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Abstract
Rheumatoid arthritis (RA) is a chronic, autoimmune, inflammatory disease that affects synovial joints. A key characteristic of RA is hyperplasia of fibroblast-like synoviocytes (FLS) which develop a stable, auto-aggressive phenotype that augments tissue destruction. It is unknown how this phenotype is stably maintained; however, epigenetic changes have been implicated. Histone deacetylation is one proposed method; a process controlled by histone deacetylases (HDACs). However, there have recently been reports publishing conflicting data regarding the expression of HDACs in RA synovium and FLS. The objective of this thesis is to determine the role of HDACs in regulating the auto-aggressive phenotype of RA through studies in FLS and in mice.
Real time-quantitative PCR was used to assess the levels of HDAC1-11 in RA compared to osteoarthritis (OA) FLS. Immunohistochemistry and western blotting were used to assess protein expression of HDAC1 in RA and OA synovial tissue and FLS. HDAC1 was found to be overexpressed in RA compared to OA. HDAC1 was knocked down in RA FLS, then cell proliferation, migration and invasion were assessed by using tritiated thymidine, a scratch assay and a Matrigel invasion assay respectively. All three functions were significantly reduced following HDAC1 knockdown. An Illumina BeadChip (47,000 transcripts) was used to analyse global gene expression changes after knockdown. This revealed significant gene changes in important functional clusters, such as proliferation and migration. HDAC1 knockout is embryonic lethal in mice, so the in vivo role of HDAC1 was investigated in a mouse model of collagen-induced arthritis (CIA) using in vivo siRNAs. Clinical scores of CIA were measured daily and HDAC1 knockdown mice showed a significantly reduced clinical score compared to controls, comparable to dexamethasone-treated mice. The bones were analysed using a microCT scanner and histology. Knocking down HDAC1 showed reduced bone erosion, joint inflammation and cartilage degradation compared to controls.
Overall, this study shows that HDAC1 is dysregulated in RA and it has a significant role in the autoaggressive phenotype shown in RA FLS and collagen-induced arthritis. The novel data shown in this thesis demonstrates that inhibiting HDAC1 may provide a powerful new target for treating RA.
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1.1 [bookmark: _Toc422158213][bookmark: _Toc422241496]Rheumatoid arthritis 
Rheumatoid arthritis (RA) is a chronic, autoimmune, inflammatory disease. It primarily affects the hands and feet, although it can involve almost any synovial joint, as well as any organ system. It has a prevalence of around 1% in Europe and the USA, and is three times more common in females (Alamanos & Drosos 2005). The aetiology of RA is still poorly understood.
1.1.1 [bookmark: _Toc422158214]Presentation
The presentation of RA is highly variable, making diagnosis and treatment a challenging process. Patients often present with non-specific primary signs, including fatigue, weight loss and morning stiffness. This is followed by the more common arthritic symptoms of joint inflammation and pain, often experienced symmetrically. Commonly this causes patients to have trouble with daily activities such as walking, dressing and personal hygiene due to the lack of mobility and joint pain. Chronic RA becomes progressively more severe, leading to deformity and loss of functionality. This is often associated with atrophy of tendons and muscles around the joint, as well as severe damage to cartilage and bone.
Extra-articular consequences of RA include effects on various organ systems, for example cardiac (Solomon et al. 2003) and pulmonary (Shen et al. 2014) involvement is frequent in RA. Rheumatoid nodules occur in 20-35% of patients, particularly pressure- exposed areas such as the elbow (Ziff 1990). Nodules are inflammation of blood vessels causing extrusions that contain high expression of rheumatoid factor (Nyhall-Wahlin et al. 2006). In general, RA itself is rarely fatal, however, as it is often associated with several side effects and increased risk of certain life threatening disorders, RA frequently results in a shortened lifespan (Turesson et al. 2002).
The severity and onset of RA can vary between patients. Onset can be abrupt (days to weeks) or prolonged (weeks to months) and can develop at any stage of life; typically RA incidence increases with age, peaking around 50-60 years (Deal et al. 1985). Juvenile idiopathic arthritis (JIA) is a more frequent form of arthritis seen in children (under 16s), which results in different clinical presentation and prognosis to adult RA (Prahalad & Glass 2002).
What can assist clinical differentiation of RA from other arthritic disorders, such as osteoarthritis (OA), are specific structural changes in the joint shown by radiography (Bohndorf & Schalm 1996), including the anatomical distribution of affected joints, the presence of bone erosions and uniform joint space narrowing as a result of cartilage loss.
1.1.2 [bookmark: _Toc422158215]Diagnosis
There is no single, definitive diagnostic test for RA. However, RA is diagnosed by the recognition of common symptoms and markers at presentation; these include joint swelling and pain. Ultrasound scans, X-rays and magnetic resonance imaging (MRI) are important diagnostic tests.  Specifically, musculoskeletal ultrasound scans of hand, wrist and feet joints have been reported as a good disease predictor in patients showing very early synovitis (Filer et al. 2011).
The diagnostic criteria of RA had previously been solely based on late onset features, as classified in 1987 by the American College of Rheumatology (ACR) (Arnett et al. 1988). It is now well recognised that earlier diagnosis allows for more effective treatment choices and therefore improves clinical outcomes. In 2010, the ACR and European League Against Rheumatism (EULAR) devised a more sensitive classification system based on cellular biomarkers and symptoms that are associated with persistent and/or erosive RA features (Table 1.1) (Aletaha et al. 2010). 
	Patient for whom are eligible for classification:

	Synovitis in ≥1 joint

	Absence of a more likely diagnosis of the synovitis

	Classification as RA if score is ≥6:

	Number and size of involved joints (0–5)

	Serology test for the levels of RF and/or ACPA (0–3)

	Acute-phase reactant test for the levels of CRP and/or ESR (0–1)

	Symptom duration (0–1)


[bookmark: _Ref420434160][bookmark: _Toc422158264]Table 1.1 The 2010 published ACR and EULAR data on the classification of RA. 
For a positive classification of RA a summative score of 6 or greater must be reached (maximum score of 10). A score of less than 6 requires monitoring for potential development of RA over time. Data are taken from ACR 2010 classification (Aletaha et al. 2010). ACPA = Anti-citrullinated protein/peptide antibodies, RF=Rheumatoid factor, CRP=C-reactive protein and ESR=erythrocyte sedimentation rate.

The aims of the new criteria were primarily to aid classification for research purposes and allow earlier intervention for treatment and trials, rather than for an improved diagnosis. However it has since been shown that this new classification system is more appropriate than the 1987 criteria in early RA diagnosis (de Hair et al. 2012). In 2012, further measures to aid RA diagnosis were published by the ACR (Anderson et al. 2012). Six measures of activity were selected for use as they had the best clinical feasibility and psychometric properties (Table 1.2). These properties were devised to facilitate improved sensitivity, discrimination between disease activity levels and identification of remission. They depict a continuous scale of disease activity, in which a cumulative score leads to an accurate description of RA progression; patients can be categorised as stage 1 early RA, stage 2 moderate progression, stage 3 severe progression, stage 4 terminal progression, or remission.
	Disease activity measures

	Patient Activity Scale (PAS) I (0-10)

	Patient Activity Scale II (0-10)

	Routine Assessment of Patient Index Data with 3 measure (RADPID-3) (0-10)

	Clinical Disease Activity Index (0-76)

	Disease Activity Score 28 (0-9.4)

	Simplified Disease Activity Index (0-86)


[bookmark: _Ref420430527][bookmark: _Toc422158265]Table 1.2 The 2012 ACR additional measures of RA classification. 
The activity scores (grey), PAS I and II, and RADPID-3, are patient determined qualitative scores. The clinically assessed scores (white) are based on assessment by the clinician or by laboratory based tests. The benefit of this mixture of measures ensures the best combination of unbiased results. Data taken from (Anderson et al. 2012).

The previous definition of remission by the ACR in 1981 (Pinals et al. 1981) did not allow uniform detection as many of the measures involved were very subjective and were not covered by the core set measures (Boers et al. 1994). This high level of variability and low stringency meant very few patients were classified as in remission.  To produce a more consistent definition of remission, in 2011 the criteria for a uniform diagnosis of remission were published by the ACR, EULAR and Outcome Measures in Rheumatology Initiative (OMRI) collaboratively, principally for use in clinical trials (Table 1.3) (Felson et al. 2011). More recent studies using these criteria has determined that 8% of patients were in remission and over 50% of patients who had met the criteria for over 1 year were in sustained remission (Navarro-Millan et al. 2013). Patients who had comorbidities were reported to achieve remission less often.

	Criteria for remission

	No. of tender joints ≤1 (0-28)

	No. of swollen joints ≤1 (0-28)

	CRP level ≤1mg/dl 

	Patient global assessment ≤1 (0-10)


[bookmark: _Ref420434207][bookmark: _Toc422158266]Table 1.3 The ACR, EULAR and OMRI criteria for RA remission. 
All criteria listed must be met or the summative scores for all measures (the simplified disease activity index [SDAI] score) must be less than or equal to 3.3. CRP=C-reactive protein. Data taken from (Felson et al. 2011).

1.1.3 [bookmark: _Ref422066357][bookmark: _Toc422158216]Clinical biomarkers
As well as all these clinical markers used for diagnosis, RA can be classified using tests for several different biological biomarkers. All markers need to be considered alongside other factors in a diagnosis, in particular, those that are not exclusive to RA. RA is classified as an autoimmune disease due to the presence of rheumatoid factor (RF) and anti-citrullinated protein/peptide antibodies (ACPA), very early in or before the onset of disease.
Rheumatoid factors (RF) are immunoglobulins directed against the Fc (fragment, crystallisable) portion of immunoglobulin (Ig) in humans (Franklin et al. 1957). There are three known isotypes; IgM, IgA and IgG. RF has been found to be present in around 70% of established RA patients (Jonsson et al. 1998), and to be present before the onset of disease symptoms (Rantapaa-Dahlqvist et al. 2003). Furthermore the titre increases with disease severity (Jónsson et al. 1992), particularly combined IgM and IgA expression (Jónsson & Valdimarsson 1992). Patients can have one or more of the RF isotypes present, though it has been found that the presence of more than one isotype is associated with an increase of RA symptoms compared to having only one isotype (Jónsson et al. 1992). Despite its name, RF is not exclusive to RA; it has been found in other conditions, such as Scleroderma (Jonsson et al. 1998) and importantly has been found in around 5% of the healthy population (Nielsen et al. 2012). The exact role or trigger for RF production in RA is unknown, though its role has been linked to theories that it initiates the formation of an immune complex through the activation of complement and chemotactic factors (Zvaifler 1973). 
ACPAs, including anti-filaggrin antibodies, are antibodies produced by plasma cells against citrullinated self-antigens. These are mostly IgG, although can include IgM and IgA antibodies (Kokkonen et al. 2011). ACPAs are mainly present in patients who smoke cigarettes and/or have a particular HLA-DRB1 (human leukocyte antigen - DR beta 1) shared epitope (Hill et al. 2003). Citrullinated proteins, in which peptidyl-arginine is converted to peptidyl-citrulline by peptidylarginine deiminases (PADs), do not usually elicit an immune response as tolerance for the unmodified protein has already been established. However, it is hypothesised that when vast cell damage or uncontrolled apoptosis occurs, the citrullinated proteins are presented to the immune system for the first time (Schellekens et al. 1998). It is then that the immune system incorrectly recognises these altered proteins as non-self and produces autoantibodies, ACPAs, against them (Schellekens et al. 1998). 
The major target for ACPAS is filaggrin but can also include (pro)filaggrin-related proteins, present in epidermal and epithelial tissues respectively. One synovial target has been found, the α- and β-chains of citrullinated fibrin (Masson-Bessiere et al. 2001). It has also been shown that the activation of PAD enzymes following citrullination of primary targets, such as filaggrin, cycles to target and citrullinate secondary proteins, a phenomenon known as epitope-spreading (van der Woude et al. 2010); is has been proposed that further secondary targets may be present in the synovium such as collagen (van Venrooij & Pruijn 2008). ACPAs are found in up to 78% of RA patients (Hoet et al. 1991; Schellekens et al. 1998; van Venrooij et al. 2008) and PAD enzymes are not exclusive to RA (Nakashima et al. 1999). The expression and reactivity of ACPAs is variable, not only between RA patients but, within a patient. Patients can be classified as being ACPA positive or negative, which has implications for their response to drugs and chance of developing heart disease (Pedersen et al. 2006; van Dongen et al. 2007). ACPAs can be presence in circulation years before the patient develops symptoms (van Dongen et al. 2007; López-Longo et al. 2009) and have also been found to be expressed in the synovium (Masson-Bessiere et al. 2000; Snir et al. 2010). They are not only a useful predictor of disease severity in established RA (Meyer et al. 1997) but also in RA diagnosis (Syversen et al. 2008). Furthermore, expression has been significantly linked to earlier age of disease onset (Rodriguez-Rodriguez et al. 2012). Also, the presence and levels of ACPAs have been found to have additional prognostic value over RF levels (van der Linden et al. 2011). Interestingly it has also been found that categorising APCA reactivity to 4 common antigens (rather than APCA levels), including fibrinogen and vimentin, can allow identification of 17 APCA reactivity subsets in RA (Lundberg et al. 2013). The aim was that this fine specificity subtyping would assist personalised therapeutic management. However, this specificity was not found to be useful as a clinical predictor as it did not correlate with clinical features at baseline or during disease progression, eliminating the idea of more targeted treatments based on ACPA profiles (van Beers et al. 2013). What is interesting to consider is the discovery that PAD enzymes also have a role in citrullination of histones (Kouzarides 2007), and it may be that this epigenetic role is key to understanding the link between citrullination and RA.
C-reactive protein (CRP) is an acute phase protein produced by the liver and released into the blood stream; a high level of CRP is indicative of a high level of inflammation. CRP levels are tested in RA patients and indicate the disease is flaring, although, even a positive result cannot inform you where the inflammation is based or the cause. Studies have shown that an increased risk of cardiac disease is positively correlated with a high level of CRP in RA patients (Ridker & Cook 2004). High CRP has also been shown to be linked to increased radiological joint damage (van Leeuwen et al. 1993).
Erythrocyte sedimentation rate (ESR) is a measure of the rate of red blood cells sedimentation and this is proportional to the level of inflammation present. It is another sensitive, but non-specific, indicator of RA. 
In the United Kingdom (UK), for diagnosis of RA using blood-based tests, the national health service (NHS) currently carry out RF, ACPA, CRP and ESR tests (National Institute for Health and Care Excellence (NICE) 2013a).
There are several other biomarkers present in RA. However, currently none of these are widely used for routine diagnosis. 
Anti-carbamylated antibodies (Anti-CarP) target homocitrulline. They have been found to be present in 43% of RA patients (30% of which were ACPA negative) and to positively correlate with radiological damage severity (Shi et al. 2011). These antibodies are also present before the onset of RA (Shi et al. 2014). To date, the specificity of this antibody has not been validated in other diseases.
Anti-A2/-RA33 antibodies are targeted to a messenger ribonucleic acid (mRNA) splicing protein, called heterogeneous nuclear ribonucleoprotein A2 (Steiner et al. 1992). Although it has been reported to be present in around 35% of RA patients, it is also observed in other disease such as SLE and mixed connective tissue disorders (Meyer et al. 1993; Hassfeld et al. 1995). Its expression has been shown to not be linked to erosive disease but has been associated with identifying milder RA and improved outcomes with treatment, if found in isolation (Nell et al. 2005). It has also been reported to be overexpressed in synovial membranes of RA patients (Fritsch et al. 2002).
Anti-savioe (Anti-Sa) is an antibody to citrullinated vimentin (Vossenaar et al. 2004). These antibodies have been found in around 40% of patients with established RA, and less so in early RA patients (Hayem et al. 1999). The same study has reported that their presence correlates with disease destruction.
Anti-p68 are antibodies found in over 60% of RA patients and have specifically been found in synovial fluid (Bläss et al. 1995). Their antigen is a chaperone protein known as BiP/grp78. These antibodies are not RA specific and are found in 7% of non-RA arthritides samples (Blass et al. 2001).
New biomarkers in early RA have been recently identified. Three protein targets, WIBG, GABARAPL2 and ZNF706, were found to be preferentially recognised by autoantibodies in sera of early RA patients compared to established RA and healthy controls (Charpin et al. 2011). Further, biomarkers have been identified that can associate with responsiveness to anti-TNF (anti-tumour necrosis factor) therapy  (Mewar & Wilson 2011), for example autoantibodies to anti-TNF may predict non-responsiveness (Bartelds et al. 2010). Confirmation of these targets is needed to assess their use as clinical biomarkers of RA.	
1.1.4 [bookmark: _Toc422158217]Aetiology
RA is generally thought to arise as a result of environmental triggers in a genetically susceptible individual. Numerous genetic and environmental contributors have been identified but how they all interact to cause RA manifestation is not yet known. It is possible that the gap in our understanding of the causes of RA may come from stochastic epigenetic changes in individuals; examples of these changes will be discussed in more detail later. It is likely that the onset of RA occurs after a threshold of contributing risk factors has been exceeded and therefore the ability to withstand an autoimmune attack is diminished (Svendsen et al. 2013) (Figure 1.1).
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[bookmark: _Ref420434331][bookmark: _Ref420434325][bookmark: _Toc422158254]Figure 1.1 The development of rheumatoid arthritis. 
RA likely occurs for the presence and accumulation of several factors, including genetics, environment and epigenetics which create a pre-clinical disease phase. The accumulation of these factors (many of which are unknown and may differ between patients) past a theoretical threshold, may lead to the establishment of clinical disease progression.

1.1.4.1 [bookmark: _Toc422158218]Genetics
Twin studies have shown that RA has a significant genetic component, with a 12-15% disease concordance rate in monozygotic twins compared with 4% in dizygotic twins (Aho et al. 1986; Silman et al. 1993). Quantitative analysis of these twin studies suggests that the overall variation in RA that is due to the contribution of genetic factors, or heritability, is around 60% (MacGregor et al. 2000). This study also showed that there is not yet any evidence to suggest a difference in genetic contribution between RA subgroups, based on age of onset, gender and disease severity. Despite the high contribution of heritability, data suggests that risk contribution from single genes is only low (Goronzy & Weyand 2009). Over a hundred genes conferring risk have already been identified. However, it is unlikely that any further advances in identifying genes or single nucleotide polymorphisms (SNP) in at risk individuals will provide a significant benefit to diagnosis.
The first loci to be associated with RA risk were in the human leukocyte antigen (HLA) region at 6p21.3, contributing at least one third of the total genetic input (MacGregor et al. 2000), with the greatest risk coming from alleles of HLA-DRB1 (Weyand et al. 2014). There are several known HLA-DRB1 alleles associated with RA in Caucasian populations, including *0401, *0404 and *09 (Milicic et al. 2002; Newton et al. 2004). There are specific sequences at the third hypervariable region of the HLA-DRB1 alleles, known as the ‘shared epitope’ (Gregersen et al. 1987); these can be classed as disease susceptible or protective. For example, in Europe, the allele HLA-DRB1*04 confers a high relative risk of about 3 for RA development (Fernando et al. 2008) but is also present in 30% of the healthy population, so only 1 in 35 allele carriers will develop RA, i.e. a relatively low risk overall (Newton et al. 2004). Further to this, 30% of RA patients do not carry a shared epitope. This all emphasises that specific HLA alleles can confer risk but are neither sufficient nor essential for RA to develop. The shared epitope has been significantly linked to ACPA expression in patients and from this it is hypothesised that the presence of the shared epitope actually confers risk specifically to APCA expression rather than RA itself (van der Helm-van Mil et al. 2006). Quantitative studies show that the shared epitope explains 18% of ACPA positive genetic variance, but only 2.4% of ACPA negative genetic variance, strengthening the hypothesis (van der Woude et al. 2009).
A non-HLA gene that has been associated with RA is PTPN22 (SNP rs2476601). This gene encodes a protein tyrosine phosphatase N22 which has a role in reducing the activity of B- and T-cell receptors (Wu et al. 2006). The disease-associated polymorphism involves a substitution in the binding domain from a cytosine (C) to a thymine (T) base, converting an arginine to a tryptophan at position 620; Presence of this polymorphism has been reported to have an odds ratio for RA of 1.8 in heterozygotes (Begovich et al. 2004) and an odds ratio of 4.6 in homozygotes (Lee et al. 2005). It is hypothesised that the impaired B- and T-cell receptor activity results in a signalling defect that reduces the capability of negative thymic selection, allowing autoreactivity to persist. However, as with HLA-DRB1, this PTPN22 SNP is not exclusive to RA and has been linked to risk in other autoimmune disease, including type 1 diabetes (Bottini et al. 2004).
Several other genes and SNPs have been linked to RA risk in European populations (Stahl et al. 2010). Of note, SNPs found adjacent to the TNF gene are linked to susceptibility to RA (Udalova et al. 1993). A genome wide association study (GWAS) in 2012 identified a further 14 new susceptibility loci, predominately associated with genes involved in the immune and inflammatory responses (Eyre et al. 2012). In 2014 a trans-ethnic GWAS meta-analysis was carried out and this identified 42 novel significant RA risk loci (Okada et al. 2014), resulting in a total of more than 101 RA susceptibility loci known to date.
Furthermore, gene-gene interaction may have a role in adding to RA risk. It has been reported that interaction between HLA-DRB1 and PTPN22 can confer RA risk (Kallberg et al. 2007). Other multigene interactions serve to add to the complexity of the genetic make-up of RA (Jung et al. 2009).
Despite one third of RA cases being ACPA negative, SNPs in this cohort are relatively understudied. Recent studies have discovered SNPs linked to ACPA negative RA susceptibility, but also found that ACPA positive and negative disease show many overlapping loci (Han et al. 2014; Terao et al. 2015). 
1.1.4.2 [bookmark: _Toc422158219]Environmental
The most studied environmental influence on RA risk is smoking. Epidemiological studies, including those involving twins, have shown the significant relationship between smoking dose and increased risk of RA; particularly when RF is also present (Silman et al. 1996; Stolt et al. 2003; Di Giuseppe et al. 2014). Genetic studies have shown there is increased susceptibility to RF-positive disease in heavy smokers with a HLA-DRB1 shared epitope (Karlson et al. 2010) and also with PTPN22 risk alleles (Costenbader et al. 2008). Furthermore the inflammatory effects of smoking have been reported to increase citrullination and ACPA production in certain HLA-DRB1 allele genotypes, potentially predisposing individuals to RA (Klareskog et al. 2006). A study into a Swedish population quantified, independent of HLA status, the number of ACPA positive RA patients that could have been prevented by not smoking as 35% (Kallberg et al. 2011). Despite these strong links to disease, it is still not understood how smoking is related to RA pathogenesis.	
There have been various theories of how viruses could activate autoimmunity in RA, including initiating breakdown of self-tolerance, use of molecular mimicry or the exposure of cryptic antigens. The Epstein-Barr virus DNA, for example, has been shown to be present at an increased load in peripheral blood mononuclear cells (PBMCs) of RA patients compared to healthy controls (Balandraud et al. 2003). The B19 parvovirus has also been reported to be associated with human arthritis onset and may have an involvement with the development to RA (Takahashi et al. 1998; Moore 2000). To date there is still no conclusive evidence implicating viruses in RA.
The bacteria Porphyromonas gingivalis, the major causative agent of periodontitis, has many links to RA. Periodontitis is a chronic inflammatory disease involved in breakdown of gum tissue and is present in over 50% of RA patients (de Pablo et al. 2008). Periodontitis also has an association with a HLA-DRB1 shared epitope status (Marotte et al. 2006) and is the only bacterium to express the citrullinating PAD enzyme (P. gingivalis-PADI) (McGraw et al. 1999). Preliminary data has also reported ACPAs to be significantly increased in periodontitis patients compared to the healthy population (Lappin et al. 2013). It may be possible that citrullination at periodontal sites could predispose an individual to increased risk of RA; however this is not yet proved. Further, it could be a non-causal relationship and the increased prevalence in RA is due to shared genetic and environmental factors.
Other environmental factors that could have links with the increased risk of RA include increased exposure to traffic pollution (Hart et al. 2009), increased exposure to silica (in males) (Stolt et al. 2005), being overweight (de Hair et al. 2013) and lower socioeconomic status (Bengtsson et al. 2005). These studies need to be replicated to completely understand their contribution to RA.
Conversely, alcohol consumption has been shown to reduce both the RA risk and its clinical severity (Maxwell et al. 2010), along with reduced RA risk from breast feeding (Pikwer et al. 2009) and blood transfusions in older women (Cerhan et al. 2002). The use of oral contraceptives yields conflicting data regarding its potential protective effects against the risk of RA (Doran et al. 2004; Pikwer et al. 2009).
1.1.5 [bookmark: _Toc422158220]Current treatments
The burden of RA is costly to patients and society. This includes the cost of paying for expensive drug treatment but there also can be the indirect cost due to reduced employment and RA-associated disability. In 2013, The National Institute for Health and Care Excellence (NICE) reported that RA costs the UK in total between 3.8-4.75 billion per year (National Institute for Health and Care Excellence (NICE) 2013b).
There is currently no cure for RA, as at the clinical or molecular level, very little is known about what instigates this disease. Therefore the need for effective and targeted treatments is high. Some current therapies therefore have to target the molecules or pathways known to mediate joint damage and associated symptoms. They aim to reduce inflammation, and reduce damage to cartilage, ligaments and bone; all while minimising adverse side effects.
As with most human diseases, treatment of RA as early as possible is critical to minimising the damaging effect caused by the condition (Chan et al. 1994; van der Horst-Bruinsma et al. 1998). There is currently no defined regime for when to treat patients or with which drug, but a clinical decision is made based on individual circumstances; clinicians need to take into account the disease activity and comorbidities, including associated medication. There are several established ways to treat RA symptoms, using long term drugs treatments or new biologic therapeutics.
1.1.5.1 [bookmark: _Toc422158221]Non-biologic drug treatments 
Nonsteroidal anti-inflammatory drugs (NSAIDs) are often offered to patients prior to diagnosis. These are the least potent and least specific drugs but can reduce inflammation and pain effectively with few side effects. Simply, they all work by blocking prostaglandin production through inhibition of cyclooxygenase enzymes (Vane 1971). Examples include aspirin and ibuprofen. However, they are known to have adverse effects including increased risk to coronary artery thrombosis, peptic ulceration and renal impairment (Electronic Medicines Compendium 2013; Electronic Medicines Compendium 2014a).
Non-biologic disease-modifying anti-rheumatic drugs (DMARDS) have been chosen as the standard in the care of diagnosed patients. Interesting, these drugs do not show common mechanisms of action; however they all function to effectively slow disease progression and can increase cases of remission (Verstappen et al. 2005; Aletaha et al. 2007). However, a study has reported that DMARDs are discontinued in around 40% of patients due to toxicity or inefficacy (Aletaha & Smolen 2002). These drugs can be used in isolation or, most effectively, in combination with other DMARDs. Adverse effects of these drugs include liver and intestinal problems (Electronic Medicines Compendium 2014b). The most frequently prescribed DMARD is called methotrexate and works by inhibiting folate metabolism. This drug offers the lowest toxicity while having the highest efficacy and is therefore used as the main treatment, although it is not effective in all patients (Kwoh et al. 2002; Bansback et al. 2005; Cronstein 2005). Other examples of DMARDs include leflunomide and hydroxychloroquine. The most recent DMARD to be approved by the Food and Drug Administration (FDA) in 2012 was tofacitinib, an inhibitor of janus kinase 3 (JAK3) in the janus kinase and signal transducer and activator of transcription (JAK-STAT) signalling pathway. It was reported to reduce disease activity scores and improve response rates in patients with moderate to severe active RA where other treatments had not been effective (Kremer et al. 2009). However, to date, this has not yet been approved for use in the European Union (EU) due to queries over its efficacy and safety.
Corticosteroids can also be used in treatment as potent anti-inflammatory and pain relief drugs. They can be taken orally, or by intramuscular or intravenous injection and examples include prednisone and prednisolone. They are most frequently used alongside DMARDs to increase efficacy and response rates in patients (Buttgereit et al. 2013) and, when at a higher doses and alongside methotrexate, they have been reported to be as effective as anti-TNF therapy (Nam et al. 2014). However, they are reported to have severe side effects, particularly with long-term use, including osteoporosis, diabetes and atrophy of muscles (Electronic Medicines Compendium 2014c; Electronic Medicines Compendium 2015). Furthermore, the withdrawal of corticosteroids after long-term use can impair the body’s natural ability to make adrenal steroids (Daly et al. 1967).
[bookmark: _Ref422066709][bookmark: _Toc422158222]Biologic treatments 
Huge developments of therapeutics in RA came about over the last decade with the advent of biological DMARDs. A biological therapy is a treatment that aims to inhibit pro-inflammatory cytokines or immune cells. Biological therapies targeting pro-inflammatory cytokines (such as TNF and interleukin [IL] -6), T-cells, B-cells, or other immune cell interactions have revolutionised outcomes for patients with RA. These treatments however are expensive, require both long-term and systemic administration (rather than oral administration), and are ineffective in a significant proportion of patients (Lipsky et al. 2000). There are also possible long-term side effects of an impaired host immune system and autoantibody production (Antoni & Braun 2002; Atzeni et al. 2013). Further biologics have similar rates of patient compliance as non-biologic DMARDs (Grijalva et al. 2007). Biologics can be used as a monotherapy or in combination with non-biological DMARDs, but may have severe side effects if used in conjunction with other biological DMARDS (Weinblatt et al. 2007).
Cytokine-directed therapies offer the benefit of a faster time of onset and without immune cell depletion (Klinkhoff 2004; Bansback et al. 2005).  The first treatments to be approved, and still the most common treatments used, are TNF inhibitors, in the form of soluble receptors or monoclonal antibodies. Examples of approved drugs include etanercept (a soluble recombinant TNF receptor Fc fusion protein), and infliximab and alalimumab (both monoclonal antibodies). Many studies have reported their clinical efficacy to be around 60% (Weinblatt et al. 1999; Lipsky et al. 2000; Breedveld et al. 2006). Specific side effects of anti-TNF drugs can include increased risk of sepsis and tuberculosis (Bongartz et al. 2006), though these were not shown to be significant by a recent meta-analysis (Thompson et al. 2011).  Anti-TNF treatment is not effective in all patients, despite TNF having a common and prominent role in the RA. There is currently no established way of identifying which patients will respond to treatment. Promising studies have shown that determining the gene expression profile of patients prior to treatment may be a valuable way of targeting anti-TNF agents to patients (Toonen et al. 2012; Mirkov et al. 2013).
Tocilizumab which targets IL-6 is an effective alternative agent. This is a humanised monoclonal antibody against the soluble IL-6 receptor. In several Phase 3 trials, it has been shown to be significantly effective at reducing disease activity scores and fulfilling improvement criteria (Smolen et al. 2013). In patients who do not respond to one or more anti-TNF therapy, tocilizumab has been reported to produce effective response rates compared to placebo controls (Emery et al. 2008).
A further biological target is the IL-1 receptor. The drug anakinra works through IL-1 receptor antagonism; competitively blocking the binding of IL-1 to its receptor. Use of this drug in combination with methotrexate, NSAIDs or corticosteroids has been found to significantly and rapidly reduce disease in 40% of patients compared to placebo controls (Bresnihan et al. 1998; Cohen et al. 2002; Cohen et al. 2004). However, it has been shown to not be effective in a small number of patients who did not respond to anti-TNF therapy (Buch et al. 2004).
As well as cytokine targets, immune cells can also be targeted for biological therapeutics. Abatacept is a recombinant human fusion protein consisting of CD (cluster of differentiation) 8, T-cell antigen 4 and the Fc portion of IgG. These drugs inhibit T-cell activation through the blocking of essential costimulatory signals via CD80 and CD86 on antigen-presenting cells (APCs) with CD28 on T-cells. Phase 3 trials of abatacept showed it achieved patient responses in over 45% of patients (with an inadequate anti-TNF response) compared to placebo controls (Genovese et al. 2005; Schiff et al. 2009). It is most frequently used in combination with methotrexate, following inadequate anti-TNF response. Studies into its use as a primary biologic treatment are underway and have shown to be successful in early trials (Schiff et al. 2008).
Biological therapies have also been developed to target B-cells. Rituximab is a chimeric monoclonal antibody that works by inhibiting CD20 on B-cells, resulting in a depletion of peripheral and synovial B-cells.  A study has reported that after 6 and 12 months of treatment, 92% and 59% of patients respectively showed a clinically significant response (Dass et al. 2008). Also, in a Phase 3 trial with patients who did not respond well to anti-TNF treatment, rituximab showed significant improved responses in over 50% of patients compared to placebo controls (Cohen et al. 2006). 
IL-17A is targeted by potential new drugs secukinumab (Langley et al. 2014) and ixekizumab (Leonardi et al. 2012); they are human and humanised IgG1 monoclonal antibodies respectively that work to neutralise IL-17A. Both have been shown to effectively reduce disease scores in psoriasis. Proof of concept trials and Phase II trials have shown secukinumab to produce clinically relevant improvements in the RA phenotype, including a significantly decreased DAS28 (Disease Activity Score of 28 joints) and increased remission (Hueber et al. 2010b; Genovese et al. 2012; Genovese et al. 2013). These drugs are in Phase III trials for use in RA treatment.
New TNF, IL-6, IL-6 receptor and IL-1 antibodies are also in development, with the majority still in clinical or preclinical testing phases (Venkatesha et al. 2015).
1.1.5.2 [bookmark: _Toc422158223]Alternative treatments
Alongside drug treatments, several lifestyle changes are advised to try and improve mobility and quality of life; these include exercise, diet and use of assisted devices.
Surgery can be used for end-stage patients to relieve pain, increase movement and correct joint deformities; although surgery is less frequently performed due to the success of effective drug treatments. Surgeries can involve removal of a region of synovial membrane (synovectomy) or tendon (tenosynovectomy), both of which are carried out in early disease. There can also be more invasive reconstructive surgery, such as arthroscopy, which aims to restore structure and function through cleaning and resurfacing of the cartilage or bone. A complete joint replacement (arthroplasty) can also be undertaken in more progressive disease, in which an artificial joint is inserted. Further, an arthrodesis can be performed in cases where a replacement is not possible. This involves an induction of joint ossification between bones to try and manage pain.


1.2 [bookmark: _Toc422158224][bookmark: _Toc422241497]RA at the cellular level
In a healthy synovial joint, there is an outer 1-3 cell thick synovial lining layer, primarily composed of fibroblast-like synoviocytes (FLS) and macrophages, which secretes a small volume of viscous synovial fluid. This fluid provides the nutrients to the avascular cartilage and lubrication needed in these joints to allow smooth, cushioned movements. 
The characteristic pathology in RA is hyperplasia of the synovial lining layer to around 8-10 cells thick, and the sub-lining becomes infiltrated with numerous inflammatory cells, including macrophages, T- and B-cells, endothelial cells and FLS (Figure 1.2). This migration is aided by cell activation and the expression of chemokines and adhesion molecules, for example intercellular adhesion molecules (ICAMs). The synovial fluid becomes infiltrated with leukocytes, mainly neutrophils, and the fluid becomes increased in volume and has reduced viscosity. Further, the cartilage is continuously eroded away by proteolytic enzymes and new cartilage formation is impaired. An increase in osteoclasts results in bone resorption. Additionally, RA progression results in the formation of an invasive joint pannus; the increased thickening and irregular growth of the synovial tissue. The pannus is therefore often compared to a tumour, although it does not undergo metastasis from the joint. Simultaneously to this, the joint becomes hypoxic due to the increased numbers of cells and surface area of the pannus (Lee et al. 2007b); this drives neovascularisation. This pathology is orchestrated by a complex interplay of growth factors, enzymes, including proteases, and inflammatory mediators, including cytokines and chemokines, which establish an inflammatory loop within the joint. Specific cytokines can activate cells, including FLS, to release proteases such as matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) that degrade the extracellular matrix (Jones et al. 2008). 
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[bookmark: _Ref421465939][bookmark: _Toc422158255]Figure 1.2 A healthy and a rheumatoid synovium
A healthy joint (left) contains a small volume of synovium and a thin lining layer of fibroblast-like synoviocytes (FLS). Within the RA joint (right), rapid migration of immune cells into the sublining occurs. These attract more immune cells to the damaged area through release of cytokines and chemokines, resulting in an inflammatory loop. Synovial hyperplasia is caused by increased numbers of macrophages and RA FLS in the synovial lining layer. This leads to hypoxia, low levels of oxygen, and another key feature of the synovium which, along with cytokine release, results in angiogenesis. Bone and cartilage loss is also a key feature of RA. This is due to the adhesion of RA FLS followed by release of matrix-degrading proteases and inflammatory cytokines that cause osteoclast differentiation and cartilage and bone loss.

1.2.1 [bookmark: _Toc422158225]Lymphocytes in RA
1.2.1.1 [bookmark: _Toc422158226]T-cells in RA
T-cells require stimulation from APCs in order to become mature and carry out their functions. This stimulation via major histocompatibility complex (MHC) receptors and a co-signal can lead to one of three fates; cell activation, tolerance or apoptosis. T-cells have several subsets, namely cytotoxic T-cells (CD8+) and helper T-cells (CD4+), which can both differentiate to effector or memory cells (Figure 1.3). Of interest here is that naïve CD4 effector helper T-cells (Th) can themselves be further subcategorised into Th1, Th2, Th17 and regulatory T-cells (Tregs).
In RA, cytotoxic T-cells have been found to be present and involved in the formation of the lymphoid tissue in RA (Kang et al. 2002). They were also found to be reduced in the peripheral circulation of RA patients and elevated in synovial fluid, which may be due to enhanced migration to joints (Berner et al. 2000; Maldonado et al. 2003). 
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[bookmark: _Ref420434392][bookmark: _Toc422158256]Figure 1.3 The basics of T-cell production
CD4 T-helper (Th) cells play a role in controlling the innate immune system response and can differentiate to Th1, Th2, Th17 or Treg cells based on different stimuli. Th1 cells react to intracellular pathogens and are involved in the production of antibodies by B-cells, Th2 cells react to extracellular pathogens, Th17 cells have a role in driving and regulating inflammation, and Treg cells regulate the immune system mainly through suppression. Cytotoxic CD8 cells are involved in killing infected or damaged cells. Memory cells of both CD4 and CD8 T-cell types are also produced (Skapenko et al. 2005). 

A shift towards a Th1 phenotype and a relative absence of a Th2 phenotype in peripheral blood has been reported, although this is true for both RA and healthy blood. However, in RA there is a significant increase in the Th1 phenotype in synovial fluid compared to peripheral blood (Berner et al. 2000). There is also a key role for Th17 cells in RA, particularly in bone erosion and inflammation (Koenders et al. 2006). Further, numbers of Tregs have been shown to be increased in RA synovium and reduced in the peripheral blood (Cao et al. 2004; Lawson et al. 2006), although an opposing result to this has been reported (Liu et al. 2005). Other studies have shown a reduced function of Tregs in RA (Flores-Borja et al. 2008), which can be restored after anti-TNF therapy (Ehrenstein et al. 2004). This suggests a loss of control of regulation by Tregs in RA which could be due to TNF dependency (Nie et al. 2013). 
The activation of T-cells can result in cytokine release, including TNF and IL-6 (Steiner et al. 1999) and IL-17 (Benedetti & Miossec 2014), and activation of other immune cells, including monocytes (Brennan et al. 2002) and FLS (Yamamura et al. 2001).
Restoration of proliferation and of function of Tregs through the addition of exogenous IL-2, a known survival cytokine that acts via IL-2 receptor (CD25), in mice has proved successful in the reduction of autoimmune diseases (Tang et al. 2008; Webster et al. 2009). A potential new approach to treatment involves the use of endogenous Tregs, cultured to expand ex vivo and then re-infused into the patient (Peters et al. 2008). So far this approached has been shown to be successful in mouse models of autoimmune diabetes but has yet to be investigated in RA mouse models (Masteller et al. 2005). Studies have found IL-17 expressing T-regs in colorectal cancer which have been found to suppress T-cell activation and increase proinflammatory cytokines (Kryczek et al. 2011). 
1.2.1.2 [bookmark: _Toc422158227]B-cells in RA
It is known in RA that the central and peripheral checkpoints for B-cell tolerance are impaired; therefore, the production and maintenance of auto-reactive B-cells is possible (Samuels et al. 2005). It has been reported that, regardless of treatment, the number of auto-reactive B-cells in RA is significantly increased compared to controls, suggesting that the lack of tolerance is likely to be genetic and not due to inflammation (Samuels et al. 2005; Menard et al. 2011); though this hypothesis needs to be tested pre-disease. It still remains unknown by exactly what mechanisms the auto-reactive B-cells survive, however, it has recently been proposed that the evasion of apoptosis may play a role (Rapetti et al. 2015).
B-cells are activated in RA by interaction with T-cells and factors secreted by dendritic cells, macrophages and FLS that promote proliferation, trafficking and differentiation. These factors include B-cell survival factor (APRIL/TNFSF13a) and B-cell stimulating/activating factor (BLyS/BAFF/TNFSF13b) (Craxton et al. 2003; Seyler et al. 2005; Ohata et al. 2005), cytokines, for example IL-15 (Benito-Miguel et al. 2012), and chemokines, for example CXCL (C-X-C motif ligand) 13 (Takemura et al. 2001a). 
Within the synovium, B-cells (CD20+/CD20-) can be distributed diffusely, be loosely organised into group aggregates with T-cells or be highly organised into germinal-like centres (Klimiuk et al. 1997; Wagner et al. 1998). Each microstructure is uniquely present in each patient and this remains stable over time (Takemura et al. 2001a). This study also reported that the presence of these ectopic germinal centres is seen in less than 25% of patients but has been linked to a poorer prognosis (Thurlings et al. 2008), suggesting that there may be further sub-categories of RA based on the B-cell microstructure.
One of the major experiments in understanding the importance of B-cells in RA revealed that in a B-cell deficient mouse model, CIA  did not develop (Svensson et al. 1998). B-cells have several important roles known in the immune system linked to RA. Firstly they can produce antibodies (as plasma cells) (Munthe & Natvig 1972), and therefore, alongside plasma cells, have an important role in the production of autoantibodies (described in Section 1.1.3). They are also key APCs (O’Neill et al. 2005), and can activate and aid differentiation of synovial CD4 T-cells (Takemura et al. 2001b; Wilson et al. 2012). They can also secrete proinflammatory cytokines, such as IL-1 and TNF, that have prominent roles in regulation of further immune cell activation, immune cell interactions and production of new lymphocytes (Yeo et al. 2011). They can stimulate FLS, through production of lymphotoxin-β (Braun et al. 2004) and osteoclastogenesis through the production of receptor activator of nuclear factor kappa-B ligand (RANKL) (Yeo et al. 2011). The most recently emerging role for B-cells is in the remodelling of bone, with a study reporting that ACPA positive patients have increased bone resorption  (Kocijan et al. 2014).
Interestingly, data has shown that there are also naturally occurring, IL-10 expressing, immunoregulatory B-cell subset (Bregs) (Mauri & Ehrenstein 2008). These cells were found to be reduced in new-onset RA patients compared to healthy controls (Ma et al. 2014). Further, the numbers of Bregs are negatively correlated with disease activity and severity scores and, following drug treatment, the cell numbers can increase. Transfer of Breg-like cells in vivo can prevent disease initiation and can ameliorate established disease in a CIA mouse model (Mauri et al. 2003).
B-cells have a major role in RA and are therefore a potential therapeutic target. B-cell depletion therapy (rituximab) has been reported to significantly enhance clinical outcomes in RA (described in Section 0). Rituximab can only target plasma cell precursors (CD20+ve) and does not eliminate the established antibody-producing plasma cells (CD20-ve). Thus, targeting these plasma cells that produce the auto-reactive antibodies is an important next step. A B-cell co-receptor, CD19, could be a possible new target due to its presence on a wider range of B-cells and presence at a reduced level on plasma cells (Tedder et al. 1997). Anti-CD19 has been trialled and has shown effectiveness in reducing B-cells and antibody concentrations in a cancer mouse model (Yazawa et al. 2005) and demonstrated safety and efficacy in humans cancer trials (Woyach et al. 2014). In RA, an anti-CD19 has also been reported to supress B-cells (Chu et al. 2014).
1.2.2 [bookmark: _Toc422158228]The innate immune system in RA 
1.2.2.1 [bookmark: _Toc422158229]Synovial macrophages in RA
Although previously thought to exclusively differentiate from monocytes (van Furth & Cohn 1968), resident tissue macrophages in a steady state are now considered to be mostly derived independently of monocytes, during embryonic development (Ginhoux et al. 2010; Schulz et al. 2012; Yona et al. 2013; Hashimoto et al. 2013; Epelman et al. 2014). However, inflammation still leads to monocyte-derived macrophages within tissues (Jakubzick et al. 2013); although their comparability to resident tissue macrophages is still unknown. 
During inflammation, monocytes can differentiate into several different types of tissue macrophage depending on the microenvironment (Figure 1.4). The tissue macrophages then become activated through the stimulation of toll-like receptors by endogenous ligands such as heat-shock proteins and fibronectin (Smiley et al. 2001; Iwahashi et al. 2004). 
In RA, the synovial macrophages are hyperplastic (Allen et al. 1990) and are localised in the synovial lining and sub-lining layer of the joint (Mulherin et al. 1996), in the cartilage-pannus junction (Hansch et al. 1996) and within lymphoid aggregates or infiltrates (Iguchi et al. 1986). Further, macrophage numbers have been positively correlated with disease activity (Soden et al. 1991) and radiographic progression (Mulherin et al. 1996); thus, a macrophage biomarker (CD68) can be used as a clinical marker of treatment efficacy (Haringman et al. 2005).
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[bookmark: _Ref420434439][bookmark: _Toc422158257]Figure 1.4 Changes to macrophage differentiation in rheumatoid arthritis. 
Monocytes entering the tissues have the opportunity to differentiate to a variety of different tissue macrophage types. In a healthy state, a macrophage can become several different cell types, shown on the left. On the right, the tissue macrophage can become any of the same cell types but also can differentiate to become a rheumatoid nodule macrophage or to a dendritic cell. Further, other differentiation routes become more frequented, including osteoclasts, synovial macrophages and rheumatoid nodule macrophages (bold arrows). The result is an imbalance of cell types and an imbalance of the factors they produce (Kinne et al. 2007).

Once activated, macrophages have a major role in secretion of pro-inflammatory cytokines and chemokines, for example IL-6, TNF, IL-8 and macrophage migration inhibitory factor  (MIF), leading to inflammation (Chu et al. 1992; Singh et al. 2013) and secretion of critical enzymes that cause damage to the extracellular matrix (Tetlow et al. 1993). These factors, along with monocyte chemoattractant protein 1, not only promote further differentiation to macrophages, but also stimulate other local and systemic cells to become activated (Koch et al. 1992a). Other roles include bone remodelling via differentiation to osteoclasts and antigen presentation to T-cells in later RA stages (Mottonen et al. 1998). They may have a role in angiogenesis through their release of IL-8 (Koch et al. 1992b).
Interestingly, it has been noted that synovial macrophages can be polarised depending on the tissue environment. This results in a continuum of cellular phenotypes based on differential functions (Martinez et al. 2008; Mosser & Edwards 2008). Due to the wide breath of terminology used for macrophages, recently an informal consensus has defined their nomenclature (Murray et al. 2014). M1 macrophages or classically activated macrophages are driven by interferon gamma (IFNγ), lipopolysaccharide (LPS) or TNF expression (Mantovani et al. 2004), and have a pro-inflammatory role and cause joint destruction. M2 or alternatively activated macrophages are driven by IL-4, -13 or -10 expression (Mantovani et al. 2004), and are regulatory cells which produce anti-inflammatory stimulators and are involved in matrix deposition. It has been suggested that M1 macrophages may predominate in RA, although both subsets are present (Vandooren et al. 2009). However, there are very few studies examining the expression or role of these subsets in RA.
1.2.2.2 [bookmark: _Toc422158230]Neutrophils in RA
Neutrophil activation may occur via complement (C5a), cytokines (for example TNF and IL-8), chemokines, immune cell complexes, and insoluble and soluble immunoglobulin aggregates (Troughton et al. 1996; Fossati et al. 2002; Scapini et al. 2005). In RA, neutrophils are present in high numbers in the synovial fluid and sites of erosion (Mohr et al. 1981; Kitas et al. 1988). They produce and release chemokines, cytokines, including TNF, IL-1 and IL-6, growth factors, proteases and reactive oxygen species (ROS) (Barrett 1978; Beaulieu & McColl 1994; Quayle et al. 1995; Kasama et al. 2000; Cedergren et al. 2007; Auer et al. 2007). There are significant differences in gene and protein expression of neutrophils in peripheral blood from RA compared to healthy controls. Interestingly, interferon-response genes have been shown to be upregulated in RA neutrophils compared to healthy controls and high expression is predictive of a good response to anti-TNF therapy (Wright et al. 2015).
The key roles of neutrophils in RA are still not completely understood but may include angiogenesis, destruction of cartilage and endocytosis. Also, within the joint, neutrophils have been shown to take on properties of other immune cells. An induction of APC qualities due to de novo synthesis and expression of receptors, including MHC class II antigens, T-cell stimulatory receptors and dendritic cell receptors, have been seen in synovial neutrophils in RA, suggesting they might gain extra functions (Gosselin et al. 1993; Cross et al. 2003; Iking-Konert et al. 2005). This phenomenon is known as transdifferentiation of the neutrophils. 
Neutrophils have also been found to produce and release neutrophil extracellular traps (NETs) that aid removal of pathogens (Brinkmann et al. 2004), and, in RA, these have also been found to contain autoantigens, for example citrullinated histone proteins (Khandpur et al. 2013; Pratesi et al. 2014). This process is enhanced in RA synovial neutrophils and could therefore provide a stimulus for autoantibody production and thus be driving RA establishment.
Under normal conditions, neutrophil survival is very short (6-12 hours) and cell death by apoptosis is high. The receptor alteration described above and hypoxic conditions are known to be anti-apoptotic conditions, and this can result in the extension of their lifespan for up to 2 days in culture (Gosselin et al. 1993; Cross et al. 2006). As neutrophils are no longer undergoing rapid apoptosis, it is hypothesised that this could lead to the uncontrolled release of cytotoxic granules, which aids joint destruction (Savill 1997). A study has also reported that treating patients with methotrexate can restore the high turnover of neutrophils (Weinmann et al. 2007).
Mouse models of RA have shown neutrophils to be present at high levels and to be essential for the initiation and maintenance of joint inflammation (Wipke & Allen 2001; Tanaka et al. 2006). Murine neutrophils from 2 arthritis models have been reported to express PAD enzymes which led to citrullination of several synovial proteins, however, no ACPAs were found in these mice (Vossenaar et al. 2003). This could be linked to the difference in duration of disease between mice and humans or genetic factors not present in these mice models.
Interestingly, similar to that seen in macrophages, tumour neutrophils have been reported to be polarised to N1 or N2 phenotypes (Fridlender et al. 2009). N1 neutrophils are influenced by interferon beta (IFN-β) in the microenvironment and exert anti-tumour properties, including cytotoxicity, tumour rejection and immune memory (Jablonska et al. 2010; Piccard et al. 2012). Opposing this, N2 neutrophils are switched on by transforming growth factor beta (TGF-β) expression and show pro-tumour properties including invasion, growth and metastasis (Fridlender et al. 2009; Piccard et al. 2012). However, to date this neutrophil polarisation has only been identified in cancer. Understanding if similar subtypes are present in RA may be an important development in our understanding of disease.
1.2.2.3 [bookmark: _Toc422158231]Mast cells in RA
Mast cells have long been known to be involved in the IgE allergic immune response and are present in small numbers in the healthy joint. However, they have been found at increased numbers in RA (Godfrey et al. 1984). Their appearance has been reported throughout the synovial tissue, most prominently along the periphery close to immune cell infiltrates (Tetlow & Woolley 1995) and at sites of cartilage erosion (Bromley et al. 1984). Their presence has also been reported to be correlated with RA activity (Godfrey et al. 1984). Using two mouse strains deficient for mast cells, it has been shown that mast cells are essential for RA development in these models and are therefore likely to have a key role in RA (Lee et al. 2002).
The activation of mast cells in RA may occur via interaction of autoantibodies with their aggregated surface IgG receptors (Lee et al. 2013). It is also understood that cytokine release (e.g. TNF and IL-1) from local inflammatory cells can lead to mast cell activation in the joint (Woolley & Tetlow 2000). Further, complement, including C5a (Ramos et al. 1994), toll-like receptors  (TLR) ligands (Suurmond et al. 2014) and microbial complexes (Gruber et al. 1988) can initiate mast cell activation.
Mast cells have a role in secretion of chemokines and cytokines into the synovial fluid, including IL-17a, which is significantly increased in ACPA positive patients (Hueber et al. 2010a; Suurmond et al. 2011). Their degranulation also results in release of the release of histamine (Malone et al. 1986) and the release of proteases tryptase and chymase (MCTC), or tryptase alone (MCT) (Tetlow & Woolley 1995), leading to two distinct mast cell populations (Schwartz et al. 1987; Irani et al. 1987). Mast cells act to increase expression of adhesion molecules, increase vascular permeability, recruit immune cells and aid angiogenesis (Azizkhan et al. 1980; Walsh 1991; Gaboury et al. 1995).
1.2.2.4 [bookmark: _Toc422158232]Natural killer cells in RA
Natural killer cells (NK cells) are effector lymphocytes of the innate immune system involved in defence against microbial infections and assist in directing the subsequent adaptive immune response. NK cells are defined as CD3-CD56+ lymphocytic cells, which can be further subdivided into CD56dimCD16bright and CD56brightCD16-; these subtypes vary in their cytotoxicity and the cytokines they release (Fogel et al. 2013). In RA, NK cells become activated after being stimulated by certain cytokines, including IL-12 and IL-15 (Dalbeth & Callan 2002). There is no difference in NK cell number in RA peripheral blood compared to the healthy population (Pridgeon et al. 2003), although within RA, the NK cells present in the joint are vastly different to those in the blood. The synovial NK cell subsets that have been reported to be present in the synovial fluid includes CD94brightCD56bright, CD3-CD158a/b- (Pridgeon et al. 2003) and CD3-CD56bright (Dalbeth & Callan 2002). These subsets are thought to produce cytokines, for example IFNγ and IL-22, which can activate other immune cells (Zhang et al. 2007). Other data also reveals the ability of NK cells to adopt APC properties after killing, through expression of MHC II antigen and T-cell co-stimulatory molecules (Hanna et al. 2004). Further, a CIA mouse model of RA with depleted NK cells via targeted antibodies (anti-asialo GM1) before disease onset, caused significant disease amelioration, and strongly reduced bone erosion, synovitis and pannus formation compared to controls (Soederstroem et al. 2010). The hypothesis from the data is that the NK synovial subsets may facilitate a more proinflammatory environment in the joint. 
In contrast to this hypothesis, studies have reported reduced numbers and reduced cytotoxicity of peripheral blood NK cells (CD3-CD56bright) in RA patients in comparison to healthy individuals (Park et al. 2009; Aramaki et al. 2009). Further NK cell depletion via antibody depletion (PK136 antibody and anti-asialo GM1) causes earlier onset disease, increased disease severity, increased autoantibody and cytokine production, and reduced peripheral NK cells in several mouse models (Staphylococcus aureus-induced septic arthritis and CIA) (Nilsson et al. 1999; Lo et al. 2008). Further to this, induced activation of NK cells in a CIA mouse model inhibited the development of the disease (Leavenworth et al. 2011). These data suggest that NK cells have immunoregulatory properties with the synovium.
Similar discrepancies in the role of NK cells have also been seen in other autoimmune disorders, including type1 diabetes and psoriasis (Fogel et al. 2013). There clearly is need for more studies in this area to determine the exact role of NK cells and how they interact with other immune cells.
1.2.2.5 [bookmark: _Toc422158233]Dendritic cells in RA
In a healthy individual, dendritic cells are regulators of the innate and adaptive immune response (Banchereau & Steinman 1998). They become activated and mature after exposure to antigens. They are APCs that also prime T-cells for differentiation and work to remove auto-reactive T-cells in the thymus and periphery (Steinman & Nussenzweig 2002). It is this process that becomes dysfunctional in RA leading to the acceptance of auto-reactive T-cells in the immune system.
There are two subsets that are characterised by different surface marker expression; myeloid and immature plasmacytoid dendritic cells (Cavanagh et al. 2005; Lebre et al. 2008); however, these subsets are not exclusive to RA. Within the RA synovium dendritic cells are found to be mature and differentiated (Pettit et al. 2000) and are located primarily in the sublining layer and around blood vessels (Lebre et al. 2008). They are proposed to be activated and migrate to the joint by the action of synovial cytokines released by monocytes and FLS, such as IL-6 and IL-8 (Lipsky et al. 1989; Thomas & Lipsky 1996). Dendritic cells are found to be increased in RA compared to OA, particularly in ACPA positive patients, and numbers are positively correlated with the severity of inflammation (Takakubo et al. 2008). 
Their role in RA involves presenting auto-antigen to the adaptive immune system, perpetuating disease (Thomas & Quinn 1996). They have been found to have increased expression of HLA class II molecules and co-stimulatory molecules CD80 and CD86 (Summers et al. 1996). They also have a key role in de novo establishment and maintenance of lymphoid tissue (Ludewig et al. 1998; Page et al. 2002). The cellular subsets have different roles in RA, with the myeloid dendritic cells involved in T-cell expansion through release of IL-23 and the immature plasmacytoid dendritic cells creating a constant activation of further dendritic cells to the joint by producing IL-18 and IL-15 (Lebre et al. 2008). Monocyte-derived immature dendritic cells are also capable of transdifferentiation into osteoclasts, cells that are involved in bone resorption, and this process has been reported to be enhanced in the synovial fluid of patients (Rivollier et al. 2004).
The use of tolerogenic dendritic cells (tolDC) is a promising immunotherapeutic option for RA. TolDCs (previously known as DCregs) are naturally occurring cells that induce and maintain immune tolerance through T-cell apoptosis and induction of Tregs (Hill & Cuturi 2010). For therapeutics, these cells can be specifically induced by isolation of a patient’s own dendritic cell precursors which are then differentiated ex vivo into tolDCs, loaded with relevant autoantigens and then returned to the patients – an autologous immune treatment (Harry et al. 2010). The aim of this is to restore the dysfunctional immune tolerance present in RA, while keeping the protective immune system untouched. Phase I safety trials are underway involving a tolDC in type 1 diabetes patients (Giannoukakis et al. 2011) but efficacy trials need to be undertaken, and similar studies in RA are yet to be published.
1.2.2.6 [bookmark: _Toc422158234]Fibroblast-like synoviocytes in RA
Healthy synoviocytes provide the synovial joints with synovial fluid which contains plasma proteins and lubricating molecules such as hyaluronate (Müller-Ladner et al. 2007).
In RA, FLS are found within the lining and sub-lining layer of the synovium. Quantification of FLS has been slow due to the lack of a highly specific cell surface marker. Antibodies against vascular cell adhesion protein 1 (VCAM-1 ) (Edwards et al. 1997) CD55/DAF (Edwards et al. 1997), cadherin-11 (Valencia et al. 2004), vimentin (Goodpaster et al. 2008), procollagen (anti-pC) (McDonald et al. 1986), 1B10 surface protein (Singer et al. 1989), prolyl-4-hydroxylase (5B5) (Janin et al. 1990) and thymic stroma (TE-7) (Goodpaster et al. 2008) have all previously been used but none of which are exclusive to RA FLS.
They become activated from a thin layer of cells present in normal joints, to the hyper proliferative and anti-apoptotic state seen in RA joints, which initiates further functional and phenotypical changes. The origin of these semi-transformed cells is still unknown; however some possibilities have been identified. These include the migration and expansion of mesenchymal cells from the cortical bone (Marinova-Mutafchieva et al. 2002) or derivation from blood-borne fibroblasts (Edwards 1994).
The activation of FLS has been shown to be through induction by T-cells (Burger et al. 1998; Yamamura et al. 2001), stimulation of TLRs (Kyburz et al. 2003), hypoxia (Cha et al. 2003) and through ribonucleic acid (RNA) release from necrotic synovial fluid cells (Brentano et al. 2005). It is known that activation of FLS can be initiated prior to an inflammatory response and can be maintained without continuous stimuli present (Müller-Ladner et al. 1996). However using mouse models of RA, it has been shown that cartilage destruction can precede FLS activation (Korb-Pap et al. 2012).
Compared with fibroblasts from degenerative forms of arthritis, such as OA, RA FLS have an auto-aggressive phenotype associated with transformed cells, including changes in morphology, proliferation, apoptosis, migration and invasive potential (Davis 2003). FLS also secrete chemokines, cytokines, most prominently IL-6 (Hirth et al. 2002) and adhesion molecules (Pap et al. 2000). The release of cytokines and chemokines attracts circulating inflammatory cells to the inflamed joint, for example over expression of CXCL12 by FLS encourages T-cell migration (Bradfield et al. 2003), which can lead to further cellular activation and prevention of cells leaving the joint tissue. This function is also aided by the upregulation of MHC II expression and APC properties of FLS (Boots et al. 1994; Zimmermann et al. 2001), though due to the lack of co-receptors, it is likely that FLS can only lead to anergy of T-cells without the assistance of other local co-receptor-expressing cells (Corrigall et al. 2000). RA FLS also have a key function to produce proteinases aiding cartilage destruction (Gravallese et al. 1991; Ilic et al. 2000); these include matrix metalloproteinases, cathepsins and aggrecanases. Cadherin-11 has been identified as an adhesion molecule essential for synovial development and is present on synoviocytes, particularly FLS (Lee et al. 2007a). In a K/BxN arthritic mouse model with a cadherin-11-deficiency (suggested to be comparable to an FLS-deficiency), the mice showed no signs of cartilage destruction but still showed bone damage and inflammation of joints (Lee et al. 2007a). Finally, FLS also have a role in angiogenesis via the release of certain factors, including vascular endothelial growth factor (VEGF) and IL-8 (Cho et al. 2007).
The highly invasive nature of FLS has been revealed using the severe combined immunodeficiency (SCID) mouse model, which lacks an adaptive immune system. RA FLS were implanted with human cartilage into one flank of a mouse, with additional human cartilage implanted in the contralateral ‘control’ flank.  After 60 days, RA but not OA or healthy FLS had invaded into the human cartilage at the primary implant site and control implant and caused RA-like symptoms and factor release. This indicates the long-term stability of their phenotype that it is independent of adaptive immune cells. Moreover, invasion of the control implant revealed the ‘metastatic’ potential of this cell type (Lefèvre et al. 2009). Their invasion has also been reported to be independent of cell proliferation (Tolboom et al. 2002; Seemayer et al. 2003). The stability and independence of the transformed phenotype in RA FLS suggests that this change may be due to epigenetic modifications.
For many of the reasons listed here, and including increased telomerase activity (Tsumuki et al. 2000), potential cytoskeletal rearrangements (Aidinis et al. 2005), anchorage-independence and lack contact inhibition (Lafyatis et al. 1989), RA FLS are said to behave as tumour-like cells. The main difference seems to be the inability of FLS to metastasise disease to other parts of the body beyond synovial joints and not populate clonally. Interestingly, data has suggested that when FLS are senescent, they may be able to influence the migratory and invasive potential of cancer cells (Unpublished data, Dr D. Lambert). RA FLS may be acting via a parallel mechanism; however, the effect of cell senescence in RA FLS has not previously been published. However a reduction in telomerase activity is associated with primary fibroblast senescence (Bodnar et al. 1998) and it has previously been shown that telomerase activity in RA FLS is induced (Tsumuki et al. 2000), suggesting the cells are not senescent. 
Targeting FLS as a method of treating RA has been investigated. Given that aberrant proliferation and apoptosis are apparent in RA FLS, targeting cell cycle enzymes such as p21 with inhibitors, has shown to be successful in vitro and in vivo (Nonomura et al. 2001; Nonomura et al. 2003). Knocking out non-specific surface markers, such as CD248 (Maia et al. 2010) or cadherin-11 (Kiener et al. 2009), in mouse models has shown significant benefits and may be a good route for developing new therapeutic drugs. The use of epigenetic targets in RA FLS has been investigated and will be discussed in detail later.
1.2.3 [bookmark: _Toc422158235]Other cells in RA
There are several other cell types that are present in the synovium and which are altered in RA.
Chondrocytes are cells of the cartilage that regulate the balance of matrix production and deposition, including collagens and aggrecans. In RA, these cells are activated by proinflammatory cytokines, such as IL-1 and TNF, released from the synovium and from themselves, resulting in the secretion of proteinases and other mediators (Otero & Goldring 2007). Their overall effect is destruction of the cartilage leading to further damage.
Osteoblasts and osteoclasts are also present in pits on the surface of cancellous bone and are bone producing and bone resorption cells respectively. In RA, osteoclasts are of most interest as these have been found to also be present in the synovial membrane and attached to the surface of cartilage (Gravallese et al. 1998). This is due to the increase in precursor monocytes cells and an increase in local expression of differentiation factors, such as RANKL and macrophage colony stimulating factor, further driven by cytokines. Also, osteoblast functions are inhibited by local factors such as dickkopf WNT signalling pathway inhibitor 1 (DKK-1) (Walsh et al. 2009). The result of this is a shift of balance towards an increase in bone damage and not enough bone restoration (Schett 2007).
Monocyte-derived multipotent progenitor cells, known as fibrocytes, are capable of differentiating into cells including chondrocytes, myofibroblasts and osteoblasts, and can secret cytokines and chemokines (Herzog & Bucala 2010; Choi et al. 2010). In RA, fibrocytes have been reported to be increased in number and activation during early disease in the CIA model (Galligan et al. 2010). Further, when introduced into the collagen antibody-induced arthritis RA mouse model, these cells increased the disease severity score and were shown to migrate to affected joints of recipient mice (Galligan & Fish 2012). However, little more is known about the role of these cells in RA, though their role in the pathogenesis of other fibrotic diseases has also begun to be investigated (Herzog & Bucala 2010). 
Endothelial cells are also known to be activated in RA by inflammation, resulting in increased permeability and expression of cytokines, chemokines, proteases and adhesion molecules, which all aid increased migration of leukocytes into the vessels and migration to the effected joints (Middleton et al. 2004). They further assist increased migration by increased proliferation and increased expression of angiogenic factors which results in angiogenesis thus allowing more oxygen and nutrients to be supplied to the joints.
1.3 [bookmark: _Toc422158236][bookmark: _Toc422241498]Epigenetics
Epigenetic modifications are alterations of DNA or post-translational modifications of histone proteins that control cell-specific functions and distinct cellular phenotypes. They regulate gene expression, but do not change the primary DNA sequence. They can cause local or global changes. Although each modification acts in a unique way, they all function together to bring about the final gene expression pattern. The type and state of the cell involved determines the resultant transcriptional profile. Some modifications bring about activation of genes and others bring about repression. There are many types of known modifications that occur in higher eukaryotic cells. Summarised here are some of the methods by which the epigenetic code is implemented in humans.
1.3.1 [bookmark: _Toc422158237]DNA methylation 
DNA methylation is a key regulator of embryonic development, cell differentiation, control of the cell cycle and the maintenance of genomic stability (Smith & Meissner 2013).
DNA is methylated at the 5’ of cytosine bases in eukaryotes via a methyl transfer reaction, resulting in the production of 5-methylcytosine. This includes DNA from the nucleus and potentially the mitochondria. This reaction occurs at a cytosine 5’ of a guanosine, a CpG (cytosine-phosphate-guanine) dinucleotide. However, 5-methylcytosines can be spontaneously deaminated to thymine, resulting in fewer CpG dinucleotides within the human genome (Lander et al. 2001). More recent mapping data has revealed that methylation is not exclusive to CpG dinucleotides and can occur at other sites, often CpA dinucleotides, in specific cells, such as adult brain cells (Xie et al. 2012b) and embryonic stem cells (Lister et al. 2009). However, the function of these remains unclear.
In normal cells, CpG dinucleotides are typically hypermethylated and are associated with repression of transcription (Siegfried et al. 1999). Methylation is rarely present at 5’ gene promotors, which constitute CpG dinucleotides grouped into CpG islands, approximately 1kb long (Larsen et al. 1992). Methyl marks result in either the direct blockage of transcriptional activators or the indirect blockage via recruitment of other factors to form heterochromatin (Figure 1.5). Methylation sites can also occur intergenically where they regulate the activity of more distant enhancers (Schmidl et al. 2009) or non-coding RNAs (Lujambio et al. 2010). Less well understood is the emerging role of methylation marks within genes, which occur preferentially in exons over introns (Chodavarapu et al. 2010). Intragenic marks have been reported to have a role in definition of exons to assist alternative splicing (Maunakea et al. 2013). This study found an increase in methylation in exons that were to be included during the splicing reaction and that these marks allowed recognition by other proteins involved in regulation of expression, such as methyl CpG binding protein 2 (MeCP2) (Maunakea et al. 2013). However, another study has shown that intragenic methylation marks work more like those present at promoters as they result in inhibition of binding of DNA-binding proteins, such as CCCTC-binding factor, facilitating exon exclusion (Shukla et al. 2011). Other studies have investigated other roles for intragenic methylation including utilisation of alterative polyadenylation sites (Wood et al. 2008), allowing tissue- and cell-specific activation of alternative promoters (Maunakea et al. 2010) and regulation of transcription by influencing the rate of the transcriptional elongation (Lorincz et al. 2004).
In many cancers, CpG dinucleotides have reduced methylation levels, while CpG islands show increased methylation (Jones & Baylin 2002). The result is an aberrant transcription profile, which includes tumour suppressor genes becoming repressed and the genome becoming unstable (Baylin & Herman 2000). Changes in DNA methylation may play a significant role in inflammatory diseases including asthma (Yang & Schwartz 2012), and systemic lupus erythematous (SLE) in which global DNA methylation levels are lower (Liu et al. 2011b).
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[bookmark: _Ref420434482][bookmark: _Toc422158258]Figure 1.5 Transcriptional control by methylation
Methylation markers (triangles) can inhibit transcription in one of two ways. A) Transcription factors can be directly inhibited from binding the DNA (blue) at the methylated sites. B) Methyl-binding domain proteins can be bound to the methylated DNA, which further recruits other regulators including chromatin modifiers to repress transcriptional activator binding through heterochromatin formation.
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[bookmark: _Ref420434499][bookmark: _Toc422158259]Figure 1.6 DNA methylating mechanism
DNMTs convert cytosine into 5-methylcytosine by covalently adding a methyl group from the donor S-adenosylmethionine (SAM), resulting in a by-product of S-adenosylhomocysteine (SAH).

The enzymes responsible for DNA methylation are DNA methyltransferases (DNMTs) (Figure 1.6). There are three eukaryotic enzymes responsible for this: DNMT1, DNMT3a and DNMT3b. DNMT1 functions to maintain methylation levels during replication and therefore has a preference for hemi-methylated DNA (Liu et al. 1998), but it has also been reported to repair DNA methylation following damage (Mortusewicz et al. 2005). Interestingly, it is the only DNMT that translocates to the mitochondria and binds to mitochondrial DNA, and is therefore the likely source of mitochondrial methylation (Shock et al. 2011). DNMT3a and DNMT3b carry out de novo methylation on naked DNA strands (Okano et al. 1999), and each acts at distinct embryonic stages (Watanabe et al. 2002). However, the two roles are not independent and it appears the enzymes often work cooperatively (Pradhan et al. 1999; Liang et al. 2002). These enzymes can be inhibited by a synthetic compound called 5-aza-2′-deoxycytidine, resulting in hypo- or hemi-methylation of DNA (Christman & Mendelsohn 1983; Creusots et al. 1982).
Until recently, DNA methylation was thought of as a highly stable epigenetic mark (Lande-Diner et al. 2007), but since the discovery of a demethylation pathway, it can now be considered as more of a dynamic change. There are several proposed demethylation pathways. It may be a replication-dependent, passive process that occurs when DNMT1 is not present or bound (Sharif et al. 2007; Bostick et al. 2007). The demethylation pathway may also occur actively through deamination catalysed by DNMT enzymes (Métivier et al. 2008), by activation-induced DNA deaminases (Morgan et al. 2004), or by DNA glycosylase methyl-CpG binding domain (MBD) 4 enzymes via a base-excision repair pathway (Hashimoto et al. 2012). The most characterised pathway is by 10-11-translocation (TET) methylcytosine dioxygenase. The TET pathway operates via a primary intermediate known as 5-hydroxymethylcytosine (5hmC) (Kriaucionis & Heintz 2009; Tahiliani et al. 2009) and two further oxidative intermediates (He et al. 2011; Ito et al. 2011) (Figure 1.7). 5-carboxylcytosine is then converted back to cytosine through the action of thymine-DNA glycosylase (He et al. 2011), completing the demethylation pathways. It may be that all these pathways operate in concert depending on the cellular situation and that other pathways are currently unidentified.
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[bookmark: _Ref420434577][bookmark: _Toc422158260]Figure 1.7 A proposed DNA demethylation pathway
Cytosine (C) can be methylated via DNMT enzymes to 5-methylcytosine (5mC). This process is effectively reversed by an immerging pathway for demethylation involving TET enzymes. 5mC is converted to 5-formlycytosine (5fC) and then to 5-carboxylcytosine (5caC). Image is taken from Hill et al. under the licence agreement found at http://creativecommons.org/licenses/by-nc-nd/3.0/legalcode (Hill et al. 2014).
1.3.2 [bookmark: _Toc422158238]Post-translational histone modifications
Chromatin is a nuclear complex containing DNA wrapped around proteins, called histones. It is formed of many individual nucleosomes (Figure 1.8). Chromatin can be modified in two main ways: physical nucleosome rearrangements via adenosine triphosphate (ATP)-dependent complexes (Lusser & Kadonaga 2003) and addition of specific residues on the unstructured N-terminal core histones tails that are susceptible to modification (Fuchs et al. 2006). The establishment and accumulation of all the modifications to histones is due to the action of a variety of specific enzymes. However, it has been found that these enzymes do not exclusively target histones (Sadoul et al. 2008; Huang & Berger 2008). Once established, chromatin modifications function through recruitment of effector proteins that contain specific binding domains, such as bromodomains (Dhalluin et al. 1999). These effector proteins are not necessarily modification specific; they can often bind more than one type of target (Ruthenburg et al. 2007). Further, they often bind as complexes, such as in transcription factor (TF) IID (Vermeulen et al. 2007). The modification affects the structure of histone proteins and the strength of the interaction with the DNA. The functions include regulation of accessibility of TFs to the DNA (and therefore changes in gene expression (Allfrey 1966)) and DNA repair (van Attikum & Gasser 2005), among others. The individual marks rarely act alone and the resulting interaction of modifications is collectively known as the ‘histone code’.
Histone proteins can be categorised into two groups: the core histones (consisting of H2A, H2B, H3 and H4) and the linker histones (H1). It is the octamer of core histones (two of each type of core histone) that the DNA is wrapped around and the H1 linker connects these core units to create a single nucleosome (Figure 1.8). H1 is a dynamic and mobile histone that may play a role in regulating histone and DNA modifications (Yang et al. 2013b). The wrapping of the DNA around histone proteins allows it to coil and condense, as to pack more tightly into the small space of the nucleus. 147 base pairs of DNA wrap around one core histone octamer (Luger et al. 1997). Interestingly, it has been shown that modifications on one of the pair of matching core histones are not necessarily reflected and present in the other, leading to asymmetrical histone marks (Voigt et al. 2012). Histone tails can be modified at more than one amino acid and this can occur via cooperative binding of proteins (Jacobson et al. 2000). 
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[bookmark: _Ref420434598][bookmark: _Toc422158261]Figure 1.8 The structure of the nucleosome
The core histones (H2A, H2B, H3 and H4) act as a central core for DNA (black) to wind around. This condensation allows organisation and regulation of transcription factors contacting the DNA. Histone tails are the N-terminal extrusions of the histone proteins from the main globular centre, which are accessible for post-translational modifications. The tails are subject to different modifications at specific amino acids residues.

1.3.2.1 [bookmark: _Toc314002824][bookmark: _Toc331346303][bookmark: _Toc422158239]Histone methylation
The histone tails can be subject to methylation (-CH3) at lysine (mono-, di- or tri-methylated), arginine (mono- or di-methylated) or at glutamine residues (Tessarz et al. 2014). It is known that the addition of a methyl group does not alter the charge of the histone proteins. All histones have been shown to be susceptible to methylation, including H1 (Tan et al. 2011). Multiple residues can be methylated and, at any one site, up to three methyl groups can be added simultaneously. However, methyl modifications affect expression differently; some can cause activation while others can cause repression. An example of an activation mark is H3K4me3 (trimethylated lysine 4 of histone H3), which is reported to be present at almost all promoter sites in embryonic stem cells, but not all resulted in a full length transcript (Guenther et al. 2007). On the other hand, the mark H3K9me3 (trimethylated lysine 9 of histone H3) has been shown to be repressive (Nakayam et al. 2001). To further add to the complexity of methylation, it has even been reported that differing amounts of methylation at the same residue can have opposing functions (Barski et al. 2007).
The enzymes involved in this process are histone methyltransferases (HMTs), which add methyl groups, and histone demethylases (HDs), which remove them (Kouzarides 2007). The HMTs are split into three groups based on structural properties: SET-domains, which exclusively target lysine (Del Rizzo & Trievel 2011); DOT1-like, which target lysine (Feng et al. 2002); and arginine specific HMTs (Di Lorenzo & Bedford 2011). The presence of a lysine-specific demethylase, LSD1, was discovered in 2004 (Shi et al. 2004). Since then, several other lysine-specific HDs that work via an alternative mechanism, termed JmjC domain-containing demethylases, have emerged (Tsukada et al. 2006). However, to date, only one HD for arginine has been found (Chang et al. 2007), but its activity and structure have been queried (Webby et al. 2009; Hong et al. 2010). It has been hypothesised that histone demethylation can also be carried out by the process of citrullination by PAD enzymes (Cuthbert et al. 2004). Of note is that the enzymes are not all specific for histones; other substrates include RNA (Tkaczuk et al. 2007) and non-histone protein sites such as cysteine (Zhang et al. 2011) and histidine (Webb et al. 2010).
Methylation has many roles other than transcription: in the cell cycle, in the DNA damage response (Sanders et al. 2004) and in recombination (Matthews et al. 2007). Many effector proteins that recognise histone methylation marks have been identified, including chromo/tudor-family domain (Maurer-Stroh et al. 2003) and PHD (plant homeodomain) finger proteins (Li et al. 2006). 
1.3.2.2 [bookmark: _Toc422158240]Histone acetylation
Histone acetylation is a dynamic modification involving the addition of an acetyl group (-COCH3) to histone tails. Acetylation is regulated by two families of enzymes: histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Figure 1.9).
HATs catalyse the addition of acetyl groups from a donor acetyl-coenzymeA onto the epsilon-amino group of lysine residues on histone tails. Acetyl groups are negatively charged, so when transferred to the positive lysine, they neutralise their charge, resulting in decreased affinity of the histones for the negative phosphates of the DNA. This disruption of electrostatic interactions frees the DNA into an open conformation allowing access by TFs, with resulting increased gene expression (Hong et al. 1993). 
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[bookmark: _Ref420434830][bookmark: _Toc422158262]Figure 1.9 Histone acetylation enzymes
The action of histone acetyltransferases (HATs) allows the histone tails (colours) to disassociate from the DNA (black), and therefore allow access by transcription factors (TFs). The result is an acetylated nucleosome and transcriptional activation. Histone deacetylases (HDACs) remove acetyl groups (purple), so cause the interaction of the histone tails with the DNA, resulting in no access for TFs. The result is a deacetlyated nucleosome and transcriptional repression.

There are two major classes of HAT: type A and type B. Type A are nuclear enzymes that acetylate target histones within established nucleosomes (Richman et al. 1988). They can be further grouped into three classes based on sequence similarity and 3D structure: Gcn5/PCAF (GNAT), p300/CBP and MYST (Yang 2004). 
The type A enzymes are not only capable of acetylating multiple sites on the histone tails, but they can also acetylate the histone core, such as H3k56 (Tjeertes et al. 2009). These enzymes have been found to function in multiprotein complexes, such as NuA4 HAT complex (Doyon & Cote 2004), and it is the component proteins that direct the specificity and activity of the enzymes actions (Grant et al. 1997).
Type B are localised largely to the cytoplasm and all share a high level of sequence similarity. They target newly synthesised histone proteins, H3 and H4, and free histones that are not already present in a chromatin complex (Ruiz-Carrillo et al. 1975; Richman et al. 1988). Interestingly, these preliminary histone marks are removed before these histones become incorporated into nucleosomes (Annunziato & Seale 1983). 
The first HAT to be discovered was HAT1 (Parthun et al. 1996). Since then, a second HAT, HAT4, has been discovered, which localises to the Golgi apparatus (Yang et al. 2011). Of note, HAT2/RbAp48 is a HAT cofactor (Parthun et al. 1996) and HatB3.1 is a yeast HAT not conserved in humans (Sklenar & Parthun 2004).
HDACs have the opposite activity of HATs, transferring the acetyl groups from histone tails back to coenzymeA. The removal of the acetyl group results in the positive histones interacting with the negative phosphate groups of DNA, resulting in stabilisation of charges and condensation of DNA, and therefore transcriptional repression (Wade et al. 1997). There are four classes of HDACs, grouped based on homology and cellular localisation: class I (HDACs 1, 2, 3 and 8), which are localised to the nucleus; class II (HDACs 4, 5, 6, 7, 9 and 10), which are present in both the nucleus and the cytoplasm; class III, the sirtuins, (SIRTs 1-7) which are dissimilar in sequence and structure; and class IV (HDAC 11), which display some similarity to both class I and class II (de Ruijter et al. 2003; Blander & Guarente 2004; Gregoretti et al. 2004). The HDACs require zinc as a cofactor whereas the sirtuins require NAD+ as the cofactor. Most HDACs are capable of functioning at multiple sites on histone tails, and therefore exhibit low substrate specificity. Therefore, HDACs are often found in complexes with TFs and other enzymes, including other HDAC family members, to aid correct targeting to specific histones sites. For example, HDAC1 and HDAC2 are frequently found together as part of several complexes including Sin3a (SIN3 transcription regulator family member A), NuRD (nucleosome remodelling deacetylase) and Co-REST (REST corepressor 1), which are involved in transcriptional regulation and chromatin remodelling (Yang & Seto 2008). Many non-histone targets for HDACs have been identified (Glozak et al. 2005), including the tumour suppressor gene p53 – a gene involved in initiating apoptosis or cell-cycle arrest, which is downregulated by HDAC-mediated deacetylation (Juan et al. 2000).
Reports have also shown that acetylation has many diverse roles with the cell, including in DNA damage, maintaining genome stability, proliferation and apoptosis of cells (Tjeertes et al. 2009; Yang et al. 2011; Bhaskara et al. 2013). For example, deletion of HDAC1 and 2 in murine fibroblasts can halt cell cycle progression at G1 phase (Yamaguchi et al. 2010). Also, acetylation of p53, following DNA damage, induces apoptosis in tumour cells (Sykes et al. 2006).
It is becoming increasingly evident that abnormal activity of HDACs has a role in regulating the inflammatory response. A significant reduction in HDAC activity has been found in peripheral lung tissue from patients with chronic obstructive pulmonary disease (COPD) compared to non-smoking controls, but also between early and late stages of the disease (Ito et al. 2005). Significant reductions in HDAC activity have also been noted in alveolar macrophages (Cosio et al. 2004) and bronchial biopsies (Ito et al. 2002) of asthma patients compared to healthy controls. Further, inhibitors of HDACs have been shown to attenuate inflammation in a murine model of allergic asthma (Choi et al. 2005). Inhibition of HDACs in transformed cancer cell lines results in nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) -driven transcription of inflammatory genes (Ashburner et al. 2001). It is clear that HDACs play a role in regulating inflammation and represent major new therapeutic targets.
HATs and HDACs are hypothesised to carry out these functions by allowing the DNA to change in conformation and therefore accessibility, but also aid recruitment of important proteins that regulate transcription. These proteins have specific bromodomains that allow their docking to acetylation sites (Dhalluin et al. 1999). Interestingly, HATs and HDACs do not contain DNA-binding domains, so it has been hypothesised that they need to be recruited to the DNA as complexes or via individual carrier proteins, such as transcription factors (Marmorstein 2001; Sengupta & Seto 2004). However, it has recently been shown that HDACs can be recruited to chromatin through directly binding to histones and DNA, without the need for carrier proteins (Li et al. 2014b). HDACs themselves are also tightly regulated via many methods, including association in complexes, post-translational modifications and location restrictions (Sengupta & Seto 2004). 
1.3.2.2.1 [bookmark: _Toc422158241][bookmark: _Toc314002835][bookmark: _Toc331346314]HDAC1
HDAC1 is a homolog of the yeast Rpd3 protein, and was the first enzyme discovered with histone deacetylases activity (Taunton et al. 1996). The gene maps to the short arm of chromosome 1 at 1p34.1 (Furukawa et al. 1996). The whole gene is around 41kb in length, comprising an open reading frame of 1446 base pairs across 15 exons (Furukawa et al. 1996). The protein encodes 482 amino acids, with a mass of 55 kDa (Taunton et al. 1996). Studies examining the crystal structure of bacterial HDAC1 bound to broad HDAC inhibitors revealed an active site containing key aspartate, histidine and phenylalanine residues, a zinc binding site and a hydrophobic tubular pocket (Finnin et al. 1999); this data has backed-up the recent crystal structure of human HDAC1 interacting with part of the NuRD complex (Millard et al. 2013). These active site features are conserved in the eukaryotic protein and the amino acid residues are conserved among the HDAC protein family (Wang et al. 2005). Mutagenesis experiments in the active site revealed 8 key alanine residues involved in substrate-protein interactions (Weerasinghe et al. 2008). A 14 angstrom (Å) internal cavity within the active site was also identified (Finnin et al. 1999), which was found to have a critical role in the binding and release of acetate products of deacetylation. This was found to have key residues that aid catalytic activity, including a serine at position 113 that has been suggested to impact HDAC1 and 2 specificity (Methot et al. 2008; Wambua et al. 2014). Other studies have determined the proposed mechanism of ligand unbinding from HDAC1 using computational models (Kalyaanamoorthy & Chen 2012). 
HDAC1 is a member of the class I HDACs and is probably one of the most studied HDACs. It localises to the nucleus through a C-terminal nuclear localisation domain or by being shuttled as an oligomer in a wide range of cell types (Taplick et al. 2001). However, there is evidence of HDAC1 functioning in the unfolded protein response within the cytoplasm (Kahali et al. 2012) and in the cytoplasm of axons following nuclear export via a protein complex (Kim et al. 2010). It is the N-terminal HDAC association domain that allows oligomerisation, as well as allowing binding to HDAC2 and HDAC3 (Taplick et al. 2001) (Figure 1.10). 
All of the core histones interact with and are susceptible to modification by HDAC1 (Li et al. 2014a). As with other HDACs, HDAC1 has been shown to have non-histone targets, including p53 (Juan et al. 2000). Furthermore, HDAC1 itself can also be subject to post translational modification; for example, the phosphorylation of C-terminal serine residues can lead to enhanced catalytic activity (Pflum et al. 2001). HDAC1 can also be subject to acetylation by HAT p300, which reduces its enzymatic activity (Qiu et al. 2006).
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[bookmark: _Ref420434849][bookmark: _Toc422158263]Figure 1.10 Basic functional domains of HDAC1
The HDAC1 protein is 482 amino acids (aa) long and made up of 3 major domains. The first domain, the HDAC association domain (HAD), is located at the N-terminal end and is the site of protein binding, including homodimerisation. The second and largest domain is the zinc-binding catalytic domain and this overlaps the HAD domain. It contains important conserved residues, histidine and aspartate, which lie within the active site. The final and most C-terminal domain is a lysine-rich domain that contains the nuclear localisation signal (NLS).

HDAC1 is commonly found in several complexes alongside HDAC2, including NURD, Sin3, CoREST and more recently NODE (nanog and Oct4-associated deacetylase) and SHIP1 (src homology 2 domain–containing inositol-5-phosphatase 1); these all have distinct functions in the cell (Yang & Seto 2008; Choi et al. 2008; Liang et al. 2008). These allow HDAC1 to dock to DNA and exert its actions; this is a function that can also be carried out by HDAC1 binding directly to single DNA-binding protein, such as proliferating nuclear antigen (Milutinovic et al. 2002). More recent data shows HDAC1 being recruited directly to DNA in a non-sequence specific manner and directly to chromatin, both independently of binding partners (Li et al. 2014b).
Along with its major role in gene silencing and chromatin remodelling, HDAC1 has a role, with HDAC2, in the maintenance of genome stability through recruitment to DNA replication forks to regulate chromatin structure and allow replication progression in S phase (Bhaskara et al. 2013). Other studies have shown that HDAC1 and 2 have roles in cell proliferation, with their absence causing blocked cell cycle transition at several different phases, possibly through inhibition of cyclin-dependent kinase inhibitors (p21 and p57) (Bartl et al. 1997; Wilting et al. 2010; Yamaguchi et al. 2010). Interestingly, experiments overexpressing HDAC1 in vitro have shown a role for HDAC1 in inducing cellular senescence and repressing tumour growth (Chuang & Hung 2011). It is likely that the correct balance of HAT and HDACs must be in place for the normal cell cycle to proceed. HDAC1’s physical interaction with proliferating nuclear antigen, a factor with a key role in DNA replication (Milutinovic et al. 2002), suggests that the HDAC has a vital role in re-establishing chromatin structure following DNA synthesis. More recently, there has been a report of a role for HDAC1 and 2 in regulating alternative splicing (Khan et al. 2014).
HDAC1 also has a role in differentiation shown through in vivo studies in mice, in which, neural precursors differentiate to mature neurons through regulation by HDAC1 and 2 (Montgomery et al. 2009). HDAC1 also has a role in embryonic stem cells (Dovey et al. 2010) and bone mesenchymal stem cell differentiation to cardiomyocytes (Lu et al. 2014). Further, HDAC1 has been shown to play a role in the differentiation of myoblasts via its controlled replacement from a complex with the myogenic activator MyoD (Mal & Harter 2003).
HDAC1 has also been reported to have a role in tumorigenesis. Overall, studies in many different human cancer types, such as breast (Kawai et al. 2003) and pancreatic cancer (Wang et al. 2009a), have shown an increase in HDAC1. Furthermore, studies investigating the function of this increased HDAC1 in cancers have reported its role in promoting tumour cell survival, through changes in proliferation, cell cycle progression and apoptosis (Glaser et al. 2003; Senese et al. 2007; Thangaraju et al. 2009). HDAC1 may also have a role in controlling the differentiation of precancerous cells (Lagger et al. 2010), tumour invasion and metastasis (von Burstin et al. 2009; Park et al. 2011) among many other identified roles. It may act via inhibiting the tumour suppressor protein p21 (Di Padova et al. 2003), inhibiting oestrogen-receptor-α (Kawai et al. 2003) or stimulating hypoxia-induced angiogenesis (Kim et al. 2001).
Aspects of development have been shown to be partly controlled by HDAC1. It has a vital role in embryogenesis (Lagger et al. 2002) and in regulating embryonic stem cell differentiation (Urvalek & Gudas 2014). It also has roles in cardiac growth and morphogenesis (Montgomery et al. 2007), B-cell development (Yamaguchi et al. 2010), epidermal development (Winter et al. 2013) and haematopoiesis (Wilting et al. 2010). It has a role in premature aging through its presence in the NURD complex, with HDAC1 activity negatively correlating with age (Pegoraro et al. 2009). Most recently, a role for HDAC1 in the innate immune response has been highlighted (Jeong et al. 2014).
HDAC1 has also been shown to interact with other epigenetic regulators such as methyl-binding proteins (Nan et al. 1998) and DNA methyltransferases, including DNMT1 and DNMT3a (Fuks et al. 2000; Fuks et al. 2001). Further, HAT enzymes have been reported to recruit HDAC1 to allow fine control of regulation (Simone et al. 2004). 
HDAC1 and HDAC2 share about 85% amino acid homology and are paralogs, likely originating from a gene duplication event (Khier et al. 1999; Grozinger & Schreiber 2002) and it has been hypothesised that they are functionally redundant. However studies in mice contradict this and report that if HDAC1 is knocked out, the result is embryonic lethality before E10.5; HDAC2 expression was shown to increase as a result but this could not compensate (Lagger et al. 2002). Conversely, knockout of HDAC2 in mice shows survival to birth, although the pups have been reported to die within a month from cardiac defects (Montgomery et al. 2007), although they can last into adulthood and go on to produce offspring; however these mice do show phenotypic differences and are produced at a reduced Mendelian frequency (Guan et al. 2009). This suggests there are distinct roles for these proteins, though it is likely that they can compensate for each other in certain roles, possibly depending on the cell type.
1.3.2.2.2 [bookmark: _Toc422158242]HDAC inhibitors
HDAC inhibitors (HDACis) are compounds that may have naturally occurring or synthetically designed abilities to inhibit the action of HDACs. Most HDACis are either targeted to all HDACs (pan inhibitors against HDACs 1-11) or are class specific. The development of HDACis that target specific singular HDAC proteins is the main focus of current research. There are currently four main types of inhibitors, which differ in their structure, activity and their specifications range, from pan to isotype specific inhibitors (Table 1.4) (Dokmanovic et al. 2007).
Most of the HDACis have the same basic structural composition, with three major units: a metal-binding moiety, a capping group and a linker unit. The metal-binding moiety binds to zinc ions within the enzyme’s active site, the capping group interacts with the entrance to the active site and the linker unit is needed for correct positioning of the inhibitor into the active site (Finnin et al. 1999; Bieliauskas & Pflum 2008).
	Class of Inhibitor
	Target HDACs
	Examples

	Hydroxamates
	Class I and II, or all (pan)
	· Vorinostat
· Givinostat
· Abexinostat
· Trichostatin A (TSA)

	Cyclic peptides
	Class I and II, or can be isoform specific
	· Depsipeptide (FK-228)
· Trapoxin

	Short-chain fatty acids
	Class specific
	· Valproic acid,
· Sodium Butyrate

	Benzamides
	Class or isoform specific
	· Entinostat (MS-275)
· Mocetinostat


[bookmark: _Ref420434892][bookmark: _Toc422158267][bookmark: _Ref420434884]Table 1.4 Current known HDAC inhibitor groupings and their known targets
Here is a summary of the four major classes of HDAC inhibitors, their targets and some examples of them. Reviewed in (Dokmanovic et al. 2007).

[bookmark: _Toc314002826][bookmark: _Toc331346305]The mechanism of action of HDACis is still relatively unknown. The simplest possibility for their action is that they reverse the disease-induced hypoacetylation of histones, resulting in hyperacetylation of the chromatin and increased gene expression. However, the results from microarray studies examining the effect of these compounds on gene expression show that both positive and negative gene expression changes occur (LaBonte et al. 2009). Furthermore, HDACs are known to have non-histone targets, and the effect of inhibitors on all of these proteins remains unknown. Understanding the additional targets may aid our knowledge of their therapeutic action; for example, HDAC inhibitor treatment causes the non-histone huntingtin protein to increase acetylation and enhance its degradation (Jeong et al. 2009). This demonstrates non-transcriptional actions of these inhibitors.
The successes of HDACis were first demonstrated in cancer studies. They were shown to reduce the growth of tumours through induction of apoptosis of malignant cells, whilst allowing the survival of healthy cells (Dinarello et al. 2011). They have been suggested to work through hyperacetylation of histones resulting in open chromatin that allows TFs to access and transcribe pro-apoptotic genes. Due to its preliminary success, vorinostat (suberoylanilide hydroxamic acid [SAHA]) was trialled and became the first US FDA approved HDACi in 2006.  It is currently used as a treatment for cutaneous T-cell lymphoma (Duvic & Vu 2007). The actions of vorinostat include increased apoptosis by up-regulation of pro-apoptotic genes (e.g. Fas ligand) and reduced proliferation through inhibition of cell-cycle progression (Bolden et al. 2006). A second FDA approved drug shortly followed in 2009 known as depsipeptide (romidepsin), which can be used to treat cutaneous (Whittaker et al. 2010) and peripheral T-cell lymphomas (Piekarz et al. 2011). Depsipeptide is a class I HDACi that remains inactive until intracellular reduction following drug uptake by cells (Furumai et al. 2002). Many studies have also shown through HDACis in cancer treatment trials, that they are more potent and effective when used in combination with existing treatments, such as chemotherapy and radiotherapy (Marks & Xu 2009). 
As well as the effects against cancer, HDACis have been shown to be excellent anti-inflammatory drugs (Blanchard & Chipoy 2005). Studies of HDACis in in vitro and in vivo models of inflammatory disease have shown that a much lower dose of the inhibitors is needed than is required for cancer treatments. However, this may indicate  hyperacetylating histones may not be the cause of the anti-inflammatory properties (Dinarello et al. 2011). However, HDACis have been shown to ameliorate the effects of a mouse model of asthma (Choi et al. 2005), despite a significant reduction in HDAC expression and activity seen in asthma biopsies (Ito et al. 2002); indicating an unlikely beneficial effect of HDACis in situ. HDACis have also been trialled in non-inflammatory disease; for example, they have also shown to be very effective against polyglutamine expansion disorders, for example Huntington disease, which is shown to have a dysregulation of HDACs 1 and 3 (Jia et al. 2012). However, contradictory data has been seen for the effect of HDACis in heart disease, in which a beneficial effect (Cao et al. 2011) and a detrimental effect (Bogaard et al. 2011) have been reported. 
Some general properties of HDACis have been revealed as a result of the drugs in action. These include switches in the transcription of genes including cytokines and chemokines, proliferation rates, differentiation, induction of apoptosis, destruction of cartilage and bone, and cell cycle arrest (Minucci & Pelicci 2006; Vojinovic & Damjanov 2011). It is the chemistry, concentration and duration of exposure of the drug, along with the type of transformed cell being targeted, that affects the exact response of the HDACis (Ungerstedt et al. 2005). Interestingly it has been found that untransformed, normal cells are not affected by the HDACi effects on cell death (Ungerstedt et al. 2005). However, the exact mechanisms by which each drug works are still unknown, mainly due to the lack of knowledge surrounding the individual roles of all HDACs and how each are individually effected by the drugs.
There has been a recent shift in the interest for development of selective HDAC inhibitors. This could hopefully reduce any off target effects or adverse effects seen with the pan inhibitors. It will also provide a tool in which the molecular mechanisms of disease may become better understood. However, due to the sequence similarity between the active sites of HDACs, designing these inhibitors must be based on the subtle difference between them, of which little are known. There has been great progress in the design and development of isotype specific HDAC inhibitors over recent years, but still relatively few are available. Proposed isotype specific HDACis that have been developed to date include HDAC3, HDAC6 and HDAC8 inhibitors. These were determined to be specific by in vitro assay using recombinant proteins.
One HDAC3 inhibitor, RG2833 (a pimelic o-aminobenzamide inhibitor), has been shown to be effective in Friedreich’s ataxia, in which HDAC3 is known to be significantly involved in disease pathogenesis (Sandi et al. 2011). A second HDAC3i, RGFP966 (a N-carboxamide inhibitor), has been shown to inhibit growth and replication of cutaneous T-cell lymphoma, and this response was mirrored in an in vitro experiment using HDAC3-targeted siRNA (Wells et al. 2013).
Many more HDAC6 specific inhibitors have been developed than any other HDAC; this is likely due to its two catalytic sites; a highly unique structure within the HDAC family (Zhang et al. 2006). The only isotype specific HDACi that has progressed as far as a Phase II trial, which is still currently been undertaken, is the HDAC6i, Rocilionstat (ACY-1215). This drug showed promising results from a preclinical trial when used alone and in combination with a proteasome inhibitor, bortezomib, in multiple myeloma patients (Santo et al. 2012). Other HDAC6is include quinazolin-4-one derivatives, which have been shown to be effective in improving cognitive performance in vivo; this may be a promising drug for treating Alzheimer’s (Yu et al. 2013).
HDAC8is have also been developed. These include PCI-34051, which has been reported in vitro to induce apoptosis in a T-cell lymphomas human cell line (Balasubramanian et al. 2008), and C149, which has an anti-proliferative effect in T-cell lymphoma and neuroblastoma human cell lines (Suzuki et al. 2012). However, the role of HDAC8 in human disease is still not well understood, hence the use of these drugs remains uncertain.
There are currently no known HDAC1 isotype specific drugs available. However, there are certain HDACis that have been shown to preferentially inhibit HDAC1 and 2. MRLB-223 and Compound 60 are referred to as HDAC1 and 2 specific, despite the fact that other HDACs are inhibited, just to a lesser extent. MRLB-223 has been reported to have in vivo anti-tumour effects through hyperacetylation, very similar to the effects seen using vorinostat (Newbold et al. 2013). Compound 60 showed a more psychological effect in vivo, with anti-depressive and mood stabilising effects described (Schroeder et al. 2013). Inhibitors with HDAC1 and 2 selectivity, SHI-1:2, have been shown to bind to the 14 Å cavity, potentially due to the small steric size and specificity of serine residue at position 113 (Methot et al. 2008; Witter et al. 2008). However, the role of serine 113 has recently been queried as a mutation at this position can still allow inhibition by HDAC1/2 selective inhibitors (although the sensitivity was reduced), and this position was found to be located adjacent to and not in the 14 Å cavity, suggesting that this residue may not be the only factor in isoform specificity (Wambua et al. 2014). Mocetinostat (MGCD0103) is predominately HDAC1 specific with some specificity to 2, 3, and 11 (Fournel et al. 2008). Preclinical studies showed efficacy and anti-neoplastic activity in vitro (Fournel et al. 2008). Further, Phase I trials in advanced leukaemia patients have shown it to be an effective and safe treatment (Garcia-Manero et al. 2008). 
Despite the many benefits seen from HDACis so far and their use as an approved drug, the long term effects of HDACis are still unknown. Further, it is estimated that on average only 30% of cancer patients respond to these drugs, and there are still several known associated side effects including diarrhoea, fatigue, and nausea (Ververis et al. 2013). Relatively few investigations of these drugs outside of the cancer field have been undertaken and the results are often conflicting. The use of more specific inhibitors or their use in combination therapy may be the way to gain the best from this class of drugs.
1.3.2.3 [bookmark: _Toc422158243]Other histone modifications
There are other covalent modifications that can occur to histone tails. Histone phosphorylation is the addition of a phosphate group (-PO4) to a serine, threonine or tyrosine in histone proteins by specialised kinase enzymes, such as Janus kinase 2 (Dawson et al. 2009). Histone dephosphorylation occurs via the action of phosphatases, such as protein phosphate 4 (Chowdhury et al. 2008). The result of phosphorylation is enhanced signalling via recruitment, assembly and retention of chromatin-associated factors (Rossetto et al. 2012). The most characterised function is the role of phosphorylated H2AX in marking sites of DNA damage (Rogakou et al. 1998).
The 76-residue molecule of ubiquitin can also be added to histone lysine residues, either singularly or in groups, in processes known as ubiquitination and polyubiquitination respectively. Ubiquitin can be added to lysine residues via an isopeptide bond catalysed by three type of enzymes: E1 activating enzymes, E2 conjugating enzymes and E3 ubiquitin ligases (Ye & Rape 2009). Interestingly, histones were the first discovered substrate of ubiquitination (Goldknopf et al. 1975). Its role was later found to be highly complex, including regulating other histone modifications, shaping chromatin structure, signalling for degradation of histones and inactivating chromatin for gene silencing (Braun & Madhani 2012). 
SUMOylation is the reversible conjugation of small ubiquitin-like modifiers (SUMO) proteins (SUMO1, 2 or 3) to histones via an analogous mechanism and analogous enzymes as required for ubiquitination (Saitoh & Hinchey 2000). It has been demonstrated in yeast that all core histones can be SUMOylated (Nathan et al. 2006) whereas, in humans, SUMOylation of only histone H2A and H4 have been identified to date (Shiio & Eisenman 2003; Dhall et al. 2014). The role of SUMOylation acts to inhibit transcription through recruiting HDAC1 and heterochromatin protein 1 (Shiio & Eisenman 2003).
A new histone modification has been recently defined, known as crotonylation, which targets lysine residues with a crotonyl group (Tan et al. 2011). This study found that crotonylation marks active promoters and enhancers. Glycosylation has only been recently discovered as a histone mark. This may result in the reduction of chromatin accessibility and therefore transcriptional repression, but the mechanism remains unknown (Sakabe et al. 2010).
Other histone modifications include citrullination, adenosine diphoshate-ribosylation and proline isomerization. They all have important roles in altering chromatin structure and regulating transcription. Many of the enzymes involved in these processes have been elucidated (Kouzarides 2007; Bannister & Kouzarides 2011). 
1.4 [bookmark: _Toc422158244][bookmark: _Toc422241499]Epigenetic modifications in RA
The phenotype of a cell depends on a complex combination of different epigenetic modifications, termed the epigenetic signature. Studies in monozygotic (MZ) twins have revealed that changes in the epigenetic signature of peripheral blood leukocytes accumulate over time, particularly if the twins had lived apart early in life. This shows the effect of environmental factors and the idea of ‘epigenetic drift’ with age (Fraga et al. 2005).
1.4.1 [bookmark: _Toc422158245]DNA methylation in RA
The first finding of aberrant DNA methylation in RA was in T-cells, where DNA methylation was found to be reduced in comparison to controls, although they could not identify the cause of this hypomethylation (Richardson et al. 1990). A second study followed that showed DNA hypomethylation in synovial mononuclear cells (Corvetta et al. 1991). Further work on T cells, and also in B cells, has revealed a significantly different methylation patterns, including hyper and hypomethylation, between RA and healthy controls for both cell types (Glossop et al. 2014). 
IL-6 is a known player in the pathogenesis of RA (Wood et al. 1992; van Leeuwen et al. 1995). A study found 22 CpG sites in the IL-6 promoter, one of which was significantly hypomethylated (-1099 bp) in RA PBMCs compared to healthy controls (Nile et al. 2008). They found that this change in methylation status led to the increased binding capability of nuclear proteins and therefore increased expression of the IL-6 gene. A second study also examined methylation but in total blood leucocytes. They found 19 CpG site, only one of which was significantly hypomethylated in RA compared to healthy controls but at a different site (-74 bp) (Ishida et al. 2012). They showed a resulting increase in IL-6 expression from the hypomethylated RA serum. This difference in these studies may be attributed the different cell populations examined but also to the different populations studied (white European vs Japanese).
Increased expression of proteins involved in demethylation (DNMT1 and MBD2) due to DNA hypomethylation has been discovered in RA PBMCs and synovial tissue samples when compared to controls (Karouzakis et al. 2009; Liu et al. 2011a). Furthermore, expression of DNMT1 in RA PBMCs was also found to positively correlated with an increase in disease severity (Liu et al. 2011a). Interestingly, RA Tregs compared to controls show reduced DNMT1 and 3a despite the presence of hypomethylation (Kennedy et al. 2014). Also, DNMT1 levels in RA FLS and a mixed T-cell population have been found to show no significant difference (Richardson et al. 1990; Nakano et al. 2013b).
A large epigenome-wide methylation study in RA blood leukocytes has revealed ten differentially methylated CpG sites that are significantly associated with RA risk, nine of which lie in the MHC cluster (Liu et al. 2013). A smaller replication study in a different population was recently carried out in PBMCs which found one of the same sites within the MHC region was also  correlated with RA risk (van Steenbergen et al. 2014).
Deficiency of IL-10, an anti-inflammatory interleukin, can cause exacerbation of arthritis severity in mice models (Finnegan et al. 2003), however, it has previously been shown to be increased in RA synovial fluid mononuclear cells and serum compared to healthy controls (Cush et al. 1995; Alanärä et al. 2010). Interestingly, IL-10 is hypomethylated at a proximal region of the promoter (-145) and has increased mRNA and protein expression in RA compared to OA PBMCs, regulating its production in RA (Fu et al. 2011). It is hypothesised that IL-10 may also have an immunostimulatory role, such as increased B-cell proliferation and antibody secretion (Rousset et al. 1992), and could therefore be assisting the RA phenotype (Cush et al. 1995).
A receptor ligand mainly present on T-cells, CD40L, is recognised by the co-stimulatory molecule CD40 present on APC and B-cells, and is therefore involved in antigen recognition and progression of the immune response (Elgueta et al. 2009). CD40L has been shown to be significantly upregulated and show hypomethylation in female compared to males with RA (Liao et al. 2012). Due to the CD40L genes location in the genome, on the X chromosome, it is hypothesised that this particular dysregulation of methylation may partially contribute to the higher incidence of RA in females (Liao et al. 2012). Also, previous work has shown that skewed X-inactivation (>80% skewing), potentially leading to reduced X-linked antigen self-tolerance, can lead to increased female incidence in RA and other autoimmune disease (Chitnis et al. 2000; Chabchoub et al. 2009).
A study found an upstream enhancer region for the forkhead box P3 (FOXP3) developmental gene to be hypomethylated in RA Tregs, resulting in increased FOXP3 mRNA expression (Kennedy et al. 2014).
However not all methylation studies are indicative of dysregulation in RA. A small monozygotic twin study in pairs discordant for RA revealed that there was no significant differences between the methylation status of PMBCs (Javierre et al. 2010); highlighting the important role of environmental influences on RA. 
1.4.1.1 [bookmark: _Toc422158246]DNA methylation in RA FLS
A study reported that RA FLS in situ are globally hypomethylated compared to healthy FLS. Importantly, by mimicking this using 5-Azacytidine in normal FLS, microarray analysis revealed upregulation of 186 genes, including growth factors and matrix-degrading enzymes (Karouzakis et al. 2009); effectively transforming normal FLS into an RA FLS phenotype. Two recent DNA methylome studies carried out in 2012 and 2013 specifically analysing RA FLS have revealed 1859 and 2571 differentially methylated CpG motifs respectively, in RA compared to OA FLS controls. Both hyper- and hypo-methylated genes were found to be differentially regulated; including hypomethylation of genes encoding proteins involved in inflammation, adhesion and migration (de la Rica et al. 2013; Nakano et al. 2013a), processes that are linked with the auto-aggressive FLS phenotype. Interestingly both studies showed that more motifs were differentially hypermethylated than hypomethylated in RA FLS. A third DNA methylome study investigated the methylation signature in RA compared to OA and healthy FLS (Whitaker et al. 2013). They reported that the methylome signature in RA contained 2346 significantly differentially methylated genes compared to either control and the signature was stably maintained in culture following several round of cell doubling. Another study looking at the methylation status of gene promoters in RA FLS compared to OA FLS, discovered 45 differentially methylated promoters, including a novel gene, T-box transcription factor 5, that was hypomethylated and therefore more highly expressed in RA (Karouzakis et al. 2014). This TF was shown to target proinflammatory chemokines, including IL-8, CXCL2 and CCL20. Interestingly, early data suggests that global hypomethylation showed a small yet significant increase between RA FLS from early (up to 13 months) and longstanding RA, suggesting the methylome changes with disease progression (Ai et al. 2014).
Retrotransposons, such as long interspersed elements (LINE1), are known genomic destabilisers that are silenced by methylation. It has been found that there is a 30-300 increase in expression of the retrotransposon LINE1 in RA FLS compared to OA FLS (Neidhart et al. 2000). After inhibition of methylation with increasing concentrations of 5-azacytidine, expression of LINE1 in RA FLS increased in a dose-dependent manner (Neidhart et al. 2000). Further experiments suggest that LINE1 may contribute to the aggressive phenotype of RA FLS by regulating the SAPK (p38 MAPK) signalling cascades through currently unknown mediators; in FLS, SAPK is a kinase pathway that enhances IL-6, IL-8 (Suzuki et al. 2000) and MMP production (Ravanti et al. 1999). 
The chemokine, CXCL12/SDF-1, is known to be involved in the trafficking of progenitor cells during early tissue development (Petit et al. 2007) and has been found to be increased following tissue damage such as by hypoxia (Kucia et al. 2004). Previously it has been found in RA that CXCL12 can drive chronic inflammation through regulating FLS cytokine release and recruiting monocytes and lymphocytes to joints (Nanki et al. 2000; Blades et al. 2002; Nanki et al. 2001). CXCL12 has been shown to be hypomethylated in RA FLS compared to OA FLS (Karouzakis et al. 2011), resulting in increased expression. This study also reported that CXCL12 activates MMPs and therefore this hypomethylation could be linked to joint destruction. 
A limited number of studies have shown hypermethylation present in RA. However, hypermethylation has been demonstrated in RA via candidate gene analysis. Increased methylation of death receptor 3 (DR3), a receptor involved in pro-apoptotic pathways, was found in synovial cells of RA when compared to OA and healthy controls (Takami et al. 2006). The result is repression of the DR3 gene, which may cause resistance to apoptosis in RA FLS. Another recent study has also demonstrated hypermethylation in thirteen other genes, including early B-cell factor 1 (EBF1) and iroquois-class homeodomain protein (IRX1), in RA FLS compared to OA FLS and healthy controls (Park et al. 2013). A decrease in expression of both of these two genes were found and they may be involved in TGF-β-mediated signalling effects, including proliferation and resistance to apoptosis.
By what mechanism hypomethylation causes these abnormalities seen in RA FLS is debatable. It has been hypothesised that hypomethylation in RA FLS may be the reason for their initial activation, causing specific genes become unrepressed in RA patients, contributing to the pathogenesis (Karouzakis et al. 2009). Causes for hypomethylation in RA FLS have also been investigated by the same group and it has been hypothesised that is may be due to the consumption of the methyl donor (SAM) by other pathways, such as polyamine metabolism (Karouzakis et al. 2012). However as differential methylation has recently been reported by methylome-wide studies, this may not be the complete answer. Further, it has been suggested that the inflammatory milieu may control hypomethylation through the regulation of DNMT1 expression in RA FLS. Inflammatory modulators such as IL-1, TNF and LPS were shown to reduce DNMT1 expression in RA FLS (Nakano et al. 2013b).
1.4.2 [bookmark: _Toc422158247]Histone acetylation in RA
A significant increase in HDAC activity has been demonstrated in RA PBMCs compared to healthy PBMCs in a small study (Gillespie et al. 2012). In contrast, a larger cohort showed no significant difference in HDAC or HAT activity between RA PMBCs and healthy PMBCs (Toussirot et al. 2013). 
As previously mentioned there are also many non-histone targets of HDACs; one that has shown be regulated by acetylation is NF-κB. It has been found that HDAC2 suppresses NF-κB-mediated gene expression (Ito et al. 2006); NF-κB is a TF that is highly activated during RA FLS activation and acts to control inflammatory gene expression and protect against apoptosis (Marok et al. 1996; Miagkov et al. 1998).
1.4.2.1 [bookmark: _Toc422158248]Histone acetylation in RA FLS
Studies examining acetylation in RA FLS have shown conflicting data. One study has reported a reduction in total HDAC activity (increased acetylation) in synovial tissue, and more specifically a reduction in the expression of HDAC1 and 2 compared to OA and healthy controls (Huber et al. 2007). This evidence suggests that inhibiting HDACs would not be of benefit to patients. However two more recent studies have demonstrated that HDAC activity is increased (reduced acetylation) in synovial tissue and RA FLS compared to OA and healthy controls, with significantly higher HDAC1 expression and lower HDAC4 expression (Horiuchi et al. 2009; Kawabata et al. 2010). The difference in these studies may be due to differing patient treatment profiles, as it is shown that TNF (reduced in patients on anti-TNF therapy) can cause increase HDAC expression, particularly HDAC1 (Kawabata et al. 2010; Grabiec & Reedquist 2010; Angiolilli et al. 2014) and here, the former study included patients that had been on anti-TNF therapy, which could account for the reduced HDAC levels demonstrated. Furthermore, end-stage disease patients were used compared to active disease patients used by the latter study. End-stage RA tissue has been shown to have reduced cytokine production, for example IL-6, and reduced cell infiltration (Smeets et al. 2003), which could potentially be influencing HDAC expression. A recent study reported that HDAC5 is downregulated by proinflammatory cytokines in RA FLS, including TNF and IL-1, suggesting that therapeutic overexpression of HDAC5 may improve RA (Angiolilli et al. 2014). Interestingly the effect of TNF on HDAC expression may suggest that histone changes arrive secondary to inflammatory changes in the RA joint (Niederer et al. 2011).
Further studies knocking down HDAC1 and HDAC2 in RA FLS using siRNA transfection concluded that both HDACs play a role in enhancing cell proliferation and reducing apoptosis (Horiuchi et al. 2009). Further HDAC1, but not 2, also has a role in enhancing MMP-1 production. This suggests therapeutics inhibiting HDACs could be clinically useful. 
Changes in the total lysine acetylation status between RA and OA synovial tissue have also been examined and did not significantly differ (Angiolilli et al. 2014). In RA FLS, acetylation of histone H4 was found to be significantly increased at the MMP1 promoter region compared to OA FLS, resulting in increased MMP1 expression (Maciejewska-Rodrigues et al. 2010). Further, in vitro experiments revealed that this processed was controlled in part by HDAC4. Another report found acetylation of histone H3 at the IL-6 promoter to be significantly increased in RA FLS compared to OA FLS, which was indirectly associated with an increase in mRNA expression (Wada et al. 2014).
In contrast to HDACs, expression of HATs in nuclear extracts did not vary in synovial tissue from RA, OA and healthy controls (Kawabata et al. 2010). Further, bromo and extra-terminal (BET) bromodomain proteins that are required for HAT activity and gene activation have also shown to be expressed in RA and OA FLS but with no significant difference (Klein et al. 2014). However, inhibition of these proteins with a BET inhibitor induced reduced proliferation and reduced expression of cytokines and chemokines by RA FLS (Klein et al. 2014).
1.4.2.2 [bookmark: _Toc422158249]Histone acetylation inhibitors in vitro, in RA murine models and in human arthritic disease
A class I and II HDAC inhibitor SAHA/vorinostat has been found in CIA models in mouse and rat to reduce paw swelling and bone erosion, although it could not significantly reduce disease onset (Lin et al. 2007). More recently, in a rat antibody-induced arthritis model, SAHA was shown to significantly decrease the arthritic score, paw volume and proinflammatory cytokine expression (Hsieh et al. 2014). Further, in RA FLS, SAHA has been reported to inhibit IL-6 production and disrupt the cell cycle through increased p21 expression (Hsieh et al. 2014). It has also been shown in vitro to suppress proliferation without a significant toxic effect, to inhibit proinflammatory cytokine, MMP and growth factor expression, and to prevent NF-κB signalling in a human RA FLS cell line and a human monocytic cell line (Choo et al. 2010) .
ITF2357 (Givinostat) is a class I and II HDACi that has been shown to be a very effective treatment in several mouse models of RA. It results in reduced cartilage destruction, bone breakdown, joint swelling and pro-inflammatory cytokine expression by synovial cells and tissue. Furthermore it reduced the total number of cells arriving at the inflamed joint (Joosten et al. 2011). More recently, a clinical trial of this agent in systemic onset JIA resulted in reduced numbers of leukocytes, fewer active arthritic joints and reduced expression of inflammatory cytokines, whilst remaining safe and beneficial for the patient (Vojinovic & Damjanov 2011). 
The HDACi Tricostatin A (TSA) that targets class I and II HDACs can alter the acetylation status of both histone and non-histone proteins (Roger et al. 2011). In collagen antibody-induced arthritis mouse models, this drug has been shown to reduce synovial inflammation and cartilage damage (Nasu et al. 2008). Other work on TSA has shown that it induces expression of cyclin-dependent kinase (CDK) inhibitors in FLS and it also inhibits major cytokine expression in an adjuvant arthritis rat model (Chung et al. 2003). It has also been shown to induce apoptosis by sensitising RA FLS to TNF-related apoptosis inducing ligand (TRAIL) (Jungel et al. 2006) and to reduce bone resorption pits through inhibition of osteoclastogenesis (Nakamura et al. 2008). In the CIA mouse model, TSA has also been reported to shift the Th1/Th2 cell balance in favour of Th2 expression, exerting protective effects on disease (Zhou et al. 2011). TSA can also powerfully target low level HDAC activity in monocyte-derived macrophages from RA synovial fluid, resulting in reduced IL-6 production and controlled apoptosis (Grabiec et al. 2010). TSA and ITF2357 have both been reported to supress proinflammatory cytokine production by causing mRNA decay in RA FLS and RA macrophages (Grabiec et al. 2012).
A class I and II inhibitor, MPT0G009, has recently been found to be effective at reducing inflammation, proliferation, cytokine expression and inhibiting osteoclastogenesis in pre-clinical in vitro studies in RA FLS and a murine macrophage cell line (Hsieh et al. 2014). Further work in vivo revealed that in an adjuvant-induced rat model of arthritis, this HDACi could attenuate the progression of disease, paw swelling and bone destruction.
Another HDACi, NK-HDAC-1, inappropriately named due to its wide spread effects on HDAC classes I and II, has been reported to be very effective in RA FLS and the CIA mouse model (Li et al. 2013). NK-HDAC-1 in vitro can inhibit proliferation, enhance apoptosis, increase caspase expression and reduce IL-6 expression by RA FLS. In the CIA mouse model, the HDACi was reported to inhibit disease progression and to enhance apoptosis of FLS. 
The class I specific HDACi (MS-275) showed promising results in the collagen-induced mouse and rat models of RA by delaying onset of the disease, modulating disease severity through inhibition of bone resorption, reduced joint swelling and lowered levels of pro-inflammatory cytokines, and preventing established disease progression (Lin et al. 2007). In further work, MS-275 inhibited proliferation without toxic side effects, and inhibited pro inflammatory and pro-angiogenic gene expression in an RA FLS cell line in vitro (Choo et al. 2010).
Another HDAC class I specific inhibitor, NW-21, has been reported to inhibit the activity and formation of osteoclasts in TNF- or LPS-stimulated monocytes (Cantley et al. 2015). Further, this study examined its effect in the collagen antibody-induced arthritis mouse model and found that it significantly reduced inflammation and bone loss compared to controls.
One HDACi, FK228, targets HDAC1 and 2 specifically. In an autoantibody-mediated arthritis mouse model, FK228 was shown to reduce synovial and joint swelling, reduce bone and cartilage destruction and inhibit major cytokine production (Nishida et al. 2004). The same group also reported an in vitro effect of FK228 on reducing the proliferative rate of RA FLS, causing cell cycle arrest and apoptosis through upregulation of two CDK inhibitors. A further study found FK228 to inhibit bone destruction and osteoclastogenesis through the upregulation of IFN-β by synovial cells in an adjuvant-induced arthritis model in rats (Nakamura et al. 2005).
A natural HDACi (targets HDAC1, though the effect on all HDACs was not investigated) called Emodin which is isolated from the root of Rheum palmatum, has been shown to lower the proliferation rate, reduce the production of proinflammatory cytokines and reduce expression of hypoxia-induced mediators in stimulated RA FLS (Ha et al. 2011). 
Selective HDAC inhibitors have been tested in RA. A selective HDAC3 inhibitor, MI192, has been examined for its effect in RA PBMCs. Results showed that this inhibitor caused a dose-dependent inhibition of IL-6 and TNF production in RA but not healthy PBMCs, making this drug more selective than TSA (which causes IL-6 inhibition in both sets of PMBCs) (Gillespie et al. 2012). A HDAC6-selective inhibitor, tubastatin, has also been examined for its effects in vitro and in vivo. Tubastatin was found to inhibit IL-6 in RA FLS (Lee et al. 2014) and inhibit IL-6 and TNF production in an RA macrophage cell line (Vishwakarma et al. 2013). In a CIA and a collagen antibody-induced arthritis mouse model, tubastatin was also shown to significantly attenuate disease, reduce joint destruction and reduce IL-6 expression in mouse paws and sera (Vishwakarma et al. 2013; Lee et al. 2014).
However some unpromising results have been demonstrated. Another naturally derived HDACi, largazole, which is isolated from the Symploca species of marine cyanobacteria, targets class I HDACs (Bowers et al. 2008). Work in RA FLS has proved largazole to have no effect on viability but does enhance the detrimental actions of TNF, resulting in an increase in adhesion molecule expression (Ahmed et al. 2013). Interestingly, a specific HAT inhibitor, delphinidin, has recently been show inhibit acetylation of NF-κB in an RA FLS cell line, M7HA, which results in suppression of inflammatory signalling through blocking of NF-κB acetylation (Seong et al. 2011).
Currently, HDACis target certain classes of HDAC but are not specific for individual enzymes that are found to be causative in disease. Understanding which HDACs contribute to RA will allow distinct targets to be identified so more specific inhibitors can be developed.
1.4.3 [bookmark: _Toc422158250]Other histone modifications in RA
Investigations of histone methylation in RA are infrequent but one study has shown that the histone methyltransferases enhancer of zeste homologue 2, EZH2, was overexpressed in RA FLS compared to OA (Trenkmann et al. 2011). It was also reported that its expression could be further increased by incubation with TNF. Further, this particular enhancer protein has a role in generating the lysine trimethylation at position 27 on histone 3 (H3k27me3) which is known to be involved in transcriptional silencing (Margueron & Reinberg 2011). It has been demonstrated that this specific methylation mark is present in other autoimmune disease such as SLE (Dai et al. 2010) and therefore its role in RA requires further investigation. 
SUMOylation has also been investigated in RA. Several studies have been carried out that show that SUMO-1 is present at significantly high levels in RA FLS compared to OA FLS, and its linked protease, sentrin-specific protease 1 (SENP1), is decreased, which protects the cells from apoptosis (Franz et al. 2000; Maciejewska-Rodrigues et al. 2010; Meinecke et al. 2007). Furthermore, in vitro overexpression of SENP1 resulted in reduced acetylation of histone H4 at this region, resulting in reduced MMP1 expression and a reduction in FLS invasiveness (Maciejewska-Rodrigues et al. 2010).

1.5 [bookmark: _Toc422158251][bookmark: _Toc422241500]Hypothesis, aims and objectives 
1.5.1 [bookmark: _Toc422158252]Hypothesis
In RA, HDAC1 is dysregulated and this contributes to the auto-aggressive phenotype of RA synoviocytes. Reducing the expression of HDAC1 in vitro in FLS and in vivo in a CIA mouse model of disease should improve the aggressive cellular phenotype and reduce joint damage in CIA.
1.5.2 [bookmark: _Toc422158253]Aims and objectives
The aims of this study are outlined below for each results chapter.
Chapter 3:
1. To determine the mRNA expression levels of HDAC1-11 in FLS
· Use RT-qPCR to determine mRNA expression of HDAC1-11 in FLS
2. The determine the protein expression of HDAC1 in synovial tissue and synoviocytes
· Use western blotting,  IHC and IF to determine the protein levels of HDAC1 in RA and OA synovial tissue
· Use IHC and IF to determine protein expression of HDAC1 in synovial tissue from mild, moderate, severe RA patients and RA patients pre and post anti-TNF therapy
3. To determine the effect of different modulators on HDAC1 mRNA and protein expression in FLS 
· Use RT-qPCR on treated FLS mRNA to determine the change in HDAC1 expression
· Use  IF to determine the protein levels of HDAC1 in treated RA FLS
4. Investigate the senescence status of RA FLS
· Use the β-galactosidase assay to examine senescence in a range of different passage numbers of RA FLS
Chapter 4:
5. To knockdown HDAC1 expression in FLS and in TNF-treated macrophages
· Transfect FLS and macrophages with HDAC1- and NTC-targeted siRNA and determine knockdown by RT-qPCR and western blot
6. To assess the effect of HDAC1 knockdown on cell function in FLS 
· Use flow cytometry and an MTT assay with HDAC1 knocked down FLS to determine cell viability
· Use a scratch assay with HDAC1 knocked down FLS to determine changes in migratory potential
· Use a Matrigel assay in HDAC1 knocked down FLS to determine invasiveness of cells
· Use tritiated thymidine assay on HDAC1 knocked down FLS to determine cell proliferation changes
· Use a Illumina microarray with HDAC1 knocked down FLS mRNA to determine genome-wide changes in gene expression
7. To assess the effect of HDAC1 knockdown on cell function in TNF-treated macrophages
· Use flow cytometry with HDAC1 knocked down macrophages to determine cell viability
· Use RT-qPCR to determine gene expression changes in macrophages following HDAC1 knockdown
Chapter 5:
8. To knockdown HDAC1 in a CIA mouse model
· Induce collagen-induced arthritis in C57BL/6mice via a collagen injection, then transfect the mice with HDAC1- and NTC-targeted siRNA. Localisation of siRNA will be checked using a fluorescent siRNA. Knockdown of HDAC1 will be confirmed using RT-qPCR.
9. To determine the functional changes in CIA mouse model when HDAC1 is knocked down 
· Determine the effect of HDAC1 knockdown on clinical scores via constant monitoring and measurements
· Use a micro-Ct scanner to determine changes in bone volume in the mice
· Use RT-qPCR to determine gene expression changes following HDAC1 knock down
· Use IHC to determine cartilage degradation and joint severity in the mice
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	Illumina HumanHT-12 v4 BeadChip
	Illumina, CA, USA

	Immunization Grade Bovine Type II collagen solution
	Chondrex, Inc, WA, USA

	Incomplete Freund's adjuvant
	Sigma Aldrich, MO, USA

	Invivofectamine® transfection reagent
	Thermo Fisher Scientific Inc, MA, USA

	Iscove's Modified Dulbecco's Medium w/o Glutamine
	Lonza-Biowhittaker, Cologne, Germany

	Isoflurane 100% w/w Inhalation Vapour, liquid
	Abbott Laboratories, Maidenhead, UK

	KiCqStart™ SYBR® Green Primers
	Sigma Aldrich, MO, USA

	L-Glutamine 200mM
	Lonza-Biowhittaker, Cologne, Germany

	Lipofectamine 2000 transfection reagent
	Invitrogen, Paisley, UK

	Lipopolysaccharides (LPS) from Escherichia coli 0111:B4 1MG
	Sigma Aldrich, MO, USA

	Mammalian Protein Extraction Reagent (M-PER)
	Thermo Fisher Scientific Inc, MA, USA

	Methylgreen
	Vector Laboratories, CA, USA

	Mitomycin c powder from Streptomyces caespitosus
	Sigma Aldrich, MO, USA

	Mycobacterium tuberculosis H37 RA powder
	BD Biosciences, NJ, USA

	NovaRED peroxidase substrate kit
	Vector Laboratories, CA, USA

	NTC ON TARGET plus SMART pool siRNA
	Dharmacon, Thermo Fisher Scientific Inc, MA, USA

	Oligofectamine transfection reagent
	Invitrogen, Paisley, UK

	Penicillin-Streptomycin (100x)
	Lonza-Biowhittaker, Cologne, Germany

	Phenol red-free DMEM with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and high glucose
	Life technologies, Thermo Fisher Scientific Inc, MA, USA

	Phosphate buffered saline (PBS) (10x)
	Lonza-Biowhittaker, Cologne, Germany

	Precast 12% 12-well polyacrylamide mini PROTEAN TGX gels
	BIORAD, CA, USA

	Precision Nanoscript Reverse Transcription Kit
	Primerdesign, Southampton, UK

	Prestained protein ladder broad range (10-230 kDa)
	New England Biolabs, MA, USA

	Propidium iodide
	Life technologies, Thermo Fisher Scientific Inc, MA, USA

	Recombinant human TNF-alpha
	PeproTech, NJ, USA

	RNAlater
	Fisher Scientific, Thermo Fisher Scientific Inc, MA, USA

	RNeasy mini kit
	Qiagen, Dusseldorf, Germany

	RNAiMAX transfection reagent
	Invitrogen, Paisley, UK

	Senescence detection kit
	Abcam, Cambridge, UK

	siGLO green transfection indicator (6-FAM) (emits at 520nm)
	Dharmacon, Thermo Fisher Scientific Inc, MA, USA

	Skimmed milk powder
	Sigma Aldrich, MO, USA

	TOPRO-3 stain
	Fisher Scientific, Thermo Fisher Scientific Inc, MA, USA

	Tritiated thymidine
	Perkin Elmer, MA, USA

	TRIzol® reagent
	Life technologies, Thermo Fisher Scientific Inc, MA, USA

	Trypan blue 0.4% solution
	Lonza-Biowhittaker, Cologne, Germany

	Trypsin-Ethylenediaminetetraacetic acid (EDTA) (1X) liquid [0.05% Trypsin 0.53 mM EDTA•4Na]
	Fisher Scientific, Thermo Fisher Scientific Inc, MA, USA

	Ultima Gold liquid scintillation counting (LSC)-cocktail
	Perkin Elmer, MA, USA

	UltrapureTM agarose
	Invitrogen, Thermo Fisher Scientific Inc, MA, USA

	Vectastain universal elite avidin-biotin complex (ABC) kit
	Vector Laboratories, CA, USA

	Vectorshield mounting medium containing 4',6-diamidino-2-phenylindole (DAPI)
	Vector Laboratories, CA, USA



	Annexin V allophycocyanin (Annexin V APC) antibody (emits at 633nm)
	Cambridge Bioscience Ltd, Cambridge, UK

	Annexin V fluorescein isothiocyanate (FITC) antibody (emits 520nm)
	eBioscience, CA, USA

	Anti-Human CD14 APC (emits at 660nm)
	eBioscience, CA, USA

	Donkey anti-rabbit Alexa Fluor® 568
	Life technologies, Thermo Fisher Scientific Inc, MA, USA

	Goat anti-mouse horseradish peroxidase conjugated antibody
	Abcam, Cambridge, UK

	Goat anti-rabbit horseradish peroxidase conjugated antibody
	Abcam, Cambridge, UK

	Mouse anti-human CD68
	Dako, Glostrup, Denmark

	Mouse anti-human fibroblast antigen clone IB10
	Abcam, Cambridge, UK

	Mouse anti-human β-Actin purified antibody
	Sigma Aldrich, MO, USA

	Rabbit anti-human HDAC1 purified antibody
	Millipore, Darmstadt, Germany

	Rabbit anti-mouse Alexa Fluor® 488
	Life technologies, Thermo Fisher Scientific Inc, MA, USA

	Smooth muscle actin monoclonal antibody clone 1A4
	Sigma Aldrich, MO, USA



2.1 [bookmark: _Toc422158296][bookmark: _Toc422241503]List of equipment
	7900HT AbiPrism sequence detection system
	Applied Biosystems, CA, USA

	Aperio CS2 slidescanner
	Leica, Wetzlar, Germany

	ChemiDoc™ XRS+ System
	BIORAD, CA,USA

	Geneflash transilluminator
	Syngene, Cambridge, UK

	Inverted contrasting microscope DM IL
	Leica, Wetzlar, Germany

	Inverted Multiphoton/Confocal Microscope LSM510 NLO
	Carl Zeiss Heidelberg, Germany

	Inverted wide-field fluorescent microscope under mercury lamp DM1400B
	Leica, Wetzlar, Germany

	IVIS® Lumina Series III pre-clinical in vivo imaging platform
	Perkin Elmer, MA, USA

	LS 6500 Multi-Purpose Scintillation Counter
	Beckman Coulter, CA, USA

	LSRII Flow cytometer
	BD Bioscience, NJ, USA

	Micro computed tomography (Micro-CT) machine, Skyscan 1172 high resolution micro-CT
	Bruker, Kontich, Belgium

	Microdismembrator model S
	B.braun biotech international, now Sartorius Stedim, Epsom, UK

	Microscope DM500 brightfield
	Leica, Wetzlar, Germany

	Mini PROTEAN Tetra Cell
	BIORAD, CA,USA

	Nanodrop Spectrophotometer ND 1000
	Thermo Fisher Scientific Inc, MA, USA

	Original iBlot®  gel transfer device
	Invitrogen, Paisley, UK

	Thermo cycler T100
	Bio-Rad Laboratories, CA, USA





2.2 [bookmark: _Toc422158297][bookmark: _Toc422241504]Isolation, stimulation and cell culture of RA FLS
2.2.1 [bookmark: _Toc422158298]Complete medium for culture of FLS
To DMEM containing 1g/L Glucose, 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin (100x) were added. Complete media was stored at 4°C.
2.2.2 [bookmark: _Toc422158299][bookmark: _Ref422158993]Clinical samples 
Biopsies of tissue synovium from RA and OA patients were collect by Professor A Gerry Wilson, Dr Mohammed Akil and Professor J Mark Wilkinson (Ethics were obtained – SSREC/03/106 and REC10/H0606/20). The patients were either undergoing an arthroscopy or knee replacement surgery in theatre. Further RA and healthy control (HC) biopsies, and RA RNA samples were also obtained from our collaborators Professor Douglas Veale and Dr Ursula Fearon in University College Dublin (UCD). 
All the RA biopsies were assigned a pathological severity score based on a 100 mm global visual analogue scale (VAS) for vascularity of synovitis; with 0 being no vascular synovitis and 100 being extremely high levels of vascular synovitis. The scores were determined by skilled arthroscopist and are marked on a physical 100 mm long scale, so measures of these are taken with a ruler, measuring left to right. Using these scores, all the tissue sections were divided into either mild (a score of <50 mm) and severe disease (a score >50 mm). Using the VAS score as a measure of pathological severity has previously been described (Collins et al. 1997).
Some RA biopsies were used following a study by Prof A Gerry Wilson looking at RA patient before and after anti-TNF treatment. Response to anti-TNF therapy was measured after 3 or 6 months with a DAS28 score of less than 2.6 being classified as in remission (a responder) (van Riel & van Gestel 2000).
2.2.3 [bookmark: _Toc422158300]Isolation of RA and OA FLS
The biopsy tissue was dissected and added to 1x trypsin-EDTA for 1 hour at 37°C. The tissue was then digested with 10ml collagenase per sample at 1mg/ml (sterilised through a 0.22μm PES express Millex-GV filter). This was left for 24 hours at 37°C, and the cell suspension was then passed through a 70μm nylon cell strainer and placed in a new T25 flask. The cells were incubated at 37°C, 5% CO2 and 20% O2 and were washed after 24-48 hours with PBS. New complete medium was replaced every 2-3 days.
2.2.4 [bookmark: _Toc331346319][bookmark: _Ref420694543][bookmark: _Ref420694593][bookmark: _Ref420694896][bookmark: _Toc422158301][bookmark: _Toc331173174][bookmark: _Toc331174105]Harvesting and passaging RA and OA FLS 
Confluent layers of FLS were washed with 5ml PBS. To detach the cells, 2ml or 200µl of 1x trypsin-EDTA was added to a T75 or T25 flask respectively. These were incubated at 37°C for 3-5 minutes, until all the cells had lifted off the surface (visualised microscopically). Complete medium was added to neutralise the trypsin-EDTA. The cell suspension was transferred to a 15ml falcon tube and centrifuged at 12,000rpm for 7 minutes. The pellet was resuspended in complete medium and a viable cell count performed using a haemocytometer after a 1:10 dilution in trypan blue 0.4% solution. Cells were equally distributed between an increased number of new flasks in a total volume of 20ml or 5ml of complete medium in a T75 or T25 flask respectively and incubated at 37°C. 
RA FLS were only used between passages (P) 2-6 (unless otherwise stated). This is due to a study showing that RA FLS reduce in their ability to reflect in situ conditions after this number of passages, as assessed by global gene expression changes and cell doubling rate (Neumann et al. 2010).
2.2.5 [bookmark: _Toc331173175][bookmark: _Toc331174106][bookmark: _Toc331346320][bookmark: _Toc422158302]Cryopreservation of RA and OA FLS in liquid nitrogen
Cells were harvested (Section 2.3.4) and the cell pellet resuspended in a small volume of complete medium plus 10% DMSO and added to cryovials. The cells were then placed at -80°C for 1-2 days, before being transferred to liquid nitrogen for longer term storage.
2.2.6 [bookmark: _Toc331173176][bookmark: _Toc331174107][bookmark: _Toc331346321][bookmark: _Toc422158303]Removing RA and OA FLS from liquid nitrogen
Cryovials were removed carefully from the liquid nitrogen, placed straight on ice and then defrosted rapidly. The cells were distributed evenly between flasks and topped up with complete medium. These were then incubated at 37°C.
2.2.7 [bookmark: _Toc331173177][bookmark: _Toc331174108][bookmark: _Toc331346322][bookmark: _Ref420694343][bookmark: _Toc422158304]Culturing of FLS with RA-like treatments
Confluent RA FLS were treated with RA-associated stimuli following 24 hours of serum starvation; 2ml complete medium in hypoxic conditions (0.1% oxygen) (Mizuno et al. 2009) induced using a hypoxic incubator, TNF at 50ng/ml (Fiorito et al. 2005) diluted in complete medium, LPS at 100µg/ml (Yoshimura et al. 2002) diluted in complete medium and dexamethasone at 1x10-6M (Lasa et al. 2002) diluted in complete medium (n=8-9). A paired control was run in which complete media was added and cultured in standard conditions. Following treatments, the FLS were harvested at time points 4 and 24 hours.
2.3 [bookmark: _Toc331173178][bookmark: _Toc331174109][bookmark: _Toc331346323][bookmark: _Toc422158305][bookmark: _Toc422241505]Messenger RNA extraction and analysis
2.3.1 [bookmark: _Toc331173179][bookmark: _Toc331174110][bookmark: _Toc331346324][bookmark: _Ref420694600][bookmark: _Ref420695229][bookmark: _Toc422158306]Extraction of messenger RNA (mRNA)
Cells were harvested (Section 2.3.4) and pelleted by centrifugation for 7 minutes at 12,000 rpm. mRNA was extracted from the cells using an RNeasy mini kit, following manufacturer’s instructions. The concentration of mRNA was determined using the NanoDrop Spectrophotometer ND 1000. The concentration of the mRNAs were standardised by dilution in RNase/DNase-free water and stored at -80°C.
2.3.2 [bookmark: _Toc331173180][bookmark: _Toc331174111][bookmark: _Toc331346325][bookmark: _Toc422158307]Generation of complementary DNA (cDNA)
Standardised concentrations of mRNA were incubated with oligo-dT primers from the Nanoscript Reverse Transcription Kit, at 65°C for 5 minutes and then placed directly on ice. The reverse transcription elongation reaction was carried out by adding 10μl of a mix of components from the Nanoscript Reverse Transcription Kit (Table 2.1) to make a final reaction volume of 21μl. The samples were heated at 55°C for 20 minutes and then 75°C for 15 minutes followed by storage at -20°C.
2.3.3 [bookmark: _Ref420694166][bookmark: _Toc422158308]Designing primers to HDAC1-11
Primers to all 11 HDACs were designed using the Primer Bank website (http://pga.mgh.harvard.edu/primerbank/). The recommended sequences were then compared to the cDNA sequence of each gene to ensure at least one of the primers was spanning an exon-exon junction. All primers were 18-22bps with a CG content of around 50%. The melting temperatures were all between 62-66°C, with each pair having no more than 1°C difference. Beta actin primers were designed by Dr Thomas Lovewell. Primers were manufactured by Sigma Aldrich (Table 2.2). 
	Reagent
	Volume (µl)

	Nanoscript 10x RT  buffer
	2

	dNTP mix 10mM
	1

	DTT 100mM
	2

	RNase/DNase free Water
	4

	Nanoscript reverse transcriptase enzyme
	1

	mRNA incubated with oligo-dT primers
	11


[bookmark: _Ref421290269][bookmark: _Toc331326898][bookmark: _Toc399873793][bookmark: _Toc399874606][bookmark: _Ref420691302][bookmark: _Toc422158379][bookmark: _Toc331173181][bookmark: _Toc331174112][bookmark: _Toc331346326]Table 2.1 Contents of one reverse transcription reaction tube
The reagents need to reverse transcribe mRNA to cDNA. dNTP=deoxynucleotide, DTT=dithiothreitol, RNase=ribonuclease and DNase=deoxyribonuclease.

	Gene
	Forward Primer Sequence (5’-3’)
	Reverse Primer Sequence (5’-3’)
	Product Length

	HDAC1
	CTACTACGACGGGGATGTTGG
	TGTGAGGGCGATAGTTTCCA
	134

	HDAC2
	TCCGCATGACCCATAACTTGC
	CCGCCAGTTGAGAGCTGAC
	244

	HDAC3
	TCCACTACGGAGCTGGACAC
	AGGCCTGGTATGGCTTGAA
	114

	HDAC4
	GGAGCTGAAGAATGGCTTTG
	CTTGCTCACGCTCAACCTC
	136

	HDAC5
	GCCATGGGATTCTGCTTCT
	TCATTGTAGAACGCCTGCTG
	137

	HDAC6
	ATGCCCTACGGATCCTGATT
	GGGAAGAAGGTGCCATGAT
	127

	HDAC7
	CAGGACACCATGCAGATCAT
	GTGCACGTCCCAGTCTACAA
	128

	HDAC8
	CAAACGGGCCAGTATGGT
	AAGCATCAGTGTGGAAGGTG
	119

	HDAC9
	TCCTCATTACCTTGTGGTGGA
	CAGCAAACCCATTCTTCAGC
	148

	HDAC10
	ATGACGGGAGGAGTCTGTGG
	AAGATGCAGCTCAGGAAACC
	115

	HDAC11
	CGCCATCAAGTTTCTGTTTG
	TTGTCGTCCATGAAGTCTCG
	108

	β-actin
	TCCCCCAACTTGAGATGTATGAAG
	AACTGGTCTCAAGTCAGTGTACAGG
	92


[bookmark: _Ref420691361][bookmark: _Toc331326899][bookmark: _Toc399873794][bookmark: _Toc399874607][bookmark: _Toc422158380]Table 2.2 Human HDAC1-11 primer sequences and their expected product sizes

A semi-quantitative polymerase chain reaction (PCR) was run to test the specificity of the primers, with and without a cDNA template. Agarose gel electrophoresis showed that all cDNA containing samples produced a single band at the correct band size (as determined by the ladder) (Figure 2.1A). In the HDAC2 primer and cDNA sample, a second band was present; however it is also seen in the respective control lane, suggesting that this is likely to be a primer dimer. To check this result using real time-quantitative polymerase chain reaction (RT-qPCR), all primers were run again with and without cDNA, and a dissociation curve generated. Figure 2.1B shows a representative image from the HDAC1 sample, in which a single peak is seen at around 82˚C; furthermore, single peaks were present for all the other primers (data not shown).
Temperature (˚C)
Derivative

A
B

[bookmark: _Ref421290314][bookmark: _Toc397442846][bookmark: _Toc422158374]Figure 2.1 Custom designed primers to HDAC1-11 all show a single PCR product
A) Primers to HDAC1-11 were designed using the Primer Bank website (http://pga.mgh.harvard.edu/primerbank/) and checked against each gene sequence. All custom designed HDAC primers run on PCR with/without cDNA, loaded on an agarose gel in that order and gel electrophoresis performed. All cDNA-containing samples containing HDAC1-11 or beta-2-microglobulin (β2M) primers show a single product. The y-axis represents the number of base pairs as determined by the DNA ladder in lane 1. B) A representative RT-qPCR dissociation curve for HDAC1 reveals a single peak at around 82°C for all samples, indicating a single product forming and melting at this temperature.

2.3.4 [bookmark: _Ref420694653][bookmark: _Toc422158309]Predesigned human primers for RT-qPCR
Primers used for RT-qPCR were KiCqStart™ SYBR® Green Primers, designed by Sigma Aldrich (Table 2.3).
2.3.5 [bookmark: _Toc422158310]Designing primers to mouse genes 
Primers were designed using the same approach as in 2.4.3. Primers were made by Sigma (Table 2.4). To examine if HDAC1 was detectable in murine samples, liver cDNA
	Gene name
	Forward Oligo (5’-3’)
	Reverse Oligo (5’-3’)

	IL-10
	GCCTTTAATAAGCTCCAAGAG
	ATCTTCATTGTCATGTAGGC

	TGFB1
	AACCCACAACGAAATCTATG
	CTTTTAACTTGAGCCTCAGC

	CXCL1
	ATGCTGAACAGTGACAAATC
	TCTTCTGTTCCTATAAGGGC

	IL-4
	TCACATTGTCACTGCAAATC
	CCTTCTCAGTTGTGTTCTTC

	IL-6
	GCAGAAAAAGGCAAAGAATC
	CTACATTTGCCGAAGAGC

	IL-8
	GTTTTTGAAGAGGGCTGAG
	TTTGCTTGAAGTTTCACTGG

	IL-13
	ATCACCCAGAACCAGAAG
	ATCACCCAGAACCAGAAG

	TNF
	AGGCAGTCAGATCATCTTC
	TTATCTCTCAGCTCCACG

	IL1B
	CTAAACAGATGAAGTGCTCC
	GGTCATTCTCCTGGAAGG

	NFKB1
	CACAAGGAGACATGAAACAG
	CCCAGAGACCTCATAGTTG

	ANXA1
	GGAACTGAAGAGAGATCTGG
	TCTTCATTCACACCAAAGTC

	BST2
	GGAGAGATCACTACATTAAACC
	CTGGGGTAGTACTTCTTGTC

	CD38
	CAGACCTGACAAGTTTCTTC
	GATGACATAAACCACAAGGAG

	FOSB
	GGAGACAGATCAGTTGGAG
	CTCTTCGTAGGGGATCTTG

	IL1RN
	ATACTTGCAAGGACCAAATG
	TGTTAACTGCCTCCAGC

	KLRC1
	AGATTTACCATCAGCTCCAG
	TTCAGGGAAGAATTGTTGTG

	TSPAN2
	ATTGGAATTGTCGGTATTGG
	AGTGTTAAAAATGAGCTGGG

	HMGB1
	TACGAAAAGGATATTGCTGC
	CTCCTCTTCCTTCTTTTTCTTG

	DYRK2
	AATAGCACAGTGTTGTCTTG
	TACAACATGGCATTCAGAAC

	VEGFA
	AATGTGAATGCAGACCAAAG
	GACTTATACCGGGATTTCTTG

	DNMT1
	CGTAAAGAAGAATTATCCGAGG
	GTTTTCTAGACGTCCATTCAC

	PRDX2
	ACTACAAAGGGAAGTACGTG
	GTGGGTGAACTGAGAGTC

	NAMPT
	CTAATGGCCTTGGGATTAAC
	TCCAGTGTAACAAAATTCCC

	BMP8B
	CTTTCGTGGTCACTTTCTTC
	TGGACGTCATCAAAGATCC

	FGF2
	TGGCTTCTAAATGTGTTACG
	GTTTATACTGCCCAGTTCG

	MED28
	TGAGTCAGGACTATGTCAATG
	CTGACACATCCTCTTTGATAAC


[bookmark: _Ref420691755][bookmark: _Toc399874608][bookmark: _Toc422158381]Table 2.3 KiCqStart™ SYBR® Green Primer sequences


from mice was tested using these primers by RT-qPCR. Examining raw Ct values of cDNA-containing samples and comparing them to water-only controls, β-actin with cDNA had a Ct value of 20.0 +/- 0.4 compared to the β-actin control of 35.7 +/- 0.4 and HDAC1 with cDNA had a Ct value of 26.7 +/- 0.2 compared to HDAC1 of control 32.0 +/- 0.3 (Figure 2.2A). To check that each primer was only producing a single product, dissociation curves for both primers were run. The resultant peaks show a single band for HDAC1 (~83.5°C) and β-actin (~87°C) (Figure 2.2B).

	Gene name
	Forward Oligo (5’-3’)
	Reverse Oligo (5’-3’)

	HDAC1
	TGAAGCCTCACCGAATCCG
	GGGCGAATAGAACGCAGGA

	β-actin  
	GGCTGTATTCCCCTCCATCG
	CCAGTTGGTAACAATGCCATGT


[bookmark: _Ref420691836][bookmark: _Toc399874609][bookmark: _Toc422158382]Table 2.4 Murine primer sequences 

 
Temperature (°C)
βactin (ms)
HDAC1 (ms)
Derivative
A
B

[bookmark: _Ref420691874][bookmark: _Toc422158375][bookmark: OLE_LINK2]Figure 2.2 HDAC1 expression is detected in murine cDNA and has a single product
Custom designed primers to murine β-actin and HDAC1 were tested using murine liver cDNA or a water control. A) RT-qPCR results are shown as raw Ct values plus standard deviation (n=3). B) Dissociation curves are shown for each murine primer. Results show a single peak for both.

2.3.6 [bookmark: _Toc422158311]Predesigned primers to mouse genes for RT-qPCR 
Murine primers for RT-qPCR were KiCqStart™ SYBR® Green Primers, designed and made by Sigma (Table 2.5)


	Gene name
	Forward Oligo (5’-3’)
	Reverse Oligo (5’-3’)

	TNF
	CTATGTCTCAGCCTCTTCTC
	CATTTGGGAACTTCTCATCC

	IL-6
	GTCTATACCACTTCACAAGTC
	TGCATCATCGTTGTTCATAC

	IL-10
	CAGGACTTTAAGGGTTACTTG
	ATTTTCACAGGGGAGAAATC


[bookmark: _Ref420692557][bookmark: _Toc399874610][bookmark: _Toc422158383]Table 2.5 KiCqStart™ SYBR® murine primer sequences

2.3.7 [bookmark: _Toc422158312][bookmark: _Toc331173182][bookmark: _Toc331174113][bookmark: _Toc331346327]Polymerase chain reaction 
The resulting cDNA was amplified using BIOTAQ PCR kit and sequence specific primer pairs (Table 2.2, Table 2.3, Table 2.4 and Table 2.5). Each sample had a final volume of 10μl made up of the provided components at volumes shown in Table 2.6.
	Reagent
	Volume (µl)

	10x NH4 Buffer
	1

	10mM dNTP Mix
	1

	BIOTAQ DNA Polymerase
	0.2

	50mM MgCl2 Solution
	0.2

	RNase/DNase free Water
	5.8

	cDNA or RNase /DNase free Water
	1

	Sequence specific forward and reverse primers
	0.8


[bookmark: _Ref420692784][bookmark: _Toc331326900][bookmark: _Toc399874611][bookmark: _Toc422158384]Table 2.6 Contents of one PCR reaction tube

The PCR reaction was run in a thermocycler T100 using the following protocol:
1) 3 minutes at 95°C 
2) 95°C for 30 seconds
3) 60°C for 30 seconds
4) 72°C for 30 seconds, 
5) Repeat steps 2-4 for 32 cycles 
6) 72°C for 5 minutes.
The PCR products were visualised by adding 1μl of 5x DNA Loading Buffer blue into 4μl of PCR product. The samples were loaded onto a 1% Ultrapure agarose gel dissolved in 1x Tris-acetate-EDTA (TAE) buffer, plus 0.05% ethidium bromide and run alongside 4μl DNA Hyperladder IV (100-1000bps). This was run at 80V/120amps for 1 hour 30 minutes. The bands were visualised by exposure to ultraviolet (UV) light in a Geneflash transilluminator.
2.3.8 [bookmark: _Toc331173183][bookmark: _Toc331174114][bookmark: _Toc331346328][bookmark: _Toc422158313]Real-time quantitative polymerase chain reaction (RT-qPCR)
To better quantify changes in gene expression, SYBR green RT-qPCR was utilised. Precision 2x qPCR mastermix (plus SYBR green plus ROX) and sequence specific primers (Table 2.2, Table 2.3, Table 2.4 and Table 2.5) were combined with cDNA (Table 2.7). To give a biological interpretation to the PCR data and given that it is known that several housekeeping genes were shown to not be stable in RA FLS, it was decided to purchase a commercially available standard clone of known HDAC1 concentration. A 6-point serial dilution (26.8ng/μl-0.2pg/μl) of the standard clone (cDNA IMAGE clone ID 2820260) was prepared and run on RT-qPCR. From Figure 2.3, it is clear that this results in a straight-line graph that could be used to successfully and reliably convert Ct values of samples of unknown concentrations into absolute concentrations of HDAC1 mRNA expression.
	Reagent
	Volume (µl)

	Precision 2x qPCR mastermix plus SYBR green plus ROX
	10

	RNase /DNase free Water
	7

	cDNA or RNase /DNase free Water
	1

	Sequence specific forward and reverse primers
	2


[bookmark: _Ref420692819][bookmark: _Toc331326901][bookmark: _Toc399873795][bookmark: _Toc399874612][bookmark: _Toc422158385]Table 2.7 Contents of one RT-qPCR reaction tube

For all other genes, relative expression was found by comparison to β-actin expression by using the 2-ΔΔct method, a well-used method that takes control primers and control samples into account (Livak & Schmittgen 2001). The reaction was run in a 384 well plate in the 7900HT AbiPrism sequence detection system. 
Samples were run at
1) 95°C for 10 minutes
2) 95°C for 15 seconds
3) 60°C for 1 minute (data collection taken after this step)
4) Repeat steps 2-3 for 50 cycles
Analysis of the data was carried out by SDS 2.1 software using an automatic threshold. For absolute concentrations, the standard curve equation was used to convert these Ct values into absolute concentrations using Excel. 

[bookmark: _Ref420692844][bookmark: _Toc422158376][bookmark: _Toc397442847]Figure 2.3 Absolute quantification of HDAC1 mRNA expression 
The absolute concentration of HDAC1 can be accurately determined from a Ct value using the equation of the line. A standard clone of HDAC1 was serially diluted and run on RT-qPCR with HDAC1 primers. The average Ct values were plotted against the known concentrations. The logarithmic trendline shows a straight line with an equation of y= -1.706ln(x) + 9.8857 with an R2 value of 0.9759.

2.4 [bookmark: _Toc331173184][bookmark: _Toc331174115][bookmark: _Toc331346329][bookmark: _Toc422158314][bookmark: _Toc422241506]Protein extraction and analysis
2.4.1 [bookmark: _Toc331173185][bookmark: _Toc331174116][bookmark: _Toc331346330][bookmark: _Ref420694195][bookmark: _Toc422158315]Cell lysis
Confluent flasks of FLS were harvested (Section 2.3.4) and the pellet resuspended in mammalian protein extraction reagent (M-PER) lysis buffer containing 1% HALT™ proteinase inhibitor cocktail EDTA-free (100x). These were shaken on ice for 15 minutes. Following this, the cells were sheered using a 25G needle 10 times. The cell suspension was centrifuged at 4°C 14,000g for 10 minutes. The supernatant was kept and the pellet was discarded. Protein concentrations were determined using the NanoDrop Spectrophotometer. The lysates were stored at -20°C until needed.
2.4.2 [bookmark: _Toc422158316]Positive controls for western blotting
The lysate of HEK293 cell line was used to determine minimum protein concentrations that the antibodies could detect on a western blot. Cells were lysed (Section 2.5.1) and the protein concentration determined in mg/ml by using the NanoDrop protein 280nm setting, and normalising to lysis buffer. The lysates were then diluted to create a concentration gradient ranging 0.4mg/ml to 2mg/ml at 0.2 increments. 
2.4.3 [bookmark: _Toc331173186][bookmark: _Toc331174117][bookmark: _Toc331346331][bookmark: _Toc422158317]Western blotting
Protein concentrations were standardised by dilution in distilled water to the concentration of the lowest sample. The protein (25μl) was added to 6x sample loading buffer (5μl) and heated for 3-5 minutes at 95°C. Precast 12% 12-well polyacrylamide mini PROTEAN TGX gels were placed in the mini PROTEAN Tetra system and filled with 1x running buffer. Buffered protein (30μl) at 0.4mg/ml was loaded in each well, alongside prestained protein ladder (4μl) broad range (10-230 kDa). These were run at 100V/120amps for 1 hour 30 minutes. The gels were transferred to an iBlot® gel transfer stack (nitrocellulose) using the original iBlot® gel transfer device, then blocked in 5% skim milk powder dissolved in tris-buffered saline tween 20 (TBST) buffer for 2 hours. Primary anti-HDAC1 (rabbit anti-human) at 1:1000 and anti-βActin (mouse anti-human) at 1:5000 were diluted in 5% milk and added to the corresponding membrane overnight on an orbital shaker at 4°C. Membranes were washed three times in TBST for 10 minutes each. The horseradish peroxidase conjugated secondary antibodies, goat anti-rabbit diluted 1:1000 and goat anti mouse diluted 1:5000 in 5% milk, were added to the membrane for 40 minutes. This was followed by another three washes in TBST for 10 minutes each. The Amersham western blotting detection reagent ECL Plus was combined following the manufacturer’s instructions and 2ml of the mix added to each membrane. This was incubated for 5 minutes at room temperature before excess was removed. Visualisation of the membrane was performed using a ChemiDoc™ XRS+ System and images taken using Image Lab™ Image Capture and Analysis Software using the ‘chemi high res’ setting.
2.5 [bookmark: _Toc331173187][bookmark: _Toc331174118][bookmark: _Toc331346332][bookmark: _Toc422158318][bookmark: _Toc422241507]Immunohistochemistry (IHC) of human synovial tissue
2.5.1 [bookmark: _Ref420694215][bookmark: _Ref420695303][bookmark: _Ref420695310][bookmark: _Toc422158319]Dewaxing and rehydration of paraffin wax embedded slides
Slides were de-waxed and rehydrated by passing them through an alcohol series; in xylene for 3 minutes twice, in 100% ethanol for 3 minutes twice, in 95% ethanol for 3 minutes and in methanol containing 3% hydrogen peroxide for 20 minutes.
2.5.2 [bookmark: _Ref420694224][bookmark: _Ref420694255][bookmark: _Toc422158320]Single staining of formalin fixed, paraffin wax embedded synovium
Following dewaxing and rehydration (Section 2.6.1), the slides were briefly rinsed in water and then placed in 0.01M tri-sodium citrate pH6 and heated in a microwave for 10 minutes to allow antigen retrieval. They were then rinsed under running water followed by a rinse in PBS. Sections were blocked for 30 minutes at room temperature using horse serum diluted in PBS using the Vectastain universal elite ABC kit. Serum was tapped off and 50μl of HDAC1 primary antibody at 1:200 (diluted in PBS) was added for 1 hour; the slides were then rinsed in PBS. Biotinylated secondary antibody from the vector kit was added for 30 minutes then rinsed with PBS. A third reagent, ABC, from the ABC kit was made up following manufacturer’s instructions and left at room temperature for 30 minutes before being added to the slides. Finally, a peroxidase substrate, DAB/NovaRED substrate kit as added for 5-15 minutes or until colour became visible under the microscope. The reaction was stopped by washing in distilled water.
After staining, the slides were counterstained with either haematoxylin or methylgreen for 20-30 seconds, followed by dipping in Scott’s Tap Water (bicarbonate bluing solution) for 20-30 seconds and then being passed back through the alcohol series; 70% ethanol for 3 minutes, 95% ethanol for 3 minutes, 100% ethanol for 3 minutes twice and xylene for 3 minutes. The slides were mounted under a cover slip using consul mount. Slides were dried at 37°C overnight then stored at room temperature.
2.5.3 [bookmark: _Toc331173189][bookmark: _Toc331174120][bookmark: _Toc331346334][bookmark: _Toc422158321]Duel staining of formalin fixed, paraffin wax embedded synovium
Slides were single stained as above (Section 2.6.2), except following the DAB/Nova Red stain, the slides were not fixed but were stored in PBS overnight. They were then blocked with serum from a Vectastain universal avidin-biotin complex with alkaline phosphatase (ABC-AP) kit for 30 minutes. Primary antibody, either anti-fibroblast at 1:100 or anti-CD68 (macrophages) at 1:100 (diluted in PBS), were added for 1 hour and then slides rinsed in PBS. Biotinylated secondary antibody from vector kit was added for 30 minutes then slides rinsed in PBS. A third reagent, ABC, from the vector kit (previously incubated at room temperature for 30 minutes) was added to the slides for 30 minutes. Alkaline phosphatase IV BCIP/NBT substrate kit was added for 5-15 minutes or until colour became visible microscopically. The stain was fixed by washing in distilled water then the slides dehydrated and mounted as above (Section 2.6.2).
To try and clarify the specificity of the anti-fibroblast antibody, sequential RA synovial biopsy slides were dual stained with a fibroblast targeted antibody (anti-fibroblast, anti-5B5 or anti-1B10) and anti-CD68. The slides were visualised under a microscope and dual positive staining analysed. It was determined from this optimisation that, although the exact target of the anti-fibroblast antibody could not be determined by this method, this antibody overlapped the least with the CD68 expressing cells compared to anti-5B5 and anti-1B10.
2.5.4 [bookmark: _Toc331173190][bookmark: _Toc331174121][bookmark: _Toc331346335][bookmark: _Ref421557342][bookmark: _Toc422158322]Fluorescent co-localisation of OCT frozen synovium
In order to look at HDAC1 expression in FLS and macrophages, optimal cutting temperature (OCT) frozen RA, OA or HC tissues were used. Frozen tissue sections were dried for 10 minutes at room temperature. Then freshly defrosted 4% paraformaldehyde (PFA) was added to slides for 10 minutes, followed by blocking for 30 minutes in 5% horse serum containing 0.5% saponin in PBS. Next, a 50μl mix of two primary antibodies anti-HDAC1 (rabbit anti-human) at 1:25 and either anti-fibroblast (mouse anti-human) at 1:25 or anti-CD68 (mouse anti-human) at 1:25 diluted in blocking mix were added for 1 hour then rinsed with PBS. Slides were then incubated with 50μl of the 568nm secondary donkey anti-rabbit at 1:50 diluted in blocking mix for 1 hour, then rinsed with PBS. This was followed by 50μl of the 488nm secondary rabbit anti-mouse at 1:50 diluted in blocking mix for 1 hour, then rinsed with PBS. Finally, 20μl of vectorshield containing DAPI was dropped on to the sections followed by a coverslip. These were stored covered in foil at 4°C until imaging.
2.5.5 [bookmark: _Toc331173191][bookmark: _Toc331174122][bookmark: _Toc331346336][bookmark: _Toc422158323]Visualising stained synovium
Non-fluorescent staining was visualised using an upright light microscope and fluorescent staining was visualised using an inverted wide-field fluorescent microscope under mercury lamp using LAS software or an inverted Multiphoton/Confocal Microscope using LSM510 software.
2.6 [bookmark: _Toc422158324][bookmark: _Toc422241508]Immunocytochemistry of FLS
2.6.1 [bookmark: _Toc422158325]Optimisation of permeabilisation of FLS on coverslips 
Fibroblasts were grown on glass coverslips in 6 well plates and left for 24 hours. The medium was removed and the cells were washed twice with PBS. Cells were then permeabilised by 1 of 4 methods (Table 2.8). Cells were then stained for HDAC1 and β-actin as described previously (Section 2.6.4).
	Permeabilisation Solution
	Blocking Solution

	Pure acetone at -20°C for 10 minutes
	TBST + 10% horse serum

	PBS + 2% Triton-X100
	TBST + 10% horse serum

	1:1 mix of acetone and methanol at -20°C
	TBST + 10% horse serum

	PBS + 0.5% saponin + 5% FBS
	0.5% saponin + 5% horse serum


[bookmark: _Ref420693140][bookmark: _Toc399874613][bookmark: _Toc422158386]Table 2.8 Methods for fixing FLS to coverslips

2.6.2 [bookmark: _Toc422158326]Growth and fixation of FLS onto coverslips
FLS were harvested (Section 2.3.4) and plated in 6 well plates containing sterile coverslips. Cells were transfected with short interfering RNA (siRNA) for 24, 48 or 72 hours (Section 2.8.2). Medium was removed and the cells were washed twice with PBS. Cells were fixed using freshly frozen 4% PFA for 10 minutes. A PBS wash was repeated then cells were left to air dry overnight before storage at 4°C until needed.
2.6.3 [bookmark: _Toc422158327]Fluorescent staining of FLS
Before staining, the fixed cells were washed in PBS. Then PBS containing 0.5% saponin containing 5% FBS was added to permeabilise the cells for 10 minutes, followed by three PBS washes for 5 minutes each. Then 0.5% saponin containing 5% horse serum was added to block for 30 minutes at room temperature. Primary antibody mix containing anti-HDAC1 at 1:100 and anti-β-actin at 1:1000 was then added for 1 hour at room temperature. Cells were washed twice with PBS then a mix of secondary antibodies containing 568nm donkey anti-rabbit at 1:100 and 488nm rabbit anti-mouse at 1:100 was added for 1 hour at room temperature. Cells were washed twice in PBS then coverslips were removed from the 6 well plate and mounted onto slides with vectorshield containing DAPI as a nuclear stain. These were covered in foil and stored at 4°C until imaged.
2.6.4 [bookmark: _Toc422158328]Visualising stained FLS
Fluorescent staining was visualised using an inverted Multiphoton/Confocal microscope with LSM510 software used to capture images.
2.7 [bookmark: _Toc422158329][bookmark: _Toc422241509]Fibroblast transfection with siRNA
2.7.1 [bookmark: _Toc422158330]Optimising FLS transfections
To determine the most suitable transfection reagent for primary FLS, five commercial reagents were purchased. FLS were harvested (Section 2.3.4) and plated onto a 24 well plate at a concentration of 5.7x104 cells per well. These were left for 24 hours to grow and adhere. Five different transfection reagents were added to the cells at different volumes: RNAiMAX at 1.8µl, 3.6µl, 7.2µl and 10µl; Dharmafect 4 at 1.0µl, 2.0µl, 3.0µl and 6µl; Oligofectamine at 1.8µl, 3.6µl and 7.2µl; Lipofectamine 2000 at 1.0µl, 1.5µl and 2.0µl; Attractene at 1.0µl, 1.5µl and 3.0µl. To determine the efficacy of the transfection reagents, cells were all transfected with siGLO green transfection indicator diluted in serum-free medium to 50nM. One well contained untreated cells and for each reagent there was a well that contained cells with transfection reagent only. After 24 hours, cells were harvested and underwent fluorescence-activated cell sorting (FACS) analysis. Following this, the siGLO concentration was varied to 12.5nM, 25nM and 50nM using a constant volume of transfection reagent; Dharmafect 4 at 3.0µl and Lipofectamine 2000 at 2.0µl. The same controls were used. In both optimisation experiments, the efficiency of transfection and the cell death were examined by adding propidium iodide (PI) and using FACS, gating for 6-FAM (siGLO) and PI positive cells.
2.7.2 [bookmark: _Ref420694318][bookmark: _Ref420694509][bookmark: _Ref420694584][bookmark: _Ref420694668][bookmark: _Ref420694677][bookmark: _Ref420694683][bookmark: _Ref420694983][bookmark: _Toc422158331]Transfecting FLS with HDAC1-targeted siRNA 
For transfection in a 6-well plate, FLS were harvested (Section 2.3.4) and plated at concentrations of 1.2x105 RA FLS per well and cultured in DMEM for 24 hours. NTC and HDAC1 ON TARGET plus SMART pool siRNAs (Table 2.9), both at 20μM, were diluted in serum-free medium to 250nM (200μl per well) and left to incubate for 5 minutes. Dharmafect transfection 4 reagent was also diluted (3μl in 200μl serum-free medium per well) and incubated for 5 minutes. After this, diluted siRNA was added to dilute Dharmafect at a 1:1 ratio and left to incubate for 20 minutes. The media was removed from the cells and then the mixture was added to each well and the volume increased to 2ml per well with serum-containing medium resulting in a final siRNA concentration of 25nM. For Dharmafect-only controls, 200μl of diluted Dharmafect and 200μl of serum-free medium was added to each well, and the volume increased to 2ml. The plate was incubated at 37°C for 24, 48 or 72 hours. Cells were harvested and resuspended in PBS ready for mRNA analysis by RT-qPCR or FACS.
For transfection in a 96-well plate, FLS were seeded at densities of 20,000 cells per well and left to adhere for 24 hours. siRNAs targeting HDAC1 and NTC were diluted 1:200 with complete medium to a 100nM concentration. Next 0.3μl of each diluted siRNA was combined with 10μl of serum-free medium per well and incubated for 5 minutes. Meanwhile, 0.15μl of Dharmafect 4 transfection reagent was added to 10μl of serum-free medium per well and incubated for 5 minutes. The diluted siRNA and Dharmafect mixes were then combined 1:1 and incubated for 20 minutes. The medium was removed from the cells and 80μl of complete medium added along with 20μl of the siRNA-Dharmafect mix dropwise. For Dharmafect-only controls, 80μl of complete medium was added plus 10μl of diluted Dharmafect and 10μl of serum-free medium. The cells were incubated at 37°C for 24, 48 or 72 hours.
	Target Sequence number
	HDAC1-targeted siRNA
	NTC siRNA

	1
	ACUAUGGUCUCUACCGAAA
	UGGUUUACAUGUCGACUAA

	2
	GCAAGUAUUAUGCUGUUAA
	UGGUUUACAUGUUGUGUGA

	3
	CCGGUCAUGUCCAAAGUAA
	UGGUUUACAUGUUUUCUGA

	4
	CCACAGCGAUGACUACAUU
	UGGUUUACAUGUUUUCCUA


[bookmark: _Ref420693250][bookmark: _Toc399874614][bookmark: _Toc422158387]Table 2.9 Sequences of siRNA pools
2.8 [bookmark: _Toc422158332][bookmark: _Toc422241510]Senescence of FLS
2.8.1 [bookmark: _Toc422158333]β-Galactosidase activity assay of RA FLS
To investigate whether the passage number of in vitro cultures affects cell senescence, a β-Galactosidase activity assay was carried out. RA or OA FLS were plated on 6-well plates. After 24 hours, the medium was removed and the cells were washed in PBS. A 5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside (X-Gal) solution from a senescence detection kit was made according to the manufacturer’s instructions. The X-Gal was added (1ml) to each well for 30 minutes at room temperature. Cells were washed twice with PBS and then 1ml of staining solution, prepared according to the manufacturer’s instructions, was added to each well and the plate was stored in the dark overnight at 37°C. After 24 hours, images were taken using an inverted wide-field microscope at 5x magnification.
2.9 [bookmark: _Toc422158334][bookmark: _Toc422241511]Isolation, harvesting and purity analysis of blood-derived macrophages
2.9.1 [bookmark: _Toc422158335]Complete medium for blood-derived macrophages (BDM)
Iscove's Modified Dulbecco's Medium without glutamine, supplemented with 2% human serum from male Ab plasma and 1% L-Glutamine (200mM).
2.9.2 [bookmark: _Toc422158336]Isolation of monocytes from healthy blood for macrophage differentiation
Buffycoats were obtained from Sheffield Blood Transfusion Service; these consisted of a mixture of platelet-depleted blood from unknown healthy donors. Blood was mixed 1:1 with 25ml of HBSS (w/o Ca2+ and Mg2+) and 20ml of this mix was layered slowly onto 30ml Ficoll. The samples were centrifuged at 400g for 40 minutes at 23°C, with the brake and acceleration set at 0. The central white blood cell layer was carefully removed using a Pasteur pipette and placed into a new falcon tube and diluted up to 50ml with HBSS. Tubes were centrifuged at 400g for 15 minutes at 4°C with the brake set to 3. The supernatant was discarded and the pellet resuspended in 50ml with HBSS and the centrifugation step repeated. The cell pellet was diluted 1:100 in HBSS and cells were counted on a haemocytometer and converted to cells/ml. The tube was centrifuged once more and then appropriate volumes of cells were added to T75 flasks containing 20ml of complete medium to allow 7x106 cells/flask. The cells were incubated at 37°C for 2 hours to allow for monocyte attachment. Non-adherent cells (lymphocytes) were removed and the adherent cells were washed twice in HBSS before adding new complete medium. The cells were incubated at 37°C and were given new complete medium every 2-3 days.
BDMs were used for experiments between days 7-10. This is a well published methodology for isolation of monocyte-derived macrophages that does not require the addition of any further growth supplements (Burke et al. 2003).
2.9.3 [bookmark: _Ref420694482][bookmark: _Ref420694952][bookmark: _Toc422158337]Harvesting BDMs
Cell culture medium was removed from the flasks and the cells washed with HBSS twice. To detach the cells, 1ml or 5ml of trypsin-EDTA (1X) liquid was added to each well (of a 6 well plate) or to a T75 flask respectively, and incubated for 20 minutes at 37°C. Every 5 minutes the cells were gently tapped and the cells disturbed with a pipette. Complete medium was added to neutralise the trypsin and cells added to falcon tubes for centrifugation at 1400rpm at 4°C for 7 minutes. The supernatant was removed and the pellets were used.
2.9.4 [bookmark: _Toc422158338]Analysing BDMs purity by flow cytometry 
BDMs were plated in 6 well plates at a concentration of 5x106 cells/well in 2ml of complete medium containing 50 ng/ml TNF. Cells were left for 24 hours before being harvested and resuspended in 1ml FACS buffer. Cells were centrifuged at 400g for 5 minutes, the supernatant removed and the pellet resuspended again in 1ml of FACS buffer. The centrifugation step was repeated, the supernatant removed and the pellet resuspended in 1ml FACS buffer before being transferred to a FACS tube. These tubes were spun at 400g for 7 minutes at 4°C then the supernatant removed. Next, 5μl of CD14-APC concentrated antibody (emits at 660nm - red) was added to the pellet and the tubes stored at 4°C for 30 minutes in the dark. To each tube, 1ml of FACS buffer was added followed by centrifugation. The supernatant was removed and the cell pellet resuspended in 1ml of FACS buffer before centrifuging again. The supernatant was removed and the pellet was resuspended in 300µl of FACS buffer before analysis on the LSRII.
2.9.5 [bookmark: _Toc422158339]Culturing of BDMs with RA-like treatments
BDMs were treated with RA-associated stimuli; 2ml complete medium in hypoxic conditions (0.1% oxygen) induced using a hypoxic incubator, TNF at 50ng/ml diluted in complete medium and LPS at 100µg/ml diluted in complete medium. Treatments were added individually to the BDMs and harvested at time points 0 and 4 hours.
2.10 [bookmark: _Toc331173192][bookmark: _Toc331174123][bookmark: _Toc331346337][bookmark: _Toc422158340][bookmark: _Toc422241512]BDM transfection with siRNA
2.10.1 [bookmark: _Toc331173193][bookmark: _Toc331174124][bookmark: _Toc331346338][bookmark: _Toc422158341]Optimising BDM transfection
Dr Adeleke Gbadebo in our lab had previously optimised the concentration of transfection reagent and the concentration of siRNA used for macrophage transfection. To confirm this, BDMs were plated in 6 well plates at a concentration of 5x106, siGLO green transfection indicator was diluted in 200μl serum-free medium to 50nM and 3μl of Dharmafect 4 transfection reagent was separately combined with 200μl serum-free medium. Both tubes were incubated for 5 minutes before combining the tubes 1:1 and incubating for a further 20 minutes. The mixture was added to the cells and the volume increased to 2ml with complete medium containing 50 ng/ml of TNF. Cells were incubated for 24 hours before harvesting and analysis FACS.
2.10.2 [bookmark: _Toc422158342]Flow cytometry to assess BDM transfection
[bookmark: _Toc331173194][bookmark: _Toc331174125][bookmark: _Toc331346339]Cells were harvested (Section 2.10.3) then centrifuged at 400g for 5 minutes. The supernatant was removed and the pellet was resuspended in 1ml of FACS buffer. The centrifugation was repeated and the pellet resuspended in FACS buffer and then transferred to a FACS tube. The FACS tubes were centrifuged at 400g at 4°C for 7 minutes. The supernatant was removed and the pellets resuspended in 300μl and analysed on the LSRII. Successful transfection was assessed based on siGLO (6-FAM) expression seen in transfected BDMs.
2.10.3 [bookmark: _Toc422158343]Transfecting BDMs with HDAC1-targeted siRNA 
BDMs were seeded into 6 well plates at a concentration of 5x106 cells/well. siRNA targeting HDAC1 was diluted to a concentration of 50nM in 200μl of serum-free medium and left for 5 minutes. Separately 3μl of Dharmafect 4 transfection reagent was added to 200μl of serum-free medium and left for 5 minutes. The two were then mixed 1:1 and left for 20 minutes. Following incubation, 400μl of the mix was added to each well and topped up to 2ml with complete medium. Control cells contained 200μl of transfection reagent only mix. All cells were incubated for 24hours before harvesting and analysis by FACS.
2.11 [bookmark: _Toc422158344][bookmark: _Toc422241513]Functional assays in FLS following HDAC1 knockdown
2.11.1 [bookmark: _Ref421633008][bookmark: _Toc422158345]Optimisation of tritiated thymidine proliferation assay
Cells were plated in a 96 well plate at a concentration of 2000 or 5000 cells/well in triplicate. The activity of tritiated thymidine was measured at 37MBq/1mCi, so 1μl was needed per well for a final concentration of 1μCi/well. The working dilution was made up in complete medium and then sterilised using a syringe filter with a 0.22μm pore PVDF membrane. To each well 200μl of the diluted tritiated thymidine was added. A serum-free medium control and no-thymidine control were also included. Cells were incubated for 24 or 48 hours. Medium was then removed from the cells and washed with PBS. Sterilised 10% (w/v) trichloroacetic acid (TCA) was added to each well and incubated at 4°C for 10 minutes. The TCA was removed and sterilised 1M NaOH was added and cells were incubated at 37°C overnight. Following this, 50μl of hydrolysed cells were added to 2ml of Ultima Gold LSC-cocktail scintillation fluid and transferred to a cuvette. Cuvettes were loaded into the LS 6500 Multi-Purpose Scintillation Counter.
2.11.2 [bookmark: _Toc422158346]Tritiated thymidine proliferation assay
Cells were plated on a 96 well plate at a concentration of 2000 cells/well in triplicate (n=6). After 24 hours, the cells were transfected as previously described (Section 2.8.2). A further 24 hours later, 1μCi of filtered tritiated thymidine in complete medium added to each well (200μl) and the protocol followed as previously (Section 2.12.1). A serum-free medium control, transfection reagent-only and no-thymidine control were also carried out. 
2.11.3 [bookmark: _Toc422158347]Tritiated thymidine proliferation assay analysis
Samples were run through the Scintillation counter in cuvettes and the results given as counts per minute (CPM) for each sample. An average value for each sample was calculated and the groups were statistically analysed using a Wilcoxon matched-pairs rank test.
2.11.4 [bookmark: _Toc422158348]Microarray
FLS were plated into 6 well plates, four plates per patient (n=3). Two plates from each patient were transfected with HDAC1-targeting siRNA and 2 plates with NTC siRNA (Section 2.8.2). Plates were incubated at 37°C for 48 hours. Cells were harvested (Section 2.3.4) and mRNA extracted (Section 2.4.1) and frozen at -80°C. Frozen concentrated mRNA was shipped on dry ice to Cambridge Genomic Services. Samples were amplified using Nugen amplification technology due to low DNA concentrations. The samples were run on an Illumina HumanHT-12 v4 BeadChip which contain more than 47,000 probes. For each probe represented on the array, beads are assembled with an average 15-fold redundancy.
Validation of results was carried out using selected gene primers in RT-qPCR (Section 2.4.4).
2.11.5 [bookmark: _Toc422158349]Microarray analysis
The data from the microarray was processed by Cambridge Genomic Services (http://www.cgs.path.cam.ac.uk/). The data were first filtered for non-expressed probes (detection value p>0.01) using the Lumi package in R software. The data were transformed (using variance stabilisation transformation) and normalised (using quantile normalisation) to remove any technical variation. Finally the data were statistically compared using a paired design between each HDAC1 knockdown and NTC using Limma package in R software. Transcripts with a p-value of less than 0.01 and a fold change of greater than 0.5 were considered significant and used in further analysis. Significant genes underwent functional annotation clustering analysis using DAVID software to produce hierarchal functional groups based on enrichment scores. Volcano plots of significant genes were plotted by Cambridge Genomic services.
2.11.6 [bookmark: _Toc422158350]Optimisation of migration assay
To investigate the effects of HDAC1 knockdown on cell migration, a standard scratch assay was performed; an assay that has been well described (Liang et al. 2007). FLS were plated in a 96-well plate at a concentration of 5,000, 10,000 and 20,000 cells/well in triplicate and incubated for 24 hours. Medium was removed and a scratch was introduced using a p200 tip in a line down the centre of the cells.  Cells were washed with PBS to remove non-adherent cells and new medium added to each well. Cells were then incubated at 37°C and images taken at 0, 4, 8, 12, 24, 28 and 48 hours using an inverted contrasting microscope at x2 magnification. 
2.11.7 [bookmark: _Ref420694732][bookmark: _Toc422158351]Migration assay
FLS were plated in triplicate at a concentration of 20,000 per well on a 96-well plate and left to adhere for 24 hours at 37°C. Cells were then transfected with HDAC1-targeting siRNA, NTC siRNA or Dharmafect only (Section 2.8.2) and incubated for 24 hours at 37°C (n=6). The medium was removed from the cells and then a scratch was introduced using a p200 pipette tip. The cells were washed with PBS and new medium was added. Images were taken at 0, 24 and 48 hours using an inverted contrasting microscope with x2 magnification.
2.11.8 [bookmark: _Toc422158352]Migration assay with proliferation inhibitors
To ensure that any migration changes were not secondary to changes in proliferation of FLS, a proliferation inhibitor (mitomycin C) was used in the migration assay. FLS were plated in triplicate at a concentration of 20,000 per well on a 96-well plate and left to adhere for 24 hours at 37°C. Cells were then transfected with HDAC1-targeting siRNA, NTC siRNA or Dharmafect only (Section 2.8.2) and incubated for 24 hours at 37°C (n=5). Mitomycin C at 5µm/ml was added to the cells for 2 hours. The medium was removed from the cells and then a scratch was then introduced and images taken (Section 2.12.7).
2.11.9 [bookmark: _Toc422158353]Migration assay analysis
Images were analysed using Image J software. Ten representative measurements were taken along each scratch to determine the width of the scratch at 0 and 24 hours. Images at 48 hours were used as a control to check the scratch had fully closed. The gap closure in 24 hours was determined for HDAC1 and NTC knockdown FLS individually, resulting in a percent gap closure for each condition. These values were compared using a Wilcoxon matched-pairs rank test to determine significance.
2.11.10 [bookmark: _Ref420694757][bookmark: _Toc422158354]Optimisation of invasion assay
To determine if invasion of FLS could be changed by HDAC1 knockdown a Matrigel assay was performed. The use of this assay with fibroblasts (murine) has previously been described (Li et al. 2011). Here, FLS were plated at a concentration of 1x104 in a 6-well plate and incubated for 24 hours. The cells were transfected with HDAC1-targeting and NTC siRNA (Section 2.8.2) and left for 24 hours. Premade BD BioCoat™ Matrigel™ invasion chambers were added to a 24-well plate and were rehydrated with 0.5ml of complete medium to the interior of the insert and 0.5ml of complete medium to the bottom of the well. The plates were incubated at 37°C for 2 hours. The medium was removed from the Matrigel-coated chambers and the well below. The transfected cells were harvested (Section 2.3.4), resuspended in 0.5ml of serum-free medium and added to the interior of the rehydrated Matrigel chamber. The chambers were then lowered into a new 24-well plate containing 0.75ml of complete medium, to create a chemotactic gradient, and incubated at 37°C for 24 and 48 hours. The loose cells and medium were removed from the interior of the Matrigel-coated chambers and the chambers were transferred to a new 24-well plate. A cotton bud was firmly rubbed over the inner surface of the Matrigel-coated chamber to remove any further loose cells. This step was repeated using a new medium-moistened cotton bud. The Matrigel-coated chambers were immersed in 100% methanol for 2 minutes to fix the cells, and then transferred into to haematoxylin for 4 minutes followed by a rinse in tap water. Chambers were immersed in Scott’s tap water for 15 seconds, followed by a rinse in tap water. Finally they were immersed in eosin for 5 minutes, followed by a rinse in tap water. The chambers were next inverted and left to air-dry overnight. Using a scalpel blade, the Matrigel membrane was removed from the chamber and placed face-down on a clean microscope slide. Immersion oil was added, followed by a coverslip and the slides were left to dry overnight.
2.11.11 [bookmark: _Toc422158355][bookmark: _Ref422159189]Invasion assay
Assays were carried out as 2.12.10 but FLS were allowed to invade for 48 hours in to the Matrigel membrane (n=6).
2.11.12 [bookmark: _Toc422158356]Analysis of invasion assay
Slides were visualised using an upright light microscope and images taken using an inverted wide-field microscope. Cell counts were taken at x40 lens in 10 fields of view (5 around the edge of the gel and 5 in the centre, as recommended by the manufacturer). The average number of invaded cells in the HDAC1 knockdown was compared to the cells transfected with NTC siRNA using a Wilcoxon matched-pairs rank test.
2.11.13 [bookmark: _Toc331173195][bookmark: _Toc331174126][bookmark: _Toc331346340][bookmark: _Toc422158357]Cell death assay using flow cytometry for synoviocytes
The transfected RA FLS or BDMs were harvested (Sections 2.3.4 & 2.10.3) expect instead of discarding the media, all media was kept and added to the trypsinised cell pellet. The sample was centrifuged at 10,000rpm for 5minutes. To assess cell necrosis, the pellet was resuspended in 300μl of PBS and 1μl of PI was added to the cells before analysis using the LSRII. To assess cell apoptosis, the cell pellet was resuspended with 100μl of 1x Annexin IV binding buffer and 5μl of Annexin V FITC antibody or 5μl of Annexin V APC and was incubated in the dark for 15 minutes. Then 400μl more of binding buffer was added and 1μl of PI was added before analysis by the LSRII (n=6).
2.11.14 [bookmark: _Ref420695017][bookmark: _Toc422158358]Optimisation of MTT assay
Medium used for FLS in this assay was phenol red-free DMEM. Cells were plated in triplicate on a 96 well plate, at 20,000, 15,000, 10,000 and 5,000 cells/well and incubated for 24 hours, or plated at 10,000 and 5,000 cells/well and incubated for 48 hours. Cells were washed with PBS and 100µl of 0.5mg/ml MTT (Thiazolyl Blue Tetrazolium Bromide) was added to each well and incubated for 2 hours at 37°C. Two negative controls were run; cells were fixed in 4% PFA before addition of MTT and one no-cell well. Excess MTT was tapped off all wells and 50µl of acidified isopropanol was added to each well and gently swirled until the purple precipitate was dissolved. The plate was read at a wavelength of 540nm with a 630nm reference on Tecan Infinite® 200 PRO dentistry spectrophotometer using the Magellan software.
2.11.15 [bookmark: _Toc422158359]MTT assay
Cells were plated on a 96 well plate in triplicate at a density of 10,000 cells/well and incubated for 24 hours. Cells were transfected (Section 2.8.2) and incubated for 24 or 48 hours (n=6). The MTT assay was carried out on siRNA transfected cells using the above protocol (Section 2.12.14).
2.11.16 [bookmark: _Toc422158360]Analysis of MTT assay
The values for each sample were averaged and then the two conditions statistically analysed using a one-way ANOVA with adjustments for multiple comparisons.
2.12 [bookmark: _Toc422158361][bookmark: _Toc422241514]CIA in in vivo models
2.12.1 [bookmark: _Ref420695102][bookmark: _Toc422158362]Collagen-induced arthritis in C57BL/6 mouse model
Fifteen C57BL/6 mice all male and 10 weeks old were provided by Dr Ilaria Bellantuono (University of Sheffield). Bovine Type II collagen at 4mg/ml was dissolved in 0.01M acetic acid overnight at 4°C. Mycobacterium tuberculosis H37 RA powder was resuspended in incomplete Freund's adjuvant (100mg in 30ml) and this was provided by Dr Richard Williams from the University of Oxford. The collagen solution was emulsified by adding it dropwise to complete Freund's adjuvant on ice in a ratio of 1:1. The mix was then homogenised using a 1ml syringe until white and thick in consistency. The mice were anesthetised using isoflurane and were ear clipped for identification. Two injections of 50μl of the collagen emulsion were injected into two sites per mouse, one in the left flank and one in the base of the tail, using a 25G needle. Mice were weighed on average every two days. 20 days post injection the disease should begin to establish, so visual inflammatory measures (the clinical score 0-4) were additionally taken on average every 2 days. Images of severe disease joints were taken with an 8 megapixel Canon camera.
Carrying out these studies was used as a preliminary study to develop the CIA protocol and become familiar with the techniques involved, before moving onto DBA/1 mice.
2.12.2 [bookmark: _Ref420695115][bookmark: _Ref420695134][bookmark: _Ref420695139][bookmark: _Toc422158363]Preparation of in vivo siRNA
Ambion in vivo ready predesigned NTC and Ambion in vivo ready custom designed HDAC1-targeting siRNAs were purchased (Table 2.10).
It is noteworthy that the sequence of the NTC siRNA is kept confidential by the company. However they do state that the sequence is not similar to any gene in humans, mice or rats. The NTC siRNA has also been tested to see if it causes gene expression changes by microarray analysis and only minimal changes were found. Further, no significant changes were found following specific in vitro tests analysing cell viability, proliferation and morphology in several different cell lines.
	In vivo siRNA
	Sense Strand (5'-3')
	Antisense Strand (5'-3')

	HDAC1
	GGUGCUCUAUAUUGACAUUtt
	AAUGUCAAUAUAGAGCACCct


[bookmark: _Ref420694024][bookmark: _Toc399874615][bookmark: _Toc422158388]Table 2.10 Sequences of in vivo siRNA

Both in vivo siRNAs were resuspended to 3mg/ml in water. A green fluorescent siRNA, siGLO, was resuspended to 100µM in water, the concentration measured on the NanoDrop, and then diluted to 100ng/µl in water.
The in vivo siRNAs and siGLO were diluted 1:1 with the Life Technologies recommended Complexation buffer and then this mix diluted 1:1 again with Invivofectamine® transfection reagent. This was incubated at 50°C for 30 minutes in a water bath. A siRNA vehicle-only (Invivofectamine) control was run, using water in place of siRNA. It was necessary to perform dialysis to remove destabilizing agents and reduce any toxicity from the siRNA mix. Dialysis tubing, Float-a-lysers, were rehydrated by filling and submerged in 10% ethanol for 10 minutes, followed by filling and submerging in water for 20 minutes twice. The incubated siRNAs and control mixture were added to the dialysis tubing (1 per siRNA/control) and dialysed in sterile PBS at pH 7.4 for 2 hours under gentle agitation. Following dialysis, the siRNA/control solutions were diluted in water to 0.5mg/ml and stored at 4°C until needed.
2.12.3 [bookmark: _Ref420695265][bookmark: _Toc422158364]Collagen-induced arthritis in DBA/1 mouse model
All of the animal experiments conducted in this study were approved and performed under the guidelines of the Ethical Committee for the Use of Animals, Biological Service Unit at the University of Sheffield and the UK Home Office in accordance with the UK Animals (Scientific Procedures) Act, 1986. The studies were all carried out under project licence number 40/3638 and personal licence number 40/10829. All of the murine studies carried out in this project were performed solely by myself and Dr Munitta Muthana who were both trained by the Biological Service Unit at the University of Sheffield. Unfortunately due to the small number of staff, the daily need to assess the mice and the restrictions from the Unit for labelling cages, it was impossible to completely blind this study. However, where possible, all efforts were made to analyse the data blind.
DBA/1 mice have been widely used to study murine arthritis and are highly susceptible to CIA using a standardised protocol (Brand et al. 2007).  43 male DBA/1 mice were purchased from Harlan UK at an age of 7 weeks old. They were maintained under conventional animal housing conditions in a specific pathogen-free setting at the Biological Service Unit (University of Sheffield).  
For experimentation, mice were split into groups for treatment with 1 of 6 injections; no treatment/healthy (n=4), vehicle for dexamethasone (water) (n=5), dexamethasone (n=5), vehicle for siRNA (n=9), NTC siRNA (n=10) and HDAC1-targeted siRNA (n=10). 
At 8 weeks of age, the mice were anesthetised using isoflurane and were ear clipped for identification (Day 0). Immunization Grade Bovine Type II collagen solution was emulsified as above (Section 2.13.1). While anesthetised, all mice in 5 of the groups (excluding healthy mice) were injected with collagen (Section 2.13.1). Every day from this point the mice were weighed and monitored. 
From Day 20-post initial collagen injection, the dexamethasone and dexamethasone-vehicle groups were injected intraperitoneal (i.p) on a daily basis with 100μl of 0.5mg/kg dexamethasone or sterile water respectively (Figure 2.4). On Day 20, 22 and 24 the siRNA vehicle, NTC siRNA and HDAC1-targeted siRNA injected mice were injected intravenously (i.v) into the tail vein with 200μl of 5mg/kg of siRNA combined with transfection vehicle as (Section 2.13.2) using insulin syringes. On Day 21 the 5 groups treated (excluding healthy mice) were boosted with 2x 50μl of Freunds incomplete adjuvant (opposite flank and base of tail) emulsified 1:1 with immunisation grade bovine type II collagen. 
The disease was scored daily from Day 20 using a clinical scoring system (0-4) (Figure 2.5) based on visible inflammation, as previously used (Brand et al. 2007). Images (using an 8 megapixel Canon camera) and digital calliper measurements were taken once a week between Days 20-49. All 43 mice were culled on Day 49 using cervical dislocation followed by cardiac puncture. Both legs and paws, organs (liver, lung, heart, kidney, spleen and brain) and peripheral blood were collected from each mouse. Organs were fixed in formalin; 1 leg and 1 paw were stored in formalin; and 1 leg and 1 paw were stored in RNAlater.
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[bookmark: _Ref420693570][bookmark: _Toc422158377]Figure 2.4 Representation of in vivo experimental plan
Mice were injected with collagen on Day 0 and boosted again with collagen on Day 21. From Day 21, the RA phenotype was clinically monitored. Experimental injections of siRNAs were injected on Day 20, 22 and 24, and dexamethasone and its vehicle (water) injected daily from Day 20.
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[bookmark: _Ref420693577][bookmark: _Toc422158378]Figure 2.5 Clinical scoring system of CIA
Mice had their CIA graded on a scale of 0-4 based on inflammation severity, where 0 = healthy, 1 = mild, non-uniform inflammation, 2 = mild inflammation evenly spread across the foot, 3 = moderate swelling viable across the top of the foot, 4 = severe swelling across the top of the foot and the ankle.
2.12.4 [bookmark: _Toc422158365]Biodistribution of siRNA in vivo
4 mice were purchased from Harlan UK at an age of 7 weeks old. 3 mice were injected with 100μl of siGLO siRNA green transfection indicator (at 0.1ug/μl) combined with Invivofectamine (Section 2.13.2) via tail vein injection; 1 mouse was untreated to use as a control. After 5 hours the mice were culled, skinned and visualised using the IVIS® Lumina Series III pre-clinical in vivo imaging platform. Post-visualisation, organs (liver, lung, heart, kidney, spleen and brain) and blood was taken from each animal to analyse via FACS (LSRII).
2.12.5 [bookmark: _Toc422158366][bookmark: _Ref422159297][bookmark: _Ref422159307]Analysis of biodistribution of in vivo siRNA
To visually determine global siRNA distribution, animals were imaged using the IVIS imaging system 5 hours after injection of siGLO. Light emissions were measured at an input wavelength of 465nm and an output wavelength of green fluorescent protein (GFP), with resulting bioluminescent signals quantified by using Living Image® software.
To determine more specific locations of siRNA distribution, select organs were collected in sterile PBS on ice and the blood collected 1:1 in sodium citrate buffer. All organs were added to tissue dissociation buffer for 30 minutes on a shaker. The tissues were then homogenised and passed through a 70μm cell strainer. The buffer was then neutralised by adding 5% FBS and the cell suspension centrifuged at 600G for 5 minutes. The supernatant was removed and the sample was washed in PBS and centrifuged again. The supernatant was removed again and the sample resuspended in FACS buffer. The blood-sodium citrate mix was centrifuged for 5 minutes at 4,500rpm. The supernatant removed and 400µl of 1x erythrocyte lysis buffer added. This was incubated on ice for 5 minutes, and the whole process repeated twice more. After the final spin, the cells were resuspended in PBS. To determine cell death, 1μl of TOPRO-3 stain was added to each sample prior to analysis on the LSRII.
2.12.6 [bookmark: _Ref421643607][bookmark: _Toc422158367]Efficiency of knockdown of in vivo siRNA
6 mice were purchased from Harlan UK at an age of 7 weeks old. Mice were split into 2 groups based on the siRNAs transfected; NTC siRNA (n=3) and HDAC1-targeted siRNA (n=3). On Day 0, the mice were injected with 200μl of NTC or HDAC1-targeted siRNA combined with transfection vehicle as (Section 2.13.2) via a tail vein injection. The mice were culled at Day 3 post injection. Legs and paws (with skin and muscle carefully removed), organs (liver, lung, heart, kidney, spleen and brain) and peripheral blood were collected from each mouse and instantly snap frozen in liquid nitrogen and then stored at -80°C.
2.12.7 [bookmark: _Toc422158368]TRIzol® mRNA extraction from murine bones
The frozen bones from the legs and paws (Sections 2.13.3 & 2.13.6) were ground to a powder using a Micro-dismembrator model S for 30 seconds at 2000 rpm. Samples were kept on dry ice throughout the procedure. Samples were weighed and 1ml of TRIzol® reagent was added to 0.1g of bone. These were homogenised with a vortex and incubated for 5 minutes at room temperature. Following this 0.2ml of chloroform was added per 1ml of TRIzol®. These were homogenised again, incubated for 3 minutes at room temperature and then centrifuged at 13,000rpm for 10 minutes at 4°C. The supernatants were collected and transferred to a new tube and 0.5ml of isopropanol per 1ml of TRIzol® was added. These were homogenised and then centrifuged at 13,000 rpm for 30 minutes at 4°C. The supernatants were discarded and the pellet washed with 1ml of 75% ethanol per 1ml of TRIzol® and centrifuged at 9,000 rpm for 5 minutes at 4°C and then the wash step repeated. The remaining ethanol was air dried and the final pellet resuspended in 30µl of RNase-free water.
[bookmark: OLE_LINK1]The RNA concentration was determined at 260nm on the NanoDrop and the purity determined by adding 10% 0.1M Tris-HCL and measuring the 260:280 ratios at 260nm on the NanoDrop.
2.12.8 [bookmark: _Toc422158369]MRNA extraction from murine organs
Frozen organs (Sections 2.13.3 & 2.13.6) were removed from -80°C and a 2mm chunk was removed. This was added to 600μl of RLT lysis buffer (from the RNA extraction kit) containing 1% 2-mercaptoethanol. The samples were homogenised and then added to the spin columns from the kit. The mRNA extraction protocol was followed as described in (Section 2.4.1)
2.12.9 [bookmark: _Ref420695284][bookmark: _Ref420695319][bookmark: _Toc422158370]Decalcifying CIA bones
Formalin-fixed bones from the CIA mouse study (Section 2.13.3) were decalcified using a rapid 2 week protocol. For 1 week the bones were placed in an EDTA buffer at 37°C on a rocking platform with the buffer changed daily. For the second week the bones were rocked at room temperature in the same buffer, again changed daily. After 14 days the bones were rinsed under tap water for 2 hours then processed on a Leica TP20 for 22 hours using a standard protocol. The protocol involves 3 rinses in 70% ethanol followed by 2 rinses in 95% ethanol and then 2 rinses 100% ethanol. The protocol continues with 2 rinses in xylene, 1 rinse in paraffin wax with no vacuum and finally 1 rinse in paraffin wax under vacuum. All solutions were applied for 2 hours each.
2.12.10 [bookmark: _Toc422158371]Haematoxylin and eosin stain (H&E) staining of CIA slides
To examine RA associated histological changes to CIA mouse joints (Section 2.13.3) H&E staining was used. Joints from the CIA study were processed via the decalcifying protocol (Section 2.13.9), and slides made were dewaxed and rehydrated (Section 2.6.1). They were rinsed under running water for 5 minutes, followed by 2 minutes in Gills haematoxylin and another a rinse in water. They were then placed for 10-20 seconds in Scott’s tap water until the nuclei turned blue, rinsed in water and then added for 5 minutes in Eosin, followed by a rinse in water. The slides were then dehydrated by immersing in 1x 70% ethanol, 1x 95% ethanol, 2x 100% ethanol and 1x xylene, each for 10 seconds.
Full slide images were taken using the Aperio CS2 slide scanner and ImageScope software. Slides were quantified from image taken (n=5 per group). A score from 0-3 (grade 0= normal, grade 1=slight, grade 2=moderate, grade 3=severe) was manually determined for each sign of arthritis; synovial hyperplasia, inflammation, pannus formation and bone/cartilage loss in each joint, as previously used (Yang et al. 2013a). Summative scores out of 12 for each group were compared using a one-way ANOVA. 
2.12.11 [bookmark: _Toc422158372]Safranin O staining of CIA slides
To examine changes to cartilage degradation in CIA mice joints (Section 2.13.3) safranin O staining was performed. Slides embedded from the CIA study following the decalcifying protocol (Section 2.13.9) were dewaxed and rehydrated (Section 2.6.1) rinsed under distilled water for 5 minutes. This was followed by 5 minutes in Mayer’s haematoxylin, a rinse in water and 10-20 seconds in Scott’s tap water until the nuclei turned blue. Next they were rinsed in water and then placed for 7 minutes in 0.01% fast green solution. Slides were rinsed in 1% acetic acid for 10-15 seconds and then stained with 0.1% Safranin O solution for 10 minutes. This was tapped off and Eosin was added for 15 seconds. The slides were then dehydrated again by immersing in 1x 70% ethanol, 1x 95% ethanol, 2x 100% ethanol and 1x xylene, each for 10 seconds.
Full slide images were taken using the Aperio CS2 slide scanner and ImageScope software. Slides were quantified from image taken (n=5 per group). Images were quantified by manually counting safranin O positive joints out of total joints. Counts for each group were compared statistically using a one-way ANOVA.
2.12.12 [bookmark: _Toc422158373]Micro-CT scanning
CT scans were run on a micro-CT machine, Skyscan 1172 high resolution micro-CT, set to use the medium sized camera (2000 x 1024), a 0.5mm aluminium filter and a pixel resolution size of 4.3µm. The scans were reconstructed using NRecon by setting the colour output values to 0-0.16. To remove ghost artefacts, misalignment compensation was used. The image was classified at larger than the field of view and the reduction of ring artefacts was set to 10. Images were then analysed using CTAn software. For 3D modelling, the region of interest (ROI) was set around all the bones present in the whole image scanned. To set a threshold for what is to be defined as bone, thresholding was set to an upper value of 255 and a lower value of 64, based on control samples. To remove background, despeckling was run in 2D space to remove white speckles less than 50μm and black speckles less than 9μm. For 3D analysis, the ROI was set exclusively around the 3rd metatarsophalangeal articulation. Each ROI only extended 1mm up from the centre of the joint and 1mm down from the centre to create a 2mm long joint image. Thresholding and both despeckle analyses were done as above then followed by 3D analysis. The bone volume (BV) of each area was determined and used for analysis.
Chapter 2 Materials and methods
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3.1 [bookmark: _Toc422158391][bookmark: _Toc422241516]Introduction
As previously mentioned, HDACs are enzymes that regulate levels of transcriptional activity, primarily through repression.  Investigations of the possible disease-associated role of HDACs have been reported in RA and other inflammatory and neoplastic conditions. To date, HDAC1 has been shown to be overexpressed in many cancers, for example breast carcinoma (Zhang et al. 2005). Inhibitors of HDACs have also become an FDA approved treatments for T-cell lymphomas (Marks & Breslow 2007; Whittaker et al. 2010). By contrast, HDAC activity in autoimmune diseases is decreased in patients with COPD (Ito et al. 2005), and HDAC1 and 2 is significantly reduced in asthma (Ito et al. 2002).
Studies of the expression and activities of HDACs in RA have shown conflicting results. Using total nuclear extracts of synovial tissue from HC, OA and RA patients, Huber et al. showed that HDAC activity was significantly reduced (1.7 fold) in RA when compared to OA and HCs (Huber et al. 2007). Western blotting of nuclear extracts also showed a decrease in HDAC1 and 2 levels in RA compared to OA (Huber et al. 2007). Using the same tissue type in an alternative activity assay, Kawabata et al. showed that total HDAC activity in RA synovium is significantly higher (1.5 fold) compared to OA and HCs (Kawabata et al. 2010). This study also showed a significant increase in HDAC1 protein and mRNA in RA synovial tissues compared to OA and HCs, and a lower level of HDAC4 in RA compared to HCs (Horiuchi et al. 2009).
Looking specifically at the levels of HDAC1-11 in FLS, Horiuchi et al. used RT-qPCR on mRNA samples from OA and RA FLS. They showed that HDAC1 was significantly higher in RA compared to OA FLS (Horiuchi et al. 2009). They also showed HDAC1 is increased at the protein level in RA compared to OA FLS by western blotting.
Studies have shown HDACis to reduce inflammatory cytokines production by RA synoviocytes (Grabiec et al. 2012), animal models of RA (Nishida et al. 2004) and JIA (Vojinovic & Damjanov 2011), suggesting that an increase in HDACs plays a role in the pathogenesis of RA. Although, it should be noted that most current HDACis are not specific to individual HDAC but are inhibitors of classes of HDACs.
Interestingly, it has been shown that HAT activity does not differ between HC, OA and RA (Huber et al. 2007; Kawabata et al. 2010).
Kawabata et al. showed that HDAC1 mRNA expression positively correlates with TNF expression (Kawabata et al. 2010). After treating RA FLS with TNF (10ng/ml), a significant increase in the total nuclear HDAC activity, and HDAC1 mRNA and protein expression (after 6 hours) was found. A study using a rat model of arthritis showed that HDACis reduce TNF expression in this model when compared to healthy rats (Chung et al. 2003). However, it has also been shown that TNF (20ng/ml) treatment in several different carcinoma nuclear extracts significantly decreases HDAC1 protein expression (Gopal et al. 2006). Also, overexpression of HDAC1 (and HDAC2) in a kidney cell line results in a reduction of TNF-induced gene expression (Ashburner et al. 2001).
Given that FLS in cancer can influence similar properties to FLS, it may be that FLS are also in this state. The state of senescence in RA FLS has not previously been published, however telomerase activity in RA FLS has been, and a reduction in telomerase activity is associated with primary fibroblast senescence (Bodnar et al. 1998). In the literature is has been shown that telomerase activity in RA FLS is induced (Tsumuki et al. 2000), suggesting the cells are not senescent. This study also showed that there is no induction of telomerase in OA FLS, suggesting these cells may be senescent.
The hypotheses in the chapter are that HDACs are dysregulated in RA FLS and synovial macrophages, which both contribute to joint damage and that RA FLS are senescent which leads to their transformed phenotype. 
The aims of this chapter are to:
· Clarify the expression of HDACs1-11 in RA FLS at the mRNA and protein level
· Examine the effect of modulators on the expression of HDAC1
· Determine the effect of disease severity and treatment on HDAC1 expression
· Investigate the senescence status of RA FLS
· Determine the expression of differentially expressed HDACs in synovial macrophages
· Isolate BDMs for future investigations
3.2 [bookmark: _Toc422158392][bookmark: _Toc422241517]Results
3.2.1 [bookmark: _Toc422158393]The differential expression of HDAC1-11 in RA FLS
Primers for HDAC1-11 were designed to quantitate expression in RA compared to OA FLS by RT-qPCR. RA and OA FLS were isolated from synovium samples, mRNA extracted and cDNA reverse transcribed. RT-qPCR results show that all HDACs, except HDAC4, were increased in RA compared to OA, with HDAC1 showing the greatest increase (p<0.03, 6 fold), but not reaching statistical significance due to the correction multiple comparison (Figure 3.1A).
3.2.2 [bookmark: _Toc422158394]HDAC1 protein is increased in expression in RA synovial tissue and FLS compared to controls
Given that HDAC1 mRNA expression was 6-fold greater in RA compared to OA FLS, we assessed if this was correlated with HDAC1 protein expression. Protein lysates were prepared from cultured FLS, the resulting concentrations determined and then normalised to ensure equal loading. Samples were then run on a western blot, transferred to a membrane and finally probed for HDAC1 expression. HDAC1 expression in RA compared to OA was more prominent and this was determined to be a 3.3 fold increase by densitometry (Figure 3.1B), confirming the data seen at the mRNA level (Figure 3.1A). Of note, this was only performed in a single donor. However, using synovial tissue sections, HDAC1 protein expression (brown staining) was further examined in RA, OA and HC tissue; representative images are shown (Figure 3.1C). Quantification of HDAC1 positive cells in the tissue confirms the western blot result, showing that HDAC1 is significantly overexpressed in RA (0.69 ± 0.06) compared to OA (0.50 ± 0.08) (p<0.01) (Figure 3.1C). An IgG isotype showed no non-specific staining (Figure 3.1C). Furthermore, expression of HDAC1 by FLS in tissues was investigated using immunofluorescence with RA FLS grown on coverslips. The representative images show that HDAC1 protein (red) is increased in expression in RA FLS compared to OA and HC (Figure 3.1D). An isotype control was used to confirm that the staining shown is HDAC1 specific; no positive staining was evident (Figure 3.1D).
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[bookmark: _Ref421289118][bookmark: _Ref420690452][bookmark: _Toc422158402]Figure 3.1 HDACs 1-11 are expressed in RA fibroblast-like synoviocytes and synovial tissue. 
[bookmark: OLE_LINK9]A) Using RT-qPCR, RA and OA FLS were analysed for HDAC1-11 gene expression. HDAC1 was significantly increased in RA compared to OA (p<0.03, RA n=10, OA n=7). Data were confirmed to be normal using the Shapiro-Wilk normality test and then analysed using multiple unpaired t-tests with the Holm-Sidak method for multiple comparisons. Data shown is mean with standard deviation. D B) Using RA and OA protein lysates, HDAC1 expression was compared by western blotting. β-actin was used as a loading control. Quantification of the western blot shows a 3.3 fold change of HDAC1 expression when normalised to β-actin and to OA (n=1). C) Paraffin wax embedded sections (5μm) from RA and OA were stained for HDAC1 expression (DAB: brown) and nuclei (haematoxylin: blue). An isotype IgG was run as a control. HDAC1 positive cells out of total cells reveals a significant difference using a Mann Whitney test between RA and OA (n=5, *=p<0.01). Data shown is mean with standard deviation. D) Frozen biopsies from healthy, RA and OA patients were fluorescently stained for HDAC1 (red – 568nm), fibroblasts (green – 488nm) and nuclei (DAPI: blue). An isotype IgG control was also run. HDAC1 expression in RA FLS is greater than OA and healthy.

3.2.3 [bookmark: _Toc422158395]Modulators of HDAC1 expression
Studies in RA FLS show that TNF treatment resulted in a reduction in total HDAC activity and, more specifically, HDAC1 mRNA and protein expression (Kawabata et al. 2010). However other literature in cancer and kidney cell lines shows the opposite effects (Ashburner et al. 2001; Gopal et al. 2006). We therefore sought to determine how TNF and other inflammatory mediators might influence HDACs. RA FLS were incubated with TNF (50ng/ml), in hypoxia (0.1% O2), with LPS (100 µg/ml) or with dexamethasone (1x10-6M). The cells were incubated for 4 or 24 hours and were then processed for mRNA analysis by RT-qPCR. After 4 and 24 hours of culture, HDAC1 mRNA level was not effected by any treatment. 
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[bookmark: _Ref420690663][bookmark: _Toc422158403]Figure 3.2 The effect of modulators on expression of HDAC1 in RA FLS
HDAC1 expression in RA FLS cultured in different conditions was assessed. After 4 (A) or 24 hours (B) the RA FLS exposed to the different treatments were harvested and absolute HDAC1 mRNA levels analysed by RT-qPCR. FLS cultured in all treatment for 4 hours and 24 hours showed no significantly difference in HDAC1 expression (n=7). Absolute HDAC1 expression was determined against a HDAC1 standard curve. Each group was statistically analysed individually using a Friedman test with Dunn’s multiple comparison test, comparing to the ‘Control’ sample. Shown here are mean values plus the standard deviation for all groups.
[bookmark: _Toc422158396]

3.2.4 Disease severity does not affect HDAC1 expression in RA synovial tissue
The RA biopsies were assigned a pathological severity score based on a global visual analogue scale (VAS) for vascularity of synovitis (described in Section 2.3.2). It is important to note that were further clinical details available, the patients could have been stratified based on other severity scores that are used clinically, such as ESR, C-reactive protein or ACPA status, or histologically determined scores, such as the synovitis score (Krenn et al. 2006). Using the VAS scores, all the tissue sections were divided into either mild (a score of <50 mm) or severe disease (a score >50 mm). Synovial tissue sections from these two groups were investigated for HDAC1 expression. Representative images show HDAC1 expression in mild (Figure 3.3A) and severe (Figure 3.3B) synovial tissue samples. An isotype control was included and shows no positive staining (Figure 3.3C). Quantification of HDAC1 positive cells in 6 fields of view revealed there is no significant difference in the expression of HDAC1 between mild (12. 06 cells ± 6.8) and severe RA (13.04 cells ± 10.84) (Figure 3.3D).
3.2.5 [bookmark: _Toc422158397]HDAC1 is unaffected by of anti-TNF treatment but could be a potential biomarker for non-responders
[bookmark: OLE_LINK10]Anti-TNF treatment is a relatively new therapy offered to RA patients. As previously mentioned, it can come in several forms, those that are soluble receptors and those that are monoclonal antibodies, or fragments of antibodies, against TNF itself. So far all forms of anti-TNF have proved very effective at treating patients, however the treatment is not effective in approximately one third of cases (Clair 2002). In a prior study carried out by Prof Gerry Wilson, RA patients had synovial biopsies taken before and after treatment with anti-TNF, and were assessed for treatment success after 14-16 weeks using DAS28 scores. These samples were used in my study to assess HDAC1 expression in responders and non-responders to anti-TNF treatment. Due to the very small size of the biopsy samples, total HDAC1 expression across the whole tissue was quantified rather than just within the lining or sub-lining layers, which would have been the preferred method of analysis. IHC staining for HDAC1 expression revealed that there was no difference in mean numbers of HDAC1 positive cells pre- and post-treatment for either responders or non-responders (n=3-5); responders pre, 34.7 cells ± 13.87; responders post, 26.87 cells ± 11.62; non-responders pre, 5.26 cells ± 4.1; non-responders post, 11.93 cells ± 7.9 (Figure 3.4). However, there was a significant decrease in HDAC1 expression in the pre anti-TNF samples of patients who did not respond compared to the pre anti-TNF samples of those who responded successfully (p<0.05). This suggests that low HDAC1 expression could be a potential biomarker for patients who will not respond to anti-TNF treatment. However, further studies with increased numbers of RA patient pre- and post-therapy are needed to confirm this.  
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[bookmark: _Ref420690762][bookmark: _Toc422158404]Figure 3.3 HDAC1 expression does not alter with severity of disease
RA biopsies were categorised into mild and severe disease based on VAS scores for vascularity of synovitis (mild <50 mm, severe >50 mm). Paraffin wax embedded sections (5μm) of these biopsies were stained for HDAC1 (DAB: brown) or with an isotype IgG control.  Representative HDAC1 stained sections of mild RA (A) severe RA (B) and an IgG isotype control slide (C). D) HDAC1 positive cells were counted in 6 high-power fields (hpf) of view, then the average number of positive cells per slide calculated (mild n=6, severe n=8). The two severity groups were statistically compared using a Mann-Whitney test, revealing no significant difference in the number of HDAC1 expressing cells. Shown here are the mean and standard deviation for each group.
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[bookmark: _Ref420690826][bookmark: _Toc422158405]Figure 3.4 Anti-TNF treatment does not affect HDAC1 expression
RA patients participated in an anti-TNF study in which biopsies were taken before and after treatment. Patients were then categorised into those who did and did not respond to treatment. A) 5μm sections of these biopsies were stained with anti-HDAC1 and quantified for positive expression. Representative images show that HDAC1 positive cells (brown) can be seen throughout the tissue but mostly in the synovial lining and sublining layers of the synovium (n=3-5). B) Quantification of positive cells reveals the means and SD of HDAC1+ve cells in each tissue type; responders pre 34.7 ± 13.87; responders post 26.87 ± 11.62; non-responders pre 5.26 ± 4.1; non-responders post 11.93 ± 7.9. There is no significant difference between the pre and post of either group, however there was a significant difference (*=p<0.05) between the starting number of HDAC1+ve cells between responders and non-responders, with the latter having fewer HDAC1 positive cells. Data were analysed using a Kruskal-Wallis test with multiple comparisons. Shown here are the mean and standard deviation for each group.

3.2.6 [bookmark: _Toc422158398]FLS passage number positively correlates with cell senescence
Previous research into a marker of senescence (telomerase activity) in RA FLS has suggested that they are not in senescence before P7 (Tsumuki et al. 2000). Therefore we directly investigated the cessation of cell division in RA FLS at a range of in vitro passages (P2 to P12). It can be monitored by the conversion of X-gal by β-galactosidase from a white to a blue product after 24 hours when cells are no longer dividing. Images show that senescence has a positive correlation with increasing P number and that this change in phenotype begins around P7 (Figure 3.5). Based on this, and others data, RA FLS used in this study will only be used before P7. OA FLS were included as a positive control as it is inferred from their lack of telomerase activity that they may be senescent (Tsumuki et al. 2000).
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[bookmark: _Ref420690860][bookmark: _Toc422158406]Figure 3.5 RA FLS show a passage-dependent senescent phenotype
RA and OA FLS were grown in the presence of the substrate x-gal.  After 24 hours the cells were examined for the presence of the 5,5'-dibromo-4,4'-dichloro-indigo (blue product) indicative of senescent cells.  RA cells were used at 5 different passage (P) numbers. OA FLS were included as a positive control. Images were taken at x5 magnification. No statistical analysis can be done on this small sample number.


3.2.7 [bookmark: _Toc422158399]HDAC1 is expressed in synovial macrophages
Fluorescently stained RA synovium showed cells other than FLS express HDAC1 (data not shown). These cells were located in the synovial lining layer; it was hypothesised that these were synovial macrophages. We co-stained synovial tissue for HDAC1 (red) expression and the pan macrophage marker CD68 macrophages (green) (Figure 3.6). Representative images show that HDAC1 positive macrophages (pink) are increased in RA (Figure 3.6C) compared to OA (Figure 3.6D) and control (Figure 3.6B). An isotype control shows no positive staining (Figure 3.6A). Quantification shows that there is a trend towards but not a significant increase in HDAC1 in synovial macrophages in RA (0.61 ± 0.14) compared to OA (0.37 ± 0.28) (n=6, p=0.13) (Figure 3.6E).
3.2.8 [bookmark: _Toc422158400]Macrophages can be differentiated from whole blood
As HDAC1 was expressed by synovial macrophages in tissues, we wanted to investigate expression in isolated BDMs. Monocytes were isolated from blood by density gradient centrifugation over Ficoll and then left to differentiate and adhere in culture for 7 days.  Images taken on days 0 and 7 show phenotypic changes indicative of development to BDMs; including an increase in size, cell elongation and increased filopodia (Figure 3.7A). To assess the purity of the BDMs on day 7, FACS was used to identify the cells based on expression of the macrophage surface marker CD14. It should be noted that CD14 is not exclusively a macrophage marker. An antibody-negative control was also run. Representative flow cytometry dot plots show that the 86% of BDMs expressed CD14 after 7 days compared to control (Figure 3.7B).
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[bookmark: _Ref420690868][bookmark: _Toc422158407]Figure 3.6 HDAC1 expression is increased in RA synovial macrophages
A) An RA biopsy section was stained with isotype IgG as a control. B-D) Biopsy sections from healthy, OA and RA patients were stained for HDAC1 (red – 568nm), macrophages/CD68 (green – 488nm) and nuclei (DAPI: blue) respectively. Images were taken using a x40 lens. The white arrows highlight HDAC1+ve or HDAC1-ve macrophages as labelled. E) All HDAC1+ve macrophages (pink) and total macrophages (green + pink) were quantified and the mean ratio and SD plotted (n=6). The results were statistically analysed using a Mann Whitney test, which revealed no significant difference. Shown here are the mean and standard deviation for each group.
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[bookmark: _Ref420690963][bookmark: OLE_LINK4][bookmark: _Toc422158408]Figure 3.7 Blood-derived monocytes differentiate into macrophages via plastic adherence
Monocytes were isolated from whole blood by Ficoll separation and the induction of macrophages was encouraged by plastic adherence in T75 flasks. By Day 7, the cultures show a macrophage-like phenotype. A) Representative images (x10 magnification) of cultured cells on Day 0 (left) and Day 7 (right). B) Day 7 cultures were harvested and analysed for CD14-expressing cells using FACS. With an IgG isotype control, 0.6% of cells were CD14+ve, and with a CD14 antibody 86% of cells were CD14+ve (n=3). FSC-H denotes the forward-scattered light height (proportional to cell size) and red 660/20-A denotes CD14 expression (anti-CD14 is conjugated to APC).


3.3 [bookmark: _Toc422158401][bookmark: _Toc422241518]Discussion
There is extensive evidence indicating that RA FLS have a significant role in the RA phenotype. It has been shown that FLS develop an autoaggressive phenotype that is stably maintained in the RA joint (Lefèvre et al. 2009), although it is still unknown how this phenotype is acquired. It has been hypothesised that epigenetic changes in these cells act to stabilise this autoaggressive phenotype; histone deacetylases are increasingly implicated as having a central role.
To determine if HDAC were differentially regulated in RA FLS, exon-spanning primers were designed and shown to successfully produce a single product by RT-qPCR. The results show that almost all HDACs were upregulated in RA compared to OA FLS, with HDAC1 being upregulated to the greatest extent. HDAC4 was the only HDAC to be downregulated in RA compared to OA. This concurs with data shown by two independent groups in which HDAC1 was significantly upregulated in RA FLS compared to OA FLS (Horiuchi et al. 2009; Kawabata et al. 2010), with one group also showing a significant downregulation of HDAC4 (Kawabata et al. 2010). This data also helps to understand why HDACis, which would effectively reduce the overexpression of HDAC1 back towards normal levels, have shown beneficial effects in RA FLS (Grabiec et al. 2012), in in vivo RA models (Nishida et al. 2004) and in JIA (Vojinovic & Damjanov 2011).
However, previous literature (Horiuchi et al. 2009; Kawabata et al. 2010) and the data we have demonstrated all contradict one paper in which HDACs were shown to be reduced in RA compared to OA (Huber et al. 2007). However FLS individually were not investigated by Huber et al. as they only studied expression at the tissue level. Therefore, it is possible that the HDAC expression they demonstrated could have been due to other cell types present in the joint. Another group investigated the possible differences between these published contradictory results (Grabiec & Reedquist 2010). They suggest that the difference in sample types could account for the differences found, as Huber et al. use patients on anti-TNF whereas in Kawabata at al. no patients had received anti-TNF therapy (Huber et al. 2007; Kawabata et al. 2010). However when we looked at the effect of anti-TNF therapy on HDAC expression we found no significant difference between patients pre- and post-treatment, although it should be noted that our patient sample number (n=3-5) was low for this study and therefore may not have been an accurate representation. However, we did see a significantly lower level of HDAC1 in patients prior to treatment who were non-responsive to treatment; perhaps the untreated patients included in the Huber et al. study had these lower levels and this can account for the results seen. However, we also found that addition of TNF to FLS has no significant effect on HDAC1 mRNA expression, a phenomena shown by Kawabata et al. to be positively correlated (Kawabata et al. 2010). 
Nevertheless, the data in RA by Huber et al. does compare with data shown in other chronic diseases, such as asthma and COPD, in which a reduction of HDAC activity is also present (Ito et al. 2002; Ito et al. 2005; Huber et al. 2007). Although it cannot be assumed that the mechanism of epigenetic regulation in all chronic diseases are the same, and in fact it could be these individual differences which cause chronic diseases to be distinct.
FLS were cultured in hypoxic conditions, with TNF, with LPS or with dexamethasone. It was found that none of the treatments, after 4 or 24 hours, had any effect on HDAC1 mRNA expression. It would be important to determine the effects on protein expression via western blotting or co-immunofluorescence. Given that Kawabata et al. showed an increase of HDAC1 mRNA with TNF treatment in RA FLS (Kawabata et al. 2010), it was unexpected that we saw no change in mRNA expression in FLS with TNF treatment. However, Kawabata et al. only used a small sample number and normalised the mRNA expression to a housekeeping gene which could be variable within the samples. It could also be that TNF itself cannot effect expression but it needs to be present in conjunction with other factors, such as in hypoxia. Furthermore, the effect of treatment on cell viability was not assessed and this may have been affecting the results. This would need to be carried out before these results can be fully interpreted.
It was interesting to find that HDAC1 expression can be seen the nucleus and the cytoplasm of RA FLS, even when untreated. This is contradictory to data suggesting that HDAC1 is a nuclear protein (Taplick et al. 2001). However, data has been previously reported that HDAC1 functions in the unfolded protein response that occurs within the cytoplasm (Kahali et al. 2012) and has been found to be present in the cytoplasm of axons (Kim et al. 2010), suggesting that HDAC1 is present in the cytoplasm; findings which our data supports.
When RA patients were grouped by pathological severity (mild and severe) based on global VAS synovitis scores, we found no difference in HDAC1 expression. This suggests that HDAC1 expression does not contribute directly to disease severity but may be overexpressed earlier during the establishment of disease and is stably maintained throughout. Inhibition of HDAC1 very early in disease is therefore likely to present the best chance for therapeutic intervention. It would be interesting to examine HDAC1 expression in early RA samples; however these samples were not available during this project.
As mentioned above, we have shown that anti-TNF treatment in patients does not affect the expression of HDAC1; again suggesting that HDAC1 expression is very stable throughout the disease. However, we did show that the levels of HDAC1 in samples before treatment is significantly different in those patients that did and did not respond to treatment. This could potentially highlight HDAC1 expression as a biomarker for response to anti-TNF treatment; although this result was obtained from a very low sample number and a much greater sample size would be needed to confirm this result.
The direct role of senescence in RA FLS has not previously been investigated. We measured a range of different passages of FLS and showed that after P7, the FLS became senescent. It has previously been shown through gene expression analysis (not senescence studies) that in vitro RA FLS only reflect in situ conditions up to P7 (Neumann et al. 2010). Therefore it can be concluded that during these studies RA FLS were not senescent.
Increased numbers of synovial macrophages in RA have previously been reported to be positively correlated with disease severity and radiological damage (Mulherin et al. 1996). No previous literature has shown expression data for HDAC1 in synovial macrophages, however one study has investigated the influence of HDACis has on RA synovial macrophages. The results showed that HDACis reduced inflammatory cytokine production and increase apoptosis in these cells (Grabiec et al. 2010). These data were consistent with the effects of HDACis in RA FLS, suggesting the expression of HDAC1 may be also be differentially regulated in synovial macrophages. We examined expression of HDAC1 in RA, OA and healthy control macrophages using IHC on synovial tissue, showing that HDAC1 is increase in RA compared to both controls. Further examination of expression in isolated RA macrophages would help to confirm this; however RA synovial macrophages were unavailable for this study so instead healthy BDMs treated with TNF will therefore be used henceforth in this study. Here I have shown that BDM can be isolated for further experiments using FACs analysis. However, due to the recognition of anti-CD14 to cells other than macrophages, a further positive purification method should have been used, such as using an affinity column.
Given the important role of other cell types in RA pathogenesis, such as T-cells, B-cells and neutrophils, it would be interesting to examine the expression patterns of HDACs within these cells to see how wide spread the dysregulation of HDAC1 is within the synovial cell population.


Chapter 3 Results - The expression of histone deacetylases in RA synoviocytes
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4. [bookmark: _Toc422241520]Introduction 
Pan inhibitors against HDACs have been shown to be effective in ameliorating the disease phenotype in RA FLS (Grabiec et al. 2012), in mouse models of RA (Nishida et al. 2004) and in JIA (Vojinovic & Damjanov 2011). Two HDACis, Vorinostat  and Romidepsin, have become FDA approved for treating T-cell lymphomas (Marks & Breslow 2007; Whittaker et al. 2010). More recently, a new pan HDACi, LBH589 (Panobinostat), has shown significant benefits in a Phase III trial in multiple myelomas and is under priority review by the FDA (San-Miguel et al. 2013). However, there are various toxic effects associated with such inhibitors, for example anaemia, liver toxicity and arrhythmias (Subramanian et al. 2010). This is likely to be a result of their ability to target broad classes of HDACs rather than individual enzymes, therefore the drugs can affect multiple pathways. Understanding which HDACs are dysregulated in disease and targeting these specifically may prevent toxicity, off-target effects and improve patient outcomes. As described in chapter 3, previous reports show HDAC1 is increased in RA, autoimmune diseases and various cancers. Our data also confirms HDAC1 is upregulated in RA and more specifically in RA synoviocytes. Given that HDAC1 could be contributing to RA pathogenesis, it is essential to determine if the disease phenotype can be altered when HDAC1 expression is reduced.
HDAC1 knockdown in osteosarcoma & breast tumours has been shown to reduce cell proliferation and increase apoptosis, and microarray analysis revealed changes in gene clusters involved in apoptosis and proliferation (Senese et al. 2007). Other literature has revealed HDAC1 knockdown reduced proliferation of HELA S3 tumour cells in an siRNA concentration-dependent manner (Glaser et al. 2003). More recent work looking specifically at hepatocellular tumours, revealed HDAC1 knockdown can reduce cell proliferation via dysregulation of the cell cycle (Xie et al. 2012a). However, this study also found that HDAC1 knockdown did not affect apoptosis or the expression of inducers of apoptosis, such as Bax. Also, in an experimental model of teratomas, embryonic stem cells with a complete HDAC1 knockout showed an increase in proliferation (Lagger et al. 2010). Overall this data suggests that a reduction in HDAC1 is anti-proliferative and pro-apoptotic, but varying effects are seen in a range of cancer models.
In RA FLS, the pan HDACi TSA has been shown to reduce cell proliferation and increase apoptosis (Jungel et al. 2006; Morinobu et al. 2006). Focusing on the role of HDAC1 in RA FLS, the use of RNA interference has only previously been reported in a single study. Proliferation, as assessed by a bromodeoxyuridine (BrDU) enzyme-linked immunosorbent assay (ELISA), was significantly reduced in RA FLS following HDAC1 knockdown compared to a control (Horiuchi et al. 2009). The same study also reported that apoptosis was significantly increased following HDAC1 knockdown by using a TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling) assay and Annexin V staining. To date, no other studies on the role of HDAC1 in human RA using a knockdown approach have been carried out.
HDAC1 has also been shown to have an effect on cell migration and invasion but only in tumour cells. HDACis have been shown to reduce migration (using a wound healing assay) and invasion (using a Matrigel invasion assay) in prostate cancer cells (Kim et al. 2011). More specifically, knockdown of HDAC1 using siRNA in these cancer cells has shown significant inhibition of migration and invasion compared to control.
The HDAC1 and HDAC2 genes are a result of duplication event and show high sequence identity (Gregoretti et al. 2004). It is therefore conceivable that their roles are redundant and show a level of compensation. A reduction of HDAC1 using differing knockdown or knockout methods in a variety of  murine cell types, including immortalised fibroblasts, have shown an increase in HDAC2, which is reversible upon the reintroduction of HDAC1 (Jurkin et al. 2011). However, in cultured RA FLS, HDAC1 knockdown with siRNA is not associated with changes in HDAC2 levels (Horiuchi et al. 2009). Furthermore, in mice, a complete HDAC1 knockout by gene disruption with a LacZ NEO cassette, shows embryonic lethality whereas HDAC2 knockout does not (Lagger et al. 2002). This suggests that they cannot completely compensate for each other. The effect of HDAC1 knockdown on other HDACs in RA FLS has not been investigated.
Current treatments for RA include anti-TNF and anti-IL6 therapies; they work by antagonising these prominent cytokines. However, these therapies are only effective in two thirds of patients and, because of their large molecular weight and the nature of the biological inhibitors; they are expensive to produce and must be given systemically rather than orally. Therefore, new therapeutic targets, such as HDACis, which can be targeted by smaller molecules, would have distinct advantages. 
Understanding the relationship between these cytokines and HDACs may help determine if HDACis could go beyond the therapeutic effects seen with these established drugs. So far it has been shown that in breast cancer cells, when TNF is overexpressed in vitro, HDAC1 is depleted (Gopal et al. 2006). Also, a recent study demonstrated that a HAT inhibitor, curcumin, given to cultured RA FLS reduced the acetylation of histone H3 in the IL-6 promotor, leading to a reduction in IL-6 expression (Wada et al. 2014). To date, the effects of HDAC1 in regulating cytokine expression have shown that HDAC1 mRNA expression is positively linked to TNF expression (Kawabata et al. 2010). It was further shown that TNF treatment of RA FLS increases nuclear HDAC activity and HDAC1 mRNA expression.
It is important to consider the relationship between HDAC1 and other epigenetic proteins. DMNT1, the most abundant DNMT, was shown to associate directly with HDAC1, which assists its repressor function (Fuks et al. 2000; Robertson et al. 2000). The expression of HDAC1 and DNMT1 has been shown to be increased in small non-cell lung cancer cells compared to healthy controls (Feng et al. 2014). The expression of HDAC1 and DNMT1 has also been found to increase with advanced progression and with lower survival rates in pancreatic cancer (Wang et al. 2009a).  Further work revealed that knockdown of HDAC1 in colorectal cancer cells results not only in reduced DNMT1 expression, but also an increase in its acetylation thus protecting it from degradation (Du et al. 2010). A further enzyme, DNMT3a, has also been shown to interact with HDAC1; an interaction that is essential to its repressor activity (Fuks et al. 2001). All this data contrasts with the idea that HDAC1 expression has been shown to be higher in RA FLS but that DNA methylation is lower (Karouzakis et al. 2009; Nakano et al. 2013a). Also, to date, expression of DNMTs has not shown differential regulation in RA compared to OA FLS.
VEGFA is a growth factor involved in many functions, including increasing vascular permeability, promoting cell migration, inducing angiogenesis and protecting from apoptosis (Claesson-Welsh & Welsh 2013). HDAC1 expression has been positively correlated with the expression of VEGFA in keratinocytes (Reynoso-Roldan et al. 2012). VEGFA has been shown to be highly expressed in RA, particularly in FLS (Harada et al. 1998), and is correlated with increasing disease activity (Ozgonenel et al. 2010).
Fibroblast growth factor 2 (FGF2) is another important growth factor and has roles including angiogenesis, wound healing, and cell growth (Ortega et al. 1998). Treatment of articular chondrocytes with HDACi results in reduced expression of FGF2 (Wang et al. 2009b). In RA the levels of FGF2 have been shown to increase with disease severity and result in an increase in osteoclastogenesis, contributing to joint destruction (Manabe et al. 1999). No links between FGF2, RA FLS and HDACs have previously been made.
Synovial macrophages are known to have a prominent role in RA, with cell counts showing a positive correlation with disease severity (Mulherin et al. 1996). However little is known about the expression or role of HDACs in macrophages. Using low concentrations of HDAC inhibitors in RA synovial macrophages, it has shown that TNF-induced IL-6 production can be significantly reduced (Grabiec et al. 2010). Further, treatment with HDACis induced apoptosis of synovial macrophages (although not significantly different). 
To date, there is very little literature on the expression levels of HDACs in RA synovial macrophages. However, in other inflammatory diseases, such as COPD and asthma, HDAC activity has been shown to be reduced in alveolar macrophages of patients compared to controls (Cosio et al. 2004); with specific reductions in HDACs 2, 5 and 8 at the mRNA level in COPD (Ito et al. 2005). IHC has identified that HDAC2 is not detectable in RA synovial macrophages (Huber et al. 2007). No published data so far has displayed a link between HDAC1 and synovial macrophages in RA.
The hypothesis of the work described in this chapter, based on data from chapter 3 and the literature described above, is that knockdown of HDAC1 in RA FLS will modulate the activities of RA FLS. Results will show if inhibitors specifically targeting HDAC1 would be a beneficial treatment.
The aims of this chapter were to:
· Significantly knockdown HDAC1 in RA FLS 
· Determine functional consequences after knockdown of HDAC1 in RA FLS, including proliferation, apoptosis, migration and invasion
· Investigate the effect of specific and global gene expression changes after knockdown of HDAC1 in RA FLS
· Inspect the effect of HDAC1 knockdown in BDMs treated with TNF and undertake preliminary functional studies
· Examine the effect of pro-inflammatory conditions on HDAC1 expression in BDMs


4. [bookmark: _Toc422241521]Results 
1. Optimisation of siRNA transfection in RA FLS
Transfecting primary FLS with siRNA had not been performed previously in our laboratory. It was therefore essential to optimise the transfection reagent and siRNA concentration that would result in the highest transfection rate with the smallest effect on cell death. Five commercial transfection reagents were purchased that all claimed to be suitable for successful FLS transfection. FLS were initially transfected with a standard concentration of a fluorescent siRNA (siGLO) and 3 or 4 different volumes of different transfection reagents – these volumes were all within the range recommended by the manufacturers; siRNA-free and cell-only controls were also included. Transfection efficiency (siGLO/FITC positive cells) and cell viability (PI negative cells) were assessed using FACS. Figure 4.1A shows the quantification of FITC positive cells (black bars) and PI positive cells (grey bars) after 24 hours. Attractene (21.9% death, 6.6% FITC+ve), Oligofectamine (17.0% death, 8.6% FITC+ve) and RNAiMAX (18.9% death, 59.4% FITC+ve) resulted in the highest levels of cell death and the lowest transfection efficiency. Dharmafect 4 (11.3% death, 71.4% FITC+ve) and Lipofectamine 2000 (7.2% death, 56.4% FITC+ve) gave the highest transfection efficiency along with the least cell death. Next the two transfection reagents were compared by varying the concentration of fluorescent siRNA and again assessing FITC and PI expression after 24 hours (Figure 4.1B). Both reagents show similar levels of transfection efficiency, but Lipofectamine 2000 resulted in increased cell death at all three siRNA concentrations (10.0% death, 85.7% FITC+ve). Therefore Dharmafect 4 at the 25nM concentration was selected for future experiments (2.0% death, 82.33% FITC+ve).
1. [bookmark: _Toc422158409]HDAC1 can be successfully knockdown in RA FLS
Having determined the optimal concentration of siRNA and volume of transfection reagent, it was necessary to check the conditions worked effectively to knockdown the gene of interest. Predesigned HDAC1-targeting and NTC siRNAs were transfected into RA FLS, and after 24, 48 or 72 hours the cells were then harvested. 
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[bookmark: _Ref421259803][bookmark: _Toc422158421]Figure 4.1 Optimisation of transfection reagents and siRNA concentration in RA FLS 
A) RA FLS were transfected with 5 different commercial transfection reagents (Attractene, Dharmafect, Oligofectamine, Lipofectamine 2000 and Dharmafect 4) at 3 different volumes (listed above) as recommended by individual protocols. An FLS-only control and untransfected control that contained the transfection reagent used at the highest volume but no siRNA were also included. Fluorescent siRNA was used at a set concentration of 50nM. 24 hours after transfection cells were harvested and analysed by flow cytometery to assess percent transfection efficiency (black bars) and cell viability using PI (grey bars) (n=1-2). B) RA FLS were transfected with 3 concentrations of fluorescent siRNA (12.5nM, 25nM and 50nM), using a standard volume of transfection reagent (Dharmafect 4 = 3μl, Lipofectamine 2000 = 2μl) (n=1).




To assess efficiency of knockdown at the mRNA level, RT-qPCR was carried out 24 hours after transfection. Using absolute concentrations of HDAC1, it was observed that HDAC1 was significantly knocked down (38% HDAC1 expression after knockdown ± 14.4, p<0.0039) compared to the NTC (Figure 4.2A). 
Next we used immunofluorescence to look at HDAC1 protein expression following knockdown for 24, 48 or 72 hours. FLS were fixed post transfection and stained for HDAC1 (red) and β-actin (green) expression. At all three time points it can be seen that HDAC1 is reduced in FLS transfected with HDAC1-targeting siRNA compared to the NTC controls (Figure 4.2B). An IgG isotype showed no positive staining (Figure 4.2B, bottom). To further confirm these results, western blots of lysates from the same time points were run on polyacrylamide gels. Again, at all three time points, HDAC1 expression was reduced following HDAC1 knockdown compared to the NTC (Figure 4.2C) Quantification using densitometry software (Image J) shows that at 24, 48 and 72 hours post-transfection, HDAC1 expression was reduced to 11%, 4% and 17% respectively compared to NTC. Ideally, these experiments would be repeated and HDAC1 expression quantified.
1. [bookmark: _Toc422158410]Cell viability in RA FLS is not effected by HDAC1 knockdown
Since it had been established that HDAC1 can be significantly knocked down in RA FLS, it was important to assess the phenotypic changes that HDAC1 knockdown may have on FLS. Firstly, cell death was assessed by flow cytometry using the DNA dye PI to stain for necrotic cells. No significant difference in cell death was observed between HDAC1 knockdown (2.5% death ± 2.3) and NTC (2.4% death ± 2.7) FLS, 24 hours post transfection (Figure 4.3A). Controls used in this experiment included transfection reagent only (vehicle) (2.5% death ± 2.5) and cells-only (1.2% death ± 1.1). To see if apoptosis was affected after knockdown, FLS were stained with an antibody for Annexin V. Again, there was no significant difference between HDAC1-targeted (0.5% death ± 0.6) and NTC (0.2% death ± 0.2) siRNA transfected RA FLS (Figure 4.3B), suggesting that apoptosis is unaffected by HDAC1. Examining total cell death (FLS positive for one or both markers [Annexin V and PI]), there was again no significant 
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[bookmark: _Ref421259745][bookmark: _Toc422158422][bookmark: _Ref421259724]Figure 4.2 HDAC1 knockdown in RA FLS
HDAC1-targeting or NTC siRNA were transfected into RA FLS using Dharmafect 4 transfection reagent, and left for 24, 48 or 72 hours. A) mRNA was extracted from cells after 24 hours. A RT-qPCR was run and absolute quantification of HDAC1 was determined using a standard curve. A Wilcoxon matched-pairs test was used to determine significance (**p<0.0039, n=9). Shown here is the mean and standard deviation. After HDAC1 knockdown (HDAC1KD), FLS had 38% expression of HDAC1 compared to control. B) FLS were grown on coverslips and stained for HDAC1 (red – 568nm), β-actin (green – 488nm) and nuclei (DAPI: blue). Representative fluorescent images were taken on a confocal microscope (x63 lens). From the representative images, it is apparent that HDAC1 expression is lost in cells transfected with the HDAC1-targeting siRNA at all 3 time points (n=3). C) Protein lysates were collected, run on a western blot and probed for HDAC1 expression, using β-actin expression as a control. Quantification of the western blot was carried out using Image J software. After transfection, HDAC1 knockdown FLS showed 11%, 4% and 17% HDAC1 expression after 24, 48 and 72 hours respectively compared to control (n=1).
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[bookmark: _Ref420769559][bookmark: _Toc422158423]Figure 4.3 HDAC1 knockdown in RA FLS does not affect cell viability
[bookmark: OLE_LINK11]HDAC1 was knocked down (HDAC1KD) in RA FLS, using an NTC siRNA as a control. After 24 hours, cell death was analysed using a number of approaches. A) Cell necrosis was determined by PI (emits at Red 660) intensity using FACS (n=6). An FLS-only control and transfection vehicle-only control were also included. Statistical anaylsis uisng a Kruskal Wallis accounting for mutiple comparisons with a Dunn’s test showed no significant diffence between any sample. B) Cell apoptosis was assessed using annexin V FITC (emits at Green 520nm) expression by FACS (n=6). Statistical anaylsis uisng a Wilcoxon matched-pairs test revelaed no significant diffence between the groups. C) Total cell death was determined from PI+ve, Annnexin V and PI & Annexin V+ve cells (n=6). Statistical anaylsis uisng a Wilcoxon matched-pairs test revelaed no significant diffence between the groups. Representative FACS plots show the total cell death. The live cells were determined by a PI & Annexin V–ve cells. D) An MTT assay was optimised to ensure that FLS growth could be determined. Cells were plated from 0 to 20,000 cells. Fixed (dead) cells were run as a control. The line graph shows the mean of each group and the R2 value of best fit (R2 = 0.9817). E) After knocking down HDAC1 for 24 or 48 hours, an MTT assay was performed. Optical densitys were measured at 540nm with a reference of 630nm. Statistical anaylsis uisng a Friedman test with a Dunn’s mutiple comparison test showed no significant diffence between HDAC1-targeting and NTC transfected FLS at either time point (n=6). All graphs show mean and standard deviation.
difference between cells that have been transfected with HDAC1-targeted (3.7% death ± 2.4) and NTC siRNA (3.7% death ± 3.5) (Figure 4.3C). To be confident that HDAC1 knockdown did not affect cell death, an MTT assay was performed. This assay was initially optimised to show that optical density increased steadily with increasing cell concentrations (Figure 4.3D). The line of best fit has an R2 value of 0.9817 suggesting the data fits the line exceedingly well. This assay was then carried out using HDAC1-targeted and NTC siRNA transfected cells and left for 24 (Figure 4.3E, left) and 48 hours (Figure 4.3E, right) before measuring the optical density. At both time points HDAC1-targeting (24 hours – 0.1 ± 0.05; 48 hours - 0.1 ± 0.02) and NTC (24 hours – 0.1 ± 0.05; 48 hours – 0.1 ± 0.02) siRNA transfected FLS show no significant difference in viability, suggesting that viability is unaffected by HDAC1. Controls used were siRNA-free (vehicle) (24 hours – 0.1 ± 0.05; 48 hours – 0.1 ± 0.01) and fixed/dead cell (24 hours – 0.002 ± 0.001; 48 hours – 0.001 ± 0.0004). At both time points a statistical significance was seen between all groups and the fixed cell control (significance not shown).
1. [bookmark: _Toc422158411]HDAC1 knockdown significantly reduces RA FLS proliferation
Changes in FLS proliferation after HDAC1-targeting and NTC siRNA transfection were determined using a tritiated thymidine assay. This involves the incorporation of a radioactive base into the DNA, resulting in increased radioactive scores with increased cellular proliferation. The radioactive output is determined by a scintillation counter, with the resulting CPM analysed using a Wilcoxon matched-pairs rank test. HDAC1 knockdown significantly reduced RA FLS (265.8 CPM ± 99.4) proliferation when compared to NTC (599.0 CPM ± 343.4) (p<0.03) (Figure 4.4).
1. [bookmark: _Toc422158412]HDAC1 knockdown significantly reduces RA FLS migration
FLS were assessed for changes in their ability to migrate using a scratch/wound-healing assay. This is performed by creating a straight wound through a confluent layer of cells and then measuring the gap closure over time. Before carrying this out, it was essential to optimise the cell number required to plate a confluent layer of single cells that will close by 48 hours after wound introduction. A scratch assay was carried out on cells plated at 5,000, 10,000 and 20,000 on a 96 well plate and images were taken at 0, 24 and 48 hours. Representative images are shown in Figure 4.5A. The 48 hour images for 5,000 and 10,000 cells revealed that the gap had not closed by this time, whereas no gap was evident for wells containing 20,000 cells. Therefore 20,000 cells per well were used for future experiments. Cells were transfected with HDAC1-targeted and NTC siRNA before introducing the scratch and then imaged at 0, 24 and 48 hours after scratch introduction. Figure 4.5B shows representative images of these groups. After 24 hours, a slower rate of closure is observed in the HDAC1 knockdown (35% closure ± 5.8) compared to NTC (46% closure ± 5.7). Statistical analysis using a Wilcoxon matched-pairs rank test (Figure 4.5C) shows that there is a significant difference between the two groups after 24 hours (p<0.01), suggesting that HDAC1 contributes to the migration of RA FLS. To ensure this change in migration was not due to proliferation changes, the assay was repeated identically but in the presence of the proliferation inhibitor mitomycin C. Analysis of this assay confirmed that HDAC1 knockdown greatly reduced FLS migration (21.7% closure ± 11.0) compared to NTC (29.8% closure ± 9.0) (p<0.06), and that this change is most likely not due to changes in proliferation of the FLS simultaneously (Figure 4.5D).
                          [image: ] P<0.03

[bookmark: _Ref420769614][bookmark: _Toc422158424]Figure 4.4 Proliferation of RA FLS is reduced following HDAC1 knockdown 
Transfected RA FLS were labelled with tritiated thymidine for 24 hours after transfection with HDAC1 (HDAC1KD) and NTC siRNAs. Radioactivity was recorded on a scintillation counter and readings taken in counts per minute (CPM). Paired samples were analysed (n=6) and showed statistical significance using a Wilcoxon matched-pairs rank test (p<0.03). Shown here are the mean values for paired samples.
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[bookmark: _Ref420769623][bookmark: _Toc422158425]Figure 4.5 HDAC1 significantly inhibits the migration of RA FLS
[bookmark: OLE_LINK12][bookmark: OLE_LINK13]A) The number of FLS required for wound closure by 48 hours was optimised by seeding 3 cell densities (5,000, 10,000 or 20,000) in a 96 well plate and a scratch introduced at 0 hours. Images were taken at 0, 24 and 48 hours. Representative images show that the optimum density to achieve gap closure is 20,000 cells/well (n=3). B) After plating the FLS (20,000), HDAC1 was knocked down (HDAC1KD), cells were scratched, and then imaged at 0, 24 and 48 hours. Using the 0 and 24 hour images, 10 measurements were taken between the migrating edges using Image J software. The dashed lines roughly represent the cell edges but not exactly where the gap closure was measured from. The change in distance between the gap at 0 and 24 hours determines the gap closure. C) Gap closure was analysed using a Wilcoxon matched-pairs rank test and showed that HDAC1 knockdown significantly inhibits FLS migration compared to NTC (n=6, p<0.03). D) The experiment was repeated identically except by including a proliferation inhibitor (mitomycin C). Gap closure was analysed using a Wilcoxon matched-pairs rank. Again, HDAC1 knockdown greatly inhibited FLS migration compared to NTC (n=5, p<0.06), suggesting that proliferation was not likely to be contributing to the difference in migration between samples. Shown here are the mean values for paired samples.

1. [bookmark: _Toc422158413]HDAC1 knockdown significantly reduces invasion of RA FLS
To investigate whether HDAC1 knockdown could change the ability of FLS to invade into a matrix, a commercial Matrigel assay was used. FLS were transfected with HDAC1-targeted and NTC siRNA and then incubated on a Matrigel layer with a chemotactic gradient across it (described in Section 2.12.11). After 48 hours the number of cells that had invaded into the gel were counted in 10 fields of view. Representative images (shown in Figure 4.6A) and statistical analysis via a Wilcoxon test confirms that HDAC1 knockdown significantly reduced the ability of RA FLS to invade (10.9 cells ± 6.4) compared to NTC (18.5 cells ± 7.7) (p<0.03) (Figure 4.6B). This suggests that HDAC1 plays a significant role in FLS invasion.
1. [bookmark: OLE_LINK14][bookmark: _Toc422158414]The expression of other HDACs are not significantly affected by HDAC1 knockdown in RA FLS
As HDAC1 is a master regulator of genes, the effect of HDAC1 knockdown on the expression of key genes was determined. FLS were transfected with HDAC1-targeted and NTC siRNA, and harvested for expression studies after 24 hours. Initially the effect of HDAC1 knockdown on all other HDACs was investigated. As expected, HDAC1 was significantly knocked down (p<0.004) following HDAC1 siRNA transfection when compared to NTC, however no other HDAC gene was significantly altered (Figure 4.7A). Examining expression of prominent cytokines implicated in RA, only IL-6 was significantly reduced when HDAC1 was knocked down (mean difference =-1.22) (Figure 4.7B). Therefore, targeting HDAC1 could be beneficial, as IL-6 is known to be overexpressed in RA.
1. [bookmark: _Toc422158415]HDAC1 knockdown results in significant differential global gene expression in RA FLS
Gene expression microarrays were carried out on RA FLS, transfected with HDAC1-targeting or NTC siRNA (n=3). Before performing these microarrays, each sample was tested for efficiency of knockdown using RT-qPCR. This confirmed reduced HDAC1 expression after knockdown in all three samples (37% ± 6.9, 47% ± 4.8 and 51% ± 9.6 respectively) (Figure 4.8A).
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[bookmark: _Ref420769669][bookmark: _Toc422158426]Figure 4.6 HDAC1 significantly reduces the invasion potential of RA FLS
RA FLS were plated onto Matrigel-coated wells before knocking down HDAC1 (HDAC1KD) and NTC using siRNA. After 48 hours, gels were stained with H&E and imaged. A) Representative images (x10 magnification) show that HDAC1 knockdown significantly reduces the invasion potential of FLS compared to NTC (n=6). B) Cell numbers were quantified in 10 high-power fields (hpf) of view. Paired samples were analysed using a Wilcoxon test (p<0.03). Shown here are the mean values for paired samples.
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[bookmark: _Ref420769712][bookmark: _Toc422158427]Figure 4.7 A reduction in HDAC1 has a significant effect on gene expression 
HDAC1 was knocked down (HDAC1KD) using siRNA in RA FLS. A) RT-qPCR was performed to determine how this affected the expression of HDAC1-11 expression. Normality of the data was confirmed with a Shapiro-Wilk test and relative expression was statistically analysed using a multiple t-test. HDAC1 the only gene to be significantly reduced in expression (*=p<0.004, n=7). B) A RT-qPCR was performed to determine changes in selected inflammatory gene expression following knockdown. Relative expression was determined using a 2way ANOVA and Sidak’s multiple comparison test. IL-6 showed a significant reduction following HDAC1 knockdown (*=mean diff of -1.22, n=7). For both graphs, the values shown are the mean plus standard deviation.

The transfected RA FLS were sent to Cambridge Genomic Services for microarray expression profiling using the Illumina HumanHT-12 v4 BeadChips and downstream analysis was performed. Average transcript expression for the three samples was performed and expressed using a volcano plot (Figure 4.8B). There are a number of known or predicted genes that show a significant up regulation (174 genes) and down regulation (76 genes) after HDAC1 knockdown compared to NTC control, when the p-value was equal to or less than 0.01. Carrying out in silico analysis using the ‘Database for annotation, visualization and integrated discovery’ (DAVID) software, imputing the significant genes revealed a hierarchy of major functional clusters, ranked on enrichment scores. A pie chart of the top 8 functional categories and the number of genes in each category is shown in Figure 4.8C. Some of the exact genes listed in each functional group are presented in Table 4.1. This shows the direction of the change and the p-value associated with each gene. Of note, proliferation and migration come out as highly important function groups. Differential regulation of genes found in these two clusters is likely to be linked to the phenotypic changes seen in our functional assays (Figure 4.4 & Figure 4.5).
To confirm the result of 250 significantly altered genes found in the array, we chose to validate 4% of them. The genes chosen for validation by RT-qPCR were based on our interest in their role in RA for further studies. Expression of these select genes in HDAC1 knockdown FLS was compared to the NTC (Figure 4.8D). Almost all genes tested were shown to be significantly different (p<0.05) in the HDAC1 knockdown FLS compared to NTC in the direction of change seen in the microarrays.
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[bookmark: _Ref420769734][bookmark: OLE_LINK3][bookmark: _Toc422158428]Figure 4.8 HDAC1 causes differential gene expression in important functional clusters
A) HDAC1 (HDAC1KD) and NTC siRNAs were transfected into RA FLS (n=3). Knockdown efficiency was determined for each sample by RT-qPCR. HDAC1 expression after knockdown reduced to 37%, 47% and 51% in samples 1 to 3 compared to respective NTCs. Shown here are the means with standard deviation. B) Three paired Illumina BeadChip microarrays, each containing 1 of 3 RA patient samples with either a HDAC1 or NTC transfected FLS, were run by Cambridge Genomic Services. Each HDAC1 knockdown sample was compared to its respective NTC sample using the Lumi software in the R statistical package and then an average result determined. The volcano plot shows all genes increased or decreased in expression, with those significantly increased or decreased shown in black (p<0.01). C) All the significantly altered genes (p<0.01) were analysed using DAVID software, then the genes were categorised into clusters of a variety of functions. Those clusters with the highest enrichment scores are shown in the pie chart, with the numbers of genes in each group displayed. D) To validate the microarray results, a selection of significant genes were analysed using RT-qPCR. The genes that were shown to be down regulated in the microarrays are shown to the left of the vertical dotted line and those shown to be upregulated in the microarray are shown on the right. The horizontal dotted line represents no change from control. The results from the RT-qPCRs were analysed using a one-sample test with a theoretical mean of 1 (*=p<0.01, n=3). Shown in both graphs are the mean values plus standard deviation.
[image: ]
[bookmark: _Ref421260113][bookmark: _Toc422158433]Table 4.1 Functional clusters and genes significantly affected by HDAC1 knockdown
FLS transfected with HDAC1-targeting or NTC siRNA, were run on Illumina BeadChip microarrays by Cambridge Genomic Services. All HDAC1 knockdown samples were compared to respective control using the Lumi software in the R statistical package. All the significant genes (p<0.01) were analysed using DAVID software, then the genes were categorised into clusters based on functions. Those clusters with the highest enrichment scores are shown here along with their fold change (where negative values represents a downregulation and positive values represent an upregulation) and p value.


1. [bookmark: _Toc422158416]TNF-treated BDMs can be efficiently transfected with siRNA
As shown in Chapter 3 (Figure 3.6), HDAC1 was also expressed by synovial macrophages. It was therefore interesting to examine how HDAC1 knockdown would influence functionality of TNF-treated BDMs. TNF activation was used as it is pro-inflammatory and known to be overexpressed in the RA joint, thus providing the BDMs with a more RA-like phenotype.
BDMs have been transfected successfully with siRNA before in the laboratory, but transfection efficiency had not previously been assessed. The same transfection reagent and volume that has previously been optimised for FLS was used along with a fluorescent siRNA. Analysis by FACS of siRNA compared to a transfection-reagent only control showed that 88% of TNF-treated BDMs could be successfully transfected (Figure 4.9A) (n=1). TNF-treated BDMs were then transfected with HDAC1-targeting siRNA and after 24 hours, mRNA was extracted for HDAC1 expression changes by RT-qPCR. HDAC1 was reduced in expression (60% HDAC1 expression ± 7.1) compared to the control (Figure 4.9B) (n=2). 
1. [bookmark: _Toc422158417]HDAC1 knockdown may affect viability of TNF-treated BDMs
TNF-treated macrophages were transfected with HDAC1-targeting siRNA or a vehicle-only control and analysed for cell apoptosis by assessing Annexin V positive cells using FACS. A 3% increase in cell apoptosis between HDAC1 knockdown (16% cell death) and control cells (13% cell death) (Figure 4.10) was detected. This suggests that HDAC1 may have a small effect on cell apoptosis in TNF-treated BDMs (n=1). However as this was only repeated once, further repeats would be needed before any conclusions can be made.
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[bookmark: _Ref420769814][bookmark: _Toc422158429]Figure 4.9 TNF-treated BDMs can be successfully transfected with siRNA
A) BDMs pre-treated with TNF and then were transfected with a non-targeting fluorescent siRNA (siGLO/CYGLO) (conjugated to 6-FAM – emits at 520nm) with transfection reagent or transfection reagent alone (untransfected). The TNF-treated BDMs were analysed by FACS. The untransfected cells had 0.9% fluorescent siRNA+ve cells and transfected cells had 88% fluorescent siRNA+ve cells. FSC-H denotes forward-scattered light height (proportional to cell size). B) BDMs were pre-treated with TNF and then transfected with HDAC1-targeting siRNA (HDAC1KD) or transfection reagent only (control). After 24 hours the cells were harvested and analysed for HDAC1 knockdown using RT-qPCR (n=2). HDAC1 expression was reduced to 60% after knockdown compared to control. Represented here is the mean and standard deviation.
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[bookmark: _Ref420769827][bookmark: OLE_LINK6][bookmark: _Toc422158430]Figure 4.10 HDAC1 knockdown in TNF-treated BDMs may affect cell viability
BDMs were pre-treated with TNF and then transfected with HDAC1-targeting siRNA (HDAC1KD) or transfection reagent only (control). Cells were cultured for 24 hours then labelled with Annexin V FITC (emits at 520nm) antibody before analysis by FACS (n=1). These preliminary experiments reveal that the control sample consisted of 13% dead cells and the HDAC1 knockdown showed 16% cell death. No statistical tests were run. SSC-A denotes side-scattered light (proportional to cell granularity).

1. [bookmark: _Toc422158418]Effects of HDAC1 knockdown on cytokine expression in TNF-treated BDMs
Gene expression is likely to change when a transcriptional regulator such as HDAC1 is knocked down. Therefore to examine changes in inflammatory cytokines and chemokines, RT-qPCR was performed. BDMs were pre-treated with TNF and then transfected with HDAC1-targeting siRNA or vehicle-only before undergoing mRNA extraction for RT-qPCR (n=2). Panels of inflammatory genes showed that there are changes in expression following knockdown of HDAC1 but due to small samples numbers no statistical analysis was run (Figure 4.11). As this experiment was only repeated twice, more repeats are needed to establish the effects of HDAC1 knockdown on cytokine gene expressions with statistical confidence.
1. [bookmark: _Toc422158419]Expression of HDAC1 in BDMs is not influenced by exposure to pro-inflammatory conditions
As the macrophages used for these experiments were derived from healthy monocytes, it was important to determine the effect on HDAC1 expression when the environment was skewed towards an RA-like phenotype. To do this, BDMs were cultured in TNF (50ng/ml), in hypoxia (0.1% O2) and LPS (100 µg/ml) for 24 hours before being analysed by RT-qPCR for HDAC1 expression (n=2). When comparing each treatment to control BDMs, no significant changes occur to HDAC1 expression (Figure 4.12). This suggests HDAC1 expression is relatively stable in RA-like BDMs.


                                
[bookmark: _Ref421260199][bookmark: _Toc422158431]Figure 4.11 HDAC1 knockdown in TNF-treated BDMs affects inflammatory gene expression
BDMs were pre-treated with TNF and then transfected with HDAC1-targteing siRNA or with transfection reagent only (control). They were harvested after 24 hours and analysed for changes in pro- (black bars) and anti-inflammatory (grey bars) genes by RT-qPCR (n=2). Results were analysed using the 2-ΔΔCt method. Shown in the graph are mean value plus standard deviation.
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[bookmark: _Ref420769842][bookmark: _Toc422158432]Figure 4.12 Expression of HDAC1 in BDMs does not alter with RA-like conditions
[bookmark: OLE_LINK16]BDMs were cultured for 24 hours with TNF, in hypoxia, with LPS or in control conditions. HDAC1 expression was analysed used RT-qPCR. Absolute concentration of HDAC1 was determined and each condition compared to control (n=2). Shown in the graph are mean value plus standard deviation.


4. [bookmark: _Toc422158420][bookmark: _Toc422241522]Discussion
Given the global impact that the epigenetic regulators HDACs are known to have on gene expression, and previous research showing a significant increase in expression of HDAC1 in RA FLS, it is surprising that a more thorough investigation of the global effects of HDAC1 knockdown have not yet been reported. A preliminary study by Horiuchi et al. used siRNA transfection to knockdown HDAC1 and NTC in RA FLS, showing that HDAC1 knockdown can significantly reduce FLS proliferation and increase apoptosis (Horiuchi et al. 2009). We aimed to repeat this work with our own assays and advance the work by including further functional assays to determine if knocking down HDAC1 could be of therapeutic benefit to the pathogenic characteristics of RA FLS.
As FLS are known to hyperproliferate in RA, reducing or reversing this activation could lead to a reduction in disease severity. To examine the effect of a knockdown of HDAC1 on FLS proliferation, a tritiated thymidine assay was used. HDAC1 knockdown in RA FLS showed a significant reduction in proliferation compared to transfection with NTC siRNA. This data confirms the result showed by Horiuchi et al. who examined the proliferation in RA FLS (Horiuchi et al. 2009) and also agrees with a lot of the data show in cancers in which a HDAC1 knockdown has the same effect (Glaser et al. 2003; Senese et al. 2007; Xie et al. 2012a). It is therefore possible that HDAC1 has a common role in disease in which enhanced proliferation of certain cell types is a hallmark. Targeting HDAC1 as a drug target could therefore have benefits in a range of different diseases.
Horiuchi et al. also investigated the effect of HDAC1 knockdown in RA FLS, they found an increase in apoptosis after knockdown (Horiuchi et al. 2009). This phenotype is supported by studies using HDACis with RA FLS (Jungel et al. 2006; Morinobu et al. 2006). Opposing data has been shown in several cancer types; with studies showing an increase (Senese et al. 2007) and a decrease in apoptosis after HDAC1 knockdown (Xie et al. 2012a). We showed in RA FLS, that HDAC1 knockdown has no significant effect on cell death after analysis by three different methods. It is possible that our techniques were not sensitive enough to detect subtle changes, however as these methods had previously been used in FLS this is unlikely. Further, we did not run a positive control alongside these experiments, such as DMSO-treated cells, so it is a possibility that the assays themselves were not detecting cell death in our hands. A difference between our study and Horiuchi et al.’s is that we used a different transfection reagent; we used Dharmafect 4 and they used Lipofectamine 2000 (undefined concentration) (Horiuchi et al. 2009). In our optimisation experiments, we determined that different transfection reagents can influence FLS cell death. However, we showed that Lipofectamine 2000 doesn’t appear to differ dramatically to Dharmafect 4 in the amount of cell death caused following transfection. It is therefore possible that their reagent choice and concentration was affecting the result, but as these experiments were not reported by Horiuchi et al. we cannot be sure. These experiments would need to be repeated using different reagents to determine if this is what is causing the discrepancy and therefore determine the overall effect of HDAC1 on cell death in RA FLS.
We found that knockdown of HDAC1 resulted in a significant reduction in RA FLS migration and invasion. This could be a hugely beneficial effect of a HDAC1-specific drug in controlling the effects of the autoaggressive FLS. This has never previously been investigated in RA FLS, however the use of two pan HDACis (Apicidin and SAHA) in prostate cancer cell lines has shown to also reduce migration and invasion in vitro using the same assays as ourselves (Kim et al. 2011). This provides promising evidence that HDAC1 would be a useful drug target in RA. Further working looking at the effect on these two phenotypes after HDACi treatment in RA FLS would be invaluable here.
We have also shown the effect of specific and global gene changes after HDAC1 knockdown. Firstly we showed that only HDAC1 downregulated by HDAC1 knockdown. It was surprising to find that there was no change in the expression HDAC2 given the previous links between HDAC1 and 2 regarding their likely functional redundancy, however this result has been reported previously (Lagger et al. 2002; Horiuchi et al. 2009). It is therefore possible that the roles of HDAC1 and 2 are not as tightly linked as their sequence similarity suggests. It may be that in certain cellular conditions they can act cooperatively or compensate for one another, but our data suggests in primary RA FLS this is not the case. Therefore a more complete understanding of the regulation and functions of HDAC1 and 2 is required. To further investigate this, it may be of interest to subject RA FLS to different inflammatory conditions and test the effect of HDAC1 knockdown on HDAC2 to see if compensation can be triggered by certain stimuli, such as in hypoxia. This is of interest as if a HDAC1-specific inhibitor is to be used, we need to understand in what RA conditions, if any, HDAC2 may be able to compensate for its reduced functionality. 
We have also shown that the pro-inflammatory cytokine IL-6, also known to be overexpressed in RA and currently targeted by a cytokine therapy, can be significantly reduced in RA FLS following HDAC1 knockdown. This is very important as the use of a HDAC1-specific inhibitor could carry out similar functions to the already partially successful biological therapy. However as previously discussed, HDAC1 plays a role in many other aspects which may provide a better all-around treatment option. However this data does not agree with data shown by Wada et al. in which they treat RA FLS with HAT inhibitors and show a reduction in IL-6 expression (Wada et al. 2014). However, as several previous studies have shown that HATs have no significant change in expression between RA and controls (Huber et al. 2007; Kawabata et al. 2010), it may be that this effect is independent of changes in HDACs.
It is interesting to note that HDAC1 knockdown does not affect TNF expression therefore it could be possible that the use of HDAC1-specific drugs may have a more potent effect when combined with anti-TNF drugs as it is likely they target distinct pathways. This would be a useful experiment to test in RA FLS in vitro in the first instance.
Microarray analysis of HDAC1 knockdown in RA FLS has never previously been investigated. Our results show a significant number of genes were up and down regulated following HDAC1 knockdown, including genes in key functional clusters such as proliferation, migration and apoptosis. Given the role of HDACs in causing chromatin condensation, it is interesting to note that there were many genes down regulated following HDAC1 knockdown. One potential explanation of this is the genes upregulated encode repressor proteins causing direct inhibition of transcription. Another hypothesis is that down regulation is a result of secondary actions of genes that are upregulated, such as upregulation of proteins involved in a signalling pathway, that result in downstream expression of repressor proteins. For example, the knockdown of HDAC1 resulted in a significant increase in the ectodysplasin A2 receptor (EDA2R/XEDAR) gene. This gene is known to have a role in activating the NF-κB and c-Jun N-terminal kinase (JNK) pathways (Yan et al. 2000; Sinha et al. 2002), and these pathways may cause an increase in repressor proteins. Another alternative explanation is that HDAC1 knockdown could cause acetylation of histones that are normally unmodified. This could lead to undesirable inhibition of transcription machinery.
From the microarray data, the gene that showed the most significant increased when HDAC1 was knocked down was FBJ murine osteosarcoma viral oncogene homolog B (FOSB). FOSB is a leucine zipper protein that forms part of a heterodimeric TF complex, Activating Protein-1 (AP-1). No previous studies have looked at FOSB/AP-1 expression in RA, though the complex has been shown to be a downstream signal of the P2RX7 receptor in monocytic and osteoblastic cells (Gavala et al. 2010); a receptor that modulates inflammation. However, studies in FLS have not been reported for this complex so its exact role is unknown. Interestingly, immunoprecipitation experiments in brain tissue between FOSB and HDAC1 showed that they do not physically interact (Renthal et al. 2008). It is impossible to say if this is a scenario that is the same in other cells due to the specialist nature of brain cells.
The gene reported from the microarray that showed the greatest downregulation following HDAC1 knockdown was mediator complex subunit 28 (Med28). This is one of many subunit of the mediator of RNA polymerase II protein that is involved in gene regulation, particularly in the formation of a scaffold for the pre-initiation transcriptional complex at promoters (Blazek et al. 2005). There are currently no published links between MED28 and RA or HDAC1. Though it seems plausible that this is a possible pathway through which HDAC1 aids chromatin remodelling to inhibit gene expression.
DMNT1 another was one of the genes found to be downregulated after knockdown. This shows that there is a relationship between two different epigenetic regulators and confirms a direct link between the two enzymes that had previously been identified (Robertson et al. 2000; Fuks et al. 2000). This data also agrees with studies in cancer, in which an increase of both HDAC1 and DNMT1 is found (Wang et al. 2009a; Feng et al. 2014) and that knockdown of HDAC1 also reduces DNMT1 expression (Du et al. 2010). However, studies in RA have shown inconclusive data for the role of DNMT1; global hypomethylation of DNA in FLS (Karouzakis et al. 2009; Nakano et al. 2013a), no significant difference in DNMT1 expression between RA and OA FLS (Nakano et al. 2013b), and a decrease in DNMT1 expression when FLS were exposed to a pro-inflammatory environment. However these latter studies have not examined the relationship between HDAC1 and methylation, nor have we looked at the methylation status of FLS in our hands. In order to address this situation, we would need to examine the methylation status and DNMT1 levels in RA FLS both before and after HDAC1 knockdown; this would give us a clearer picture of the interaction between the two genes.
VEGFA and FGF2 were both significantly reduced after knockdown of HDAC1 and were both present in the migration, proliferation and apoptosis functional clusters. Previously links between VEGFA and RA have shown that VEGFA is highly expressed in RA synovium, in particular in FLS, and is correlated with disease severity (Harada et al. 1998; Ozgonenel et al. 2010). Therefore a reduction of VEGFA by HDAC1 knockdown is likely to lead to a beneficial response in FLS. Similarly, FGF2 levels are increased in RA, including synovial fluid, and has been correlated with disease severity (Manabe et al. 1999). It is therefore likely that these are two important genes in regulating the phenotypic changes in proliferation and migration in RA FLS after knockdown as shown. Further work is needed to directly link these genes to these phenotypes and understand possible pathways through which these phenotypes are being regulated. This could be done by using siRNA technology to knock out these genes independently and simultaneously with HDAC1, and then determine if the same effects on migration and proliferation are seen.
We previously showed in chapter 3 that HDAC1 is also expressed in RA macrophages, therefore we performed some preliminary studies to further investigate its role. A murine macrophage cell line has previously been transfected successfully using our transfection reagent of choice (Leppänen et al. 2013), and we have shown here that human BDMs can also be successfully transfected with this reagent. Ideally, optimisation of the transfection reagent with our BDMs would have been carried out (examining the effect of the reagent on cell death and the use of other suitable transfection agents), however due to the restraints on this project, the transfection conditions that were successful for RA FLS were used identically in the BDMs. We showed that siRNA could be efficiently transfected and HDAC1 knockdown could be achieved in BDMs; however this work needs to be repeated and protein expression examined.
Preliminary studies into the effects on apoptosis and gene expression were undertaken in HDAC1 knockdown BDMs. My data suggests that there may be a reduction in apoptosis in BDMs after HDAC1 knockdown. Previous data shows no effect on apoptosis when HDACis are delivered to synovial macrophages (Grabiec et al. 2010). However as our investigation was preliminary, this needs to be repeated before any analysis can be done. Overall, although most of the gene expression data is not significant, there is a trend towards an anti-inflammatory phenotype; with TNF and IL-6 being reduced and IL-10 and TGF-β being increased. Further repeats of these experiments are needed to understand the role of HDAC1 in macrophages. If HDAC1 is having the same effect in macrophages as it is in RA FLS then this may add to the benefits of a HDAC1-specific inhibitor. 
Finally, as healthy BDMs were investigated, we examined the effect of pro-inflammatory conditions (TNF, hypoxia and LPS) on HDAC1 expression. With all conditions, no statistical difference in HDAC1 expression was seen, although exposure to TNF did show a trend towards an increase in HDAC1. Again these preliminary experiments require repeating but it is possible that the conditions may need to be combined as is present in situ to see any significant difference.
This chapter has shown that HDAC1 can be successfully knocked out in RA FLS and TNF-treated macrophages. The resulting phenotypic changes in RA FLS include a significant reduction in proliferation, migration and invasion. The knockdown also caused a reduction in the pro-inflammatory mediator IL-6 as well as several genes involved in controlling proliferation and migration, including VEGFA and FGF2. A change in apoptosis was not seen following knockdown. The macrophage data looks promising but needs further investigation. So far gene expression studies show a trend towards an anti-inflammatory phenotype after HDAC1 knockdown in TNF-treated BDMs. Overall, from this data it can be seen that a HDAC1-specific inhibitor would provide significant beneficial effects to RA FLS. However, as HDAC inhibitors are systemically acting, orally delivered drugs and not a cell-targeted therapy, such as tumour-targeted therapies, the systemic effect of HDAC1 inhibition needs to be determined using an in vivo model before the uses of such a therapy can be considered beneficial.

Chapter 4 Results - The effect of knocking down HDAC1 in RA FLS and TNF-treated BDMs
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5.1 [bookmark: _Toc422158514][bookmark: _Toc422241524]Introduction
As described in Chapter 4, knocking down HDAC1 in RA FLS resulted in a significant reduction in proliferation, invasion and migration of these cells. This chapter set out to determine if a systemic knockdown of HDAC1 could have similar effects in vivo in the collagen-induced arthritis (CIA) model in DBA/1 mice.
The induction of arthritis using collagen type II emulsified in Freud’s adjuvant was first described in rats (Trentham et al. 1977). Since this discovery, the CIA model has also proven its ability to induce an RA-like phenotype in certain mouse strains (Courtenay et al. 1980). The mechanism by which collagen can induce arthritis in mice is still unknown, although evidence suggests that autoantibodies are produced to the collagen type II which leads to an immune response (Watson et al. 1987). Work to try and elucidate how CIA is induced and maintained has implicated many possible contributing factors including T-cells, B-cells and Toll-like receptors (Kannan et al. 2005; Pierer et al. 2011). Although CIA is not a perfect replica of human RA, there are many similar phenotypic outcomes, including synovial hyperplasia, pannus formation and inflammatory cell infiltrates (Trentham et al. 1977; Courtenay et al. 1980). Interestingly, although autoreactivity to collagen type II has been shown in human RA, it is unlikely to be a causative feature as the levels have been shown to fluctuate in patients and levels do not correlate with disease severity (Morgan et al. 1989; Rönnelid et al. 1994).
To investigate the effect of HDAC1 knockdown in the CIA model of arthritis in DBA/1 mice, the siRNA knockdown approach was taken. Previous work had highlighted that HDAC1 knockout in mice is embryonic lethal due to significant proliferative and developmental defects (Lagger et al. 2002). Conditional knockouts of HDAC1 in specific cell types in mice has previously been shown, including in cardiomyocytes (Montgomery et al. 2007), embryonic fibroblasts (Wilting et al. 2010; Yamaguchi et al. 2010) and B cells (Yamaguchi et al. 2010). However, to date a conditional knockout of any gene in FLS in mice has not been reported. Whilst it would have been useful to have a conditional knockout mouse, it was not possible to develop during the time frame of the project, and so the siRNA approach was undertaken.
The RNA interference approach in mice is not a frequently reported method for in vivo gene investigations, as knockout models are preferred when possible. However, when done, siRNA transfection has been shown to be successful in achieving significant gene knockdown in vivo. In the CIA model, in vivo siRNA (injected i.v) targeting TNF resulted in a significant reduction in TNF levels both in sera and conditioned knee joint medium (Khoury et al. 2006). The result of knockdown was a significant reduction in disease incidence compared to control mice.
To date, no studies have demonstrated the efficacy of HDAC1 knockdown in vivo. However, investigations of class I specific HDACis in vivo have been carried out which gives an insight into the effect of class I knockdown in these models. Class I targeting HDACis (MS-275, NW-21, FK228 and Emodin), have all shown beneficial effects in preclinical models of arthritis, including CIA in DBA/1 mice (Nishida et al. 2004; Lin et al. 2007; Ha et al. 2011; Cantley et al. 2015). Significant effects following class I HDACi administration, including a reduction in clinical scores, an increase in bone volume, a reduction in histological joint severity scores and changes in gene expression compared to controls. These all suggest that using HDAC inhibition as an approach to treat RA is viable and could provide significant clinical benefits.
To determine the effectiveness of siRNA delivery in vivo, biodistribution studies have been undertaken involving several different lipid-based delivery systems. One lipid-based system, known as a wraposome (Yagi et al. 2009) encasing a fluorescent siRNA (50-150μg) was injected i.v into CIA mice (Komano et al. 2012). They found that the wraposome containing siRNA showed a much higher level of fluorescence in arthritic joints compared to non-arthritic sites as measured by fluorescent microscopy; this was found up to 48 hours after injection. More detailed investigation by FACS analysis into the specific tissue types that the siRNA had reached revealed that synovial cells showed a higher concentration of siRNA than the bone marrow, spleen or peripheral blood cells. A further study determined siRNA biodistribution in CIA mice using another fluorescent siRNA (siGLO) at a much lower concentration (10μg) with several different cationic liposomes (Khoury et al. 2006). Five hours after administration i.v of the siRNA, several tissue types (blood, brain, heart, kidney, liver, lungs, spleen, testis, and joints from paws and limbs) were isolated, digested and sorted by flow cytometry. Blood cells (following red-cell lysis) had the highest concentration of fluorescence (9-15%) and low levels were present in all other tissues analysed (0.1-1%).
Biodistribution of fluorescent siRNA can also be monitored by an In vivo Imaging System (IVIS). Detection of a bioluminescent siRNA was carried out before and 1 day after an intraperitoneal (i.p) injection in mice with tumours (Bartlett et al. 2007). A 50% increase in fluorescence was seen after injection at the tumour site, suggesting the siRNA had effectively reached the tumour site. One study used the IVIS to examine bioluminescent siRNA (0.6 mg siRNA/kg) injected i.v in an adjuvant-induced arthritis model in rats and reported that after 6 or 12 hours post-injection, siRNA accumulated in paws of the animals (Zhang et al. 2013). 
There is limited published literature on the use of Invivofectamine as a delivery vehicle of in vivo siRNA (LifeTechnologies n.d.). Life Technologies have data showing that Ambion in vivo ready siRNAs (at 5mg/kg) can reduce expression (below 60% in serum) for up to 29 days post injection. Also, when using these siRNAs in conjunction with Invivofectamine reagent, they show no significant toxicity in vivo. Biodistribution studies show that fluorescent siRNAs (injected i.v with Invivofectamine) are present in the liver and spleen after 4 hours. A published study has used Invivofectamine with Ambion in vivo ready siRNAs (5mg/kg) in a tumour mouse model but have not performed any biodistribution studies (Piskounova et al. 2011).
Based on the previous literature, and data found in chapter 3 and 4, the hypothesis for this chapter was that HDAC knockdown in CIA DBA/1 mice should ameliorate disease compared to NTC controls.
The aims of this chapter are to:
· Determine if siRNA can be biodistributed using Invivofectamine reagent in DBA/1 mice
· Investigate if systemic delivery of HDAC1 siRNA can significantly reduce HDAC1 expression in CIA
· Examine the effect of HDAC1 knockdown on clinical scores, bone volume, histological changes and gene expression changes in CIA

5.2 [bookmark: _Toc422158515][bookmark: _Toc422241525]Results
5.2.1 [bookmark: _Toc422158516]SiRNA can be successfully biodistributed in DBA/1 mice
As in vivo transfection of siRNA using the Invivofectamine reagent into DBA/1 mice has not been published before, it was important to check that these mice could be transfected successfully with siRNA via this reagent.  DBA/1 mice were injected via the tail vein with fluorescent siRNA combined with Invivofectamine and left for 5 hours, similar to a previously described method (Khoury et al. 2006). The mice were culled and assessed for global fluorescence using an IVIS imaging system. Comparing transfected mice with untransfected controls, there is an increase in fluorescence in the lower abdomen, paws and brain of the transfected mice (Figure 5.1A). To establish where the siRNA is targeted to, major organs were removed from the mice and immediately processed for FACS analysis. In brief, tissues were homogenised and dissociated using a cocktail of enzymes (described in Section 2.13.5). Each organ was analysed by FACS, gating for TOPRO-3 to exclude dead cells, so only the viable cells were assessed for siRNA (siGLO) fluorescence. We found that total siGLO expression was 3.4%, with the greatest expression for the following organs: blood (0.4% expression ± 0.5), liver (0.9% expression ± 0.17) and lung (1.9% expression ± 3.0) (Figure 5.1B). This expression was relatively low compared Khoury et al., who also used siGLO but using alternative transfection reagents.
5.2.2 [bookmark: _Toc422158517]HDAC1 can be knocked down in DBA/1 mice joints
HDAC1-targeting and NTC siRNAs were injected into DBA/1 mice via the tail vein. Three days after transfection, the mice were culled and organs and joints collected to examine the efficiency of knockdown in each tissue. The relative concentration of HDAC1 mRNA was determined using RT-qPCR, and then HDAC1 mRNA expression in the HDAC1 knockdown mice was compared to NTC transfected mice. Figure 5.2 shows that in the kidney, legs, liver and lung, HDAC1 mRNA expression was lower than in NTC (mean differences of -0.9, -0.3, -0.7 and -1.2 respectively). All other organs and joints had reductions in HDAC1 mRNA except the brain and heart.
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[bookmark: _Ref421289969][bookmark: _Toc422158504]Figure 5.1 DBA/1 mice can be successfully transfected with siRNA via a tail vein injection
DBA/1 mice were injected via the tail vein with a fluorescently labelled siRNA (10μg) and left for 5 hours (n=3). Control mice were not injected. A) Mice were culled, skinned and imaged using an IVIS imager. Fluorescent siRNA (GFP) expression was visualised for each mouse. B) After imaging, organs were removed from each mouse and processed for FACS analysis. Cell suspensions were analysed for FITC expression in the viable cell population. Shown is the mean and standard deviation for each group, with the blood, liver and lung showing highest expression.



[bookmark: _Ref420771251][bookmark: _Toc422158505]Figure 5.2 SiRNA mediated inhibition of HDAC1 reduces expression of HDAC1 in murine hind legs
DBA/1 mice were injected with HDAC1-targeting or NTC siRNA (n=3). After 3 days the mice were culled and organs and joints assessed for HDAC1 expression using RT-qPCR. The results show the delta Ct values. The data were analysed using a 2way ANOVA adjusted for multiple comparisons using Sidak’s multiple comparison test. HDAC1 was not significantly reduced in any sample. Shown here are mean values plus standard deviation.

5.2.3 [bookmark: _Toc422158518]HDAC1 knockdown in CIA DBA/1 mice significantly reduces clinical severity scores
CIA is a well-established model of disease that can be successfully induced in DBA/1 mice. To assess the effect of HDAC1 knockdown in CIA DBA/1 mice, mice were injected at the base of the tail with collagen on Day 0 and boosted again on Day 21. HDAC1- targeting and NTC siRNAs were injected into the mice i.v prior to the boost and a further 2 times post-boost. Control groups included in this study were CIA mice injected i.v with transfection vehicle-only, and mice injected i.p with dexamethasone or the dexamethasone vehicle-only (water); untreated healthy mice were also included.  Dexamethasone was used as a control as it is a potent anti-inflammatory agent that has previously been shown to ameliorate CIA in DBA/1 mice using the same dose (Inglis et al. 2007).
From Day 20 onwards, mice were weighed daily and each limb assessed for clinical scores (0-4). Interestingly, when comparing HDAC1 siRNA treated mice to the dexamethasone treatment there is overlap in the scores of both groups, with only 1 point being significantly different (Day 27, p<0.01) (Figure 5.3B). However, in comparison to the vehicle and NTC siRNA treated mice, HDAC1 targeted siRNA resulted in a significant reduction in clinical scores at many of the time points (p<0.05) (Figure 5.3C & D). It should also be noted that healthy mice did not develop inflammatory arthritis. Representative images of the mice feet from each group are also shown (Figure 5.3E). Swelling of the feet is much more prominent in the NTC, vehicle and water treated mice than in HDAC1 knockdown, dexamethasone and healthy mice. Together this data points to a role for HDAC1 in disease progression as knockdown of this gene significantly attenuates murine arthritis.
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[bookmark: _Ref420771261][bookmark: _Toc422158506]Figure 5.3 HDAC1 knockdown significantly reduces the clinical phenotype of CIA in DBA/1 mice
DBA/1 mice induced with CIA were treated with HDAC1-targeting (HDAC1KD) or a NTC siRNA (5mg/kg), transfection vehicle, dexamethasone (0.5mg/kg) or water (n=5-10). A group of mice had no CIA and received no injections, designated as healthy (n=4). A-D) From Day 20, mice were assessed daily for clinical scores. Results were analysed using a one-way ANOVA with multiple comparisons (*p<0.05, **p<0.01, ***p<0.001). Results show the means and SD for each group. Normality was tested for with Shapiro Wilk test; all tested normal. HDAC1 knockdown significantly reduces the clinical score from NTC and vehicle treated mice and showed only a single difference from dexamethasone treated mice. E) Representative images of the mice feet from each group are shown.


5.2.4 [bookmark: _Toc422158519]There are no significant weight changes after treatments in CIA DBA/1 mice
Daily monitoring of the weight of mice is an important indicator of health. Differences in weights between groups can also signify treatment toxicity. Shown in Figure 5.4 is the average weight of each group of mice on the last day of the experiments (Day 49). There was no significant difference found between any of the groups when statistically analysed. This suggests that the differences seen in clinical scores and were not influenced by toxicity or loss of general health.

                     [image: ]
[bookmark: _Ref420771308][bookmark: _Toc422158507]Figure 5.4 Weights of CIA DBA/1 mice did not significantly differ between treatment groups
DBA/1 mice induced with CIA were treated with HDAC1-targeting (HDAC1KD) or a NTC siRNA (5mg/kg), transfection vehicle, dexamethasone (0.5mg/kg) or water (n=5-10). A group of mice had no CIA and received no injections, designated as healthy (n=4). All mice were weighed daily from Day 0-49 (n=4-10). Mean weights and SD are shown for Day 49. The final average weights were healthy = 23.5 ± 1.0, water treated = 22.28 ± 1.3, vehicle treated = 22.0 ± 1.2, NTC siRNA transfected = 22.85 ± 1.3, dexamethasone treated = 21.05 ± 1.3 and HDAC1-targeted siRNA transfected = 22.26 ± 1.2. Results were analysed using a Kruskal Wallis test with Dunn’s multiple comparisons test. No significant differences were seen between any groups. Shown here are mean values plus standard deviation.


5.2.5 [bookmark: _Toc422158520]Bone volume is significantly increased after HDAC1 knockdown in CIA DBA/1 mice
The DBA/1 CIA mice from all groups were analysed for changes in bone volume after being culled on Day 49. The volume across the metatarsophalangeal region from each mouse was scanned on a microCT scanner at 4.3μm resolution. Figure 5.5 shows representative images from each group. Analysis of bone volume was carried out exclusively on a 2mm section of the third metatarsophalangeal articulation. Bone volume (BV) was analysed rather than bone volume density (BV/TV) as the tissue volumes (TV) of the samples were not constant. Quantification shows that HDAC1 knockdown mice have significantly higher bone volume (0.41 mm3 ± 0.1) than NTC treated mice (0.12 mm3 ± 0.1) (p <0.01). Dexamethasone also has a statistically higher bone volume (0.37 mm3 ± 0.16) than NTC treated mice (p<0.05). Of note, healthy mice had a bone volume of 0.32 mm3 ± 0.17 and vehicle treated mice had a bone volume of 0.19 mm3 ± 0.1.
5.2.6 [bookmark: _Toc422158521]HDAC1 knockdown results in significant changes in gene expression in CIA DBA/1 mice
MRNA extracted from the mouse joints was used to determine expression changes of cytokines using RT-qPCR following HDAC1 knockdown compared to NTC siRNA transfected controls. In HDAC1 knockdown mice, TNF and IL-6 were reduced (mean difference of -0.8 and -1.7 respectively) and IL-10 was increased (mean difference of 2.1), though these were not significant (Figure 5.6). This suggests that knocking down HDAC1 seems to have an anti-inflammatory effect by resetting the cytokine profiles in the joints of CIA mice.
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[bookmark: _Ref420771318][bookmark: _Toc422158508]Figure 5.5 HDAC1 knockdown in CIA DBA/1 mice significantly increased bone volume compared to control
DBA/1 mice induced with CIA were treated with HDAC1-targeting (HDAC1KD) or a NTC siRNA (5mg/kg), transfection vehicle or dexamethasone (0.5mg/kg) (n=5-10). A group of mice had no CIA and received no injections, designated as healthy (n=4). After 49 days, the leg joints were removed and analysed using a microCT scanner at 4.3μm resolution. Bone volume was analysed over a 2mm section of the 3rd metatarsophalangeal articulation using the CTAn software. Representative images of CT scans are shown. Results were analysed using a Kruskal-Wallis test with a Dunn’s multiple comparisons test (*p<0.05, **p<0.01). Shown are the mean bone volumes plus SD. HDAC1 knockdown significantly increases bone volume compared to NTC treated mice.





[bookmark: _Ref420771325][bookmark: _Toc422158509]Figure 5.6 HDAC1 knockdown in CIA DBA/1 mice alters cytokine expression profiles
DBA/1 mice induced with CIA were treated with HDAC1-targeting or a NTC siRNA (5mg/kg) (n=10). After 49 days the mice were culled and one ankle joint and foot from each was taken for RNA extraction. RT-qPCR shows the relative expression of cytokines in HDAC1 knockdown mice compared to NTC siRNA treated mice. Shown are mean values plus SD. Analysis was carried out using a 2way ANOVA with a Sidak’s multiple comparison test. Results show a decrease in TNF and Il-6 and an increase in IL-10 expression following HDAC1 knockdown.


5.2.7 [bookmark: _Toc422158522]Cartilage is protected from degradation in CIA DBA/1 mice after HDAC1 knockdown
Histological sections were examined from joints from all groups of CIA and healthy mice. Cartilage degradation was assessed following Safranin O staining. Representative images are shown in Figure 5.7A. HDAC1 knockdown mice had significantly more intact cartilage (82.5% intact ± 3.6) than vehicle (66.5% intact ± 5.2) and NTC (67.4% intact ± 10.0) transfected mice (p<0.01) (Figure 5.7C). Dexamethasone treatment also resulted in significantly more intact cartilage (85.4% intact ± 6.1) compared with either vehicle or NTC treated mice (p<0.01). Healthy mice also shows significantly more intact cartilage (92.0% intact ± 3.1) compared to vehicle and NTC transfected mice (p<0.0001) (significance not shown). This suggests that HDAC1 knockdown has a protective effect on cartilage loss in the CIA model.
5.2.8 [bookmark: _Toc422158523]HDAC1 knockdown reduces joint severity in CIA DBA/1 mice
Histological sections taken from the CIA were stained with H&E to quantify disease severity at joint lesions; a cumulative score was formed from scores of synovial hyperplasia, inflammation, pannus formation and bone loss. Representative images are shown in Figure 5.7B. Joint lesion severity measures show that HDAC1 mice have significantly less joint severity (3.4 ± 1.0) than vehicle (7.3 ± 1.1) and NTC (6.1 ± 1.4) transfected mice, though significantly more than healthy mice (0.5 ± 0.6) (p<0.01) (Figure 5.7D). Dexamethasone mice have significantly less joint severity (3.1 ± 1.4) than vehicle and NTC transfected mice (p<0.05), and significantly more than healthy (significance not shown). Healthy mice also had significantly less lesion severity than vehicle and NTC treated mice (p<0.0001) (significance not shown). This shows that HDAC1 significantly reduces the severity of joint lesions caused by CIA.
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[bookmark: _Ref420771333][bookmark: _Toc422158510]Figure 5.7 HDAC1 knockdown in CIA DBA/1 mice significantly protects intact cartilage and reduces severity of joint lesions compared to control
DBA/1 mice induced with CIA were treated with HDAC1-targeting (HDAC1KD) or a NTC siRNA (5mg/kg), transfection vehicle or dexamethasone (0.5mg/kg) (n=5-10). A group of mice had no CIA and received no injections, designated as healthy (n=4). After 49 days, a foot from each mouse was taken for histological sectioning. Representative images show slides stained with a safranin O stain (A), and H&E (B). C) Safranin O staining was quantified by counting safranin O positive joints out of total cartilaginous joints. D) H&E staining was quantified by cumulatively scoring synovial hyperplasia, inflammation, pannus formation and bone loss. Shown are mean values plus SD. Analysis was done using a one-way ANOVA with multiple comparisons; not all statistical significances are shown (*p<0.05, **p<0.01, ***p<0.001, ****p <0.0001). HDAC1 knockdown increases the number of cartilage positive joints and reduces the severity of joint lesions from NTC and vehicle treated mice. The severity of joint lesions significantly increases in HDAC1 knockdown mice from healthy controls.


5.3 [bookmark: _Toc422158524][bookmark: _Toc422241526]Discussion
The data presented in chapter 4 strongly suggests a critical role for HDAC1 in augmenting the aggressive phenotypic changes seen in FLS from RA patients, highlighting HDAC1 as a potential therapeutic target. To investigate this further, targeted knockdown of HDAC1 using siRNA was induced in DBA/1 mice with CIA.  
Our data showed that siRNA could be delivered using a commercial transfection reagent to several major organs, although at a low level (total expression was 3.4%), with the highest distribution found in the blood, liver and lungs. A previous biodistribution study using FACS analysis, but with a different transfection reagent, has previously been carried out in BALB/c mice. They found total tissue expression (excluding blood) of  around 6%, with the highest expression in brain, liver, lungs and spleen (Khoury et al. 2006). We therefore found a lower total expression of fluorescence; however this could be due to using different transfection reagents or different mouse models. It is possible that as the fluorescent siGLO molecule is chemically larger, it may not be as easily taken up by Invivofectamine, unlike specifically designed, smaller in vivo siRNAs.
We also determined by RT-qPCR that HDAC1 expression can be knocked down in legs, lungs and the liver after administration of HDAC1-targeting siRNA compared to an NTC. This work has never previously been published but shows that this method can be used in CIA mice to reduce HDAC1 expression.
HDAC1 knockdown has not previously been reported in the CIA mouse model. After inducing CIA in DBA/1 mice, we knocked down HDAC1 using siRNA (5mg/kg) and reported a reduction in clinical score with HDAC1 knockdown, compared to the NTC control on several days up to Day 49. HDAC inhibitors (HDACis) have also been reported to reduce clinical scores in collagen antibody induced arthritis DBA/1 mice, such as TSA (a class I and II HDACi) at 0.5mg/kg that can reduce clinical joint scores up to Day 14 (Nasu et al. 2008). Another study used HDACi FK228 (targets HDAC1 and 2) at 2.5mg/kg and reported a rapid reduction in clinical scores (Nishida et al. 2004). The clinical scores after drug treatments show an identical trend to that seen here with siRNA knockdown. The only difference being in the average values of clinical scores reaching a wider range of extremes after drug treatment; this could be due to the drugs targeting more than just HDAC1 and therefore having a more wide reaching impact systemically in the mice. 
When studying the effect of HDAC1 knockdown in CIA mice, we also showed using micro-CT scanning that following HDAC1 knockdown, the loss of bone volume was significantly reduced when compared to control. Previous investigations using either pan HDACi NK-HDAC-1 or ITF2357 in CIA mice both caused a reduction in bone erosion compared to controls, as determined by histology (Joosten et al. 2011; Li et al. 2013). Micro-CT scanning of rats with adjuvant arthritis reveals that class I and II HDACi, MPT0G009, treatment resulted in a restoration of bone mineral density and mineral content that was lost in controls (Hsieh et al. 2014). Other studies have used radiological scoring from X-rays to quantify bone erosion and have observed that pan HDACi SAHA, class I specific HDACi MS-275 and the natural HDAC1i compound Emodin all reduced the level of bone erosion caused by CIA as seen in controls (Lin et al. 2007; Hwang et al. 2013). Lin et al. also studied bone loss by analysing the bone volume from micro-CT scanning and found that MS-275 protected against bone loss in CIA mice. FK228 treatment of CIA mice were also assessed for radiological damage and it was found that joint spaces were intact and bone contours were smooth compared to control (Nishida et al. 2004). Our data confirms the beneficial effect of HDAC1 reduction on bone volume as seen by HDACis in in vivo models, but we have shown that this effect can be seen exclusively by the reduction of HDAC1. Interestingly it can be seen that the average bone volumes of the HDAC1 knockdown and dexamethasone treated mice were higher than that of healthy mice. This phenomenon could be linked to the healthy mice experiencing mild aging or wear and tear effects in their joints, as the experiment ran for 49 days. It is possible that these two treatments protect against this mild destruction.
The knockdown of HDAC1 in CIA also had a significant effect on gene expression. We found that, compared to a control, HDAC1 knockdown reduces TNF and IL-6 expression and increases IL-10 expression, though these were no significant. Previous research in adjuvant arthritis rats treated with HDACi MPT0G009 and CIA mice treated with SAHA showed a reduction in serum levels of IL-6 compared to untreated controls (Lin et al. 2007; Hsieh et al. 2014). Using the natural compound Emodin, that was discovered to inhibit HDAC1, in CIA mice, it was reported that expression of TNF, IL-1, RANKL, IL-17 and IL-6 were increased and IL-10 was decreased compared to control (Hwang et al. 2013; Zhu et al. 2013). In an autoantibody-medicated arthritis model, TNF and IL-1 were both shown through histological staining to be reduced compared to controls after treatment with HDACi FK288 (Nishida et al. 2004). Our results therefore confirm what has been reported in literature using HDACis in CIA mice, but once again demonstrate that HDAC1 knockdown alone can have the same effect and is a more specific drug target. However, we did not investigate global changes in gene expression changes, and it would be important to look at the effect on other genes related to pathology of human RA, including chemokines. 
We also found that cartilage expression and joint severity as measured by histological analysis were significantly changed by HDAC1 knockdown in CIA mice. The presence of cartilage (assessed by safranin O staining) was significantly greater and the joint severity score (assessed by a score of synovial hyperplasia, pannus formation, cartilage destruction and infiltrating immune cells) was significantly reduced in HDAC1 knockdown mice when compared to CIA controls. Interestingly, the healthy control mice did not show 100% cartilage present or 0% joint severity; it is likely that due to the length of our experiments, aging of the mice had an effect on the joints naturally. Safranin O staining of rats ankle joints showed that HDACi treatment (MPT0G009 and SAHA) caused reduced cartilage degradation (Hsieh et al. 2014). Further histology revealed a significant reduction in immune cell infiltration and synovitis compared to controls. Treatment of CIA mice with HDACis NK-HDAC-1, MS-275, FK228, ITF2357 and TSA, and the compound Emodin all showed a significant improvement of synovial hyperplasia, pannus formation, cartilage destruction and numbers of infiltrating immune cells compared to control (Lin et al. 2007; Nasu et al. 2008; Joosten et al. 2011; Li et al. 2013; Hwang et al. 2013). Our severity scores were higher for HDAC1 knockdown and controls than a previous study comparing a HDACi TSA in CIA to control (Nasu et al. 2008), however our experiment ran for 49 days whereas the study using TSA only ran for 6 days. It is likely that the length of time and age of the animals contributed to the inflated scores. Overall, our data agrees with the effects seen from HDACi treatment, suggesting HDAC1 has a prominent role in the histological changes occurring in the CIA mice joints.
Our future experiments would preferentially involve the development of a conditional knockout model of HDAC1 in mice to determine the effect of knockout of HDAC1 in a specific cell lineage, such as fibroblasts and/or macrophages. This would help determine the effects of a complete reduction in HDAC1, including if there are any significant toxic effects seen in these cells, but also to determine if a directed therapy is any more beneficial than a simpler systemic treatment.
It would also be important to determine the effect of more frequent administration of HDAC1 siRNA in CIA mice to determine any negative effects of increased use. This would provide a more representative situation of how treatment would be administrated in clinically in human RA.
To take these experiments further, it would also be essential to understand if the onset of disease could be reduced by HDAC1 knockdown. To do this, the administration of the siRNA would come earlier in the experimental protocol, before the injection of the first collagen. This would help provide key information on whether HDAC1 expression changes are critical to the onset of clinical RA. 

Chapter 5 Results - The effect of knocking down HDAC1 in the CIA mouse model

Chapter 6 [bookmark: _Toc422241527] Discussion
Given our current limited understanding of the pathogenesis of RA, which is likely to vary in different patients, a better understanding is required to improve therapeutic options and patient stratification. RA FLS specifically have an important role in RA progression through their stable, autoaggressive, semi-transformed phenotype (Lefèvre et al. 2009) which may be under epigenetic control. 
The activity and expression of HDACs in RA synovium has previously been investigated and shows opposing results (Huber et al. 2007; Horiuchi et al. 2009; Kawabata et al. 2010). In chapter 3, I demonstrated that HDAC1 protein expression was significantly increased in synovial tissue in RA compared to OA (Figure 3.1C). Further, all HDACs were increased at the mRNA level in RA compared to OA FLS, except for a decrease of HDAC4; HDAC1 showed the greatest increase in RA FLS (Figure 3.1A), confirming previously reported data (Horiuchi et al. 2009; Kawabata et al. 2010). The discrepancies between the results Huber et al. and my study are likely due to their examination of total grouped HDAC activity in nuclear extracts from synovial tissue (Huber et al. 2007), whereas my study examined individual expression in intact synovial tissue. However, the total nuclear HDAC activity (although by a different assay) was also measured by a study showing opposing results (Kawabata et al. 2010); data that my study is comparable with. Therefore it is very hard to state exactly why there are differences between these results, although now there are an increased number of sources suggesting an increase in HDAC1 in RA compared to a decrease. The differences in HDAC expression in one study (Huber et al. 2007) compared to another study (Kawabata et al. 2010) was hypothesised to be due to using samples from patients on anti-TNF therapy (Grabiec & Reedquist 2010). However, in my study I found that there was no significant difference in HDAC1 expression in patient’s pre- and post-anti-TNF therapy (Figure 3.4B), although there was a difference between expression in responders and non-responders prior to treatment which may account for the difference seen. However, there was no difference in HDAC1 mRNA expression when FLS are incubated in vitro with TNF (Figure 3.2). Additionally, my study assessed the effect of TNF on HDAC1 expression at different time points to previous studies (Kawabata et al. 2010) and it may be that the changes in expression were missed; a more thorough time course, such as every 2 hours, should be run to assess more rapid fluctuations in HDAC1. 
My study also found that HDAC1 expression can also be cytoplasmic (Figure 3.1D), though expression was not quantified, and therefore Huber et al. may have been excluding some HDAC expression from their analysis by using nuclear extracts. It would be interesting to separate nuclear and cytoplasmic extracts from RA FLS via centrifugation techniques to quantify the HDAC1 expression in each compartment.
Interestingly I also found that HDAC1 expression levels was significantly higher in patients before anti-TNF therapy who responded well to treatment compared to patients before anti-TNF treatment who did not respond to treatment (Figure 3.4B). Further investigations of this with a larger sample size are required to determine if HDAC1 expression is a biomarker in anti-TNF treatment; an idea that has not previously been reported in the literature in relation to any disease. Further, my study found that HDAC1 mRNA expression does not vary with disease severity (Figure 3.3D) and is therefore likely to be a stable change that occurs very early on or before disease onset. It would be interesting to investigate this point but feasibly it would be difficult to test. It may be possible to look for HDAC1 expression in patients found to have high RF or ACPA levels that are not yet classified as having RA and follow them over time; though the viability of this is low as these tests are not routinely done and therefore candidate patients would be hard to identify.
Given the results of chapter 3 showing the significant increase of HDAC1 expression in RA FLS, it was hypothesised that knocking down HDAC1 in vitro would improve the autoaggressive phenotype. In chapter 4, I found that HDAC1 could be successfully knocked down using HDAC1-targeted siRNA, compared to a NTC, for up to 72 hours post transfection (Figure 4.2). The effect of HDAC1 knockdown on RA FLS proliferation was examined, with proliferation significantly reduced when HDAC1 was knocked down compared to control (Figure 4.4). This data confirmed what others had previously reported (Horiuchi et al. 2009). Secondly, apoptosis following HDAC1 knockdown in RA FLS was determined which had previously been reported to increase after knockdown (Horiuchi et al. 2009). However, following three different methods of examination, cell death in RA FLS showed no significant difference following HDAC1 knockdown in this study (Figure 4.3). Different methods of analysis between these studies were used and it is possible that the techniques used in this study were not sensitive enough to detect subtle changes in cell death; however as these methods had previously been used in FLS studies, this is unlikely. Cell migration and invasion are important properties of the transformed phenotype of RA FLS. To further examine the role of HDAC1, the migration (Figure 4.5C) and invasion (Figure 4.6B) of RA FLS following HDAC1 knockdown were examined next and were both found to be significantly decreased after HDAC1 knockdown, independent of proliferation (Figure 4.5D). 
From my HDAC gene expression investigations, it was found that HDAC2 was not significantly dysregulated (Figure 3.1A) and also when HDAC1 is knocked down in RA FLS using siRNA, HDAC2 expression does not significantly alter (Figure 4.7A). This data suggests that HDAC1 and HDAC2 are not redundant and do not readily compensate for each other’s functions in RA FLS. However, another study investigated HDAC1 and HDAC2 knockdown simultaneously, which caused increased significance in proliferation and apoptosis assays over HDAC1 and HDAC2 knockdown individually in RA FLS (Horiuchi et al. 2009). This suggests that simultaneous HDAC1 and 2 knockdowns have an additive effect over HDAC1 knockdown alone. Repeated in vitro functional studies, for example migration and invasion assays, and in vivo experiments using an arthritic model in which HDAC 1 and 2 are simultaneously knocked down would be useful to carry out. If these show enhanced beneficial effects, then joint HDAC1 and 2 inhibitors may be the optimum way to treat RA.
To determine what gene changes were occurring during the knockdown of HDAC1 and therefore what genes could be involved in the functional changes seen following knockdown, a microarray and RT-qPCRs were run. After HDAC1 knockdown in RA FLS, several interesting functional classes were significantly affected, including proliferation, migration and apoptosis (Table 4.1). Interesting genes dysregulated following knockdown include a downregulation of DNMT1, VEGFA and FGF2 compared to control. To further understand the role of these genes in RA FLS following HDAC1 knockdown, these genes could be knocked down using siRNA individually or simultaneously with HDAC1 and functional assays performed. This would provide a better overall picture of the downstream pathways in RA FLS pathogenesis. Interesting RT-qPCR data showed that IL-6 was significantly decreased following HDAC1 knockdown in RA FLS and TNF was not significantly affected by the knockdown (Figure 4.7B). This data suggests that HDAC inhibitors may provide the benefits of anti-IL-6 therapy, as well as other benefits through the inhibition of more target genes. Perhaps examining the effect of both therapies together could offer an improved patient outcome.  Another set of experiments that could provide interesting data involves determining the exact acetylation changes following HDAC1 knockdown. This could be carried out by mass spectrometry or by looking for specific modification individually, for example histone H3 at lysine 4 (H3K4me3), using chromatin immunoprecipitation experiments. These would provide an insight into the detailed action of HDAC1 on chromatin. Some of the roles of certain chromatin marks have already been elucidated, for example histone H3 lysine 56 acetylation is required for the maintenance of genome stability (Luciano et al. 2015), so determining which marks HDAC1 alter could allow us to more easily identify other pathways that HDAC1 may play a role in. 
Synovial macrophages are known to have previously been reported to increase with disease severity and radiological damage in RA (Mulherin et al. 1996). In relation to HDACs, a study has reported significant reductions of HDAC activity in alveolar macrophages (Cosio et al. 2004). My study showed that HDAC1 protein expression was increased in RA compared to OA and healthy macrophages in synovial tissue samples (Figure 3.6). It would be useful to carry out HDAC mRNA analysis on synovial macrophages however these are very hard to isolate and maintain. 
Using siRNA, HDAC1 could be knocked down in TNF-treated BDMs (Figure 4.9B). Functional studies using these HDAC1 knocked down BDMs included examining apoptosis, which may be increased following knockdown (Figure 4.10); however a larger sample size is needed to determine if this is a significant change. A RT-qPCR was used to determine gene expression changes following HDAC1 knockdown, with the analysed genes showing a trend towards an anti-inflammatory profile (Figure 4.11). Again, further sample numbers are needed to confirm this data. It would be interesting to carry out further functional studies on these macrophages, including microarray analysis to further the preliminary results from the RT-qPCR from this study and see what other gene changes occur due to HDAC1 knockdown. It would be important to determine which macrophage subtype predominates in RA, M1 or M2, as so far only preliminary data has been published (Vandooren et al. 2009) and see if a HDAC1 knockdown could reprogram them to a more M2 phenotype. It would also be interesting to knockdown HDAC1 in a co-culture of RA FLS and macrophages and assess any functional or gene changes in both cell types as a consequence of a more in situ environment.
Due to the recent development of CRISPR/Cas9 technologies, it may also be possible to determine the effect of HDAC1 knockout in RA FLS and MDMs. This approach has also been shown to be successful in primary goat fibroblasts (Ni et al. 2014). This may allow us to see the viability of knockout in human cells, as HDAC1 knockout in mice is embryonic lethal (Lagger et al. 2002).
Given that chapter 4 of this study has highlighted the beneficial effects of HDAC1 knockdown in RA FLS and preliminarily in TNF-treated macrophages, it was important to examine the effect of an in vivo HDAC1 knockdown in a murine arthritis model (CIA). This was chosen due to the lethality of HDAC1 knockout in mice (Lagger et al. 2002). In chapter 5, this study found that siRNA could be successfully distributed to mice (Figure 5.1) and that HDAC1 knockdown was most prominent in the legs, lungs and liver compared to NTC (Figure 5.2). The siRNA was administered 20 days post injection of the collagen to allow examination of HDAC1 knockdown in established disease. Following HDAC1 knockdown, the clinical scores were significantly lower than control mice (NTC and transfection-reagent only) and were equivalent to that of dexamethasone treated mice (Figure 5.3), as well as previously reported pan HDACi treated mice (Nishida et al. 2004; Nasu et al. 2008). However as dexamethasone is known to not be a long term or specific treatment and HDACis have shown to have side effects in clinical use, targeting HDAC1 specifically to improve clinical outcomes may offer an improved solution. To assess the benefit of HDAC1 knockdown, it would important to test the toxicity of prolonged treatment by increasing the frequency of delivery of HDAC1 siRNA, i.e. more similar to the delivery of a clinical treatment. Bone volumes of HDAC1 knockdown mice showed reduced loss compared to controls (Figure 5.5) and again comparable to dexamethasone treated mice and previously reported HDACi treated mice (Lin et al. 2007). The effect of an in vivo HDAC1 knockdown on gene expression revealed that TNF and IL-6 was decreased and IL-10 was increased compared to controls (Figure 5.6). This suggests that HDAC1 knockdown is potentially changing the inflammatory environment to be more anti-inflammatory which is likely to be beneficial for RA patients as these changes may help control RA pathogenesis. It would be interesting to carry out microarray analysis with HDAC1 knockdown mice to determine any other beneficial gene changes that could be occurring and by what pathways the knockdown is acting. Additionally HDAC1 knockdown in CIA resulted in a decreased joint severity score and increased the intact cartilage compared to controls, as assessed by histology (Figure 5.7). Improved joint severity scores had previously been showed using HDACis (Nasu et al. 2008), however this study shows that the improved scores can be maintained for a much longer time frame than that shown by HDACis.
To take these experiments further, it would also be essential to understand if the onset of disease could be reduced by HDAC1 knockdown. To do this, the administration of the siRNA would come earlier in the experimental protocol, before the first injection of collagen. This would help provide key information on whether HDAC1 expression changes are critical to the onset of clinical RA.
It would also be interesting to develop a conditional knockout model of HDAC1 in mice to determine the effect of knockout of HDAC1 in a specific cell lineage, such as fibroblasts and/or macrophages. This would help determine the effects of a complete reduction of HDAC1 in specific cells, i.e. if there are any significant toxic effects seen in these cells, but also determine if a directed therapy is any more beneficial than a simpler systemic treatment.
The result of all this data is that HDAC1 knockdown in vitro and in vivo is beneficial and can improve the RA phenotype. Given that HDACis are pan/class specific inhibitors and therefore have increased off target effects and increased toxicities, the hypothesis is that a HDAC1 specific inhibitor may offer an improved solution to these problems. However, HDAC1 specific inhibitors have not yet been developed. The recently identified crystal structure of HDAC1 may provide an opportunity for molecular differences to be defined and therefore specific inhibitors to be designed. However, there are some HDACis with preferences to HDAC1 and 2, including MRLB-223, SHI-1:2, Mocetinostat and Compound 60, though their roles in RA have yet to be examined. It would be important to see if the same beneficial effects are seen with these inhibitor as are seen with the HDAC1 knockdown in vitro and in vivo.
HDACis have been shown to be effective in in vitro and in vivo RA models but currently no HDACis are used in RA treatment. The benefit of using these small compounds over current therapies is that they are easy to manufacture and can be given orally as opposed to available cytokine inhibitors (antibodies or soluble receptors) which are very expensive and must be given by injection. 
It would also be interesting to determine the effect of clinical drugs such as anti-TNF, anti-IL-6 and methotrexate in combination with a knockdown of HDAC1 in CIA mice to determine if the combination of treatments has a greater beneficial effect on the CIA phenotype.
Overall this study describes novel data into the role of HDAC1 in RA. Its role needs investigating further, particularly important is examining the changes on acetylation status following HDAC1 knockdown in RA FLS in vitro and also examining the effect of HDACis with a preference for HDAC1 and 2 in CIA in vivo. Further, specific HDAC1 inhibitors need to be developed by exploiting structural differences in HDAC proteins. HDAC1 could provide a new drug target for patient treatment. 
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[bookmark: _Toc422241530]Appendix II List of buffers6x Sample buffer
Add 1.2g SDS and 1.2ml 0.5M Tris HCL pH6.8 to 2.1ml dH2O, heat gently until dissolved. Then add 4.7ml glycerol and 500µl 1% bromophenol blue. Finally add 10µl of beta-mercaptoethanol. Aliquot and store at -20°C.

10x Running buffer
Add 30.26g Tris Base to 150.1g Glycine and 10g SDS. Top up to 1 litre with dH2O. Store at room temperature and dilute to 1x for use.

20x TBST
Add 160g NaCl, 4g KCl and 60g Tris Base to 10ml Tween-20. Top up to 1 litre with dH2O and adjust to pH7.4. Store at room temperature and dilute to 1x for use.

5% Milk
Add 5g of skimmed milk powder to 100ml of 1xTBST. Store at 4°C.

1x Stripper buffer
Add 1.52g Tris Base, 1.4ml 2-betamercaptoethanol and 4g SDS and top up to 200ml with dH2O and adjust pH to 6.7. Store at room temperature.

FACs buffer
Add 1ml of FBS to 99ml of ice cold PBS. Use fresh.



Tissue dissociation buffer
Add 0.03g collagenase, 0.3g Dipase and 500µl DNase to 150ml serum-free DMEM media. Use fresh.

EDTA for decalcifying bones
Add 500g EDTA disodium salt and 50g NaOH pellets to 3.5l dH2O. Stir until the solution goes clear.

Sodium citrate buffer
Add 0.76g Tri sodium citrate to 100ml PBS. Sterile filter in tissue culture hood.

10x Erythrocyte lysis stock solution 
Add 89.9g NH4Cl, 10g KHCO3 and 370mg tetrasodium EDTA to 1 litre dH2O. Adjust to pH7.3 and store at 4°C. Use a 1x working solution at room temperature.

10x TAE buffer
Add 48.4g of Tris base to 11.4mL of glacial acetic acid and 20 mL 0.5M EDTA pH 8.0. Top up to 1 litre with dH2O. Store at room temperature and use at a working concentration of 1x.
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Cluster Gene Gene	
  ID Title Fold	
  
change



p	
  value



IFI6 NM_022873.2 Interferon,	
  alpha-­‐inducible	
  protein	
  6 1.36 0.0003
B2M NM_004048.2 Beta-­‐2-­‐microglobulin 1.22 0.0093
DYRK2 NM_003583.2 Dual-­‐specificity	
  tyrosine-­‐(Y)-­‐phosphorylation	
  regulated	
  kinase	
  2 -­‐1.39 0.0003



GSK3A NM_019884.2 Glycogen	
  synthase	
  kinase	
  3	
  alpha 1.23 0.0057
GAPDHS NM_014364.3 Glyceraldehyde-­‐3-­‐phosphate	
  dehydrogenase,	
  spermatogenic 1.21 0.0093
DYRK2 NM_003583.2 Dual-­‐specificity	
  tyrosine-­‐(Y)-­‐phosphorylation	
  regulated	
  kinase	
  2 -­‐1.39 0.0003



TPM1 NM_001018008.1 Tropomyosin	
  1	
  (alpha) 1.21 0.0081
GUCA2B NM_007102.1 Guanylate	
  cyclase	
  activator	
  2B	
  (uroguanylin) 1.22 0.0087
RCAN1 NM_203417.1 Regulator	
  of	
  calcineurin	
  1 -­‐1.24 0.0078



UVRAG NM_003369.3 UV	
  radiation	
  resistance	
  associated	
  gene 1.30 0.0014
MAPK14 NM_139013.1 Mitogen-­‐activated	
  protein	
  kinase	
  14 1.26 0.0043
MBD4 NM_003925.1 Methyl-­‐CpG	
  binding	
  domain	
  protein	
  4 1.26 0.0073
HMGB1 NM_002128.4 High-­‐mobility	
  group	
  box	
  1 -­‐1.23 0.0098
DNMT1 NM_001379.1 DNA	
  (cytosine-­‐5-­‐)-­‐methyltransferase	
  1 -­‐1.26 0.0027



EDA2R NM_021783.2 Ectodysplasin	
  A2	
  receptor 1.40 0.0013



PRDX2 NM_181738.1 Peroxiredoxin	
  2,	
  nuclear	
  gene	
  encoding	
  mitochondrial	
  protein -­‐1.23 0.0083



CLU NM_203339.1 Clusterin 1.25 0.0078
LAMC1 NM_002293.2 Laminin,	
  gamma	
  1	
  (formerly	
  LAMB2) 1.24 0.0039
SOS1 NM_005633.2 Son	
  of	
  sevenless	
  homolog	
  1	
  (Drosophila) -­‐1.23 0.0058
NAMPT NM_005746.2 Nicotinamide	
  phosphoribosyltransferase	
   -­‐1.28 0.0019



COL1A2 NM_000089.3 Collagen,	
  type	
  I,	
  alpha	
  2	
   1.35 0.0022
FBLN2 NM_001998.2 Fibulin	
  2	
   1.31 0.0012
BMP8B NM_001720.3 Bone	
  morphogenetic	
  protein	
  8b	
   1.28 0.0088
COMP NM_000095.2 Cartilage	
  oligomeric	
  matrix	
  protein	
   1.27 0.0032
CLU NM_203339.1 Clusterin	
   1.25 0.0078



VEGFA NM_001025366.1 Vascular	
  endothelial	
  growth	
  factor	
  A,	
  transcript	
  variant	
  1 -­‐1.22 0.0065
FGF2 NM_002006.3 Fibroblast	
  growth	
  factor	
  2	
  (basic) -­‐1.24 0.0062
VEGFA NM_001025367.1 Vascular	
  endothelial	
  growth	
  factor	
  A,	
  transcript	
  variant	
  3 -­‐1.26 0.0085



FOSB NM_006732.1 FBJ	
  murine	
  osteosarcoma	
  viral	
  oncogene	
  homolog	
  B 1.90 8.67E-­‐08
KIAA1199 NM_018689.1 Hyaluronan	
  binding	
  protein 1.34 0.0047
FAM19A3 NM_001004440.1 Family	
  with	
  sequence	
  similarity	
  19	
  (chemokine	
  (C-­‐C	
  motif)-­‐like) 1.32 0.0066
IL1R2 NM_004633.3 Interleukin	
  1	
  receptor,	
  type	
  II 1.22 0.0090
CD59 NM_203331.1 CD59	
  molecule,	
  complement	
  regulatory	
  protein 1.22 0.0093
HAS2 NM_005328.1 Hyaluronan	
  synthase	
  2 -­‐1.32 0.0015
MED28 NM_025205.3 Mediator	
  complex	
  subunit	
  28 -­‐1.60 3.24E-­‐06
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