheal chondrocytes which were inhibited with the VRAC 

antagonist DCPIB. 

(5) Tracheal and articular chondrocytes share similar RMP values that were more 

positive than reported for other cell types but firmly in line with values 

reported for chondrocytes. An acidic pH environment in tracheal and articular 

chondrocytes led to a biphasic depolarisation of the RMP that reverts to 

physiological levels under normal pH conditions. 

 

In summary, for the first time, this study has shown that miRNAs and ion channels 

interplay in chondrocytes and lead to functional changes that affect these cells’ RMP, 

proliferation and migration. Transcriptomic studies revealed novel ion channel gene 

expression in tracheal and articular chondrocytes, which aided in the elucidation of 

the tracheal chondrocyte channelome and added to the established articular 

chondrocyte channelome.  

 

7.1.1 Tracheal and articular chondrocytes: similar or different? 

Tracheal and articular chondrocytes as previously hypothesised were shown to be 

very similar. However, this study identified distinct differences in their transcriptome, 

channelome and response to epigenetic regulation by miRNA. It was intriguing to find 
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that the hierarchical clustering of ion channel genes between the two chondrocyte 

types in chapter 3 grouped the tracheal chondrocyte samples and articular 

chondrocyte samples separately – distinguishing the differences between the two 

chondrocytes’ ion channel expression.   

 

My group have previously shown that there were no species variations between 

articular chondrocytes isolated from canine, bovine, ovine, equine and human 

cartilage in terms of their RMP (Lewis et al., 2011a). However, other groups have 

reported differences in chondrocytes sourced from different tissues and locations 

within those tissues as reviewed by (Grad and Salzmann, 2009). Most of these studies 

sourced chondrocytes from different cartilages for use in tissue engineering to 

compensate for the limited availability of autologous articular cartilage. One group 

compared chondrocytes isolated from elastic, hyaline and fibrocartilage and found 

differences in their ability to form cartilage on collagen scaffolds with elastic cartilage 

chondrocytes having increased cartilage production compared to hyaline and 

fibrocartilage (Zhang and Spector, 2009).  

 

These studies provide evidence that chondrocytes from different sources of cartilage 

may be physiologically different as observed in the present study. Many of these 

studies indicate that chondrocytes have the ability to adapt to their milieu. These 

findings lead to the proposition that tracheal and articular chondrocytes are similar 

but perhaps have evolutionarily become adapted to their environment. Hence, they 

may have subtly tailored the expression of ion channel subtypes to facilitate the 

functional needs of the cartilage they are expressed in. As observed in chapter 3 the 
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ion channels expressed in specifically one chondrocyte type were related to the 

function of cartilage that the chondrocyte was isolated from; with ion channels 

related to cartilage formation and support being expressed in tracheal chondrocytes 

only and ion channels related to volume regulation and mechanotransduction being 

expressed in articular chondrocytes only.  

 

In this study passaged chondrocytes were used to investigate the similarities or 

differences between chondrocytes isolated from tracheal and articular cartilage. 

There are advantages and disadvantages of using passaged chondrocytes. One of the 

advantages is that chondrocytes once isolated can be expanded to overcome their 

low density in cartilage (Melero-Martin et al., 2009). However this can result in 

dedifferentiation of chondrocytes as the passage number increases and hence affects 

chondrocytes’ phenotype.  

 

Studies examining the production of matrix proteins have shown that after passage 

four, chondrocytes start to undergo apoptosis and fail to produce type II collagen and 

proteoglycans (Schulze-Tanzil et al., 2004, Kang et al., 2007). This can be overcome 

by limiting the passage number of chondrocytes used. It has been shown that 

dedifferentiated chondrocytes at passage 1 – 4 when introduced to high density 

cultures were able to regain a chondrocyte phenotype and form cartilage nodules. 

Whereas chondrocytes at passage 5 – 8 were unable to redifferentiate and did not 

express extracellular matrix proteins (Schulze-Tanzil et al., 2002).  Hence to eliminate 

this factor, chondrocytes from the two cartilage types in this study were isolated from 
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the same animals and were kept at the same passage numbers to minimise the 

variability and ensure that they retain their chondrocyte phenotype.  

 

Although chondrocytes were used up to passage four, minimal Col10a1 expression 

was observed in both chondrocyte types with tracheal chondrocytes expressing more 

Col10a1 than articular chondrocytes. Col10a1 is a marker of chondrocyte maturity 

and hypertrophy (Kirsch et al., 2000). Col10a1 expression was also observed by 

different groups that showed Col10a1 expression in low passage numbers (lower 

than passage 4) (Stokes et al., 2001, Cha et al., 2013). It is only after passage 6 that 

the chondrocytes express high Col10a1 and low Col2a1 levels which reflects cartilage 

hypertrophy (Ashraf et al., 2016). Perhaps this minimal expression of Col10a1 

represents the chondrocytes of the deep zone as they are terminally differentiated 

and express Col10a1 (Akkiraju and Nohe, 2015b, Schmid and Linsenmayer, 1985). In 

addition, Col10a1 expression may be required in chondrocytes to facilitate normal 

function as Col10a1 is important for organisation of the ECM (Kwan et al., 1991). 

 

Overall chondrocytes as hypothesised are not different, yet they are not entirely 

similar. They adapt to their environment by regulating the expression levels of ECM 

proteins, ion channels and miRNAs to adapt to the cartilage that they are expressed 

in and facilitate its function within the body. 

 

7.1.2 miRNA and ion channel interplay in chondrocytes  

This study shows for the first time the regulation of chondrocyte ion channels by 

miRNAs. miR-141-3p endogenously expressed in chondrocytes was shown for the 
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first time to target ion channel genes and downregulate their expression, whereas 

the inhibition of miR-141-3p was shown to upregulate their expression. Until very 

recently, the expression of miR-141-3p in chondrocytes was not previously shown 

(Yang et al., 2019, Zhang et al., 2020). In this study, analysing the predicted targets of 

miR-141-3p using different bioinformatic tools revealed links to ion channels, 

chondrocyte homeostasis and normal cartilage function (Chapter 3). miR-141-3p was 

also observed to have significantly higher levels in articular chondrocytes in 

comparison to tracheal chondrocytes (Chapter 4). This may be due to the fact that 

miR-141-3p has been recently shown to be implicated in OA, which affects articular 

chondrocytes. Two studies have recently shown that long non-coding RNAs (lncRNA) 

interact with miR-141-3p and act as protective mechanisms in OA cartilage (Yang et 

al., 2019, Zhang et al., 2020).  

 

The lncRNA SNHG15, was shown to be decreased in OA cartilage and IL-1β–treated 

chondrocytes. It has protective properties, whereby its overexpression ameliorated 

articular cartilage destruction by decreasing chondrocyte apoptosis, increasing 

chondrocyte proliferation, and decreasing ECM degradation (Zhang et al., 2020). miR-

141-3p expression was shown to be enhanced in OA cartilage and its overexpression 

reduces the function of SNHG15 on chondrocyte proliferation, apoptosis, and ECM 

degradation. SNHG15 binds to miR-141-3p and supresses its expression (Zhang et al., 

2020). It does this by acting as a competing endogenous RNA (ceRNA) or miRNA 

‘sponge’. ceRNAs modulate the level of transcription and translation of their miRNA 

target genes (Xiong et al., 2019).  
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Another lncRNA LINC00341, was shown to supress the action of miR-141-3p on YAF2 

which is an antiapoptotic factor. LINC00341 promotes chondrocyte survival and 

inhibition of OA progression (Yang et al., 2019). miR-141-3p has also been shown to 

modulate inflammation and apoptosis (Pan et al., 2019, Qin et al., 2019). Evidence 

for this was observed chapter 4 in the pathways associated with miR-141-3p targets, 

which included: ‘cell cycle’, ‘hypoxia response via HIF activation’, ‘inflammation 

mediated by cytokine and chemokine signalling’, and ‘apoptosis signalling’.  These 

evidence further implicate miR-141-3p in OA progression as inflammation was shown 

to be one of the upstream stimuli for OA initiation in the OA pathway identified 

amongst the top canonical pathways in chondrocytes in chapter 3.  

 

miR-141-3p is a well-established regulator in cancer biology where it has been shown 

to regulate proliferation, migration and apoptosis as reviewed by (Gao et al., 2016). 

However, its role in chondrocytes remains unclear. Recently, miR-141 was shown to 

be a regulator of cartilage catabolism during the progression of OA (Ji et al., 2020). 

Increased levels of miR-141/200c were shown to be associated with cartilage 

degradation whereby it correlated with decreased expression of ECM anabolic 

markers in OA patients (Ji et al., 2020). miR-141/200c inhibitors were administered 

via a nanocarrier through local intra-articular injection which was observed to cause 

the reversal of cartilage degradation (Ji et al., 2020). These findings are promising as 

they indicate that positively charged chondrocyte-homing nanocarriers can be used 

for sustained drug delivery to the highly negatively charged cartilage and provide a 

unique delivery system to chondrocytes in the middle and deep zone which are rarely 

targeted by conventional drug methods (Rothenfluh et al., 2008).  
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Regenerative medicine advances in cartilage restoration have proved to be difficult 

(Lammi et al., 2018). May different scaffold-based and scaffold-free culture models 

have been developed (Chen and Kawazoe, 2018, Tekin et al., 2011). However, the 

challenge remains in reconstructing models that would retain the chondrocyte 

viability as well increase their proliferation and migration in order to achieve correct 

distribution of embedded cells. Decellularized tissues have also been used as 

scaffolds as they have the correct structure for tissue assembly of the 

macromolecules. The first transplantation of a tissue-engineered trachea was 

conducted by (Macchiarini et al., 2008, Hollander et al., 2009). This was a major 

breakthrough for regenerative medicine. However, it was based on a donor tracheal 

graft. This leads to an even higher demand of donor tissue, whereby with each 

passing year the shortage of donor tissue and organs increases.  

 

In addition, it also raises difficult ethical questions about organ donations, definition 

of human death and distributive justice. Hence, fully tissue-engineered models would 

provide a better solution once their limitations are overcome. For example, the 

nanotechnology-based strategy above can be used to deliver miRNA mimics or 

inhibitors to chondrocytes. This can be used to increase chondrocyte viability, 

proliferation, and migration. It can also be used to deliver miRNA that would target 

ion channels in chondrocytes to alter their expression. For example, miRNAs can be 

delivered to chondrocytes that would target Ano1 and Cav3.2 which are essential for 

tracheal cartilage formation (Lin et al., 2014b, Rock et al., 2008b) and enhance their 

expression to prevent cartilage deformation resulting from their loss.  
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The expression of functional VRAC currents in tracheal chondrocytes was shown for 

the first time in this study. miR-141-3p targets the VRAC, Lrrc8a in both chondrocyte 

types and decreases its expression. miR-141-3p has a putative target site in the 3’-

UTR of Lrrc8a, indicating that it may be targeting Lrcc8a directly. However, this has 

to be validated in future studies with luciferase gene reporter assays. The VRAC 

currents in tracheal chondrocytes were inhibited by the VRAC antagonist DCPIB. 

DCPIB is one of the most potent VRAC inhibitors with an IC50 of approximately 5 µM 

(Decher et al., 2001). Thus, the inhibition of the VRAC current with DCPIB validates 

the channel’s identity. Although VRAC are well-known for cell volume control 

(Strange et al., 2019) and would be anticipated to be more important in articular 

chondrocytes, their expression and function would be vital for tracheal chondrocytes 

too. As VRAC are important for RMP regulation, cell cycle regulation and transport of 

osmolytes (Strange et al., 1996, Okada, 1997, Nilius et al., 1997, Strange et al., 2019).  

The expression of Lrrc8a and its regulation by miR-141-3p in chondrocytes is an 

important finding as VRAC are essential in proliferation, migration, and apoptosis 

regulation (Hoffmann et al., 2015). My group have shown that changes in chloride 

ion channels such as Ano1 and Lrrc8a occurs prior to the onset of apparent cartilage 

loss (Kumagai et al., 2016). Thus, targeting Lrrc8a with miRNAs can be used as 

mechanism to manipulate its expression and chondrocyte function which can aid in 

the inhibition of cartilage disease progression such as OA.  

 

In addition to the regulation of ion channels, miR-141-3p also altered the RMP of 

tracheal chondrocytes, causing its depolarisation. As the RMP is regulated by ion 

channels, it is most likely that miR-141-3p is acting through ion channels identified in 
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chapter 4 (Lrrc8a, Cacna1g or Ano1) either directly or non-directly to change the RMP. 

Hyperpolarisation of chondrocytes has been recently proposed to be a positive 

feedback loop that can enhance Ca2+ entry into chondrocytes (Suzuki et al., 2020b). 

The influx of Ca2+ into chondrocytes can enhance the secretion of cytokines and 

catabolic factors (Yoo et al., 2007, Little et al., 2002). Hence this may be a mechanism 

through which miR-141-3p enhances OA progression by changing the RMP of 

chondrocytes, regulating Ca2+ entry and cytokine secretion. miR-141-3p was also 

shown to decrease proliferation of tracheal chondrocytes in this study as well as 

increase their migration. Some of the variability of the effect of miR-141-3p on 

chondrocyte function for example the discrepancies in proliferation and migration 

needs to be further validated in future studies, which will be discussed in the future 

directions section.  

 

7.1.3 Importance of maintaining the physiological chondrocyte 

environment 

It was demonstrated in this study that an acidic pH environment in chondrocytes 

results in a biphasic depolarisation of both chondrocyte types that is reversed back 

to normal levels in the presence of physiological pH. Maintaining the physiological 

environment of chondrocytes is essential and plays a role in cartilage diseases. For 

example, in articular cartilage, extracellular acidosis can occur in OA and RA and is a 

clinical feature of these diseases that correlates with disease severity (Levick, 1990). 

This was observed in both patients (Farr et al., 1985, Goetzl et al., 1974) and animal 

models mimicking joint disease (Kofoed, 1986). This acidosis in articular cartilage 

affects the articular chondrocytes and can lead to the dysregulation in the production 
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of ECM proteins as discussed in chapter 6 which leads to worse disease outcomes. 

However, clever strategies have been employed to utilise the acidosis in OA, whereby 

novel pH-responsive drug therapies have been proposed that disseminate in a low 

pH environment and release anti-inflammatory drugs for OA treatment (Chung et al., 

2015, Chen et al., 2019, Tao et al., 2019).  

 

In tracheal cartilage, chondrocytes can be indirectly exposed to acidic pH due to the 

acidic environment of the trachea, which has been reported to be around pH 6.1 – 

7.9 (Fischer and Widdicombe, 2006). Chondrocytes can also be indirectly exposed to 

acidic pH levels through Gastroesophageal reflux disease (GERD) which is a condition 

where acid from the stomach gets backed up to the oesophagus causing it to become 

irritated and/or inflamed. GERD has been shown to cause acidosis of the trachea 

which occurs due to the acid aspiration from the stomach into the trachea. Studies 

have shown that once the trachea becomes acidified and the pH decreases, airway 

resistance and broncho-constriction occurs (Vaezi, 2005, Mathew et al., 2004). This 

acidosis due to GERD has been shown to lead to and exacerbate bronchial asthma, 

chronic persistent cough and chronic obstructive pulmonary disease among others 

(Gaude, 2009). Hence the regulation of the extracellular pH environment of 

chondrocytes is essential as they reside in a harsh environment and are constantly 

exposed to the risk of acidosis which could cause changes in the ion channel 

activation and thus the RMP leading to the malfunctioning of vital cellular functions 

such as volume regulation, proliferation, migration, and ECM synthesis.  
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7.2 Future perspectives  

As with many scientific projects addressing one question leads to additional 

questions to be investigated. In this study, I investigated whether tracheal and 

articular chondrocytes were similar or different and whether miRNAs and ion 

channels interplay in chondrocytes using a molecular biology and electrophysiology 

approach. Through investigating these questions one of the limitations that was 

encountered was that the RNA-seq was not designed with miRNA detection in mind. 

Despite this miRNA expression was still detected. However, future studies would use 

single-cell RNA-seq to identify heterogenous populations of chondrocytes and small 

RNA-seq which would capture the complete range of small RNAs and miRNA species 

which is difficult to do with conventional RNA-seq. In addition, the miRNA target filter 

analysis in IPA can also be used alongside small RNA-seq to fully identify the 

relationships most biologically relevant from the small RNA-seq dataset. As well as 

that further analysis of the vast RNA-seq data obtained in chapter 3 can be used in 

future studies to further understand in depth the physiology of tracheal and articular 

chondrocytes.  

 

Moreover, in order to identify whether miR-141-3p is mediating its effect on 

chondrocyte function through targeting ion channel genes directly or indirectly, 

luciferase gene reporter assays would be used to determine if miR-141-3p binds to 

the 3’-UTR region of Lrrc8a, Cacna1g and Ano1 genes. As well as that western blotting 

would be used post miR-141-3p transfection to investigate the effect of miR-141-3p 

on protein levels of the ion channel genes above. 
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Furthermore, as miR-141-3p has been recently shown to play a role in OA and affect 

the ECM catabolism in cartilage (Zhang et al., 2020), future studies would investigate 

the effect of miR-141-3p transfection on chondrocytes’ ability to synthesise ECM 

proteins by measuring the ECM protein deposition. Also, the effect of miR-141-3p on 

VRAC current in chondrocytes can be investigated in future studies to determine 

whether miR-141-3p would block VRAC currents. VRAC currents can  be activated in 

future studies through the use of hypotonic solutions as VRAC currents are triggered 

by a hypotonic challenge (Qiu et al., 2014, Voss et al., 2014). The effect of miR-141-

3p on Ano1 and Cacna1g currents in chondrocytes can also be investigated once their 

identity has been confirmed with pharmacological agents. Finally, in vivo studies to 

determine the effect of miR-141-3p on chondrocyte function and ion channel 

functional expression can be carried out by injecting miR-141-3p mimics and 

inhibitors into rats. This would enable the full elucidation of the role of miR-141-3p 

in chondrocyte physiology.  

 

7.3 Conclusion  

Overall, this study has shown that tracheal and articular chondrocytes, although very 

similar, have distinct differences in their channelome and response to epigenetic 

regulation by miRNAs. This is an important discovery that needs to be considered for 

the treatment of cartilage diseases. OA is a long term uncurable condition that affects 

approximately one in ten adults in the UK (Swain et al., 2020). It can lead to  severe 

physical impairment that affects patients’ quality of life. Hence uncovering possible 

treatments for OA is important to lessen the burden of OA.  
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Here, I have shown that miR-141-3p targets ion channels genes, alters their 

expression and affects the function of both tracheal and articular chondrocytes. In 

light of the evidence above it seems likely that miR-141-3p may play a role in OA 

progression. Hence elucidating the effect of miR-141-3p on chondrocytes and 

manipulating its expression can be used as a potentially treatment of cartilage 

diseases such as OA and TM. The inhibition of miR-141-3p would enhance ion channel 

expression, chondrocyte proliferation as well as migration and restoration of the RMP 

to physiological values. 

 

8  Appendix 
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Table A.1: Genes differentially expressed between tracheal and articular 
chondrocytes. 

 
Gene  Articular (FPKM) Trachea (FPKM) p-value 

Cacna1h 59.5763  185.603 - 

Gli2 14240.5  28301.8 0.00115 

Snai1 45492.7  61819.5 0.11095 

Tmem206 14220.7  9352.85 0.0655 

 

Table A.2: Top 50 significantly differentially expressed genes identified using 
DESEQ2 analysis between tracheal and articular chondrocytes.  
 

Gene Mean Log2 fold change p-value Adjusted p-value 

Tbx15 1526.963242 -4.074213768 2.91E-123 4.63E-119 

Tenm3 12632.91212 4.368843504 1.41E-120 1.12E-116 

Foxf1 1113.648837 7.649618233 3.27E-113 1.74E-109 

Mab21l2 648.8821734 -9.441078154 4.35E-84 1.73E-80 

LOC100911668 743.1835903 -7.747695793 1.45E-71 4.63E-68 

Pitx1 491.7895719 -8.063532191 2.12E-56 5.63E-53 

Gsc 298.7112708 -4.853589045 7.13E-51 1.62E-47 

Hoxc10 1153.598345 -14.08444262 2.67E-49 5.32E-46 

Tsen34 659.0467064 -13.27691329 1.21E-45 2.14E-42 

Ephb6 741.6897928 -2.684085796 4.57E-45 7.28E-42 

Hoxb3 466.9307262 4.200139564 1.25E-43 1.82E-40 

Card6 525.9215499 3.882929455 4.14E-43 5.50E-40 

NA 1092.927388 4.311686797 3.19E-41 3.91E-38 

Hoxd9 519.5481931 -11.24837365 2.41E-39 2.75E-36 

Sim2 3438.011004 2.319781428 3.95E-38 4.19E-35 

Arid4b 273.5424148 -12.00790653 2.51E-37 2.50E-34 

NA 1148.586529 -2.087611664 7.22E-37 6.76E-34 
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Slc2a12 1001.22409 -2.977886366 4.53E-34 4.01E-31 

Hoxc6 305.7595639 -12.16887519 1.51E-33 1.26E-30 

Hoxc8 210.7522219 -11.6325321 7.72E-32 6.15E-29 

Asb4 173.078881 -11.34859352 5.45E-31 4.14E-28 

Irx5 437.3793417 -4.080966166 2.07E-30 1.50E-27 

LOC103692128 126.5688733 -10.89707315 2.05E-29 1.42E-26 

Adgra3 4202.765752 -1.521548533 2.40E-28 1.59E-25 

Met 3037.517679 3.929762784 3.33E-28 2.12E-25 

Hoxc9 177.114193 -9.69546525 5.33E-28 3.26E-25 

Foxd1 218.4613228 -5.030527909 6.06E-28 3.58E-25 

LOC100909443 137.1097835 -10.4332402 7.01E-28 3.99E-25 

Hoxb2 590.1931242 3.447478707 2.81E-27 1.55E-24 

Alx1 923.5251963 12.88806939 5.30E-27 2.82E-24 

Wscd2 1197.448961 3.52830261 2.44E-26 1.25E-23 

LOC103689925 119.3169487 -10.23335924 3.00E-26 1.49E-23 

Plekhg4 523.4664449 -3.751483835 4.80E-26 2.32E-23 

Tbx5 226.2438409 8.024899526 1.07E-25 5.03E-23 

NA 4033.282976 -1.709743092 4.88E-25 2.22E-22 

Islr 3306.163699 -3.876430859 7.31E-25 3.23E-22 

Srgn 488.2816517 3.966330594 1.04E-24 4.37E-22 

Hspa4l 248.3832379 2.638662067 1.02E-24 4.37E-22 

Rassf9 1025.819582 2.896770712 2.29E-24 9.34E-22 

Csmd2 85.27206218 -10.32647534 8.69E-24 3.46E-21 

Col9a2 5044.503384 4.651053301 1.21E-23 4.71E-21 

Upk3b 517.368675 4.031746251 1.26E-23 4.77E-21 

Kif26a 148.5779914 4.343689839 1.94E-23 7.18E-21 

Prdm16 941.5490883 1.3747259 2.66E-23 9.64E-21 

Loxl2 13749.04161 -1.169576623 3.05E-23 1.08E-20 

Tbx3 810.149348 5.171716138 3.86E-23 1.34E-20 

Pth1r 699.460512 -2.216407261 4.10E-23 1.39E-20 

Hoxb4 374.1074475 3.489794055 4.44E-23 1.47E-20 
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Prima1 1384.833102 -7.171731549 7.67E-23 2.45E-20 

Hoxa11 57.65315287 -9.761713803 7.57E-23 2.45E-20 
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