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Abstract

This thesis aimed to determine the functional genomic changes specific
to Ankylosing Spondylitis (AS) for different disease relevant immune cell
types and relate this to disease associated genetic variants. AS is a highly
heritable inflammatory disease mainly affecting the spine. Functional genomic
approaches at the transcriptomic and epigenetic level in the context of disease
are accelerating the understanding of the functional consequences of genetic
variation, and how this may impact disease susceptibility and aetiology. Disease-
associated genetic variants may be active only in certain cell types; therefore
understanding the underlying functional mechanisms requires investigation in
relevant tissues and cells, and in the disease state. TNF-α inhibition as a current
biologic therapy has proved very effective in the majority but not all AS patients.
To understand this response further, cell type specific changes in treatment
responders were also investigated.

The transcriptomic profile in 15 AS patients with active disease is reported here
for six immune blood cell types (CD4+ and CD8+ T cells, CD14+ monocytes,
CD16+ neutrophils, NK cells and CD19+ B cells) using RNA-seq, in purified cell
types for messenger RNAs, long non-coding RNAs and microRNAs. Enrichment
for NF-κB signalling and HDAC Class I signalling was found across cell types,
most significantly in CD14+ monocytes and CD16+ neutrophils. The gene
expression profile 3 months after commencing anti-TNF therapy is reported
for three cell types, providing insights into the molecular basis of treatment
response. NEAT1, a long non-coding RNA was found to be correlated with
disease activity following anti-TNF therapy (P=0.031) in CD14+ monocytes.

Changes in chromatin accessibility are informative for putative regulatory DNA
elements and may inform hypotheses for molecular mechanisms modulated by
genetic variation. Here, the chromatin accessibility landscapes in 5 AS patients
are established for three cell types using an Assay for Transposase Accessible
Chromatin with high-throughput sequencing (ATAC-seq). In CD14+ monocytes,
437 genes were found differentially expressed in AS patients in both RNA-seq
and ATAC-seq (observed enrichment P=2.2x10−16). Following TNF-α inhibition
therapy, differentially expressed genes in both datasets were found in CD8+ T
cells (P= 0.02). PTGER4, a GWAS reported gene was found down-regulated in
CD8+ T cells from treated AS patients (FDR=0.0002). Integration of ATAC-seq
data with fine-mapped SNPs also revealed a differentially closed chromatin peak
in one patient at rs4672505 (locus 2p15), specifically in CD8+ T cells. This
SNP may explain the association signal found at this locus, with evidence of
regulating B3GNT2. Future work aims to validate these findings in a larger
cohort and collect AS specific epigenetic marks using ChIP-seq, along with
functional validation of rs4672505 using Capture-C and CRISPR.
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Chapter 1

Introduction

1.1 Aims and objectives

The overall aim of this thesis is to understand the cell specific changes in

gene expression and chromatin accessibility occurring in ankylosing spondylitis

(AS). Genome-wide association studies have provided us with a large number

of genetic variants that highlight specific loci implicated in AS pathogenesis.

In combination with the functional genomic approaches adopted in this

thesis, these variants may begin to inform us about the genes and pathways

relevant to the pathogenesis of AS and the molecular mechanisms by which

potential functional variants may act. In this chapter, an overview of current

understanding of AS pathogenesis is presented, together with the genetic basis

of disease and functional genomic approaches to assaying gene expression and

gene regulation.

1.2 Ankylosing Spondylitis

AS is a heritable chronic inflammatory condition affecting the spine and

sacroiliac joints, causing eventual bone apposition, ankylosis (fusion) and loss

of mobility. It is one of a group of disorders described as Spondyloarthropathies

(SpA), which also includes a subset of psoriatic arthritis (PsA), reactive arthritis

(ReA) and spondylitis associated with inflammatory bowel disease (IBD). Men

are three times more likely to be affected with AS than women in Europe, and the
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disease commonly develops between the ages of 15 and 40 (Dean 2016; Brown

et al. 2002).

The prevalence of AS is between 0.1-2%, with the highest frequency in Haida

Americans. Understanding the epidemiology of AS may be important in

understanding any aetiological triggers or risk factors that may be driving the

disease. For example, the Human Leukocyte Antigen B27 (HLA-B27), is a Major

Histocompatibility Complex (MHC) Class I molecule associated with AS, and

is one of the strongest genetic associations to a common disease to date. The

geographic distribution of AS and HLA-B*27 frequency is consistent with this,

as populations with the highest allele frequency of HLA-B*27 have the highest

disease prevalence. One exception to this rule was found among West Africans:

although the percentage of HLA-B*27 positive individuals was high, the risk of

developing AS was much lower than in Caucasians (Brown et al. 1997). This

suggests the presence of a non-B*27 protective genetic factor, or environmental

triggers that may also have a large part to play in AS pathogenesis (Brown et al.

2002; Brown et al. 1997).

1.2.1 Ankylosing Spondylitis and Spondyloarthritis

SpA refers to a spectrum of immune-mediated inflammatory diseases with

overlapping features, which differ from other types of inflammatory arthritis in

genetic predisposition, pathogenesis and outcome. This group of diseases is the

second most prevalent form of inflammatory arthritis, with a prevalence similar

to that of rheumatoid arthritis (Stolwijk et al. 2015b). Collectively, the SpAs may

affect 0.6-1% of the adult US population (Reveille 2011b). This prevalence is

higher in northern populations and lower in Africa (Brown et al. 1997). Many

patients with SpA often exhibit multiple phenotypes over time. Approximately

7% of spondyloarthitis patients often go on to develop gut inflammation and IBD,

especially Crohn’s disease (CD) (Mielants et al. 1995).
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Many AS patients have a similar bowel phenotype to those suffering from CD

(Baeten et al. 2002; Mielants et al. 1995), suggesting that these diseases may be

different manifestations of the same pathophysiological condition. SpAs can be

considered as a single disease due to the sharing of genetic, immunopathological

and structural features (Baeten et al. 2013). SpA subtypes such as IBD and

psoriasis are often found within a single family (Costantino et al. 2017). Recent

studies have demonstrated that the spondyloarthropathies have a large amount

of genetic overlap, and may share mechanisms and pathways linked to cytokine

production, aberrant peptide presentation and the elimination of intracellular

bacteria (Costello et al. 2015; Evans et al. 2011; Kleinschek et al. 2009; Ciccia

et al. 2009). This conclusion is currently incomplete due to the lack of

knowledge around the further cellular and molecular mechanisms that drive

SpA pathogenesis. The differences between peripheral and axial arthritis are

still unknown, but it may be the case that different molecular mechanisms

underlie these subtypes, since peripheral and axial arthritis respond differently

to conventional therapies (Zochling et al. 2006). Classifying diseases based on

phenotypic presentation may limit research into underlying pathophysiology

and the use of effective treatments to specific disease subtypes. If the same

cellular and molecular mechanisms are affecting different organs or tissues, it

may be more beneficial for research and treatments to consider the phenotypes

as belonging to a single disease (Baeten et al. 2013).

1.3 Pathophysiology of Ankylosing Spondylitis

1.3.1 Clinical presentations

AS is an arthritic condition affecting primarily the spine, with onset

predominately in males and usually before the age of 40 (Reveille 2013; Brown

et al. 2002). AS patients also often exhibit extra-axial manifestations, such
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as uveitis, psoriasis, enthesitis and gut inflammation (Stolwijk et al. 2015b).

Some clinical presentations are quite distinct from other related inflammatory

diseases, with the characteristic ”bamboo spine” which occurs due to the bridging

syndesmophyte formation between vertebrae. This causes significant pain,

posture and economic problems to the patient (Boonen and Severens 2002).

1.3.2 Clinical assessment

A major challenge in spondyloarthritis is being able to diagnose or predict the

development of disease. Assessment of disease activity is used to describe the

level of inflammation being experienced, and is most often assessed by the Bath

Ankylosing Spondylitis Disease Activity Index (BASDAI). This index is a self

assessment consisting of a list of six questions, shown in Table 1.1, and is also

the criterion used in the assessment of disease activity for the AS patients in this

study. Other assessment indexes of disease activity also exist, more recently the

Assessment of SpondyloArthritis international Society (ASAS)-endorsed disease

activity score (ASDAS), which was demonstrated to perform better than BASDAI

or single-item variables in discriminating between high and low disease activity

state according to doctors as well as patients (Lukas et al. 2009). However, the

ASDAS was not found to be superior to BASDAI in its ability to discriminate

between high and low disease activity states in axial psoriatic arthritis (Eder et

al. 2010). Disease activity is also often assessed by MRI and radiological scoring

systems (Braun et al. 2002). The Bath Ankylosing Spondylitis Radiology Index

(BASRI) is an index used for grading radiographic changes in patients with AS

(MacKay et al. 1998). AS can also be classified into early or late onset disease

(Montilla et al. 2012; Hmamouchi et al. 2011), although this is often not a criteria

is the diagnosis of AS and disease severity.

4



Introduction

BASDAI

How would you describe the overall level of:

tiredness/fatigue you have experienced?

neck, back or hip pain you have had?

pain/swelling in joints other than the neck, back or hips you have had?

discomfort you have had from any areas tender to touch or pressure?

morning stiffness you have had since the time you wake up?

How active was your spondylitis on average during the last week?

Table 1.1: The Bath Ankylosing Sponsylitis Disease Activity Index (BASDAI). A
validated disease activity index: the criterion is rated on a visual analogue score of 0-
10.

1.3.3 Disease aetiology

AS is characterised as an immune mediated inflammatory disease. The adaptive

versus innate immune response is emerging as an important contributor to the

aetiology of AS and other SpAs (Inman 2009; Masters et al. 2009), and possibly

may have more of a role than adaptive responses (Inman and El-Gabalawy 2009;

Lories and Baeten 2009).

Understanding exactly how HLA-B*27 is directly involved in AS pathogenesis

remains an area of active research despite this genetic association having been

recognised for nearly 40 years. The original observation of HLA-B*27 by

Brewerton and colleagues was reported in 1973 (Brewerton et al. 1973). The

specific subtype showing strongest association varies by population but includes

HLA-B*2705 (Khan et al. 2007; Reveille 2006) (see section 1.5.2). The classical

MHC class I molecules are expressed on almost all nucleated cells, with B*27

being one of the most common B alleles in caucasians (Bowness 2015). The main

function of HLA-B*27 is antigen presentation to the T cell receptor of cytotoxic
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CD8+ T cells. The original hypothesis of HLA-B*27 induced SpA is that the

disease is mediated by CD8+ T lymphocytes responding to peptides presented by

HLA-B*27 molecules (Benjamin and Parham 1992; Benjamin and Parham 1990;

Schlosstein et al. 1973). There are four independent theories that may begin

to explain its role in disease: arthritogenic peptide hypothesis, endoplasmic

reticulum (ER) stress, cell surface free heavy chain recognition and microbial

dysbiosis, with each theory having supporting and contrary evidence (Bowness

2015).

Acute and chronic gastrointestinal inflammation has been demonstrated to be

present in approximately half of all AS patients (Van Praet et al. 2013), which

is in addition to the previously mentioned fact that AS and CD often occur

together (Mielants et al. 1995). There is evidence for the role of bacterial

infection in developing reactive arthritis (Leirisalo-Repo et al. 2003), and that

environmental factors as well as a genetic predisposition may be involved in

the development of SpAs. This suggests that gut inflammation may be an auto-

inflammatory stimulus that may drive part of the disease. HLA-B*27 may be

involved in altering the gut microbiome (Rosenbaum and Davey 2011), as recent

studies in HLA-B*27 transgenic rats have shown alterations in the handling of

intestinal flora (Lin et al. 2014), that may permit the development of a chronic

inflammatory state. Recent evidence that SpAs are governed primarily by innate

immunological abnormalities suggests that the disease may occur due to a lack

of protection against microbial pathogens in the gut, perhaps due to changes in

gut permeability (Arrieta et al. 2006). There are links between gut and joint

inflammation in patients with AS, with clinical remission being associated with

normal gut histology and chronic inflammatory lesions being risk factors for the

development to AS (Mielants et al. 1995). Genetic factors associated with IBD,

including NOD2 and CARD9 (CARD9 is also associated with AS), also participate

in the response to microbial products (Zhernakova et al. 2008; Waterman et al.
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2011), suggesting a role for the innate immune response. In a recent study, AS

variants have shown enrichment in regulatory regions in gut cell types and gene

ontology enrichment analysis identified microbes and the gut in the aetiology of

AS (Li et al. 2017c), further highlighting the potential involvement of the gut

microbiome in disease pathogenesis.

AS patients frequently demonstrate new bone formation and ankylosis of the

spine. New bone formation is also a feature of other SpAs such as PsA,

and therefore are likely to be driven by the same molecular pathways. The

molecular mechanisms driving these changes are yet to be fully understood,

meaning that current therapeutics such as TNF-blockers may be ineffective at

reducing skeletal structural damage. Genetic associations related to radiographic

severity in AS demonstrated an association with RANK, a gene involved in

osteoclastogenesis and in the interaction between T cells and DCs and PTGS1,

involved in the prostaglandins pathway (Cortes et al. 2015b). Drugs to retard

the osteoproliferative processes in AS may assist in slowing down radiographic

progression that are not targeted by current treatments. The vitamin D3

metabolite -(23S,25R)-25-hydroxyvitamin D3 26,23-peroxylactone was found

down-regulated in AS patients in comparison with healthy controls, which may

also contribute to skeletal changes in AS (Fischer et al. 2012).
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1.3.4 Cells types involved in AS pathogenesis

Figure 1.1: Diagram of cells in the innate and adaptive arms of the immune system.
Diagram reproduced from (Dranoff 2004).

A number of cell types within the innate and adaptive arms of the immune

system are believed to be important in AS pathogenesis, including monocytes, T

lymphocytes and natural killer (NK) T cells (Bautista-Caro et al. 2013; Conigliaro

et al. 2011; Wright et al. 2009). The innate immune system is able to trigger

a rapid immune response by immediate recognition of pathogens, and the

adaptive immune system is able to form long-term memory and antigen specific

responses (Borghesi and Milcarek 2007). The cell types most relevant for AS

pathogenesis are currently not completely described, due the limited knowledge

of AS aetiology.

Certain genetic variants or single nucleotide polymorphisms (SNPs) may only

exert their effects in a specific cell type, and under a specific environment such as

a chronic inflammatory state. The expression of genes that specify cell function

are associated with densely spaced clusters of active enhancers known as super-

enhancers, that are highly cell type specific (Heinz et al. 2015). The majority of

gene expression studies in AS to date have been carried out in peripheral blood

mononuclear cell (PBMC) populations rather than isolated cell types, giving us a
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limited understanding of how individual immune cell types may be contributing

to disease (Pimentel-Santos et al. 2011; Assassi et al. 2011; Smith et al. 2008;

Duan et al. 2010; Gu et al. 2009; Gu et al. 2002).

Monocytes are a crucial component of the innate immune response, which

is emerging as having an important role in AS pathogenesis. Activation of

monocytes results in various cellular functions such as chemotaxis, antigen

presentation and the differentiation to macrophages and dendritic cells (DCs).

Monocytes from AS patients have been shown to express elevated levels of

proteins involved in inflammation compared with monocytes from healthy

controls and also significant changes in protein expression within the ubiquitin

proteasome pathway (UPP) (Wright et al. 2009). Monocyte-derived DCs revealed

an altered function and gene expression pattern in HLA-B*27 axial SpA patients,

with decreased stimulatory capacity of CD4+ T cells (Talpin et al. 2014). IL-23,

which is involved in the UPR is also present in macrophages and dendritic cells

(Abraham and Cho 2009). In the inflamed mucosa, CD14+ macrophages produce

IL-23, TNF-α and stimulate the induction of the Th17 response.

IL-23 promotes the expansion of Th17 cells, which are a subset of CD4+ effector

cells recognised to be the main source of IL-17 (Langrish et al. 2005; Park

et al. 2005a). IL-17, when produced in excess, is known to contribute to

chronic inflammation and inflammatory diseases, therefore acts as an attractive

therapeutic target (Beringer et al. 2016). A positive correlation between

circulating Th17 cells and BASDAI was observed in AS (Bautista-Caro et al.

2013), and the frequencies of IL-17 positive CD4+ T cells were increased in

PBMCs from patients with AS and patients with RA, resulting in secretion of

higher quantities of IL-17 (Shen et al. 2009). Th17 cells may be one principle

driver of inflammatory disease, rather than the Th1 subset of T cells producing

IFN-γ as previously thought (Shen et al. 2009).
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There is a large body of evidence for the involvement of the adaptive immune

system in AS. The association with ERAP1 and HLA-B*27 antigen presentation

and peptide processing demonstrated impaired CD8+ T cell responses in mice

(Hammer et al. 2006). The synovium and cartilage of AS patients have been

shown to contain aggregates of T cells and B cells, suggestive of a role in disease

aetiology (Revell and Mayston 1982; Voswinkel et al. 2001). The prevalence of

Th2 and Th17 cells responsible for the regulation of adaptive immunity was

higher in AS peripheral blood than in healthy controls (Szalay et al. 2012), and

elevated IgA levels have also been reported in AS patients (Veys and Leare 1973;

Cowling et al. 1980). B cells were shown to be involved in gastrointestinal

health by producing IgA and IgM which may help to protect the epithelial barrier

(Takahasi et al. 1990; Brandtzaeg 2007).

NK cells have important roles in the innate immune response by defending

against microbial pathogens, but are also crucial in their ability to influence the

differentiation of adaptive immune responses (Orange and Ballas 2006). The

presence of certain allotypes of the killer cell immunoglobulin-like receptors

(KIR) superfamily, such as KIR3DL1 (Zvyagin et al. 2010), may modulate

susceptibility to AS and PsA, suggesting an important role for NK cells in the

SpA pathogenesis. NK cells of SpA patients have been shown to produce Th1

cytokines, and are involved in bone damage and in the activation of dendritic

cells and resident fibroblast-like synoviocyte cells (Conigliaro et al. 2011). HLA-

E, the ligand for the NKG2A receptor, was found to be associated with AS in

a Sardinian population, suggesting that NK activity is possible player in the

pathogenesis of AS (Paladini et al. 2009). However, there are many conflicting

studies about the role of NK cells in SpA pathogenesis (Park et al. 2009; Spadaro

et al. 2004), driving the need for more specific and focused studies.

Neutrophils are the most abundant cell types in the immune system, where they

are rapidly recruited to sites of infection (Kruger et al. 2015). They play an

10



Introduction

essential role in proper resolution of inflammation, but inefficient regulation can

trigger positive feedback loops that promote neutrophil activation and a chronic

disease state. Th17 cells are able to recruit neutrophils by producing IL-17 and

the neutrophil chemoattractant CXCL8, which in return recruit Th17 cells via

release of the chemokines CCL20 and CCL2 (Pelletier et al. 2010). Neutrophil

lymphocyte ratio (NLR) has emerged as a valuable and reliable method for

follow-up of systemic inflammatory disease, and neutrophil counts were found

to be significantly higher in AS patients compared with healthy controls (Mercan

et al. 2016). A positive correlation between the NLR and BASDAI was observed,

suggesting that the NLR may be a simple and inexpensive marker to indicate

disease activity in patients with AS (Kucuk et al. 2015). Further studies are

required to understand neutrophils mode of action in AS and related diseases.

1.3.5 Therapeutic interventions

Treatment for AS is currently aimed at disease management and prevention

of clinical deterioration. No therapies in current use are designed to cure or

reverse disease processes. Non-steroidal anti-inflammatory drugs (NSAIDs),

glucocorticoids and disease-modifying anti-rheumatic drugs (DMARDs) are

traditionally used in the treatment of autoimmune inflammatory diseases.

However, there are various toxicities associated with these drugs (Li et al. 2017a),

along with concerns that treatment with NSAIDs may cause gastrointestinal

toxicity in AS patients who are at risk of an underlying bowel inflammation

(Rudwaleit and Baeten 2006).

The recent discovery of anti-TNF therapy has produced 5 TNF-α inhibitors

in the last two decades (infliximab, adalimumab, etanercept, golimumab, and

certolizumab pegol), and has revolutionised treatment options for patients with

AS (Monaco et al. 2015). These belong to the biologics class of drugs, working

to regulate the immune system in a similar way to natural substances. These
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differ in their molecular structure and administration, of which only infliximab

is administered intravenously. Efficacy has been demonstrated for both PsA and

axial SpA (Ritchlin et al. 2009; Atteno et al. 2010; Baraliakos et al. 2012; Migliore

et al. 2012), and they are usually administered after NSAID failure or in the

case of highly active disease (Baraliakos et al. 2012). Patients with peripheral

joint involvement may also need treatment with DMARDs in case of intolerance

to TNF-α inhibition (Braun et al. 2011; Ward et al. 2016). 40% of patients do

not respond to anti-TNF therapies (Roda et al. 2016), and there is a lack of

evidence that TNF blockers actually prevent disease progression (Anandarajah

and Ritchlin 2005; Rudwaleit et al. 2004). There is no effect of anti-TNF therapy

on the newly described IL-23/IL-17 axis in AS, which may begin to explain

the lack of efficacy in preventing longer-term disease deterioration in a large

majority of patients (Milanez et al. 2015). Side effects of TNF blockade are not

uncommon, with notably increased susceptibility to infection, and can also result

in the development of further inflammatory diseases, such as susceptibility to

psoriasis (Askin et al. 2017), and new manifestations of IBD with etanercept use

(Sandborn et al. 2001; Song et al. 2008). Overall there is a marked improvement

in many clinical symptoms of AS when treated with TNF-α inhibitors (Sieper and

Poddubnyy 2016). The new molecule IL-17A inhibitor secukinumab, is the first

approved non-anti-TNF-α biologic for use in AS (Lubrano and Perrotta 2016),

providing an alternative treatment pathway in multiple inflammatory diseases.

1.4 Genetic variation and disease

Genetic variation may contribute to a large majority of disease phenotypes.

Understanding the functional consequences of this variation is important for

developing novel targeted therapeutics based the molecular mechanisms of the

particular disease or disease subtype in question.
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1.4.1 Types of genetic variation

Genetic variation across the genome can be either single nucleotide

polymorphisms (SNPs) or structural variants such as insertions and deletions

(INDELs), which include copy number variants (CNVs). SNPs are the most

common type of genetic variation, and can either be a substitution, insertion or

a deletion (Ku et al. 2010). The relevance of a genetic variant depends on its

location (Haraksingh and Snyder 2013). If located within the coding portion of

the genome, a variant may lead to a change in the amino-acid sequence of the

protein it codes, known as a non-synonymous mutation. Coding variants can also

lead to different isoforms of the same gene due to difference in transcription start

sites, protein coding DNA sequences or untranslated regions (UTRs). Coding

variants with no effect are known as synonymous. The majority of genetic

variation lies within the non-coding regions, either within a gene intron or

between genes (intergenic).

1.4.2 Regulatory variants

Non-coding variants may have a functional effect in regulating gene expression

through a variety of mechanisms. Regulatory variants have been shown to

explain higher trait heritability than coding variants across 11 common diseases

included in the Wellcome Trust Case Control Consortium (WTCCC) genome

wide association study (GWAS) (Gusev et al. 2014). Mapping gene expression as

a quantitative trait (eQTL), can reveal genetic variation associated with a change

in expression, therefore linking a set of variants to a gene. eQTLs can either

show association with a gene locally (cis-acting), that are within 1Mb on the

same DNA strand, or those that demonstrate association to a distant gene (trans-

eQTL). Large eQTL datasets in a variety of tissues are extremely useful resources

in the investigation of a SNPs effect on gene expression across different cell types,
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such as the Genotype-Tissue Expression (GTEx) project, reporting 44 tissues with

eQTL analysis (Carithers and Moore 2015).

It has been demonstrated that variants may only affect expression under certain

physiological conditions (Fairfax et al. 2014), with eQTLs varying in effect size

across cell type (Fairfax and Knight 2014). To enhance our understanding

of non-coding variation, large scale projects such a the Encyclopedia of DNA

Elements (ENCODE) Project Consortium (Dunham 2012), the NIH Roadmap

Epigenomics Mapping Consortium (Bernstein et al. 2010) and BLUEPRINT

Consortium (Adams et al. 2012), have begun to systematically annotate non-

coding regulatory regions using various biochemical assays, in a large number

of cell types and tissues. The identification of functional variants by overlap

with regulatory annotation is particularly useful for GWAS loci with multiple

disease associated variants due to linkage disequilibrium (LD). The genomic

annotations can be used for global GWAS analysis to identify relevant non-coding

annotations, biological pathways and causal variants (Ward and Kellis 2012a;

Paul and Beck 2014).

There are many useful bioinformatic tools that enable us to determine whether a

variant may have a functional potential. One such tool is RegulomeDB (Boyle et

al. 2012), which includes experimental data from ENCODE and other sources, as

well as computational predictions and manual annotations. These data sources

are combined into a powerful tool that scores variants to help identify functional

variants and their putative regulatory role. The integration of different datasets

aiming to annotate the functionality of the genome can be achieved by using

ChromHMM (Ernst and Kellis 2012), to systematically annotate the chromatin

state based on a multivariate Hidden Markov Model. These chromatin state

maps are already available for a number of cell types and tissues, enabling

rapid predictions on variant functionality (see Section 1.8.4). One example

of a functional follow up study is the AS associated IL23R-IL12RB2 intergenic
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region, in which epigenetic and transcription factor (TF) binding data was used to

identify the probable causal SNP, of which downstream functional analysis was

performed using luciferase reporter constructs, mRNA and TF binding assays.

Reduced luciferase and H3K4me1 methylation was seen for the risk allele, along

with reduced binding of nuclear extract, but there was however no effect on gene

expression levels (Roberts et al. 2016). This may indicate that the regulatory

element containing the AS associated SNP may be an enhancer for other genes,

which may be determined by using chromatin conformation capture assays such

as Capture-C (Hughes et al. 2014), or that there is a more complex disease

mechanisms at play.

1.5 Genetics of AS

A large amount of progress has been made in the last decade in beginning to

understand the genetics of AS, leading to new advances in disease pathogenesis,

and the identification of possible more effective treatments.

1.5.1 Heritability of AS

The genetic component of the disease is relatively high. Family and twin studies

have demonstrated that AS is highly heritable with the risk of disease in first-

degree relatives of AS cases being >52 times that of unrelated subjects (Brown et

al. 2000). The reoccurrence risk in monozygotic twins is 63% and in first degree

relatives 8.2% (Brown et al. 2000). SpA subtypes also aggregate in families,

suggesting a strong overlap between the genetic factors in these diseases, with

articular and extra-articular features often segregating together (Baeten et al.

2013).
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1.5.2 MHC genetics

HLA-B*27, a class I surface antigen encoded by the B locus on the MHC, is the

most strongly associated genetic factor to AS in which over 100 subtypes have

been identified. The association of B*2705, B*2702 and B*2704 with AS has been

proven in case-control studies (MacLean et al. 1993; Lopez-Larrea et al. 1995).

Associations in other subtypes still remain unclear (Garcia et al. 1998; Armas

et al. 1999; Garcia-Fernandez et al. 2001; Tamouza et al. 2001). HLA-B*27 is

thought to explain approximately 40% of the genetic heritability to disease, and

is already implemented as a diagnostic factor (Reveille 2011a). However, 95%

to 99% of HLA-B*27 positive individuals remain healthy, suggesting that other

MHC or non-MHC genetic loci are also driving AS pathogenesis (Gonzalez et al.

1999). Individuals who are HLA-B*27 positive often have an association with the

gene ERAP1, known to be involved in MHC peptide processing and presentation

(Evans et al. 2011), although recent evidence has also found ERAP1 associations

in HLA-B40 individuals (Cortes et al. 2015a). Homozygosity for HLA-B*27 may

increase the risk of developing AS (Jaakkola et al. 2006).

The MHC region is extremely gene dense, with many of its genes having

an immunological function and the majority of immune-mediated diseases

having an association with HLA. Genetic susceptibility discovery in the MHC is

confounded by the complex LD structure known to exist in this region. Genetic

associations with AS have been found to involve MHC associations outside of

the B*27 locus, such as with HLA-E in a Sardinian population (Paladini et al.

2009). However, non HLA-B*27 studies still remain inconclusive, with one study

suggesting a region spanning 270 kb of chromosome 6 and containing 23 genes,

may include genes involved with susceptibility to AS (Sims et al. 2007). MHC

associations can also be considered complex, involving multiple HLA and non-

HLA associations, as identified by GWAS (Brown et al. 2015).
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1.6 Genome Wide Association Studies

GWAS have become an important tool in the identification of novel variants that

may influence the risk of developing common disease. The concept of GWAS

is to analyse a set of genetic variants, most often SNPs and INDELs, using tag

SNPs as markers to represent an area in the genome, due to the principle of

LD and haplotype blocks (Visscher and Hill 2009). These tag SNPs are used

to genotype thousands of individuals using a genotyping array, with the aim

to identify genetic differences between groups of individuals such as diseased

and healthy. GWAS rely on the Common Disease Common Variant (CDCV)

hypothesis, which states that genetic variation with appreciable frequency in the

population but relatively low penetrance in disease, are the major contributors to

genetic susceptibility to common diseases (Schork et al. 2009). Most typed SNPs

are relatively common, with a minor allele frequency (MAF) >5%, and therefore

if associated with disease have only a modest effect with odds ratios (ORs) often

between 1.1 and 2. These variants are most likely to act with an accumulation

of other common risk variants. The Common Disease Rare Variant (CDRV)

hypothesis, on the other hand, suggests that rare variants with high penetrance

may be the major contributors to common disease due to their stronger effect

on disease phenotypes, and therefore less common in the population due to its

depletion by natural selection (Schork et al. 2009).

GWAS in AS have resulted in the identification of genes that would not have been

identified through hypothesis driven research, such as the role of genes relating

to barrier functions in the gut and the defence against microbial pathogens

(Evans et al. 2011; Cortes et al. 2013). A very large number of association tests

are required, and the power to detect associations will increase with sample size.

Stringent criteria for significance are also required, with a P-value of less that

5 x 10−8 being a standard threshold. GWAS are now also beginning to include

17



Introduction

structural variants, such as the Immunochip which contains 718 small insertion-

deletions (Trynka et al. 2011; Cortes and Brown 2011).

Challenges in GWAS studies

Aside from the limited power GWAS have to detect rare variants, a number of

other limitations also affect GWAS. Many of the common disease associations

identified with GWAS approaches localise to the non-coding portion of the

genome such gene deserts or introns. Coding SNPs represent only a small amount

of the GWAS signals, often meaning the specific genes that are being regulated

are unknown. The LD within the region also means that it is not possible to

fine-map the exact causal variant underlying the association.

GWAS have only been able to explain a small amount of the genetic component

for the majority of common diseases, leaving a large amount of the disease

heritability unexplained. This is often referred to as the missing heritability,

and there are a number of hypotheses to explain why this may occur (Blanco-

Gomez et al. 2016; Eichler et al. 2010). One reason may be that rare and

structural variants are poorly captured by existing genotyping arrays, which are

are believed to have larger effect sizes in disease. Epistatic interactions (gene-

gene) may also play a role, and remain largely undetected by current studies.

Imprecise phenotyping and entry criteria into case-control studies may also

reduce the effect sizes, and fail to capture the true genetic variants associated

with the disease of interest. There may also be a difference in the genes affecting

susceptibility to disease within the group, meaning that the power estimates

to detect these associations may be wrong (Glazier et al. 2002; Maher 2008;

McCarthy et al. 2008; Schork et al. 2009; Manolio et al. 2009).

The problem of missing heritability may be overcome by increasing sample sizes,

and improving genotyping arrays to include further structural and rare variants.

However it may be the case that exome sequencing and family studies may
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become more important than GWAS in this endeavour (Costantino et al. 2017).

Resequencing of GWAS loci may be required to identify these rare variants with

a larger effect size. An example of this was performed by Rivas et al at the

CARD9 locus, where a protective rare splice variant was identified that was not

described through previous GWAS studies in AS, CD or UC. Deep resequencing

of 131 CD associated genes was also able to confirm three reported variants and

identified eight novel variants, providing new insights into CD that would have

been unavailable using GWAS alone (Hong et al. 2016).

1.6.1 Fine-mapping methods

Associated variants identified through GWAS may not be the causal SNP due to

the inheritance of many closely linked SNPs in a haplotype block. Identifying

the most strongly associated SNPs with disease at a locus can aid in discovery

of disease mechanisms, such as how a SNP may be regulating a candidate

gene. The goal of fine-mapping analysis is to identify a minimal set of SNPs

that includes the causal variant(s), therefore minimising the genomic interval

identified through GWAS. Fine-mapping requires the generation of a large

variant set that should in theory include the causal variant, either genotyped

or imputed. High density genotyping arrays such as the Immunochip (Cortes

and Brown 2011) are cost effective, and the genotyping data can be imputed in

publicly available large-scale sequencing panels such as 1000 Genomes Project,

offering near complete coverage of variants with MAF >1% in multiple ancestry

groups (Abecasis et al. 2012; Auton et al. 2015). An example of a fine-mapping

analysis conducted using Immunochip data was recently carried out in AS using

an approximate Bayesian approach (Wakefield 2007), leading to an improvement

in causal variant identification, with seven out of twenty-six AS loci fine-mapped

to less than ten variants in a credible set (Bunt et al. 2015). Bayes factors provide

a measure of the strength of the association, and the credible sets generated
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provide an estimate of the probability for each SNP to be causal, known as

the Posterior Probability (PP), and assumes the hypothesis of only one causal

variant at each locus. Conditional analysis can be performed at loci with multiple

association signals, prior to credible set generation (Bunt et al. 2015). The 99%

credible set represents the variants that collectively capture 99% of the PP at the

locus. Comparing the credible set generation using the approximate Bayesian

approach resulted in a much better refinement than by taking all SNPs in LD

(e.g. r2 >0.8), leading to a reduction in false-positives (Bunt et al. 2015).

A useful addition to fine-mapping approaches are trans-ethnic fine-mapping

meta-analyses, which aim to discriminate differences in LD patterns between

common SNPs in different populations (Wu et al. 2013; Mahajan et al. 2014). The

haplotype diversity in the different populations was shown to improve credible

set generation by using the Yoruba (YRI) component of the 1000 Genomes (Bunt

et al. 2015). Overlap with disease-relevant tissue regulatory annotations can

also be used to further refine the causal variant from the credible set (Vecellio

et al. 2015; Roberts et al. 2016). The inclusion of genome-wide functional

annotation as functional priors in the fine-mapping framework was also shown to

improve fine-mapping results via the approximate Bayesian approach (Bunt et al.

2015). Another recent fine-mapping approach called probabilistic identification

of causal SNPs (PICS), involved development of an algorithm to estimate the

probability of a SNP to be causal given the haplotype structure and pattern of

association at each locus (Farh et al. 2015). They used this approach to look at

cell type specificity for the PICS SNPs by annotating the SNPs with cis-regulatory

elements from 33 different cell types. AS PICS SNPs were found to be enriched

in cis-regulatory elements for colonic mucosal, duodenum mucosal, monoctytes

and various T cell subtypes, therefore informing follow up studies of possible

relevant tissues. There is now the possibility to scale up functional experiments

using massive parallel reporter assays, which would allow screening of a large
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number of associated variants in a high-throughput manner (Inoue and Ahituv

2015), so that larger credible sets, or taking all candidate variants for functional

follow-up would be feasible.

The generation of whole genome sequencing data may offer the most accurate

analysis scheme for fine-mapping, but these datasets are currently small and

therefore lack power to discriminate between variants in high LD. Resequencing

of GWAS loci is one of the most accurate ways to catalogue common and rare

variants (e.g. (Rivas et al. 2011)), but this method currently lack cost effectiveness

due to the large sample size required to detect small effect sizes.

1.6.2 The role of GWAS data in highlighting immune-mediated

disease causing loci

GWAS are a powerful tool for the investigation of disease aetiology in common

complex traits, providing new insights into potential disease mechanisms. In

the case of AS, there have been four major GWAS studies published, identifying

at least 43 independent genetic signals (Table 1.2) which have highlighted

the importance of non-MHC loci. The most recent association study is the

Immunochip, a microarray SNP genotyping chip informed by previous GWAS

and deep sequencing data from various autoimmune and inflammatory diseases.

It demonstrated that 4.3% of AS heritability is explained by loci outside of the

HLA-B region. The specific role of the Immunochip was deep replication of

previous GWAS data, and fine mapping of confirmed susceptibility loci. A

cross-disease meta analysis (Ellinghaus et al. 2016) has increased this number

to 113 independent AS associated loci. These include genes relating to the IL-23

pathway, such as IL23R and IL6R, peptide handling and presentation involving

ERAP1, and activation and differentiation of T lymphocytes including RUNX3

and ZMIZ1. These genes are only selected by proximity to the variants, and

genes unknowingly regulated at a distance are not included in the genes and

21



Introduction

pathways described. Genome-wide studies looking at CNVs may also be able

to identify further variation, such as a study by Jung et al, of which 227 CNV

regions were shown to be significantly associated with the risk of AS, 9 of which

were successfully replicated (Jung et al. 2014).

One important insight from GWAS is that the vast majority of associated genetic

variants fall into non-coding portions of the genome, and likely impacting the

regulation of gene expression. It was shown that only 12% of SNPs derived from

151 GWAS are located in protein coding regions, with 80% falling into introns or

intergenic regions (Hindorff et al. 2009). This makes variants identified through

GWAS difficult to interpret.

GWAS study Sample size Ethnicity Genes

(AS vs Controls)

(Burton 2007) 922 vs 1466 British ERAP1, IL23R

WTCCC/TASC

(Reveille 2010) 2,053 vs 5,140 European 2p15, 21q22, ERAP1

TASC N. American ANTXR2, IL23R, IL1R2

(Evans et al. 2011)* 1,787 vs 4,800 European RUNX3, TNFRSF1A-LTBR

TASC/WTCCC2 CARD9, TBKBP1, PTGER4

(Cortes et al. 2013) 10,619 vs 15,145 European IL6R, FCGR2A, UBE2E3

IGAS Asian GPR35, ZMIZ1, BACH2

SH2B2, NOS2, TYK2

NKX2-3, IL27, ICOSLG

Table 1.2: Summary of GWAS studies in AS (Burton 2007; Reveille 2010; Evans et al.
2011; Cortes et al. 2013). WTCCC= Wellcome Trust Case Control Consortium, TASC=
The Australo-Anglo-American Spondyloarthritis Consortium, IGAS= International
Genetics of Ankylosing Spondylitis Consortium. Some of the genes associated with novel
findings from each study are listed. * This study demonstrated the epistatic interaction
between HLA-B*27 and ERAP1.
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Shared autoimmune risk loci in SpA

One major role of the Immunochip was to facilitate and enable comparison of

the genetic architecture between different immune mediated diseases (Parkes et

al. 2013). GWAS have provided evidence for both shared and distinct genetic

associations between the SpAs, highlighting a number of important pathways

that may provide future opportunities for a more targeted approach to treatment.

A systematic comparison between AS and PsA, for example, reveals similarities

and differences, with each genetic factor bearing a relatively weak impact on the

predisposition to SpA, but are indicative of shared pathways between different

phenotypes (Baeten et al. 2013). Many of these shared associations may have

different directional effects, such as the associated variants at locus 12p13 in AS

and MS (Cortes et al. 2013; Gregory et al. 2012). The ImmunoBase web based tool

enables cross comparison of associated variants with up to 20 immune mediated

diseases (http://www.immunobase.org).

Ubiquitination, peptide processing and antigen presentation

ERAP1, associated with AS, psoriasis, and Crohn’s disease, has been shown to

interact with multiple HLA class I alleles. Epistasis (which refers to an action

of a gene upon another) has been demonstrated with ERAP1 and HLA-B*27 and

HLA-B40 in AS, and HLA-Cw6 in psoriasis - suggesting that this interaction is

critical to these diseases (Evans et al. 2011; Cortes et al. 2015b; Strange et al.

2010). ERAP1 is an aminopeptidase, responsible for trimming peptides prior to

presentation by HLA class I molecules. Other aminopeptidases thought to be

associated with disease are ERAP2 and NPEPPS (Cortes et al. 2013). There are

3 haplotypes at the ERAP1 locus associated with AS (Costantino et al. 2015),

which are most likely to be attributable to common ERAP1 haplotypes and

haplotype combinations (Roberts et al. 2017). One haplotype is tagged by the

nonsynonymous SNP rs30187 which is believed to affect the enzymatic activity
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of ERAP1, and another by rs10050860. There may also be SNPs affecting gene

regulation of ERAP1 transcription (Harvey et al. 2009; Costantino et al. 2015).

This association suggests that the HLA-B*27 association is operating through

aberrant processing of antigenic peptides (Evans et al. 2011).

Gut mucosal immunity and maintenance of barrier function

The genetic overlap between AS and IBD has been demonstrated multiple times,

including the 1q32 locus and STAT3 associations (Danoy et al. 2010), and 20

other AS associated loci also shared with the same directional effect (Parkes et

al. 2013; Cortes et al. 2013; Jostins et al. 2012). These associations suggest an

important role of mucosal immunity and bacterial sensing, but also a role for

IL-23 signalling, as IL-23 production was seen to be increased in the terminal

ileum of AS patients (Ciccia et al. 2009). Gut dysbiosis has been demonstrated

in AS patients (Costello et al. 2015), suggesting that the pathogenesis of AS may

be influenced by the gut microbiome, possibly by triggering IL-23 production.

Genes involved in the innate response to pathogens (CARD9), and in bacterial

sensing (GPR35, GPR65 were found associated with AS (Evans et al. 2011; Cortes

et al. 2013)).

IL-23 and IL-17 pathways

The IL-23 pathway is thought to be a main driver in AS pathogenesis, and the

association in the IL23R region is among one of the most prominent genetic

predispositions to SpA, shared with a number of other immune mediated

diseases. The Arg381Gln polymorphisms in the IL23R is known to reduce risk of

AS and other diseases such as CD, UC, RA and psoriasis (Abdollahi et al. 2016),

decreasing sensitivity to IL-23 by reducing its efficiency in signalling through

the JAK/STAT pathway (Oliver et al. 2007). IL-23 is not associated with non-

radiographic forms of SpA, and SNPs in the IL23R may affect disease severity
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rather than disease susceptibility (Costantino et al. 2017). The IL23R is most

highly expressed on activated T cells, NK cells and more sparingly on monocytes,

and its expression can be modulated by a number of factors such as IL23 and

TGF-β. The IL23R is involved in CD4+ T cell differentiation into Th17 cells,

which are critical for host defence as well as inflammatory disease, and Th17

activation can in turn modulate IL23R expression.

Th17 T cells are the main producers of IL-17, and there is evidence of the IL-

23/IL-17 axis role in driving intestinal inflammation (Ahern et al. 2010). Linkage

at the IL23R and IL17A gene region was found to increase UC risk, suggesting the

effect of a gene-gene interaction (Yu et al. 2012). Th17 cells together with IL-17+

CD8+ T cells can secrete high amounts of IL-17, contributing significantly to the

cytokine production responsible for the disease microenvironment (Cosmi et al.

2008; Kleinschek et al. 2009). Several strategies targeting Th17 responses in AS

have proven promising, and sucukinumab is now the first IL17A inhibitor for use

in AS (Lubrano and Perrotta 2016). Ustekinumab (a monoclonal antibody against

the p40 subunit of IL-12 and IL-23) resulted in a 50% improvement in BASDAI

score in 55% of patients followed in an open non-randomised study for a 24 week

period (Poddubnyy and Rudwaleit 2012).

TNF signalling

A number of associated variants have implicated genes involved in TNF

signalling in AS, and the effective use of TNF-α inhibitors in treating AS has

highlighted the role of TNF mediated pathology. TBKBP1, an associated gene

(Cortes et al. 2013) is an adaptor protein that binds to TBK1, a kinase in the

TNF signalling that plays a role in innate antiviral immunity (Fitzgerald et al.

2003), and is part of the TNF interaction network (Bouwmeester et al. 2004).

TBKBP1 also interacts with the ubiquitin-dependent autophagy receptor NDP52,

limiting the growth of ubiquitin-coated bacteria in the cytoplasm (Thurston et al.
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2009). Two GWAS signals were identified at locus 12p13, with the primary signal

associated with TNFRSF1A, and is in strong LD with an MS associated SNP. This

SNP is a splice variant, known to result in the loss of the transmembrane domain

of this receptor (Gregory et al. 2012), and can mimic TNF blocking therapies.

Intergenic regions

GWAS variants are often enriched in non-coding regions, and associations within

gene deserts have been found at loci 2p15 and 21q22. The closest gene to locus

2p15 is B3GNT2, also shared with psoriasis (Tsoi et al. 2012). The association

at locus 21q22, shared with CD and UC and a number of other diseases, is

proximal to a number of gene candidates, including PSMG1 and the TF ETS2.

However these genes are yet to be confirmed to have a pathogenic role in AS.

One unpublished study found two completely novel long non-coding RNAs

(lncRNA) expressed from the 21q22 region, which were up-regulated in AS cases.

Their up-regulation was demonstrated in the FANTOM5 atlas of human gene

expression almost exclusively in CD14+ monocytes, and may suggest a novel

potential mechanism of microbial-induced CD14+ monocyte expression of the

21q22 transcripts (Haynes and Thomas 2014).

1.6.3 Non-GWAS and linkage studies

Linkage studies in AS and SpAs have identified genes and polymorphisms in

non-MHC loci not identified through GWAS. A meta-analysis of four whole

genome linkage scans demonstrated linkage to a marker on chromosome 19q13,

adjacent to the killer immunoglobulin-like receptor (KIR) genes (Carter et al.

2007). Carrying two inhibitory KIR3DL1 alleles expressed at high levels could

cause an individual to develop AS (Zvyagin et al. 2010). HLA-B*27 was shown to

strongly bind to KIR3DL2, which promoted the survival of T cells in AS (Wong-

Baeza et al. 2013). Further linkage scans have found an association with AS at
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the cytochrome P450 2D6 gene (CYP2D6) on chromosome 22q13.1 (Brown et

al. 2000), and strong linkage at chromosome 16q (Laval et al. 2001) and at 6q

and 11q (Zhang et al. 2004). Non-parametric linkage analysis identified a new

region associated with SpA at the 13q13 locus (Costantino et al. 2016). Associated

polymorphisms with SpA were also described at chromosome 9q31-34 (Miceli-

Richard et al. 2004) and most recently found near MAPK14 (Costantino et al.

2017). These studies are small, and therefore require future replication.

1.7 Transcription regulation and disease

As mentioned in Section 1.4.2, cis-acting variants are involved in regulating gene

expression and variants that disrupt TF binding motifs may lead to changes

causal of disease. TFs often act as part of a complex within an enhancer or

silencer site, meaning that the identification of a functional mechanism may be

difficult to delineate.

1.7.1 Regulatory elements

Transcription is controlled by a multitude of regulatory elements. Due to the

highly organised structure of the genome, these elements are controlled by the

binding of factors at specific regulatory motifs upstream of the transcription start

site (TSS) plus at local and distal regulatory elements. These regulatory elements

can either be enhancers, silencers, insulators and can be part of a locus control

region (LCR). The function of these regulatory elements are explained in Figure

1.2.

Multiple enhancers and enhancer variants may target the expression of a single

gene, and certain genes are associated with clusters of active enhancers known

as super-enhancers. The majority of super-enhancers, also known as stretch

enhancers, are cell type specific, play key roles in human cell identity in health
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and disease (Parker et al. 2013; Hnisz et al. 2013; Whyte et al. 2013), and

offers a new role for non-coding variants in the susceptibility to common traits.

Enhancers are usually regulated by the binding of TFs, and a transcription factor

binding site (TFBS) may be altered by non-coding variants, ultimately affecting

gene expression regulation (Bonder et al. 2017).

Enhancers can be described as inactive, primed, poised or active (Ernst and

Kellis 2010). Histones at regulatory elements contain specific patterns of

acetylation and methylation. For example, enhancers are often marked with

H3K27ac and H3K4me1, and promoters with H3K4me3 (Creyghton et al. 2010;

Heintzman et al. 2009; Heintzman et al. 2007). Histone acetylation is increased

by histone acetyltransferase (HAT) and removed by histone deacetylase (HDAC),

and methylation is controlled by a group of enzymes called methyltransferases.

Primed enhancers are nucleosome free, but may require additional signals to

become activated. Latent enhancers have also been described. These are

unbound by TFs and lack the histone marks characteristic of enhancers, but can

acquire these features in response to stimulation. An example of this is during

macrophage stimulation. This is where deposition of enhancer marks created

by the binding of stimulus activated TFs enabled a stimulus specific enhancer

to be created. Many of these enhancers did not return to a latent state when

stimulation ceased, enabling a faster and stronger response upon re-stimulation

(Ostuni et al. 2013).
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Figure 1.2: Diagram of regulatory elements and their effect on gene expression (a)
Enhancer element driving gene expression downstream of the TSS by the binding of TFs.
(b) Silencer complex inhibiting gene expression. Silencers may contain binding sites for
repressors, which are negative regulatory TFs. (c) Enhancer element inhibited by an
insulator. (d) Locus control region containing multiple regulatory elements, including
enhancers, silencers and insulators that may be involved in regulating the expression of
multiple genes. Diagram reproduced from (Maston et al. 2006).

1.7.2 Chromatin interactions

Understanding the role of regulatory elements in controlling gene expression is

challenging as the genome is organised and partitioned into 3D space (Cremer

et al. 2006). 3C based technologies are one strategy to identify long-range

chromatin interactions (Wit and Laat 2012), and genome-wide high-throughput

applications such as Hi-C (Belton et al. 2012) have been used to define interacting

compartments organised into topologically associated domains (TADs). TADs

represent a region of DNA within which physical interactions occur relatively

frequently, and interactions rarely occur outside of these boundaries. The

disruptions of TADs has been shown to lead to de novo enhancer-promoter

interactions and mis-expression, demonstrating the functional importance of

genome architecture (Lupianez et al. 2015). CTCF binding sites are often found
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at TAD boundary elements and are associated with the control of enhancer-

promoter interactions (Guo et al. 2015; Wit et al. 2015). There is increasing

evidence for the role of lncRNA in controlling chromatin structure, including

nucleosome positioning and chromosome looping (Bohmdorfer and Wierzbicki

2015; Shibayama et al. 2014). Chromatin conformation is highly cell specific,

and may also change in response to a stimulus. For example the IL-1 gene

cluster, specifically IL1A, IL1B and IL17F, come into close proximity in LPS

stimulated monocytes, so that upon stimulation they may be transcribed by the

same transcription factory, possibly creating a LCR (Sharaf et al. 2014).

Many cis-acting variants act over long distances, bringing into proximity two

locations such a promoter and enhancer that are far apart in linear distance.

One such example are the set of obesity associated variants within FTO, and

their long range interactions with IRX3 (Smemo et al. 2014). A unique

long enhancer domain in adipocyte progenitor cells was identified with to be

controlling expression of IRX3, with strong haplotype-dependent regulatory

activity (Claussnitzer et al. 2015).

Recent high-throughput experiments, such as Promoter Capture Hi-C have been

able to assay cell type specific promoter interactions in a large number of cell

types (Mifsud et al. 2015), and also the specific interactions of GWAS variants

(McGovern et al. 2016). Capture-C, a high resolution 3C technology (Hughes

et al. 2014), may be an important higher resolution technique to investigate

disease variants involved in enhancer activity that may be influencing chromatin

interactions.

1.7.3 miRNAs

MicroRNAs (miRNAs) are now known to be important in a wide variety of

biological processes, and there is evidence to suggest that they have a large

implication in many immune and inflammatory diseases (Sonkoly and Pivarcsi
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2009). miRNAs are small single stranded non-coding RNA molecules of 18-24

bases in length, with their main function being to target 3’ untranslated regions

of mRNAs for their suppression or degradation (Baek et al. 2008; Guo et al.

2010). They may play an important role in the post-transcriptional regulation

of up to 30% of all human genes (Sand et al. 2009). There are now 2588 mature

human miRNAs in miRBase, the majority of which still lack functional validation

on their mechanisms of action. However, these are believed to regulate a large

number of mRNAs, with each mRNA being targeted by several miRNAs (Lim et

al. 2005; Doench and Sharp 2004), and continued discovery of miRNA functions

suggests that miRNAs may be an important part of almost every aspect of cell

physiology.

Abnormal miRNA expression has been implicated in a number of diseases,

including cancer (Lu et al. 2005; Makunin et al. 2007; Volinia et al. 2006;

Alvarez-Garcia and Miska 2005), cardiovascular disorders (Care et al. 2007) and

inflammatory diseases (Hansen et al. 2007; Sonkoly et al. 2007; Sonkoly et al.

2008; Kalla et al. 2014; Papanagnou et al. 2016). There have been a substantial

number of studies looking at the miRNAs that are differentially expressed in

AS patients versus controls, with the majority of studies in T cells and PBMCs.

These studies are summarised in (Li et al. 2016). The most studied miRNA in

AS is miR-146a (Chatzikyriakidou et al. 2010; Qian et al. 2016; Xu et al. 2015),

due to its known importance in immunity and inflammation (Sonkoly et al.

2008). Exposing human THP1 cells to lipopolysaccharides (LPS), resulted in an

increased production of miR-14a a and b (Taganov et al. 2006). miR-146a and

b are regulated by LPS and NF-κB, and are also known to be implicated in a

number of related inflammatory diseases, with higher expression in rheumatoid

arthritis (Bogunia-Kubik et al. 2016), psoriasis (Chatzikyriakidou et al. 2010),

osteoarthritis (Zhang et al. 2017), but down-regulated in SLE (Tang et al. 2009;

Lofgren et al. 2012; Ji et al. 2014).
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1.7.4 LncRNAs and mRNA

Another type of non-coding RNA transcript are the long non-coding RNAs

(lncRNAs), which are defined as >200 nucleotides in length and are emerging

as important regulators of a variety of biological processes (Mercer et al. 2009;

Wang and Chang 2011). LncRNAs are involved in the differentiation of immune

cell types (Sigdel et al. 2015), and are emerging as having an important role in

autoimmune disease and many other complex diseases (Li et al. 2013). There

have been studies looking at the association of lncRNAs and various autoimmune

diseases such as RA, SLE and psoriasis (Sonkoly et al. 2005; Shi et al. 2014; Muller

et al. 2014). There are now over 18,000 recognised lncRNAs in the mammalian

genome, with many yet to be functionally annotated.

Since mRNA code for protein, quantifying mRNA levels can give an indication

of the underlying biology. The majority of mRNAs have well defined functions,

and understanding differences in mRNA levels between two conditions can give

insights on important pathways and molecular mechanisms. Studies relating to

mRNA and lncRNA in SpA are outlined in Chapter 3.
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Figure 1.3: Diagram demonstrating the control of gene expression. Chromatin
conformational changes may bring distal regulatory elements and promoters into
proximity and allow the binding of TF complexes to regulate gene transcription. The
binding of TFs also serves to maintain the chromatin in an open or active state. CTCF is
involved in mediating chromatin looping and serves as a scaffold protein in regulating
gene expression. Transcription is also regulated down-stream by lncRNAs, that may form
part of a chromatin remodelling complex or prevent TF binding. The levels of mRNA are
also regulated by miRNA, either by degradation or in preventing translation. Diagram
edited and reproduced from (Maston et al. 2006).

1.8 Functional genomic approaches

While GWAS have identified disease associated variants, they fail to describe

the functions that account for these observations. The post-GWAS era has

begun to explore the functional relevance of how common alleles can confer

risk to disease in a cell type specific manner, and also under different external

environments. An example of this is the coronary artery disease associated

variant at 9p21, which affects the binding of STAT1 and lies within an enhancer

for human vascular endothelial cells. Upon IFN-γ activation, the chromatin

structure including STAT1 binding and the expression of neighbouring genes

are altered (Harismendy et al. 2011). Therefore a key step in understanding the

informativeness of GWAS for disease pathogenesis is dissecting the molecular

mechanisms of disease associated variants in a cell type and context specific
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manner. Functional enrichment is extremely useful in guiding fine-mapping

analysis from GWAS, and can also be used to re-weight the significance of SNPs

(Pickrell 2014).

There are now various techniques that make it possible to map regulatory

elements of the genome, all made possible at a genome-wide scale by Next

Generation Sequencing (NGS) technologies, that has massively revolutionised

genomic research by increasing throughput and reducing costs. Annotations of

chromatin accessibility can be defined by the hypersensitivity to DNase I cleavage

(DHS) (Song and Crawford 2010) or access of the Tn5 transposase by the Assay

For Transposase-Accessible Chromatin sequencing (ATAC-seq) (Buenrostro et

al. 2013). These often correlate with transcription factor occupation, which

can be assayed by Chromatin Immunoprecipitation of the transcription factor

(TF) of choice, followed by sequencing (ChIP-seq) (Landt et al. 2012). Specific

histone modifications can also be assayed by ChIP-seq, and their combinations

can inform different regulatory features, which in total have been able to classify

the genome into fifteen chromatin states (Ernst et al. 2011). As previously

mentioned, large Consortium projects (Bernstein et al. 2010; Dunham 2012;

Adams et al. 2012) are beginning to catalog these regulatory features for a large

number of different cell types, and have highlighted the complexity of non-

coding regulatory elements. This is useful in the effort to determine the relevant

cell type and disease mechanisms underlying GWAS signals. Disease associated

variants may be linked to their target gene through eQTL analysis. eQTLs are cell

type specific, and only 30% of eQTLs are shared between cell types, and these

tend to be located closest to the TSS (Fairfax et al. 2012). There are a number

of online tools for the prioritisation and annotation of GWAS variants, such as

HaploReg (Ward and Kellis 2012b), RegulomeBD (Boyle et al. 2012) and XGR

(Fang et al. 2016), which all allow enrichment analysis with a variety of datasets.
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1.8.1 Methods for assaying chromatin accessibility

Chromatin can be described as histone protein complexes that are associated

with DNA, and can determine the accessibility of certain DNA sequences to DNA

binding proteins such as TFs. Highly accessible DNA is often bound by TFs and

is highly transcribed, with changes in chromatin state and accessibility tightly

regulated. Changes in the chromatin structure and associated histone binding

proteins are involved in cell fate determination, gene expression and can also be

associated with disease (Feinberg 2007).

Until recently, chromatin accessibility has been explored by Formaldehyde-

Assisted Isolation of Regulatory Elements followed by sequencing (FAIRE-seq)

(Giresi et al. 2007) or DNase-I hypersensitivity followed by sequencing (DNase-

seq) (Song and Crawford 2010). FAIRE-seq uses formaldehyde to cross-link DNA

to proteins, and the nucleosome free DNA can then be released by sonication and

phenol-chloroform extraction. DNase-seq applies DNase which preferentially

digests nucleosome-free DNA and therefore will lead to an enrichement in

nucleosome depleted regions. These two technologies require a large number

of cells (up to 10 million cells), which is often not feasible in primary cell types.

The most recent technique to investigate open chromatin is ATAC-seq, which

utilises a Tn5 transposase with attached sequencing adaptors for integration into

nucleosome-free open chromatin and rapid library preparation for sequencing.

ATAC-seq provides similar sensitivity and specificity compared to DNase-seq,

and has been able to overcome the limitations of cell number, only requiring

between 500-50,000 cells, and enabling researchers to assay a larger variety of

rarer cell populations that were previously unavailable. ATAC-seq is also much

more time efficient, and fits into the time scale of clinical sample processing,

either in the research laboratory for collection of disease cohorts, or as a future

diagnostic method in the clinic (Buenrostro et al. 2013).
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Genetic variation can have an effect on chromatin accessibility, due to SNPs

influencing TF binding and occupancy (Maurano et al. 2015). An example of

this is a minor allele variant which reduces the risk for mycardial infarction

by creating a new binding motif for the Ccaat-enhancer-binding protein

(C/EBP), leading to increased expression of the gene SORT1 which lowers LDL

cholesterol levels in individuals with the SNP (Musunuru et al. 2010). DNase-

I hypersensitivity quantitative trait loci (dsQTL) are strongly enriched in TF

binding sites, and are also associated with allele specific changes in TF binding

(Degner et al. 2012), suggesting that TF occupancy may influence chromatin

accessibility. There are various hypotheses that explain how a TF may act

to regulate enhancer activity, such as activating chromatin remodelling and

preventing nucleosome repositioning (Spitz and Furlong 2012). TF occupancy

can be measured by DNase-I footprinting (Brenowitz et al. 2001), and certain

TFs can be assayed genome-wide by ATAC-seq (Buenrostro et al. 2013).

1.8.2 DNA methylation

Epigenetics refers to the change in gene expression caused by modification

rather than alteration of the genetic code, allowing cells that have the same

genotype to exhibit a different phenotype. One such important heritable

epigenetic mark is DNA methylation, which is involved in many biological

processes and in the control of gene expression. DNA methylation occurs

predominantly at the 5 position of cytosines adjacent to guanines defined as CpG

sites via methyltransferase activity, but recent studies have also shown that the

genetic code may also influence DNA methylation levels. These are known as

methylation quantitative trait loci (mQTL) (McClay et al. 2015; Olsson et al.

2014), and are associated with the methylation levels of nearby CpG islands.

Methylation levels are highly cell type specific (Heyn 2014; Davies et al. 2012),

but it was found that sequence variants influencing methylation patterns may be
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consistent across tissues (Smith et al. 2014). Complex disease aetiology may be

influenced by DNA methylation, with GWAS variants influencing methylation

levels (Heyn et al. 2014).

Bisulphite conversion is among the most common techniques used to study

DNA methylation. Treatment of DNA with bisulphite triggers the conversion of

unmethylated cytosines into uracils while 5 methyl-cytosines are unaffected.

Uracils are then converted into thymine, so that the methylation levels

for the cytosines can be measured by sequencing (Li and Tollefsbol 2011).

Recent advances in high-throughput sequencing analysis have now allowed

for epigenome-wide association studies (EWAS), and provide an opportunity

to assess differences in a large number of CpGs across a cohort of patients

and controls (Paul and Beck 2014). Understanding methylation changes are

important, as meQTLs have been demonstrated to effect TF binding, histone

modifications, and gene expression (Banovich et al. 2014).

1.8.3 TF binding and histone modifications

DNA binding proteins can be studied in a high-throughput manner by ChIP-

seq, to determine the location of specific histone modifications and TF binding

sites genome-wide. In ChIP, a TF or any other chromatin protein of interest is

enriched by immunoprecipitation from formaldehyde cross-linked cells, along

with its associated DNA. The ENCODE project has characterised TFBS in

a large number of cell types (Dunham 2012), however at least one third

of TF binding remains uncharacterised (Deplancke et al. 2016). There is

a high degree of coordination between TF binding, nucleosome positioning

and histone modifications; therefore chromatin accessibility and histone marks

representative of an enhancer can act as a marker in cases where TF binding

information is unavailable (Gaffney 2013). ChIP-seq has enabled the study of

histone modifications and their effect on genome regulation.
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1.8.4 Integration of datasets

One way to integrate all of these data types is through a software tool called

chromHMM, developed by Ernst et al, which represents a multivariate Hidden

Markov Model (HMM) (Ernst and Kellis 2012). It was applied to 9 chromatin

marks across 9 cell types to segment the genome into 15 types of regulatory

states. These regulatory states identified poised and active promoters, weak

and strong enhancers, as well as transcriptionally active or inactive regions of

the genome. This approach has drastically reduced the possible number of

combinations of investigated chromatin marks. ChromHMM does not combine

transcription factor binding information, which may be a limitation, but their

classification can be useful to define regulatory potential. The Epigenome

Roadmap Project investigated DNA methylation, chromatin accessibility and a

large number of histone post transcriptional modifications across 111 tissues,

and by using chromHMM predicted up to 50 chromatin states by combining up

to 24 histone marks in the model. This approach was also useful in defining

the relationship between various histone marks and methylation, with active

regulatory elements being associated with H3K4me3, H3K4me1, H3K27ac, open

chromatin and either low or intermediate methylation, which can be used to map

GWAS variants to disease relevant cell types and tissues (Farh et al. 2015; Trynka

et al. 2013).

The annotation of GWAS variants with functional data from a variety of cell

types may enable prioritisation of specific variants in their specific cell type of

action. Farh et al compared prioritised SNPs with H3K27ac chromatin maps for

56 cell types, and revealed the cell-type specificities of cis-regulatory elements for

a number of immune-mediated diseases. They reported that the most relevant

cell types for AS were colonic mucosa and duodenum mucosa cells, followed

by T helper cells including Th17 and monocytes (Farh et al. 2015). A more
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recent study reported similar results with AS associated variants enriched in

enhancer-related epigenetic regions in monocytes, CD4+ and CD8+ T cells, NK

cells, regulatory T cells and B cells and mucosa from the small intestine, sigmoid

colon and rectum (Li et al. 2017c).

1.8.5 Methods for assaying gene expression

Profiling the expression of genes can begin to give insight in the genes that

contribute to molecular mechanisms, and therefore is an extremely useful tool

in understanding the pathogenesis of diseases. Differential expression between

healthy and diseased samples can produce gene signatures of disease in terms of

up or down regulated genes. Microarray analysis is the most utilised technique

so far for target identification of messenger RNA (mRNA) and is based on

oligonucleotide probes hybridising complimentary DNA (cDNA) from mRNA,

but have a number of limitations such as background noise and low sensitivity

(Hal et al. 2000). Microarrays do not allow for detection of novel transcripts, low

abundance transcripts or splice variants.

RNA sequencing (RNA-seq) is a next generation sequencing method which is now

widely adopted for genome-wide measurement of transcript abundance, and has

several advantages over microarrays (Wang et al. 2009). These are mainly related

to its increased sensitivity and low background noise, since single end or paired

end RNA reads are mapped to unique regions of the genome. It can also be used

to detect novel transcripts, and certain library preparation methods allow for the

detection of coding and non-coding RNAs, such as long (>200 base pairs) non-

coding RNAs (lncRNAs) and microRNAs (miRNAs) which are short non-coding

RNAs between 18 and 24 bases in length. RNA-seq requires a relatively small

amount of input RNA, and can be used to detect alternative splicing events and

allele specific expression, among a large number of other analyses (Wang et al.

2009; Mortazavi et al. 2008).
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There are a number of choices to make when planning an RNA-seq experiment,

such as: the number of replicates, library preparation methods and sequencing

depth. There are a variety of enrichment methods available to ensure that the

right class of RNA is selected for sequencing, such as: removal of ribosomal

RNA to ensure that all mRNAs and lncRNAs are conserved, enrichment of

polyadenylated RNA for protein coding genes, or size selection enrichment for

miRNAs. RNA is then converted to cDNA, fragmented and adaptors are ligated

for library amplification. Multiplexing is achieved by the addition of unique

indexes for sequencing on a platform of choice, such as the Illumina HiSeq

series. Certain analyses such as detecting alternatively spliced transcripts may

also require higher sequencing depth (Liu et al. 2013). The number of biological

replicates to achieve accurate differential analysis results is difficult, especially in

disease cohorts that may differ phenotypically. It has been demonstrated that the

number of differentially expressed genes plateaus at four replicates (Zhang et al.

2014b), and technical replicates are not necessary due to the high reproducibility

that can be achieved (Marioni et al. 2008).

1.8.6 Functional validation approaches

The techniques explained previously do not provide direct proof of a causal

variant or enhancer function. Therefore it is crucial to validate the causality and

mechanism of action of predicted enhancers. Plasmid based reporter assays have

been widely used to characterise putative regulatory regions, and there have been

several high-throughput techniques developed to simultaneous assay hundreds

of thousands of reporter plasmids at once (Dailey 2015; White 2015). A general

concern about these reporter assays is that they may not accurately reflect the

function of enhancer elements in their native context. The validation of predicted

functional variants has come a long way with the use of genome editing using

the clustered regularly-interspaced short palindromic repeats (CRISPR)/Cas9
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system (Cong et al. 2013; Mali et al. 2013), allowing a predicted enhancer to

be assayed in its true genomic and cellular environment. CRISPR based studies

can be used to assess the function of large genomic regions, where single guide

RNAs can pinpoint sequences to be tested (Sanjana et al. 2016; Diao et al. 2016;

Korkmaz et al. 2016). Issues with transfection difficulties in certain cell types

can be overcome by using pluripotent stem cells, followed by differentiating

these edited cells into the cell type of choice (Xue et al. 2016). An example of

this is with the identification of Parkinson’s disease associated risk variant in a

non-coding distal enhancer element that regulates the expression of α-synuclein

(SNCA), by combining GWAS data, genome-wide epigenetic information and

(CRISPR)/Cas9 genome editing in human pluripotent stem cells (Soldner et al.

2016).

1.8.7 Gene Ontology and pathway analysis

Gene Ontology (GO) is an initiative for the annotation and curation of genes and

gene products, with the aim to enable functional interpretation of experimental

data via enrichment analysis. The Gene Ontology Consortium (GOC) has been

developing terms to describe each gene product with the goal of data collation

across various data sources (http://www.geneontology.org). These include a

full set of terms for immunological processes, which will now be described

as Immune Ontology (IO). GO can be used to identify statistically enriched

pathways or functional gene groups (Dimmer et al. 2008) with the aim to discover

gene data sets to guide development of hypotheses and to explain, for example,

the alterations in response to certain diseases (Ishikawa et al. 2009). Sets of genes

may point to pathways that were previously not recognised as important in a

trait, and therefore may enable the identification of novel sets of biomarkers

and targets for research, with the aim of novel target discovery for therapeutics

(Gassen et al. 2008). Unexpected links are formed between immune associated
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genes and non immune associated pathways (Gassen et al. 2008), and this cross

talk will enable the improvement in our understanding of disease mechanisms.

One such tool enabling the interpretation of a molecular profile is Gene Set

Enrichment Analysis (GSEA), which is a computational method that determines

whether a defined set of genes is statistically significant between two biological

states (Subramanian et al. 2005). The Molecular Signatures Database (MSigDB)

is a collection of annotated gene sets for use with GSEA, of which 17779 gene

sets are divided into 8 major collections and several sub-collections. Hallmark

gene sets summarise and represent specific well-defined biological states or

processes, generated by a computational methodology based on identifying

overlaps between gene sets in other MSigDB collections and retaining genes that

display coordinate expression (Subramanian et al. 2005). There are also other

gene sets that give more specific molecular and cellular enrichment, such as the

Canonical, Kyoto Encyclopedia of Genes and Genomes (KEGG), Reactome and

BioCarta pathways, which have recently been integrated into one tool to enable

fast and efficient enrichment analysis across databases (Fang et al. 2016).

1.9 Specific aims and objectives of this thesis

1. To investigate differential gene expression in AS patients in specific

immune cell types. (Chapter 3). Defining the cell specific differences in gene

expression in AS patients may provide insights into disease aetiology that may

not have been previously identified in PBMC based studies. This work will

explore

• cell specific changes in gene expression in 6 immune cell types in AS.

• the relationship between gene expression and disease activity.

• the effect of B*27 genotype in healthy controls.
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2. To define the chromatin accessibility landscape in AS patients, and AS

patients treated with TNF-α inhibitors. (Chapter 4). Identifying regions in

the genome that are differentially accessible in AS patients may lead to novel

understanding of disease mechanisms. This work aims to investigate

• the differences in chromatin accessibility in AS patients and healthy

controls, along with post anti-TNF therapy changes in 3 primary immune

cell types.

• how changes in chromatin accessibility link to changes in gene expression

in the same individuals.

3. Perform fine-mapping analysis with the aim to prioritise AS GWAS

SNPs for future follow up, and perform functional characterisation. (Chapter

5). GWAS are not able to identify the causal SNP involved in disease aetiology.

Therefore statistical methods can be employed in order to prioritise SNPs for

follow up. This chapter will aim to

• fine-map Immunochip AS GWAS SNPs using genotyping data to obtain a

final list of prioritised SNPs at each locus.

• integrate data with patient specific ATAC-seq, to identify potential

molecular mechanisms.

• describe initial functional characterisation of a GWAS associated locus.
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Chapter 2

Materials and Methods

2.1 Sample recruitment

All samples collected are part of the GENExpress ID study, established in 2013

to investigate the functional genomics of inflammatory disease.

2.1.1 AS patient recruitment

Patient blood samples were collected in collaboration with the research nurses

at the Nuffield Orthopaedic Centre, Oxford University Hospitals NHS Trust

and Professor Paul Bowness at the Botnar Research Centre, University of

Oxford. Up to one hundred millilitres of blood was collected from eligible

patients with written informed consent based on the GENExpress ID study

criteria in anticoagulant EDTA-containing blood tubes (Vacutainer System,

Becton Dickson). All patients excluding GNORLAS019 had at least one copy of

HLA-B*2705, which was determined by genotyping coding variants rs1140412,

rs1071652 and rs41556417 using the RNA-seq data which for B*27 positive

individuals should code an Asparagine at position 97 of the protein (Cortes et

al. 2015b).

Eligibility criteria for recruitment were AS patients:

• over 18 years old.
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• newly diagnosed and in flare, with no steroid medication or beginning

biologic therapy for the first time.

• able to provide clinical information and written consent.

• haemoglobin of >9g/dL.

• less than 2 weeks without antibiotics unless used for prophylaxis.

• fulfil the clinically accepted criteria set out for diagnosis using the

Assessment of SpondyloArthritis international Society (ASAS) classification

criteria for axial spondyloarthritis (axSpA) (Lipton and Deodhar 2012).

2.1.2 Healthy volunteer recruitment through the Oxford

Biobank

Healthy volunteers specifically for the RNA-seq pilot study were recruited

from the Oxford Biobank, OCDEM, University of Oxford with the help of

Jane Cheeseman (Oxford Biobank research nurse) and Matthew Neville (Oxford

Biobank co-ordinator). Individuals were recruited based on their HLA-B*27

haplotypes, and were either homozygous for HLA-B*2705, homozygous for

HLA-B*0801 (a common HLA-B haplotype), or heterozygous. The individuals

recruited are shown in Chapter 3.

2.2 Sample processing

Blood samples were immediately processed, and the PBMCs and PMNs were

separated by Ficoll-Paque density gradients. PBMCs and PMNs were washed

twice in Hank’s balanced salt solution without calcium or magnesium (Thermo

Fisher Scientific), and were resuspended in PBS with 0.5% FCS and 2mM EDTA

in preperation for the isolation of cell specific cell types. Cells were counted

manually using a haemocytometer.
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2.2.1 Primary cell isolation

Primary cells were isolated following two separate immune cell isolation work

flows, depending on whether 3 or 6 cell types were being isolated (Figure 2.1).

Due to time constraints and logistics of sample processing, cell populations were

isolated by magnetic beads rather than by Fluorescence-activated cell sorting

(FACS). Cell separations were carried out using magnetic-activated cell sorting

(MACS, Miltenyi). Positive separations were used for CD19+ B cells, CD4+ and

CD8+ T cells, CD14+ monocytes and CD16+ neutrophils, and negative selection

for natural killer (NK) cells following the manufacturer’s instructions. Isolating

cells by manual counting instead of by FACS means that the number of cells are

not as exact for downstream applications.
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2.3 Experimental protocols

2.3.1 ATAC-seq

Primary cells, specifically CD14+ monocytes, CD4+ and CD8+ T cells once

isolated were immediately prepared for ATAC-seq. Cells were counted manually

using a haemocytometer and resuspended in PBS with 0.5% FCS. ATAC-seq is

advantageous over other similar protocols as very small numbers of cells are

required to investigate open chromatin. A diagram demonstrating the technique

and ATAC-seq workflow in detail is shown in Chapter 4, Figure 4.1.

Since manual cell counting is not as accurate as FACS sorting which was

the method used in the original protocol (Buenrostro et al. 2013), ATAC-

seq in my experiments was performed on between 50,000 to 100,000 cells

as described (Buenrostro et al. 2013; Buenrostro et al. 2015). Cell lysis was

carried out for 10 minutes, and the DNA transposition for 40 minutes using

a Nextera Tn5 transposase (Illumina) and purified using the PCR Minelute

Kit (Qiagen). Libraries were prepared using Nextera Primers supplied by

Buenrostro et al for 11 cycles, and purified using the PCR Minelute Kit

(Qiagen). To ensure the removal of adaptors and primer dimers, another round

of purification was carried out using Agencourt AMPure XP Magentic Beads

(Beckman Coulter). Libraries were then quantified using a library quantification

kit (Kapa Biosystems) in accordance with instructions provided by the supplier.

The libraries were submitted to the Oxford Genomics Centre at the Wellcome

Trust Centre for Human Genetics for sequencing on the HiSeq4000 (Illumina) at

roughly 12 samples per lane.
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2.3.2 RNA extraction and RNA-seq

Total RNA was extracted in batches from isolated primary cells previously stored

at -80°C using two different extraction methods depending on the cohort. For

cohort 1 (Chapter 3), total RNA and microRNAs of each sample were isolated

according to manufacturers protocol of TRIzol Reagent (Life Technologies, Inc.)

and mirVana microRNA Isolation Kit (Ambion, Inc.). We decided to use TRIzol

for extraction of the second round of control sample recruitment, so that the two

batches were processed in the same way to minimise differences. One batch of

the RNA extractions was carried out by Dr Andrew Brown. Library preparation

and indexing were performed by Oxford Genomics Centre at the Wellcome Trust

Centre for Human Genetics, either with the ribosomal RNA depletion method

(Ribo-Zero rRNA Removal Kit, Illumina) for mRNA and lncRNAs and small

RNA-seq library preparation (Illumina) for miRNAs. Ribosomal RNA depletion

was the preferred method over selecting for polyadenylated transcripts due to the

possibility to also analyse the information for non-polyadenylated transcripts.

These may include all nascent pre-mRNA (unspliced), and a number of other

functionally relevant lncRNAs. However, due to the additional RNA species, up

to twice as much sequencing depth is required to reach the same level of detection

sensitivity for expression analysis. Small RNAs such as miRNAs are not able to be

detected by simply ribo-depleting the sample, therefore to generate good quality

sequencing data of small RNA it is necessary to employ a separate protocol.

It is important to note that certain technical issues may introduce variability in

RNASeq data, which relate to RNA preparation, the generation of cDNA, library

preparation, and the sequencing reactions themselves (Li et al. 2014a). These

biases were minimised by being consistent with RNA isolation protocols, and

requesting the generation of cDNA and sequencing libraries for all samples to

be carried out together. This minimises the external factors, such as laboratory
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conditions that may introduce bias. All samples were randomised and sequenced

together, using the same sequencing chemistry.

For cohort 2 (Chapter 4) cells were homogonised using the QIAshredder (Qiagen)

and RNA was isolated with the RNeasy Mini Kit (Qiagen) instead of the TRIzol

Reagent and mirVana microRNA Isolation Kit used for the previous set of

samples. We decided to update our extraction protocol for this batch of RNA-

seq data since it can be analysed as a stand alone experiment if necessary and

also due to the difficulty and dangers of phenol-chloroform extractions.

RNA was quantified with NanoDrop (Thermo Scientific), but further

quantification and quality control was carried out by Core Genomics at The

Wellcome Trust Centre for Human Genetics before final libraries were made

for sequencing, including Bioanalyzer (Agilent Technologies) profiles and

RIN to assess RNA quality and degradation. RNA was also more accurately

quantified using The Quant-iT PicoGreen assay (Thermo Fischer Scientific).

Input concentration of RNA for the Ribo-Zero library preparation (Illumina)

was then decided based on the most suitable amount for all samples. 750ng

was chosen for input material for all samples for Ribo-Zero library preparation.

This method is able to capture coding RNA plus multiple forms of long non-

coding RNA by depleting ribosomal RNA, and then synthesising cDNA. A small

subset of the samples were also prepared for small RNA-seq (Illumina) to capture

miRNAs in CD14+ monocytes, and CD4+ and CD8+ T cells. All libraries were

sequenced on the HiSeq4000 (Illumina).

2.3.3 Functional genomic assays

Luciferase reporter gene assay

DNA fragments surrounding the SNP of interest were generated by PCR

amplification of genomic DNA from healthy volunteers and PGF cell line. PCR
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primers for enhancer sites were designed with restriction sites BamHI/ SalI

downstream of the luciferase gene, and for the CARD9 promoter XhoI/HindIII

upstream of the luciferase gene in the Promega pGL3prom vector (Figure

2.2). Constructs were confirmed with Sanger sequencing. HEK293T cells were

transfected using Lipofectamine LTX and PLUS reagent (Invitrogen). Cells were

left to recover for 2 hours after transfection, and if required were stimulated with

IFN-γ for 24 hours. Cells were lysed and collected after 24 hours and luciferase

assays were performed, normalised against pRL-TK Renilla (Promega) to correct

for transfection efficiencies. Enhancer constructs were also normalised against a

stuffer region predicted not to exhibit any enhancer activity.

Figure 2.2: pGL3 promoter vector. Diagram of promoter and enhancer insertion sites.

Electrophoretic mobility shift assays

Nuclear extracts were prepared from primary monocytes, either unstimulated or

stimulated with IFN-γ at a concentration of 20 ng/ml for 24 hours, as previously
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described (Schreiber et al. 1989). Oligonucleotide probes were radiolabelled

with 32P dCTP (Perkin-Elmer), and EMSA performed as previously described

(Udalova et al. 1998). Probes were generated by annealing forward and reverse

oligonucleotides at 15pmol. Supershift assays were performed with antibodies to

YY1 (sc1703), USF1 (C-20) and c-Myc (sc764) (Santa Cruz).

2.4 Bioinformatic analysis

2.4.1 RNA-seq data processing

Total RNA-seq

RNA-seq data generated using the ribo-depletion protocol was mapped against

the comprehensive annotation file for hg19 from Gencode using Tophat2 (Kim

et al. 2013), containing the reference chromosomes, scaffolds, assembly patches

and alternate loci (haplotypes). These comprised a total of 2840283 gene

annotations including long non-coding RNAs. Reads were then filtered using

Picard tools (Broad Institute) and Bamtools (Barnett et al. 2011) to remove

duplicated and non-properly paired reads. Sorted and unique reads were carried

forward as input to generate gene counts using HTSeq-count (Anders et al. 2014).

Differential gene expression analysis was carried out using DESeq2 (Love et al.

2014), which begins by filtering out any genes with counts less than one to reduce

multiple testing. Covariates were included into the model when necessary,

accounting for batch effects and sex.

miRNA

Small RNA-seq reads were trimmed and then mapped against the genome build

hg19 using Bowtie (Langmead et al. 2009) by Core Genomics. HTSeq-count

(Anders et al. 2014) was used to identify and count mappings to known miRNA

that are listed in miRBase (currently 1881 miRNA sequences) (Ambros et al.
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2003; Kozomara and Griffiths-Jones 2014). Differential gene expression analysis

was carried out using DESeq2 (Love et al. 2014), and those with less than one

count were filtered out to reduce multiple testing. Covariates were included in

the model, accounting for disease activity and sex. miRNA gene targets were

selected using only high confidence experimentally validated interactions using

miRTarBase (Chou et al. 2016), (http://mirtarbase.mbc.nctu.edu.tw/index.php).

These miRNA targets were used to overlap with differentially expressed mRNAs.

Pathway analysis

Pathway enrichment analysis was carried out using XGR (Fang et al. 2016),

specifying a background of all genes included in the differential expression

analysis. Gene set enrichment analysis was carried out using Hallmark gene sets,

Canonical, KEGG (Kanehisa and Goto 2000), REACTOME (Fabregat et al. 2016)

and BioCarta Pathways all from the Molecular Signatures Database (MSigDB)

Collections (Subramanian et al. 2005) using a hypergeometric distribution and

removing redundant terms.

For visualisation, KEGG pathways were manually curated to include all genes

of gene families to enable overlap between gene symbols and expression data.

An R function was created by Hai Fang to enable colouring of the pathway

based on fold change and genes passing significance highlighted in bold. All

immune related pathways will eventually be manually curated to form part of an

R package and web-app for Immune Ontology and the integrative Analysis using

a manual curated Atlas of pathways (A2).

2.4.2 ATAC-seq data processing

ATAC-seq data was processed by an in house pipeline that I contributed towards,

which performs individual sample data processing, along with creating a merged

master list for each comparison for differential open chromatin analysis.
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For each individual sample, adapter sequences and low quality bases from fastq

files were trimmed using cutadapt (Martin 2011). Bowtie2 (Langmead et al.

2009) was used to align the reads to the genome build hg19. Picard tools (Broad

Institute) was used to mark duplicate reads and Samtools (Li et al. 2009) was used

to remove duplicated and non-properly paired reads. Peak calling was performed

using MACS2 (Zhang et al. 2008), using shift-100, extension size 200 to align the

peak with the cut site. These parameters are standard for DHS and ATAC-seq

data analysis. For overlapping peaks, the mean of each peak summit is calculated

and then replaced by a new summit, and then extended +/-250 base pairs to

create the new peak. Peaks at <10−8 were used for downstream analysis. BigWig

files were produced for visualisation using bedGraphToBigWig (ENCODE). For

each sample, a quality control metric to test the Irreproducibility Discovery Rate

(IDR) between pseudo-replicates was used to ensure that the peak summits have

been built in the same way for the entire sample peak list. Bad quality samples

were filtered out if this IDR percentage was below 45%. Enrichment around

transcription start sites (TSS) is also a way to measure for quality in ATAC-seq

samples, since we expect the TSS across the genome to be enriched in comparison

with flanking DNA. Plotting this was also a way to filter out bad quality samples.

A master list for the comparison of interest is built containing non overlapping

500bp peaks present in at least two samples of all the samples to be compared.

The counts are then retrieved at each of these positions by HTSeq-count (Anders

et al. 2014) to obtain a count file for differential analysis. DESeq2 (Love et al.

2014) was used to detect differences in read counts at each position, with date of

sequencing used as a covariate in the model to account for batch effects of library

preparation. Each peak was annotated by two genes in its vicinity by Zinba

(Rashid et al. 2011). The genes at each peak were intersected with differentially

expressed genes from the same individuals in the RNA-seq analysis, to identify
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biologically relevant overlap. This list was also used to overlap with reported AS

GWAS genes.

2.4.3 Fine mapping

AS associated loci identified by GWAS are represented by a ’lead’ SNP, defined

by the strongest signal of association at that locus. Many lead SNPs are not

primarily associated with disease susceptibility but are nevertheless associated

by virtue of being in LD with the disease SNP. It may also be the case that

there are multiple causal SNPs at a single locus. To prioritise GWAS SNPs

for functional follow up, fine mapping was performed on a subset of the data

from the International Genetics of Ankylosing Spondylitis Consortium (IGAS)

(Cortes et al. 2013). Any distinct association signals, resulting from multiple

independent causal variants at a single locus were identified statistically through

conditional analysis. Conditional analysis adjusts for the lead SNP in the model,

to test for independently associated SNPs.

GWAS dataset

To improve the identification of potential causal variants for AS, comprehensive

fine mapping was carried out in 24 of the reported non-MHC susceptibility loci

from the IGAS study. I was given access to a subset of the European cohort,

more specifically the UK cohort, which includes 4101 cases and 9700 controls

which have been genotyped with the Immunochip - a chip designed in 2009 by

investigators of 11 distinct autoimmune and inflammatory diseases (Trynka et al.

2011; Cortes and Brown 2011). Quality control of the data set had already been

performed, as well as assessment of the origins of the samples by PCA (Cortes

et al. 2013).
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Imputation of genotypes

A 2Mb genomic region surrounding the lead Immunochip GWAS SNP was

subset using PLINK 1.9 (https://.cog-genomics.org/plink/1.9/) (Chang et al.

2015). Genotypes were prephased with SHAPEIT (Delaneau et al. 2011), and

missing genotypes were imputed using IMPUTE2 (Howie et al. 2009), using the

1000 Genome Project Phase 3 Version 3 reference panel (October 2015 release).

Imputation quality was assessed and filtered using QCtool, and those that were

directly typed and well imputed in at least 70% of the sample size were carried

forward for association analysis. Filtering these SNPs is important in the credible

set generation, as the quality of the imputation will now have a minimal effect on

calculating the posterior probability. The posterior probability is determined by

effect size, which can be directly affected by the quality of the imputation.

Association testing and conditional analysis

Association analysis and conditional analysis was carried out using SNPTEST

with a Bayesian additive model. The Wellcome Trust Case Control Consortium

(WTCCC) previously used SNPTEST in their analysis of 7 GWAS (Burton 2007).

For each association signal in the locus, credible sets of SNPs were constructed

containing SNPs most likely to be driving the association signal, along with

their posterior probability. The 50% and 95% credible set was generated for

each signal, and SNPs were ranked according to their approximate Bayes factor,

including further variants until their cumulative posterior probabilities exceeded

0.99. The original publication contains further details on the methodology (Bunt

et al. 2015).
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Differential gene expression in Ankylosing

Spondylitis

3.1 Introduction

3.1.1 Cell specificity in disease

Expression studies from mixed cell populations, such as PBMCs, lack the

resolution to detect specific changes within cell subsets. PBMCs contain a wide

variety of cells from the innate and adaptive arms of the immune system, which

if analysed together may be unable to untangle the specific changes related to

the function of one cell type. PBMC samples may vary in cell type number and

composition, biasing gene expression studies (Wong et al. 2016). The majority

of expression studies are now focusing their efforts in isolating specific cell

subsets of interest for a more accurate representation of gene expression related

to biological function, such as the large consortium projects including Roadmap,

ENCODE and BLUEPRINT (Bernstein et al. 2010; Dunham 2012; Adams et al.

2012).

Understanding cell specific gene expression in a disease context can aid in

the discovery of functional regulatory variation. The importance of purified

cell populations has been demonstrated in eQTL studies (Fairfax et al. 2012),

and also context specificity such as an immune stimulus (Fairfax et al. 2014).
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Understanding the transcriptional landscape in disease across cell subsets may

highlight important cell types in disease aetiology, their enriched pathways and

molecular mechanisms. Cell type specific expression can be linked to predicted

enhancers, and may inform the function of genetic associations identified

through GWAS (Edwards et al. 2013). As described in Chapter 1, AS associated

variants were found to be enriched in enhancer regions in colonic mucosa

and duodenium mucosa cells, together with T helper cells including Th17 and

monocytes (Farh et al. 2015), and in a more recent study in monocytes, CD4+

and CD8+ T cells, NK cells, regulatory T cells and B cells and mucosa from the

small intestine, sigmoid colon and rectum (Li et al. 2017c).

3.1.2 mRNA expression datasets in AS

There have been a number of gene expression studies in AS, but the majority

are of small sample size and based in a mixed cell population most commonly

involving PBMCs (Table 3.1). Gene expression studies in SpA and AS have

been unable to provide reproducible results, due to the low sample sizes, and

have also not found much overlap with GWAS genes. This may either highlight

the problem of missing heritability in GWAS studies, or demonstrate patient

heterogeneity within both AS GWAS and gene expression studies. It may also be

the case that cell populations are too mixed to achieve a meaningful assessment

of differential expression, or that the wrong cell types and tissues are being

assayed. Some of the main findings and pathways that have been highlighted

as differentially expressed in AS and one SpA study in PBMCs and macrophages

are briefly summarised here (and Table 3.1):

• Antigen processing and presentation related genes (Fang et al. 2015).

• Downstream TGF-β genes SMAD3, RUNX3, ZAP-70, PPP2R1A and SHC1

(Chen et al. 2013).
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• Innate immune genes such as TLR4 and TLR5 (Assassi et al. 2011).

• T cell differentiation (Pimentel-Santos et al. 2011).

• Reduced expression of immune related genes STAT3/JAK2 which are

downstream from IL-23 in Th17 cells (Duan et al. 2010).

• Downregulation of TNFAIP3, NR4A2 and CD69 in AS patients (Duan et al.

2010).

• Innate immune components SPARC, SLPI, and NLRP2 in the pathogenesis

of SpA (Sharma et al. 2009).

• IFN-γ dysregulation in macrophages (Ma et al. 2013; Smith et al. 2008).

• CXCR4/SDF-1 as a potential pro-inflammatory axis (Gu et al. 2002).
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LncRNAs in AS

Currently there are only two reported studies looking specifically at lncRNAs and

AS. One study is a microarray in AS osteogenically differentiated mesenchymal

stem cells (MSC) versus healthy controls (Xie et al. 2016), which found differences

in TGF-β signalling and specifically 4 lncRNAs (ZNF354A-1, LIN54-1, FRG2C-

3, and USP50-2). The second study investigated the role of AK001085 and its

influences on the diagnosis of AS (Li et al. 2017b). AK001085 was found to

be significantly down-regulated in AS patients, and was proposed as a potential

diagnostic biomarker. The tissue specific roles of lncRNAs in disease have been

extensively documented (Kumar et al. 2013; Wapinski and Chang 2011) along

with their involvement in microbial susceptibility (Gomez et al. 2013), and in

the regulation of the immune system, such as the innate immune response (Peng

et al. 2010) and CD4+ and CD8+ T cell differentiation (Collier et al. 2012; Pang

et al. 2009). The role of lincRNA-cox2 has been demonstrated in NF-κB signaling

(Carpenter et al. 2013), and increased levels have been shown to be associated

with rheumatoid arthritis. LncRNAs found in autoimmune disease associated

loci were shown to be expressed 2.5-fold more than all lncRNAs, suggesting a

strong involvement of lncRNAs in disease pathogenesis (Hrdlickova et al. 2014).

Studies in autoimmune diseases have found differences in the expression of

lncRNAs in comparison to healthy controls, such as the up-regulation of NEAT1

in SLE (Zhang et al. 2016) and NEAT1 and TUG1 in RA (Song et al. 2015) patients.

3.1.3 miRNAs in AS

There is growing evidence to suggest an important role for miRNAs in the

pathogenesis of AS, as well as many other inflammatory diseases, as previously

described in Chapter 1. Studies of miRNAs in AS have identified a small number

of miRNAs with potential importance in AS (Li et al. 2016), but for the majority

there is a lack of understanding in their mechanism of action. Three studies
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analysed genotype associations at miR-146a (Chatzikyriakidou et al. 2010; Qian

et al. 2016; Xu et al. 2015); a well studied miRNA due to the known importance

of miR-146a in the immune system (Sonkoly et al. 2008). Two of these studies

found a significant association with AS, one with rs3027898 on miR-146a target

IRAK1 (Chatzikyriakidou et al. 2010), and also with miR-146a polymorphism

rs2910164 (Xu et al. 2015). Rs3027898 is in high LD with rs1059703 which has

been previously found to increase NF-κB activation, and in turn activate miRNA-

146a (Taganov et al. 2006; Arcaroli et al. 2006). The first miRNA expression

profile study was carried out in AS T cells, which discovered up-regulation of

8 miRNAs and down-regulation of 5 miRNAs in AS T cells. Let-7i, miR-221 and

miR-16 were also found to be correlated with BASRI (Lai et al. 2013). MiR29a was

also found to be elevated in the PBMCs of AS patients compared with rheumatoid

arthritis patients or healthy controls (Huang et al. 2014). These finding have

pointed to potential regulation of the cytokine response, T-cell survival and the

regulation of bone loss (Li et al. 2016).

3.2 Aims

This results chapter aims to determine differences in gene expression between

AS patients and healthy controls. Previous studies in AS have focused on gene

expression analysis in mixed cell populations such as PBMCs, and also more

specifically in macrophages and T cells. The pilot study reported in this chapter

aims to look at specific cell populations with the aim of understanding the cell

type specificity of protein coding genes, lncRNAs and miRNAs that may be

deregulated in AS patients versus healthy controls. This is the first study that

will look simultaneously at up to 6 primary immune cell types from the same

individual believed to have a role in AS development. The relationship with

disease activity will also be explored. The evidence for possible involvement of

the selected cell types in AS disease aetiology is described in Chapter 1.
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Specific aims are:

1. To compare levels of expression of mRNAs and lncRNAs between AS

patients and healthy controls in six cell types and perform gene set

enrichment analysis to determine important pathways involved in disease

for each cell type.

2. To establish miRNAs differentially expressed between AS patients and

healthy controls and integrate this with mRNA data.

3. To investigate whether there are differences in global gene expression

related to possession of HLA-B*27.

3.3 Results

3.3.1 Patient and control cohorts

Table 3.2 details the 10 AS patients recruited for the pilot study of gene

expression in AS analysed by total RNA-seq in six cell types through the

GENExpress ID study. The six patients with high disease activity (GNORLAS004,

GNORLAS014, GNORLAS017, GNORLAS018, GNORLAS019, GNORLAS035)

have an average BASDAI score of 6.8 (range 4.6-9.3) and a mean age of 26.6

years and 8.7 years post AS diagnosis. The 4 patients with low disease activity

(GNORLAS036, GNORLAS037, GNORLAS038, GNORLAS041) have an average

BASDAI score of 1.7 (range 0.7-2.7) and a mean age of 32.5 years and 5.9 years

post diagnosis. These samples were also used for small RNA-seq for miRNAs but

only in 3 cell types. All AS patients except GNORLAS019 had at least one copy

of HLA-B*27. Further details of the BASDAI classification for each patient can be

found in Chapter 7, Table 7.1.

Healthy volunteer sample collection included two rounds of recruitment from

the Oxford Biobank (OBB), due to quality issues from the first round of
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recruitment. The aim was to recruit healthy volunteers enriched for different

HLA-B*27 genetic backgrounds, in order to identify HLA-B*27 specific effects in

healthy volunteers (Table 3.3).

For 3 cell types (CD14+ monocytes, CD4+ and CD8+ T cells), patients

GNOPBAS043-GNOPBAS047 from the second cohort recruitment were also

included for mRNA and lncRNA to increase sample numbers. Chapter 4 (Table

4.1) describes these patients in further detail.

Patient ID Sex Age at Diagnosis Disease duration BASDAI

(months)

GNORLAS004 Male 27 48 8.2

GNORLAS014 Female 27 48 4

GNORLAS017 Female 38 242 5.7

GNORLAS018 Male 27 6 9.3

GNORLAS019 Male 18 156 8

GNORLAS035 Male 23 72 6.3

GNORLAS036 Female 35 108 0.2

GNORLAS037 Female 42 108 0.5

GNORLAS038 Male 21 48 1.3

GNORLAS041 Male 32 120 0

Table 3.2: AS cohort 1 recruitment. The BASDAI or Bath Ankylosing Spondylitis
Disease Activity Index consists of a 1 - 10 scale measuring discomfort, pain, and fatigue
(1 being no problem and 10 being the worst problem) in response to six questions asked
of the patient pertaining to the five major symptoms of AS. Patients GNORLAS004 to
GNORLAS035 are described as having high disease activity, whereas GNORLAS036 to
GNORLAS041 have lower disease activity. All patients are of Caucasian origin. These
samples were previously recruited by the research nurses and former group members.
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Patient ID Sex Age HLA-B27 genotype

Recruitment 1

OBB2657 Female 34 *2705/*0801

OBB3073 Female 54 *2705/*0801

OBB4267 Female 46 *2705/*0801

OBB4633 Female 37 *2705/*0801

Recruitment 2

ASHVC06 Male 40 *2705/*0801

ASHVC07 Female 42 *0801/*0801

ASHVC08 Male 55 *0801/*0801

ASHVC10 Female 41 *2705/*0801

ASHVC11 Female 44 *2705/*2705

ASHVC12 Female 54 *0801/*0801

ASHVC13 Female 51 *2705/*2705

ASHVC14 Male 47 *0801/*0801

ASHVC15 Female 52 *2705/*2705

ASHVC16 Male 54 *2705/*0801

ASHVC17 Female 49 *2705/*0801

ASHVC18 Female 51 *0801/*0801

ASHVC19 Female 43 *2705/*0801

ASHVC20 Female 45 *2705/*0801

ASHVC21 Female 36 *2705/*2705

ASHVC22 Male 42 *2705/*0801

ASHVC23 Female 37 *2705/*2705

Table 3.3: Oxford Biobank Recruitment. Samples from the first round of recruitment
that passed quality control (collected by a previous member of the Knight Lab), along
with the new cohort recruited by myself in 2017.
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Patient characteristics

The patients were assessed by questionnaire on a number of questions relating

to their lifestyle and health including smoking status, family history of AS, other

autoimmune diseases and extra articular manifestations (Table 3.4).
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3.3.2 Differential expression of mRNAs and lncRNAs between

AS patients and controls

As previously described, the Ribo-Zero rRNA Removal Kit (Illumina) was used to

remove ribosomal RNA and enrich for coding mRNA transcripts and lncRNAs.

AS samples from cohort 2 (Chapter 4) were also included in this analysis to

increase numbers in 3 of the cell types.

Quality control

AS and healthy control samples were mapped using Tophat2 and gene counts

generated using HTSeq-count as described in Chapter 2. The number of counts

mapping to a comprehensive list of mRNA and lncRNAs exceeded 10 million

reads per sample, with only 4 samples having slightly lower read numbers

(approximately 8 million reads) but were randomly distributed among the

samples and therefore kept for downstream analysis. The AS samples from

Cohort 2 were also included for CD14+ monocytes, CD4+ and CD8+ T cells

to increase the number to 15 AS samples (except for CD4+ in which one

sample is excluded (see Chapter 7, Figure 7.2.1). PCA of the first two PCs

is shown in Figure 3.1(a), demonstrating clear clusters between cell types,

and a seperation between AS patients and controls. Unsupervised hierarchical

clustering illustrates the relationship between clusters of samples based on

reads which map to genes. The height of the branches indicates the strength

of separation between individuals. The separation between cell types is

demonstrated clearly in the distance matrix heatmap in Figure 3.1(b), however

the AS samples from cohort 2 create their own cluster, especially in CD4+ and

CD8+ T cells. This will be accounted for during the differential expression

analysis.
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Figure 3.1: QC of total RNA-seq samples. (a) PCA (b) Hierarchical Clustering.
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Differential expression mRNA

Differential expression analysis was carried out using DESeq2 (Love et al. 2014),

correcting for the batch effect in the 3 cell types with the additional AS samples

from AS cohort 2. The model also corrected for sex, since the AS samples were

not sex matched to healthy controls. Disease activity was not taken into account

in this pilot analysis. The number of differentially expressed genes are listed

in Table 3.5, filtered by a False Discovery Rate (FDR) value of either <0.05 or

<0.01. The largest number of differentially expressed genes were identified for

CD16+ neutrophils, which is consistent with a previous study that discovered

substantially increased transcriptional variability in neutrophils compared to

monocytes and T cells (Ecker et al. 2017). Volcano plots demonstrating the

differentially up and down-regulated genes with an FDR <0.05 and the log2 fold

change values are shown in Figure 3.2.

Cell Type mRNA lncRNA

FDR 0.05/0.01 FDR 0.05/0.01

CD14+ 1887/611 266/98

CD4+ 205/76 32/14

CD8+ 166/54 21/8

CD16+ 3375/1657 647/331

CD19+ 1216/450 141/48

NK 581/277 120/66

Table 3.5: The number of differentially expressed RNAs and lncRNAs between
healthy controls and AS patients. An FDR cut off of <0.05 and 0.01 was used to define
differentially expressed genes. Downstream analysis was carried out using the cut off of
<0.01.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.2: Volcano plots of differentially expressed genes in AS patients versus
healthy controls. The red points demonstrate genes DE with an FDR <0.05, blue points
with a Log2FoldChange >1 and green points with a Log2FoldChange >1.25 in (a) CD14+

monocytes (b) CD4+ T cells (c) CD8+ T cells (d) CD16+ neutrophils (e) CD19+ B cells
(f) NK T cells.

Overlap with GWAS reported genes

A list of reported GWAS genes was retrieved from the The NHGRI-EBI Catalog

of published genome-wide association studies (https://www.ebi.ac.uk/gwas),
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followed by manual curation to ensure that all genes from recent studies were

included in the list. The differentially expressed genes for each cell type at

an FDR <0.05 were overlapped with this list (Table 3.6). CD16+ neutrophils

demonstrated the highest overlap of 11 genes, followed by CD19+ B cells with

8 genes. There were a number of overlapping differentially expressed GWAS

genes across cell types, including the down-regulation of PTGER4 in CD4+,

CD8+ T cells and CD19+ B cells. UBE2L3 was found down-regulated in CD14+

monocytes, CD19+ B cells and NK T cells, and NPEPPS up-regulated in CD14+

monocytes, CD16+ neutrophils and NK T cells. IL1R2 was found up-regulated in

CD4+, and IL1R1 up-regulated in CD16+ neutrophils and NK T cells.

Cell Type mRNA mRNA

up-regulated down-regulated

CD14+ ZMIZ1, NPEPPS, CMC1 B3GNT2, IKZF3, UBE2L3, TBX21

CD4+ IL1R2 PTGER4

CD8+ STMN3 PTGER4

CD16+ RBMX, FNBP1, IL1R1, NPEPPS TNFRSF1A, KIF21B

IL6R, FCGR2A, NFKB1 TYK2, GPR65

CD19+ GSDMB, SULT1A1, FGFR1OP DAG1, PTGER4, RUNX3

IKZF3, UBE2L3

NK IL1R1, NPEPPS UBE2L3

Table 3.6: Differentially expressed reported GWAS gene in 6 cell types. The up or
down regulation refers to the expression levels in the AS patients compared to healthy
controls. FDR <0.05.

Pathway analysis based on differentially expressed mRNAs

Pathway enrichment analysis using XGR (Fang et al. 2016) was carried out

for each cell type using differentially expressed genes (FDR <0.01) to ensure

highly relevant pathways were selected. The gene sets from Canonical, KEGG,

REACTOME and BioCarta (Subramanian et al. 2005) were used, and all genes
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from the differential expression analysis were used as a background set of genes.

Each cell type demonstrated enrichment for distinct pathways, but there was also

a number of overlapping pathways across cell types.

CD14+ monocytes pathway enrichment analysis

Pathways enriched in CD14+ monocytes and the differentially expressed genes

(FDR <0.01) are show in Table3.7. CD14+ monocytes were the only cell type to be

enriched for genes involved in Antigen Presentation. HLA-B was not found to be

differentially expressed, but instead MHC class I gene HLA-C and MHC Class II

genes HLA-DOA, HLA-DPA1 and HLA-DRA were found to be significantly down-

regulated in patients. ER genes PDIA3 and CALR were found significantly down

regulated in patients, along with the proteosome subunit gene PSME1. There

was also enrichment for the canonical NF-κB pathway and for signalling events

mediated by HDAC Class I molecules, which will be discussed in more detail

later in this section.
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Pathway Genes

Metabolism of RNA PRKCA, PABPC1, PSMB7, PSME1, PSMD7, RPL14

RPL13, RPS3, RPS4Y1, RPL18,RPL7A, RPS19

RPS12, RPL36, RPL38, LSM4, LSM1, LSM5

CNOT6, SNRPB, SNRPD1, SNRPD2, SNRPG

ZFP36L1, SMG1, SMG7

Translation PABPC1, SEC61G, SEC11C, SRP9P1, RPL14, RPL7A

RPS19, RPL13, RPS3, RPS4Y1, RPL18, RPS12

RPL36, RPL38, EIF3C, EIF3H, EIF3I

mRNA Splicing POLR2A, POLR2C, SF3B5, SNRPB

SNRPD1, SNRPD2, SNRPG, SNRNP40

Neuropeptides VIP and PACAP inhibit NFKBIA, CALM1, PPP3CB, EGR3, EGR2

the apoptosis of activated T cells

Regulation of Telomerase SP1, MAX, NCL, XRCC6, SAP30

SAP18, RBBP7, TERF2IP

Telomeres, Telomerase, Cellular PRKCA, POLR2A, XRCC6, TEP1

Aging and Immortality

Signaling events mediated NFKBIA, NCOR2, MAX, SAP30, SAP18

by HDAC Class I GATAD2B, RBBP7, TFCP2

Antigen Presentation: Folding, assembly CALR, HLA-C, PDIA3, SEC13

and peptide loading of class I MHC

ER-Phagosome pathway CALR, PSMB7, HLA-C, PDIA3, PSME1, PSMD7

SEC61G

Canonical NF-kappaB NFKBIA, PRKCA, TNFAIP3, ERC1

Spliceosome LSM4, LSM5, SF3B5, BUD31, SNRPB

SNRPD1, SNRPD2, SNRPG, SNRNP40, PCBP1

Table 3.7: Pathways enriched in CD14+ monocytes between AS patients and healthy
controls using differentially expressed genes FDR <0.01.
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CD16+ neutrophils pathway enrichment analysis

Enrichment for canonical NF-κB pathway and signaling events mediated by

HDAC Class I molecules were also found enriched in neutrophils, showing a

trend of these pathways towards innate immune responses in AS. All significantly

enriched pathways and genes at an FDR <0.01 are shown in Table 3.8.
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Pathway Genes

Spliceosome DDX5, HSPA2, SNW1, LSM3, TRA2B, RBM8A

EIF4A3, RBM22, HNRNPC, WBP11, SYF2, SF3B5

BUD31, SNRPA1, SNRPB, SNRPC, CWC15PHF5A, DDX42

SNRPG, ALYREF, PCBP1, PRPF38A, SMNDC1, BCAS2

NCBP2, SRSF2, SRSF5, SRSF6, SRSF7

SRP-dependent SRP14, SPCS3, RPL41, RPL9, RPS3

cotranslational protein RPL17, RPS26, RPS27, RPS29, RPL23, RPL26

targeting to membrane RPL30, RPL27A, RPS10, RPL34, RPL35A, RPL37

RPL38, RPS15A, TRAM1, SSR2, SSR4

Signaling events mediated NFKBIA, CREBBP, HDAC7, HDAC4, TNF

by HDAC Class I TNFRSF1A, PRKACA, SUMO1, SSPO, SAP18

GATAD2B, WDR77, RBBP7, TFCP2, GATAD2A

RNA Polymerase II CDK7, TAF4, TAF5, GTF2A2, TAF9, TAF13

Transcription POLR2K, RBM8A, SNRPB, SNRPG, ALYREF, NCBP2

SRSF2, SRSF5, SRSF6, SRSF7, CLP1, PABPN1, CCNT1

Translation EIF5, EIF1AX, SRP14, SPCS3, RPL41, RPL9

RPS3, RPL17, RPS26, RPS27, RPS29, RPL23

RPL26, RPL30, RPL27A, RPS10, RPL34, RPL35A,

RPL37, RPL38, RPS15A, EIF3I, TRAM1, SSR2, SSR4

Canonical NF-kappaB NFKBIA, CHUK, TNFAIP3, TNF, TNFRSF1A, RIPK2, SSPO

IL8- and CXCR2-mediated GNB1, PPP2CA, PDPK1, HCK, CBL, RAB7A

signaling events PLCB2, ELMO1

Table 3.8: Pathways enriched in CD16+ neurtrophils between AS patients and healthy
controls using differentially expressed genes FDR <0.01.
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CD19+ B cells pathway enrichment analysis

CD19+ B cells had the largest number of significantly enriched pathways, with

the top significant pathway being the mTOR signaling pathway. Not much is

known about the role of mTOR in B cells, but it may have important roles in

metabolic programming and antibody class switching (Jones and Pearce 2017).

The canonical NF-κB pathway was again shown to be enriched in B cells.

Significantly enriched pathways and genes (FDR <0.01) are shown in Table 3.9.
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Pathway Genes

mTOR signaling MAPK1, RAF1, YWHAB, YWHAZ, EEF2

MAPKAP1, YY1, RRAGC, POLDIP3

Fc Epsilon Receptor I PAK2, MAPK1, RAF1, PPP3CA

Signaling in Mast Cells NFATC1, LYN

Prolonged ERK activation MAPK1, RAF1, YWHAB, FRS2

BCR signaling NFKBIA, MAPK1, RAF1, PPP3CA

NFATC1, LYN, BCL10

Canonical NF-kappaB NFKBIA, TNFAIP3, RIPK2, BCL10

Mechanism of Gene Regulation NFKBIA, SP1, MAPK1, MED1

via PPARα DUSP1, NCOA1

CD40L Signaling NFKBIA, TNFAIP3, DUSP1

S1P4 pathway MAPK1, GNA12, GNA13

Rap1 signalling RAF1, YWHAB, YWHAZ

Regulation of cytoplasmic MAPK1, NUP153, TGFBRAP1

and nuclear SMAD2/3 signaling

Calcineurin-regulated NFATC1, JUNB

NFAT-dependent DGKA, IRF4, IKZF1

transcription in lymphocytes

AP-1 transcription factor network SP1, TP53, NFATC1, DUSP1, JUNB, BAG1

Adaptive Immune System NFKBIA, PAK2, RAF1, LYN, SH3KBP1, YWHAB

YWHAZ, RIPK2, VHL, RAB7A, TAB2, HLA-C

CD74, BCL10, ANAPC4, ANAPC5, AP2B, PSMA8

UBE2Z, KIF20A, ORAI1, MAPKAP1, ASB6

GMCSF-mediated signaling events MAPK1, RAF1, LYN, YWHAZ

Class I PI3K signaling events RAF1, YWHAB, YWHAZ, MAPKAP1

mediated by Akt

Table 3.9: Pathways enriched in CD19+ B cells between AS patients and healthy controls
using differentially expressed genes FDR <0.01.
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CD4+ and CD8+ T cells pathway enrichment analysis

T cell receptor signaling pathways were found enriched in both CD4+ and

CD8+ T cells, potentially demonstrating the downstream effects of dysregulated

antigen presentation pathways. LAT was up-regulated in both types of T cells; the

role of its gene product is to act as a linker for the activation of T cells. ZAP70

was upregulated in CD4+ T cells only, and functions together with the Src family

kinases in the initial step of TCR-mediated signal transduction. All pathways

found enriched at an FDR <0.01 are listed in 3.10.

CD8+ T cells showed enrichment for IL-1 and TNF-α mediated activation of the

NF-κB pathway through TAK1, with down-regulation of RIPK2 and NFKBIA, and

the up-regulation of AGER, its protein product known as RAGE. Significantly

enriched pathways at FDR <0.01 and selected pathways of interest at FDR <0.05

are listed in Table 3.11).

Pathway Genes

T Cell Signal Transduction NFKBIA, LAT, TONSL

Validated targets of C-MYC MTA1, MMP9, PMAIP1

transcriptional activation

GPCR downstream signaling CXCR2, DGKA, HCAR3

Table 3.10: Pathways enriched in CD4+ T cells between AS patients and healthy controls
using differentially expressed genes FDR <0.01.
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Pathway Genes

TAK1 activates NF-κB by phosphorylation NFKBIA, RIPK2, AGER

and activation of IKKs complex

Adaptive Immune System NFKBIA, RIPK2, HLA-C

Immune System NFKBIA, RIPK2, HLA-C, AGER

Signaling events mediated by HDAC Class I* NFKBIA, HDAC7, HDAC10, YY1

TCR signaling* NFKBIA, RIPK2, LAT

Signaling by NOTCH* HDAC7, HDAC10, RAB6A

Table 3.11: Pathways enriched in CD8+ T cells between AS patients and healthy controls
using differentially expressed genes FDR <0.01, * FDR <0.05.

NK cells

A large number of pathways were significantly enriched in NK cells in AS

pathogenesis, shown in Table 3.12. The 3 differentially expressed genes involved

in tRNA aminoacylation are FARS2, WARS2 and PPA2. FARS2 and WARS2

are aminoacyl-tRNA synthetases (AARSs), which catalyse the aminoacylation

of tRNA molecules, and are essential for decoding genetic information during

the process of translation. tRNA are tightly connected to a vast number of

signalling pathways, and are believed to have biological functions other than in

protein biosynthesis (Park and Kim 2006) with the AARSs being implicated in

the aetiology of many diseases (Park et al. 2008).
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Pathway Genes

Mitochondrial tRNA aminoacylation FARS2, WARS2, PPA2

S1P2 pathway JUN, MAPK1, GNAI2

FGF signaling pathway JUN, MAPK1, STAT5B, PLAU

Mechanism of Gene Regulation JUN, MAPK1, STAT5B, MED1

by Peroxisome Proliferators via PPARα)

TNFR1 Signaling Pathway JUN, ARHGDIB, CRADD

ATF-2 transcription factor network JUN, MAPK1, PLAU, ARG1

Validated transcriptional targets JUN, PLAU, NOS3

of AP1 family members Fra1 and Fra2

Extracellular matrix organization CTSG, ELANE, COL17A1, PCOLCE2

Angiopoietin receptor Tie2-mediated signaling MAPK1, STAT5B, NOS3

Beta1 integrin cell surface interactions PLAU, ITGA9, FBN1

CXCR4-mediated signaling events STAT5B, CFL1, ITGA9, GNAI2

Immunoregulatory interactions between HLA-C, CD8B, CD200R1

a Lymphoid and a non-Lymphoid cell

AP-1 transcription factor network JUN, PLAU, FOSB

T cell receptor signaling pathway JUN, MAPK1, CD8B, PDCD1

Integrins in angiogenesis MAPK1, PI4KB, COL17A1

CDC42 signaling events JUN, MAPK1, CFL1

VEGF signaling pathway MAPK1, NOS3, HSPB1

Cell adhesion molecules (CAMs) HLA-C, CD8B, ITGA9, PDCD1

Table 3.12: Pathways enriched in NK cells between AS patients and healthy controls
using differentially expressed genes FDR <0.01.

NF-κB signalling is enriched in 3 immune cell types

The canonical NF-κB pathway was found enriched in 3 cell types; CD14+

monocytes, CD16+ neutrophils and CD19+ B cells. The gene expression
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differences in AS patients compared to controls are shown in the manually

curated KEGG pathways in Figures 3.3, 3.4 and 3.5. This classical pathway

is normally triggered in response to microbial infections and pro-inflammatory

cytokines such as TNF-α. TNF Alpha Induced Protein 3 (TNFAIP3) is a ubiquitin

editing enzyme, shown to have potent anti-inflammatory properties mediated by

NF-κB inhibition. In all 3 cell types, this gene was significantly down-regulated

in AS patients, therefore mediating an inflammatory phenotype. Another gene

involved in ubiquitin mediated proteolysis is UBE2L3, which ubiquitinates the

NF-κB1 precursor for its rapid degradation. UBE2L3 was found down-regulated

in CD16+ neutrophils and CD19+ B cells, potentially reinforcing the important

role of genes involved in ubiquitination in the control of NF-κB signalling.

UBE2L3 found at the 22q11 locus is also a potential AS GWAS associated gene

(Cortes et al. 2013). These two differentially expressed genes may highlight the

importance of the cross-talk between NF-κB signalling and ubiquitin proteolysis

pathways.

The differentially expressed miRNAs miR-146a-5p and miR-16-1-3p in CD14+

monocytes discussed later in this Chapter are known to regulate the NF-κB

pathway, providing further reinforcement of the importance of NF-κB regulation

in AS and other inflammatory diseases. The locations of these miRNAs in regards

to the manually curated KEGG pathway are shown in Figure 3.3. The miR-

146a-5p also targets PTGS2, which is significantly up-regulated in AS patients

as expected since it is the target for NSAIDs. A diagrammatic representation of

the miRNAs and the genes up and down-regulated in our data is shown in Figure

3.6.
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Figure 3.6: Diagrammatic representation of how miRNAs, and specifically miR-146a
and miR-16 may be involved in NF-κB signalling, along with the up/down-regulation
of each member of the canonical NF-κB signalling pathway in the CD14+, CD16+

and CD19+ data. MiR-146a inhibits its targets TRAF6 and IRAK1, which in CD14+

and CD19+ are significantly down-regulated. These increased levels will lead to the
inhibition of IKKα or CHUK, which is also the target of miR-16, found significantly up-
regulated in CD14+ monocytes. CHUK works with IKBKB to inhibit NFKBIA, which in
all cell types is significantly down-regulated. This enables NF-κB to translocate to the
nucleus and begin transcription of its target genes, such as IL1B. MiR-146a is positively
regulated by NF-κB, meaning that increases of miR-146a will eventually work to down-
regulate inflammation. Diagram edited and reproduced from (Ma et al. 2011).

HDAC Class I signalling is enriched in innate immune cell types

HDAC Class I signalling was found as an enriched pathway in CD14+ monocytes

and CD16+ neutrophils at an FDR <0.01, and in CD8+ T cells with a

significance of FDR <0.05. Some of the genes highlighted in this pathway are

histone acelytransferases (HATs), which are associated with enhanced rates of

gene expression and histone deacetylases (HDACs) which are associated with

repressed gene expression. The differentially expressed HATs in both cell types
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are EP300 and CREBBP, and the differentially expressed HDACs are HDAC4,

HDAC8 and HDAC10 in CD14+ monocyes, and HDAC4 and HDAC7 in CD16+

neutrophils. All of these genes are up-regulated in AS patients versus healthy

controls, which is the reverse to a previous study (Toussirot et al. 2013). In both

cases, the balance between the two sets of enzymes was the same; the functional

relevance of this being unknown. The genes found in the HDAC Class I pathway

(FDR <0.05) are shown in Table 3.13.

HDAC Class I signalling Genes

CD14+ NFKBIA, EP300, CREBBP, HDAC10, HDAC4, HDAC8

NCOR2, PRKACA, MAX, RAN, SAP30, SAP18

GATAD2B, RBBP7, TFCP2

CD16+ NFKB1, NFKBIA, STAT3, EP300, CREBBP, HDAC7

HDAC4, NCOR2, TNF, TNFRSF1A, PRKACA, SUMO1

SSPO, FKBP3, SAP30, SAP18, GATAD2B, WDR77

RBBP7, TFCP2, GATAD2A

Table 3.13: Differentially expressed genes (FDR <0.05) in the HDAC Class I signalling
pathway in CD14+ monocytes and CD16+ neutrophils.

Differential lncRNA analysis

CD16+ neutrophils demonstrated the largest number of differentially expressed

lncRNAs between AS patients and healthy controls, and CD8+ T cells the lowest.

The large majority of lncRNAs do not have functional annotations therefore

the interpretation of these results is challenging. Innate immune cells CD14+

monocytes and CD16+ neutrophils demonstrated a significant up-regulation of

the nuclear enriched abundant transcript 1 NEAT1 in patients, consistent with

previous studies in SLE and RA (Zhang et al. 2016; Song et al. 2015). The growth

arrest-specific transcript 5 GAS5 was found down-regulated in both cell types,

and is found within a known GWAS locus for SLE (Suarez-Gestal et al. 2009).
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SNHG5 was found differentially expressed in all cell types apart from NK T

cells. A number of lncRNAs relating to the spliceosome are found differentially

expressed in NK T cells, including U1, RNU11 and RNU12. A list of currently

well annotated lnRNAs found differentially expressed (FDR <0.05) are listed in

Table 3.14.

CD14+ CD16+ CD19+ CD4+ CD8+ NK

SNHG5 SNHG1 XIST XIST XIST U1

FTX DLEU2 SNHG14 TSIX SNHG5 RNU11

HCG18 SNHG15 DLEU2 SNHG5 KMT2B RNU12

DLEU2 NEAT1 HMGA1P4 RNU12 HCG14

KMT2B SNHG5 PWAR6 FTX

GAS5 SNHG8 UHRF1

XIST BCYRN1 SNHG5

GHRLOS GAS5 SCARNA9

CASC7 PSORS1C3 MALAT1

SCARNA2 FTX RNU12

LUCAT1 KCNQ1OT1 KCP

ZFAS1 CACS7 FAM66C

TSIX 7SK

JPX SEMA3B

FAM66C TERC

RMRP XIST

NEAT1 KMT2B

SNHG11

Table 3.14: Differentially expressed lncRNAs with functional annotations in each cell
type. (FDR <0.05).
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3.3.3 Small RNA-seq (miRNA) differential expression in AS

Small RNA-seq was carried out for the four healthy controls from the first round

of recruitment, and the 10 AS patients (Tables 3.2 and 3.3).

Quality control

The nature of the protocol for isolating miRNAs may lead to variable mapping

rates to known miRNAs due to the size selection protocol, meaning that the

complexity of the small RNA library may be low due to the limited number

of unique small RNA sequences. The number of reads mapping to miRNAs in

this sample set varied between 1.5 million to 7 million. This is not unusual for

miRNA projects, and the Oxford Genomics Centre at the Wellcome Trust Centre

for Human Genetics have also reported a great variability in mapping rates,

varying from over 70% down to 20%. Plotting the first two principle components

of variance separates the cell types to form distinct clusters (Figure 3.7(a)), and

unsupervised hierarchical clustering demonstrates that CD14+ monocytes form

their own distinct cluster, while CD4+ and CD8+ T cells are more similar but

still mostly distinguishable (Figure 3.7(b)). Due to the small sample size and no

obvious outliers, all samples were included for downstream analysis.
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Figure 3.7: Quality Control of miRNA samples. (a) Principle component analysis
plotting the first two PCs. (b) Distance matrix heatmap using unsupervised hierarchical
clustering. The main variance is between monocytes and T cells, with a clear separation
between cell types.
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Differential miRNA expression analysis

Differential expression analysis was carried out between AS patients and controls

for the 3 cell types using DESeq2 (Love et al. 2014), using all miRNA transcripts

with counts >1. The multi-factor design function within DESeq2 was used to

account for age, sex and disease activity based on the BASDAI score as a linear

covariate. The results are shown in Table 3.15. Only one differentially expressed

miRNA between AS patients and controls was found for CD14+ monocytes and

CD8+ T cells, and 5 for CD4+ T cells. Only one miRNA was differentially

expressed in two cell types. MiR-100-5p was found as the top differentially

expressed miRNA in both T cell subtypes, at high significance. The most striking

differentially expressed miRNA is miR-146a-5p, which is already reported to have

a role in AS and related diseases (Chatzikyriakidou et al. 2010; Qian et al. 2016;

Xu et al. 2015; Bogunia-Kubik et al. 2016; Chatzikyriakidou et al. 2010; Zhang

et al. 2017), and has an important role in inflammation (Lawrence et al. 2005).

Taking into account disease activity based on the BASDAI score may introduce

some bias and variability between individuals, since it is a self reported measure

of severity and pain. Therefore the analysis may also be as informative when

removing this covariate.

CD14+ FDR CD4+ FDR CD8+ FDR

miR-146a-5p 0.02 miR-100-5p 1.70x10−08 miR-100-5p 6.45x10−23

miR-3653 1.71x10−06

miR-26a-2-3p 0.005

miR-126-3p 0.02

miR-99a-5p 0.02

Table 3.15: miRNAs differentially expressed in CD14+ monocytes, CD4+ and CD8+ T
cells between AS patients and healthy controls accounting for disease activity. The
analysis was carried out accounting for age, sex and disease activity as a linear covariate.
These miRNAs may therefore act as a disease activity marker.
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CD14+ FDR CD4+ FDR CD8+ FDR

miR-16-1-3p 0.04 miR-4443 2x10−05 - -

miR-148a-3p 0.05 miR-342-5p 0.03

Table 3.16: miRNAs differentially expressed in CD14+ monocytes, CD4+ and CD8+

T cells between AS patients and healthy controls without accounting for disease
activity.

CD14+ FDR CD4+ FDR CD8+ FDR

- - miR-543 0.025 - -

miR-582-3p 0.025

miR-370-3p 0.036

miR-409-3p 0.036

Table 3.17: miRNAs differentially expressed between patients with high or low
disease activity. Patients GNORLAS004, 14, 17, 18, 19 and 35 compared with
GNORLAS036, 37, 38 and 41.

CD14+ FDR CD4+ FDR CD8+ FDR

miR-708-3p 0.01 miR-4443 0.0001 miR-3615 0.043

miR-16-1-3p 0.067 miR-409-3p 0.0006

miR-4443 0.17 miR-144-3p 0.014

miR-451a 0.03

miR-5100 0.043

miR-224-5p 0.057

Table 3.18: miRNAs differentially expressed between patients with high disease
activity and healthy controls. Patients GNORLAS004, 14, 17, 18, 19 and 35 compared
with healthy controls.
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CD14+ FDR CD4+ FDR CD8+ FDR

miR-146a-5p 5.95x10−05 miR-4443 1.21x10−05 - -

miR-16-1-3p 0.013 miR-342-5p 0.00014

miR-143-3p 0.005

miR-30a-5p 0.008

miR-2110 0.009

miR-30e-5p 0.017

Table 3.19: miRNAs differentially expressed between patients with low disease
activity and healthy controls Patients GNORLAS036, 37, 38 and 41 compared with
healthy controls.

Repeating the analysis and removing the disease activity covariate resulted

in a change of differentially expressed miRNAs (Table 3.16), with miR-146a-

5p losing its significance (FDR = 0.77). MiRNA-146a-5p may therefore be

correlated with disease activity, and plotting the normalised counts for miR-146a-

5p demonstrate a trend in expression, with the 4 healthy controls exhibiting the

highest expression, and all AS patients exhibiting a variety of lower normalised

counts (Figure 3.8). MiR-146a-5p is downregulated in AS patients, similar to

SLE patients (Tang et al. 2009; Lofgren et al. 2012; Ji et al. 2014). The greatest

difference in expression exists between controls and patients with low disease

activity, and when differential expression is tested comparing AS low disease

activity patients versus healthy controls, miR-146a-5p increases in significance

5.95 x 10−05 (Table 3.19). The disease activity marker miR-100-5p also loses

significance when removing the disease activity covariate.
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Figure 3.8: CD14+ miR-146a-5p normalised counts in AS patients versus controls. The
trend line demonstrates a down-regulation of miR-146a-5p in AS in CD14+ monocytes,
with the largest difference in the low disease activity group. However this correlation is
not significant (r2= 0.13, P=0.21).

Removing disease activity from the design formula gives us an additional

differentially expressed miRNA miR-16-1-3p in CD14+ monocytes (Table 3.16).

MiR-16 has previously been found to be up-regulated in AS T-cells (Lai et

al. 2013), instead of being up-regulated in CD14+ monocytes as it is here

(Figure 3.9. Both miRNA-146a-5p and miR-16 are involved in the regulation of

NF-κB signaling (Ma et al. 2011), and could therefore reinforce NF-κB signalling

as a vital pathway in AS pathogenesis, as previously shown in Figure 3.3.
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Figure 3.9: CD14+ miR-16-1-3p normalised counts in AS patients versus controls. The
trend line demonstrates an up-regulation of miR-16-1-3p in AS in CD14+ monocytes,
with the highest counts in the high activity AS patient group (r2= 0.34, P=0.028).

Repeating the analysis with subsets of AS patients separated by disease

activity against healthy controls reveals miRNA-146a-5p and miR-16-1-3p as

differentially expressed in CD14+ monocytes (Table 3.18). Two previously

reported miRNAs are also found differentially expressed in CD4+ T cells; miR-

409-3p and miR-30e-5p (Lai et al. 2013). Comparing AS patients with low and

high disease activity found no significant results for CD14+ monocytes but CD4+

T cells demonstrated a difference in miR-409-3p once again (Table 3.17). MiR-

409-3p was previously found to be down-regulated in AS T cells (Lai et al. 2013),

but in this case is up-regulated in the high disease activity AS group in both

analyses (Figure 3.10).
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Figure 3.10: CD4+ T cells miR-409-3p normalised counts in AS patients versus
controls. The trend line demonstrates an up-regulation of miR-409-3p in AS in CD4+

T cells, with the highest expression in the high disease activity AS patients (r2= 0.24,
P=0.076).

There is a visible trend in the expression of these 3 miRNAs between AS patients

and controls, and even between AS patients with high and low disease activity.

The addition of further AS patients and healthy controls to this analysis in the

future will provide us with more confidence in these differentially expressed

miRNAs, as in some cases they do not reach significance.

miRNA gene targets

Understanding miRNA function has focused on the recognition of their target

mRNAs, with the aim to discover which genes they may be down-regulating. The

ability of a miRNA to translationally repress a target mRNA is largely dictated

by its ability to bind to the first eight nucleotides, which is often referred to as

seed nucleotides (Doench and Sharp 2004). There are a number of computational

prediction sites that can be used to identify gene targets such as targetscan
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(Grimson et al. 2007), (http://www.targetscan.org), as well as databases that

report validated gene targets from experimental validation and NGS. I decided

to only include mRNA targets with strong evidence in miRTarBase (Chou et al.

2016), (http://mirtarbase.mbc.nctu.edu.tw/index.php). The number of target

genes are not enough to be able to carry out pathway analysis, but examining

experimentally validated genes can begin to give us an indication of important

genes and pathways involved in AS. The largest list of experimentally validated

mRNA targets is for miR-146a-5p, due to its known role in the immune system.

The genes listed again suggest the NF-κB signalling pathway, and other immune

system genes such as CXCR4 (Table 3.20).
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Evidence for the roles of differentially expressed miRNAs using mRNA

expression data

The integration of miRNAs and their target mRNAs can be informative in

understanding possible transcriptional regulation mechanisms in disease, and

how they may differ across cell types. The miRNA analysis may lack power

due to its small sample size, but by intersecting the experimentally validated

target genes with differentially expressed genes, a small number of targets were

identified that may be regulated by these miRNAs in AS. These mRNA targets are

shown in Table 3.21, with the majority of results in CD14+ monocytes for miR-

146a-5p. IRAK1 is a direct target of miR-146a-5p, and is found down-regulated in

AS patients versus controls. NFKBIA is found downstream of IRAK1 and is also

found significantly down-regulated in AS patients. These miRNAs in the context

of the canonical NF-κB pathway are shown in Figure 3.3. COPS8 forms part of a

complex also involved in the phosphorylation of IκBα and NFKBIA.

Further miRNA targets that are differentially expressed include PA2G4. The

gene product is a transcriptional co-repressor of cell cycle regulatory genes

through its interactions with histone deacetylases. WASF1 forms part of a multi-

protein complex that can transduce signals to change the shape and mobility of

monocytes. CCL5 is a chemoattractant for monocytes, and CXCR4 a chemokine

involved in the induction of MAPK signalling known to show aberrant expression

in patients with juvenile spondyloarthritis (Lamot et al. 2014). PTGS2, also

known as COX-2, is responsible for production of inflammatory prostaglandins.

PTGS2 is found up-regulated in AS patients, which is associated with increased

cell adhesion, phenotypic changes and resistance to apoptosis. PTGS2 is an

approved drug target for ankylosing spondylitis, known as NSAIDs, that act by

binding to the cyclooxygenase (COX) active site.
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The one target mRNA for miR-148a-3p, found differentially expressed without

correcting for disease activity in monocytes was KDM6B; its gene product

is involved in the inflammatory response by participating in macrophage

differentiation in response to inflammation (De Santa et al. 2007). This analysis

is limited to the number of experimentally validated miRNA targets, and using

predicted mRNA targets instead would give a larger amount of genes, but may

increase false positives as miRNAs are predicted to bind to hundreds of genes.

mRNA log2FC FDR

CD14+

miR-146a-5p

NFKBIA -0.60 0.0007

PA2G4 -0.24 0.006

WASF2 0.33 0.008

CCL5 -0.68 0.015

COPS8 -0.26 0.019

CXCR4 -0.50 0.029

PTGS2 0.59 0.034

IRAK1 -0.16 0.043

SMN1 -0.35 0.055*

miR-148a-3p

KDM6B 0.64 0.007

CD8+

miR-126-3p

NFKBIA -0.64 0.008

Table 3.21: Integration of differentially expressed mRNAs targeted by the
differentially expressed miRNAs. Overlap between miRNA targets and differentially
expressed mRNA was only demonstrated for 3 miRNAs, miR-146a-5p, miR-148a-3p and
miR-126-3p. *One target just exceeded the FDR of <0.05.
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3.3.4 Differential expression analysis by HLA-B*27 genotype in

healthy controls

The HLA-B*27 genotype is known to be strongly associated with AS, with the

majority of AS patients having at least one B*27 allele. The effect of B*27

on global gene expression was tested in healthy individuals, comparing HLA-

B*2705 heterozygotes against HLA-B*0801 homozygote controls (Table 3.3). The

differential expression analysis was carried out using DESeq2, correcting for sex.

The number of differentially expressed genes across cell types are limited, with

CD4+ T cells demonstrating the largest number (Table 3.22).

In CD14+ monocytes NR4A1 was found to be down-regulated in B*27

individuals. This nuclear receptor has been implicated as a negative regulator

of NF-κB signalling, and is known to promote anti-inflammatory effects in

macrophage apoptotic cells and is necessary in the maintenance of self-tolerance

in the murine model of lupus (Ipseiz et al. 2014). NOV, also known as CCN3 was

found differentially up-regulated in CD16+ neutrophils in B*27 homozygotes.

Its gene expression is regulated by TNF-α and IL1 cytokines, and has a potential

role in inflammatory disease (Perbal 2006).

CD4+ and CD8+ T cells both demonstrated down-regulation of CDKN1A in

B*27 homozygotes compared with B*0801 individuals. CDKN1A functions as

a regulator of cell cycle progression and the protein is reported to be cleaved by

CASP3-like caspases, and therefore involved in apoptosis signalling (Woo et al.

2003). The CD4+ comparison also shows a down-regulation of NFKBIE, which

is an inhibitor of NF-κB signaling. The comparison in CD19+ B cells found a

down-regulation of CDKNIC, a negative regulator of proliferation, and also the

down-regulation of SOC3. The gene product of SOC3 is a suppressor of cytokine

signalling and inhibits the activity of JAK2 kinase during JAK/STAT signalling

(Babon et al. 2012). The B*27 homozygotes in NK cells demonstrated a down-

102



Differential gene expression in Ankylosing Spondylitis

regulation of BCL2, which is an apoptosis regulator. The differentially expressed

genes for all cell types are demonstrated in Figure 3.11. A top down-regulated

gene in CD16+ neutrophils, CD4+ and CD8+ T cells was XXBAC-BPG181B23.7,

also known as lnc-HLA-B-2. No functional information is listed for this lncRNA.

Pathways analysis was carried out in CD4+ T cells using XGR, and enriched

pathways are shown in Table 3.23.

Cell Type B*2705 homozygotes

FDR 0.05/0.01

CD14+ 21/15

CD4+ 76/46

CD8+ 15/9

CD16+ 14/8

CD19+ 23/16

NK 20/19

Table 3.22: The number of differentially expressed genes between healthy individuals
that are HLA-B*27 homozygous (n= 5) versus HLA-B*0801 homozygotes (n= 5). An
FDR of <0.05 and 0.01 was used to define differentially expressed genes.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.11: Volcano plots of differentially expressed genes in HLA-B*2705
homozygotes versus HLA-B*0801 homozygotes in healthy controls. The red points
demonstrate genes differentially expressed with an FDR <0.05, blue points with a
Log2FoldChange >1 and green points with a Log2FoldChange >1.5 in (a) CD14+

monocytes (b) CD4+ T cells (c) CD8+ T cells (d) CD16+ neutrophils (e) CD19+ B cells
(f) NK T cells.
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3.4 Discussion

This results chapter presented the identification of differentially expressed genes

between healthy controls and AS patients in six cell types. Pathway enrichment

analysis has highlighted the importance of NF-κB signalling, HDAC Class I

signalling and T cell receptor signalling among others. The potential importance

of lncRNAs in AS pathogenesis was also highlighted, with known autoimmune

disease lncRNAs NEAT1 and GAS5 demonstrating differential expression. The

identification of miRNAs associated with AS disease aetiology, specifically in

NF-κB signalling was also described. Finally, the limited differences in gene

expression between healthy individuals with different HLA-B*2705 genotypes

were highlighted, but demonstrated enrichment in genes relating to NF-κB

signalling, cell proliferation and apoptosis.

3.4.1 AS cell type specific gene expression

Analysis of expression datasets combining the analysis of miRNAs, mRNAs

and lncRNAs in the same or similar individuals across multiple cell types is

a powerful tool in beginning to understand the regulation of AS differentially

expressed genes and their relevance in different cell subsets. The complexity

of common immune mediated diseases such as AS is highlighted in the genes

and enriched pathways that have been found in this and previous studies (Fang

et al. 2015; Chen et al. 2013; Assassi et al. 2011; Pimentel-Santos et al. 2011;

Duan et al. 2010). The work presented in this chapter has identified various

molecular mechanisms that are both shared but also specific to immune cell

subsets. While of limited sample size, this is the first study that investigates

the gene expression profiles in AS patients in up to 6 cell types, highlighting the

cell specific transcriptional landscape relevant to innate and adaptive functions

of the immune system in AS aetiology.
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Analysis of the differentially expressed genes between AS patients and healthy

controls in six cell types has further highlighted the importance of cell specificity

in understanding disease mechanisms. Each cell type demonstrated uniquely

enriched pathways, but also shared potential mechanisms. These often remained

grouped by innate and adaptive responses, such as NF-κB signalling and HDAC

Class I signalling in the innate immune cells (CD14+ monocytes and CD16+

neutrophils), and T cell receptor signalling in T lymphocytes belonging to the

adaptive arm.

Antigen processing and presentation, an important pathway hypothesised

through GWAS (Evans et al. 2011) was only differentially regulated in AS

CD14+ monocytes. The downstream effects of antigen presentation may result

in NK-mediated cytotoxicity and aberrant T cell receptor signalling. ERAP1

was not found significantly differentially expressed in monocytes, suggesting

that its pathogenic role may be related more to changes in protein structure.

Endoplasmic reticulum (ER) genes PDIA3 and CALR were found significantly

down-regulated in patients, along with the proteosome subunit gene PSME1.

PDIA3, also known as ERp57 may be involved in mediating protein folding, and

also acts as a molecular chaperone to prevent the formation of protein aggregates.

It was shown that the absence of PDIA3 may lead to stable aggregates within the

ER, but was not shown to induce the UPR (Stepensky et al. 2007). Its down-

regulation may suggest a build up of protein aggregates in the ER. PSME1 is

required for immunoproteasome assembly, of which an essential function is the

processing of class I MHC peptides. PSME2 is also down-regulated, although not

significantly, but together these proteins may reduce antigen processing that is

required by the immunoproteasome.

The ubiquitin proteosome pathway was shown to be important in a proteomics

study carried out in AS monocytes (Wright et al. 2009). Only one of the proteins

reported to be differentially expressed in the ubiquitin proteosome pathway
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overlapped with a differentially expressed gene in AS monocytes, USP31. A

tumour necrosis factor TNF-α inducible protein PTX3, was also found down-

regulated in the RNA-seq data.

IL-8 and CXCR2-mediated signalling is a neutrophil specific enriched pathway

that may be relevant in AS pathogenesis. The CXCR2 macromolecular signalling

complex, which contains CXCR2, NHERF1 and PLCB2 has been shown to

regulate neutrophil functions in inflammatory diseases, and the disruption of

this complex was demonstrated to inhibit neutrophil trans-epithelial migration

(Wu et al. 2012). PLCB2 was found up-regulated in AS patients in our data and

may be mediating neutrophil migration by coupling with CXCR2.

The mTOR signalling pathway was the top enriched pathway in CD19+ B cells.

Class I PI3K signalling events mediated by Akt is a related pathway that was also

found significantly enriched, and is a crucial pathway for many aspects of B cell

biological processes (Jellusova and Rickert 2016), including B cell receptor (BCR)

signalling. BCR signalling and PI3K signalling can activate ERK signalling,

important for B cell antigen induced proliferation and development (Jacob et al.

2002).

CD8+ T cells demonstrated an up-regulation of AGER. Non-coding variants

have been associated with AGER expression, with protein levels (RAGE) and

polymorphisms associated with CD (Dabritz et al. 2011), RA (Hofmann et al.

2002) and UC (Wang et al. 2016).

Pathway enrichment analysis in NK T cells identified the Sphingosine-1-

phosphate (S1P) pathway. This is involved in cell proliferation and inflammation

where S1P acts either directly on intracellular targets or activates G protein-

coupled receptors. GNAI2 was found differentially expressed in NK T cells.

Its gene product is involved in G protein signal transduction. This gene is also
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involved in CXCR4-mediated signalling events, also an enriched pathway in NK

T cells.

Very few changes were identified across healthy individuals between HLA-

B*2705 homozygotes compared with HLA-B*0801 homozygotes, and may

demonstrate the limited effect of B*27 in individuals not predisposed to an

inflammatory state. However, a few genes relating to autophagy, NF-κB

signalling and cell proliferation may be important to investigate, along with

the glucocorticoid receptor regulatory network which was an enriched pathway

in CD4+ T cells and already targeted by therapies such as corticosteroids.

3.4.2 Evidence for altered NF-κB signalling in AS cell types

The enrichment of NF-κB signalling in CD14+ monocytes, CD16+ neutrophils

and CD19+ B cells may demonstrate its importance in AS pathogenesis. SNPs

in NFKB1 were found in a GWAS for IBD (Jostins et al. 2012), and loci

encompassing the NFKB1 genes have shown the most inflammatory disease

associations so far (Parkes et al. 2013), suggesting that its regulation is important

in the development of inflammatory diseases. All 3 cell types demonstrated

a significant down-regulation of NFKBIA, an inhibitor of NF-κB, and an up-

regulation of IL-1B, TNF, PTGS2 and the CASP8 FADD Like Apoptosis Regulator

(CFLAR). Disease associated SNPs, especially those associated with inflammatory

diseases show enrichment in sequences bound by NF-κB (Karczewski et al. 2013).

TNFAIP3 was down-regulated in AS patients in all 3 cell types, suggesting its

importance in immune and inflammatory responses signalled by cytokines such

as TNF-α and IL-1B, extending the results in an AS microarray study in PBMCs

(Duan et al. 2010). TNFAIP3 codes for the ubiquitin-modifying enzyme A20

which is pleiotropically expressed, and regulated at both the transcriptional and

the post-transcriptional level. Animals deficient of TNFAIP3 in myeloid lineages

develop an aggressive form of arthritis (Matmati et al. 2011), and deletion of
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the gene in dendritic cells has been shown to cause colitis (Hammer et al.

2011). A20-deficiency in B cells also caused mice to develop an autoimmune

condition similar to SLE (Hovelmeyer et al. 2011; Chu et al. 2011), possibly

due to exaggerated NF-κB mediated responses resulting in increased germinal

centre B cells. TNFAIP3 has already been associated with other autoimmune

diseases in GWAS, such as: SLE, RA, Type 1 Diabetes, CD, coeliac disease,

primary biliary cirrhosis, systemic sclerosis and psoriasis (Trynka et al. 2009;

Ma and Malynn 2012; Jostins et al. 2012; Cordell et al. 2015). A haplotype

associated with SLE risk identified by fine-mapping is located at a potential

enhancer site, and demonstrated reduced binding of NF-κB subunits, resulting

in reduced expression of TNFAIP3 (Adrianto et al. 2011). A recent study looking

at TNFAIP3 levels in axial spondyloarthritis (AxSpA) macrophages also found

its levels reduced in patients (Liu et al. 2017), correlating with increased LPS-

induced TNF-α.

Understanding the association of NF-κB activity and inflammatory disease is

not easy to interpret due to the balance between pro- and anti-inflammatory

mediators by NF-κB feedback loops. Genetic studies in mice show that NF-

κB activation is not necessarily pro-inflammatory and has complex roles in the

inflammatory response, and is most likely playing a tissue specific role (Eckmann

et al. 2008). For example, aberrant NF-κB signalling in intestinal epithelial cells

causes an inflammatory bowel like disease phenotype in mice, and is a critical

regulator of epithelial integrity (Nenci et al. 2007), but NF-κB inhibition may

have opposing roles in acute and chronic intestinal inflammation in different

tissues (Eckmann et al. 2008). The role of NF-κB signalling in the AS gut

epithelial cells would be an interesting comparison, since the gut epithelium

is extremely important in the interaction between the mucosal immune system

and gut microflora. NF-κB activation in the gut epithelium causes severe

chronic intestinal inflammation in mice, apoptosis of colonic epithelial cells,
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impaired expression of antimicrobial peptides and translocation of bacteria into

the mucosa (Nenci et al. 2007). HLA-B27 may play a role in altering the

microbiome in AS patients (Rosenbaum and Davey 2011), which may affect

intestinal immune responses (Round and Mazmanian 2009). GWAS have shown

a large overlap between AS and IBD associated loci, demonstrating a potential

shared mechanism between NF-κB signalling and the regulation of barrier

function in the gut. The potential pro- and anti-inflammatory role of NF-κB

may prevent this pathway from being directly targeted as a therapeutic, since

its interactions and feedback loops are extremely complex and yet to be fully

understood in a tissue specific context.

Apoptosis related genes were greatly enriched in a number of analyses, and are

also important components of the NF-κB signalling pathway. Apoptosis is an

essential mechanism that prevents prolonged inflammation, and NF-κB has been

demonstrated to have a pro-apoptotic role in neutrophils (Lawrence et al. 2001;

Greten et al. 2007) and eosinophils (Kankaanranta et al. 2005) but has also been

shown to inhibit apoptosis in macrophages (Park et al. 2005b) and therefore

promote an inflammatory phenotype. The increase in B cell germinal centres

with TNFAIP3 deficiency may be due to the inability of A20 to mediate apoptosis

due to elevated levels of NF-κB dependent anti-apoptotic proteins (Tavares et

al. 2010). Apoptosis related pathways were only enriched in this analysis in

monocytes and neutrophils, suggesting that the regulation of cell death by A20

may be cell type and context specific (Vucic et al. 2011).

NF-κB signalling must be able to readily integrate with other pathways to

generate a coherent biological response to an environmental stimulus, and this

cross talk is mediated by HAT and or HDAC signalling by modulating NF-κB or

κB sites across the genome (Calao et al. 2008). Signalling molecules can mediate

the accessibility of κB sites by acetylation, which may affect the downstream

control of cell proliferation and apoptosis (Adcock 2006; Barnes 2006). NF-
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κB signalling and HDAC type I signalling in CD14+ monocytes and CD16+

neutrophils suggests an important link between the pathways in these two cell

types (Dai et al. 2005; Calao et al. 2008). CD19+ B cells, although enriched

for canonical NF-κB signalling, only demonstrated one differentially expressed

HDAC (HDAC10), with no significance for EP300 or CREBBP which are known

to be NF-κB co-activators. This may suggest that the regulation of the NF-κB

signalling by acetylation and deacetylation is not as prominent or important in

CD19+ B cells in AS pathogenesis. NK cells, CD4+ and CD8+ T cells also did

not show differential expression of EP300 or CREBBP, and also demonstrated

no enrichment for canonical NF-κB signalling. HDACs may act to regulate miR-

146a, as HDAC inhibitors were shown to increase miR-146a expression (Wang

et al. 2013b). Other important pathways that cross-talk with NF-κB signalling

include ubiquitin mediated proteolysis, which is thought to be regulated by

TNFAIP3. TNFAIP3 cleaves the K63-linked ubiquitin chains for RIP1, TRAF6

and IKKγ and may inhibit signalling through TNFR complexes by binding to

ubiquitin chains (Ma and Malynn 2012).

3.4.3 Potentially important long non-coding RNAs in AS

The role of lncRNAs in disease mechanisms cannot be overlooked, as lncRNAs

have been recognised as important regulators of gene expression (Atianand and

Fitzgerald 2014). This study replicated the findings of 3 known lncRNAs, NEAT1,

GAS5 and PSORS1C3 in innate immune cell subsets, and also identified a large

number of lncRNAs with unknown functions. NEAT1 has previously been found

to be up-regulated in MS patients (Santoro et al. 2016) and SLE patients versus

healthy controls (Zhang et al. 2016) and was similarly up-regulated in the AS

patients in CD14+ monocytes and CD16+ neutrophils. NEAT1 is a key player

controlling the formation of heterochromatin structures known as paraspeckles

(Clemson et al. 2009), which may control target gene expression, specifically of
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IL8 (Hirose et al. 2014). GAS5 has been linked to cell cycle arrest (Kino et al.

2010; Mourtada-Maarabouni et al. 2010), and has also been found to regulate

the inflammatory response of monocytes (Sun et al. 2017). The BXSB mouse

strain (an important model of glomerulonephritis observed in SLE) demonstrated

a down-regulation of GAS5 (Haywood et al. 2006), which may be due to the

potential loss of an Sp1 binding site from the promoter of GAS5. The down-

regulation of GAS5 in the AS patients may be due to decreased apoptosis, since

this lncRNA may play a role in the cellular decision to enter the apoptotic

pathway (Coccia et al. 1992). GAS5 has also been shown to act as a decoy

glucocorticoid response element and modulating the transcriptional activity of

the glucocorticoid receptor in mice (Kino et al. 2010). PSORS1C3 was found up-

regulated in AS patients in CD16+ neutrophils, and is a known susceptibility

gene for psoriasis (Chang et al. 2006). SNHG5 was found differentially expressed

in all cell types apart from NK T cells. Although not much is known of its

function, SNHG5 was found to demonstrate allele specific expression when

mice strains were exposed to tunicamycin, a glycosylation inhibitor, causing the

accumulation of misfolded proteins in the lumen of the ER and triggering a

robust ER stress response (Chow et al. 2015). These results suggest that these

lncRNAs may be important in regulating the immune response in AS and other

immune mediated diseases, and could be used as markers of inflammation.

3.4.4 Towards the identification of biomarkers and new

treatment options

Identifying novel associated changes in gene expression between AS patients and

controls may pave the way to identifying effective biomarkers and new treatment

strategies based on distinct molecular mechanisms. The expression of TNFAIP3

is consistently down-regulated across AS patients and various autoimmune

diseases, therefore presents itself as a possible therapeutic target. Current
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therapeutic strategies based on antibodies or small molecules are more effective

in reducing the function of a protein in contrast to restoring them, therefore the

challenge is to devise an approach to increase levels of TNFAIP3. One approach

is to inhibit the miRNAs that target TNFAIP3 to increase its expression (Kim et

al. 2012). Increasing TNFAIP3 expression in mice was shown to improve colitis,

with no effect on normal intestinal function, by inhibiting LPS-induced loss of

the tight junction proteins and therefore improving intestinal barrier functions

(Kolodziej et al. 2011). The important function of TNFAIP3 in maintaining

gut homeostasis again points to the importance of intestinal epithelial barrier

integrity, and to investigate intestinal homeostasis in AS patients and how it is

maintained through tight junction protein regulation. Targeting the microbiome

may also be an efficient strategy if alterations in the intestinal flora are found in

a subset of AS patients, as it appears that AS pathogenesis may be related to a

balance between the host genetics, the intestinal microbiome and the regulation

of the immune response.

The use of HDAC inhibitors in the treatment of cancers has suggested their

efficacy in the treatment of inflammatory diseases. It has been demonstrated

that HDAC inhibitors may exhibit anti-inflammatory effects in an adjuvant-

induced arthritis model (Chung et al. 2003), and have also induced apoptosis

in human eosinophils and neutrophils (Kankaanranta et al. 2010). HDAC

inhibitors increased the expressions of miR-146a, and enhanced the negative

regulation of IL-1 signalling (Wang et al. 2013b), demonstrating the potential

anti-inflammatory effects of HDAC inhibitors and their use as an effective

therapy. The expression of HDACs in this study were found up-regulated in AS

patients in CD14+ monocytes and CD16+ neutrophils, but has some conflicting

findings with a previous study measuring HAT/HDAC activity using specific

assays (Toussirot et al. 2013). Although further investigation is required to
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understand the precise role of HDAC signalling in AS aetiology, my data suggests

HDACs may be a future therapeutic target in AS.

3.4.5 miRNAs in AS and immune mediated diseases

Understanding how miRNAs may be involved in AS pathogenesis is important

due to their function as master regulators of gene expression, and may lead to

novel therapeutic targets. Previous studies have produced differences in miRNA

discovery, probably due to the small sample sizes and differences in AS patient

inclusion criteria (Li et al. 2016). The most studied miRNA in AS is miR-146a-

5p, due to its known role in regulating immunity and inflammation and the

study of the variants that may be involved in its function (Niu et al. 2015;

Xu et al. 2015; Chatzikyriakidou et al. 2010). It is encoded on chromosome

5q33, and mature miR-146a can bind to the 3’ untranslated regions of many

target mRNAs, including interleukin-1 receptor-associated kinase 1 (IRAK-1),

IRAK-2, tumor necrosis factor receptor-associated factor 6 (TRAF-6) and other

transcripts associated with inflammatory signalling. A polymorphism in miR-

146a, rs2910164 was found to be associated with AS (Xu et al. 2015), and

another study found an association with a SNP in IRAK1, a target of miR-146a

(Chatzikyriakidou et al. 2010). Pro-inflammatory cytokines such as TNF-α and

IL-1B, which were shown to be up-regulated in CD14+ monocytes and CD16+

neutrophils, have been reported to target miR-146a expression. Our results

demonstrated a significant down-regulation of miR-146a-5p in CD14+ monocytes

of AS patients.

The miRNA-146a is involved in innate immunity by regulating the acute

inflammatory response after pathogen recognition by TLRs on monocytes or

macrophages (Taganov et al. 2006). Lv et al found that miR-146a was significantly

down-regulated in the PBMCs of patients with intervertebral disc degeneration

(IDD) and that over-expression of miR-146a was involved in decreasing the
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levels of pro-inflammatory cytokines, meaning that the mRNA and protein

levels of TRAF6 and NF-κB were down-regulated by miR-146a over-expression

(Lv et al. 2017). The miR-146a was also found to be down-regulated in SLE

patients in a number of studies (Tang et al. 2009; Lofgren et al. 2012; Ji et

al. 2014). Diminished up-regulation of miR-146a was found in response to T

cell stimulation in T regulatory cells (Tregs) of RA patients, with diminution of

miR-146a expression observed particularly in patients with active disease, and

correlated with joint inflammation. The Tregs of patients with active disease

demonstrated a pro-inflammatory phenotype characterised by inflammatory

cytokine expression, due to the activation of signal transducer and activator

transcription 1 (STAT1), which is a direct target of miR-146a (Zhou et al. 2015).

However, STAT1 was not differentially expressed in our cohort. In contrast, miR-

146a was found up-regulated in the synovial tissue and PBMCs of rheumatoid

arthritis patients (Stanczyk et al. 2008; Pauley et al. 2008; Nakasa et al. 2008). The

miR-146a is directly regulated by NF-κB levels, and when NF-κB accumulate,

miR-146a levels increase, which upon processing and maturation will down-

regulate IRAK1 and TRAF6 to reduce NF-κB levels in a negative feedback

loop. This is important in the regulation of inflammation following activation

of the innate immune response (Ma et al. 2011). The positive and negative

feedback loops that operate in NF-κB signalling may be a reason for the variety

of differences in miR-146a levels in our patient cohort. The enrichment of a large

number of mRNAs and miRNAs in NF-κB signalling is substantial evidence to

warrant further investigation in the role of these miRNAs and mRNAs in AS.

The miR-146a is also known to regulate CXCR4 and CXCR12, chemokine

receptors that are known to be aberrantly expressed in immune-mediated

diseases (Werner et al. 2013). It also targets ERBB4, which is a receptor tyrosine

kinase involed in promoting macrophage apoptosis and therefore limiting

inflammation (Schumacher et al. 2017), as well as other genes known to be
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involved in inflammation such as CCL5 and TLR4 (Marques et al. 2013; Tan and

Farheen 2011). CXCR4 and CCL5 were found significantly down-regulated in

AS patients CD14+ monocytes, demonstrating a potential role of this miRNA in

regulating a number of immune related mRNA targets.

Another miRNA involved in the NF-κB regulation was discovered as

differentially expressed in CD14+ monocytes. The miR-16-1-3p was up-regulated

in AS patient monocytes without accounting for disease activity. Aberrant

expression of miR-16 was previously found in AS T cells rather than in

monocytes, with higher expression in AS patients versus controls (Lai et al.

2013). Studies in related inflammatory diseases have found that miR-16-1-3p

is also up-regulated in in mucosal tissues in UC (Wu et al. 2008) and Crohn’s

disease (Wu et al. 2008), plus in peripheral blood for UC (Paraskevi et al. 2012;

Yang et al. 2013) and Crohn’s disease (Iborra et al. 2013). The relevance of miR-

16 up-regulation in monocytes instead of T cells is not unsurprising, due to

the importance of NF-κB in both innate and adaptive immunity. However, NF-

κB signalling is complex, involving a large number of cross-related signalling

pathways and a whole variety of miRNAs which may have not been detected in

this study due to its limited power.

A novel finding from our study was miR-100-5p, which was found differentially

expressed in AS CD4+ and CD8+ T cells in comparison to healthy controls.

This miRNA is known to target EGR2, which is a transcription factor involved

in T cell function in adaptive immune responses. Deletion of EGR2 and

EGR3 in lymphocytes resulted in a lethal autoimmune syndrome with excessive

serum pro-inflammatory cytokines but also impaired antigen receptor-induced

proliferation (Li et al. 2012). EGR2 was however not found differentially

expressed in either CD4+ and CD8+ T cells. Mechanistic target of rapamycin

(mTOR) is also a target of this miRNA, which is a component of two interacting

complexes, mTORC1 and mTORC2, that regulate T cell lineage specification and
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macrophage differentiation (Perl 2016). Genes relating to mTOR signalling were

not found differentially expressed, leaving the significance of this miRNA yet to

be uncovered. However, it could potentially act as a disease activity marker in

AS T cells.

The miR-409-3p was found significantly up-regulated in high activity versus low

activity AS patients and high activity AS patients versus healthy controls in CD4+

T cells and was also identified in a previous study (Lai et al. 2013). It is known to

target IFN-γ , a type II interferon, which is produced by lymphocytes activated

by specific antigens or mitogens. IFN-γ was down-regulated in AS patients,

suggesting this miRNA may have a role in blocking IFN-γ expression in severe

AS patients (Wang et al. 2015). Some other interesting targets between high

activity AS patients versus healthy controls found miR-144-3p and miR-451a to

be differentially expressed. MiR-144-3p is known to target TGFB1 which plays

an important role in bone remodelling. It can also promote either T-helper 17

cells (Th17) or Treg lineage differentiation. The IL6R is a validated target for

miR-451a, which is a known GWAS hit (Cortes et al. 2013).

3.4.6 Prioritised targets for future validation studies

This results chapter has provided evidence for the potential importance of a

number of genes and signalling pathways in AS pathogenesis in a cell specific

manner. Genes and miRNA differentially expressed within the NF-κB pathway

require validation in a different CD14+ monocyte cohort. This will aid in

understanding how miRNAs, such as miR-146a, are regulating this important

pathway. TNFAIP3 is well known to be down-regulated in a number of

autoimmune diseases as well as AS in this study and therefore should also be

validated in further AS cohorts. A number of novel lncRNAs were identified

across immune cell types, such as NEAT1 in CD14+ monocytes and CD16+

neutrophils and SNHG5 across cell types. Their functions in AS require
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functional follow-up. The enrichment of HATs and HDACs in CD14+ monocytes

and CD16+ neutrophils also required further validation in a separate AS cohort

by RNA-seq or qPCR analysis.

3.4.7 Limitations and conclusions

This study is powered to detect cell specific changes in gene expression, therefore

may reduce the noise most likely present in PBMC based expression studies. A

limitations to this study is the small cohort size of between 10-15 AS patients,

which may limit the power to detect some differentially expressed genes. The

majority of AS patients included in the study exhibited active disease, but there

are variations in the BASDAI score and other clinical features such as extra-

articular manifestations and family history of autoimmune diseases. Patient

heterogeneity may affect the outcome of many expression studies and GWAS,

and may be controlled by extensive phenotyping. The 4 healthy controls used for

the miRNA analysis were all female and HLA-B*2705 heterozygotes, which may

have also have biased the results of this analysis. The samples in these analyses

are not perfectly paired, therefore more targeted and specific experiments may

be required to highlight the specific expression regulation between mRNA and

miRNAs.

Cell type and location is also still an important factor to consider, and cells

from within the synovium may more accurately represent the expression profile

in AS, but these samples are often difficult or impossible to obtain. AS is

believed to be a systemic disease, therefore PBMCs may still accurately represent

these differences. Differentially expressed genes in peripheral blood cells in

patients with PsA was found to be similar to their inflamed synovium, suggest

that cells derived from blood samples can be a good substitute in the analysis

of disease related gene expression changes (Dolcino et al. 2015). Another

interesting relevant tissue that was demonstrated in recent epigenetic analysis
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of AS associated loci is the intestinal epithelial cells (Li et al. 2017c), that have

demonstrated extensive importance in maintaining barrier function in diseases

relating to gut inflammation. These types of samples are difficult to obtain, but

as the number of cell specific databases continue to increase, further cell type

specific multi-omics data with continue to advance our understanding of AS

pathogenesis.

We must also be aware that transcriptional changes may not be representative of

changes at the protein level, due a variety of post-transcriptional modifications.

Therefore, future proteomic based studies are required to validate the findings

described in this chapter.
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Chapter 4

Defining the chromatin accessibility

and transcriptional landscape in AS

4.1 Introduction

4.1.1 The accessible genome

Around 80% of SNPs identifed through GWAS are located in non-coding portions

of the genome (Hindorff et al. 2009), suggesting an important role of complex

disease associated variants in gene regulation. This is substantiated by the

observation that 60% of these non-coding variants are also located within DHS

sites, and another 20% being in complete LD with DHS sites (Maurano et al.

2012). This enrichment of GWAS variants in open chromatin regions of the

genome indicates that GWAS SNPs may be involved in altering the binding

of TFs, as DHS sites reflect the occupancy of DNA binding proteins to create

nucleosome free regions of DNA. The profiling of open chromatin regions and

other genomic modifications, including TF binding, will enhance understanding

of important regulatory regions of the genome. These will vary in different cell

types and cell states.
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4.1.2 Chromatin regulation and its role in disease

Analysis of how the regulatory chromatin landscape may change in response

to inflammatory disease mechanisms may provide an approach to investigate

the regulome for disease and biomarker discovery, in addition to the traditional

transcriptomics methodologies. Variants associated with disease are often found

in regulatory enhancers, with no definitive link to gene expression. Mapping

chromatin accessibility and the disease specific regulome may provide additional

information, also in the context of important TFs and pathways. An example

of this is a study that identified AP-1 and Stat92E as key regulators of tumour

development by the induction of JAK/STAT signalling by the use of ATAC-

seq and FAIRE-seq (Davie et al. 2015). ATAC-QTLs can also inform our

understanding of how variants may disrupt binding sites for transcription factors

known to be important for cell differentiation (Cheng et al. 2016). Cheng et al

describe a SNP, rs174556, disrupting the binding site for CCCTC-binding Factor

(CTCF) and therefore modulating chromatin accessibility. Altering the binding

of TFs and CTCF can cause changes in expression to nearby genes involved in

increasing or decreasing disease risk.

There are a number of studies that have begun to investigate the feasibility

of chromatin accessibility mapping using clinical samples. For example in

chronic lymphocytic leukemia with the aim to understand cancer heterogeneity

(Rendeiro et al. 2016). The applicability of chromatin profiling has also

been demonstrated in SLE patients, and demonstrated increased genomic

accessibility surrounding genes involved in naive CD19+ B cell activation

and the transcription factor binding sites that regulate B cell activation and

differentiation (Scharer et al. 2016). Allelic bias was shown to be involved in

determining gene expression by altering the chromatin state at promoters and
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distal enhancers (Dixon et al. 2015), providing further evidence for the need of

regulatory genome analysis in understanding disease mechanisms.

4.1.3 Sample processing and ATAC-seq

ATAC-seq is a relatively new and sensitive method to map chromatin accessibility

with fewer cells than previous methods allowed, and large consortium projects

such as Roadmap and BLUEPRINT have begun to use ATAC-seq for assaying

rarer cell populations and in future extending to clinical samples (Bernstein et

al. 2010; Adams et al. 2012). Single-cell ATAC-seq has also been used in primary

leukaemia cells to capture distinct stages in cancer cell evolution (Corces et al.

2016). ATAC-seq in our cohort was carried out on primary cells isolated from

either AS or healthy control blood samples on the same day as sample processing.

This minimises changes in the epigenetic profile, in an attempt to capture the

true variability between patients and controls. The ATAC-seq workflow from

patient recruitment to data analysis is demonstrated in Figure 4.1, with steps

A to C being completed on day one. ATAC-seq has a number of advantages

over previous methods such as DHS, which is fuelling its use in clinical research

projects. The number of cells required as input has been drastically reduced,

from 10 million cells to roughly 50 thousand cells, enabling rarer cell populations

to be investigated. Sample processing times are also reduced from roughly 4

days to half a day in comparison to DNase-seq (Buenrostro et al. 2013). These

advantages along with the potential for single cell analysis, may create a role

for future use of ATAC-seq in the clinic (Buenrostro et al. 2013), facilitating the

identification of cis-regulatory elements to accompany traditional GWAS studies

with the aim to relate non-coding, intergenic disease associations to regulatory

elements (Scharer et al. 2016).
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4.1.4 TNF-α inhibitor therapy

TNF is a proinflammatory cytokine expressed predominately by activated

macrophages and T cells, and is a potent activator of NF-κB - a transcription

factor known for regulating many inflammatory genes. Enhanced production

of TNF and TNF receptor (TNFR) 1 signalling is known to increase

macrophage numbers and cytokine production in many common autoimmune

or inflammatory diseases. TNF-α inhibitors (infliximab, eternacept, adalimumab

and golimumab) have revolutionised treatment options for patients with AS and

SpA, and work by binding to TNF-α to reduce its levels (Mitoma et al. 2016; Jin

et al. 2010). They differ in their molecular structure, and also in their efficacy

for different manifestations of SpA. Infliximab, adalimumab, golimumab and

etanercept have excellent efficacy for articular involvement in SpA, but have

very different effects on gut pathology. Adalimumab and infliximab are effective

for IBD treatment, whilst etanercerpt is not (Song et al. 2008), but is effective at

treating axial involvement.

Treatment response in AS was shown to be related to younger age, male sex,

higher levels of inflammatory marker CRP. A higher BASDAI score related to

treatment discontinuation (Arends et al. 2011). Treatment with TNF-α inhibitors

generally leads to good improvement in clinical symptoms, CRP levels and MRI-

detectable inflammation of the sacroiliac joints (Sieper and Poddubnyy 2016).

Early treatment also reduced radiographic progression, suggesting that there may

exist a window of opportunity to reduce inflammatory lesions leading to new

bone formation (Maksymowych et al. 2013).

However not much is known about the pathways that regulate TNFR1 signalling,

such as its cross talk with other relevant pathways that may become targets

for next-generation biological therapies, such as the Toll-like receptor (TLR)

signalling pathway. TLRs may bind to TNF and trigger downstream signalling
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events such as apoptosis. In this study, samples from patients treated with 3

months of TNF-α inhibitors (with either adalimumab (ADA) or etanercept (ETA))

were collected. Samples were also collected from these patients before treatment

commenced. ADA is a human monoclonal antibody, that blocks the soluble

forms of TNF-α and cell surface TNF-α by inducing apoptosis. ETA is a dimeric

fusion protein consisting of the extracellular ligand-binding portion of the tumor

necrosis factor receptor (TNFR), which binds to the TNFR meaning that TNF-

α is inactive. There are two previously published studies of relevance. The

first examines the differences in gene expression between treatment responders

and non-responders treated with ADA for 7 days in PBMCs (Dolcino et al.

2017). The second looks at gene expression changes in AS patients before

and after treatment in PBMCs (Wang et al. 2017). Understanding the specific

transcriptomic response to TNF inhibitors is therefore in its infancy, and the

work presented in this chapter is the first such study to look at the effect of

TNF-α inhibition in distinct purified immune cell populations. All four patients

are treatment responders, but it is known that 40% of patients do not respond

to TNF-α inhibition therapies (Roda et al. 2016). Therefore the identification

of certain biomarkers that may be able to predict responsiveness and begin

to explain possible molecular mechanisms are necessary. The effects of TNF-

α inhibition goes well beyond the suppression of TNF alone (Horiuchi et al.

2010; Stone et al. 2004), and understanding these effects may aid in identifying

biomarkers for treatment response and adverse effects.

4.2 Aims

This results chapter aims to determine differences in chromatin accessibility

between AS patients and controls using ATAC-seq for different immune cell

types. The goal is to define the AS-specific chromatin accessibility landscape that
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can in turn identify likely regulatory DNA elements and inform understanding

of disease pathogenesis and interpretation of GWAS variants. Specific aims are:

1. To identify differentially open chromatin regions between AS patients and

controls for 3 different immune cell types.

2. To determine how chromatin accessibility changes in AS patients with

active disease following anti-TNF treatment for 3 months across cell types.

3. To integrate analysis of differentially open chromatin with differential gene

expression.

4.3 Results

4.3.1 Patient and control cohorts used for ATAC-seq analysis

Table 4.1 details the 5 AS patients recruited for the pilot study for ATAC-seq

and total RNA-seq in three cell types through the GENExpress ID study. All 5

patients have high disease activity as described by the BASDAI criteria, with an

average score of 7.2 (range 6.0-9.4), with a mean age of 32 years. One patient,

GNOPBAS043, is significantly older at diagnosis than the other four, therefore

could be classified as late onset AS (Hmamouchi et al. 2011; Montilla et al. 2012).

Further details of the BASDAI classification for each patient can be found in

Chapter 7. Healthy controls were also recruited between the ages of 30-50 (Table

4.2).
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Patient ID Sex Age at Diagnosis Disease duration BASDAI

(months)

GNOPBAS043 Male 52 36 9.4

GNOPBAS044 Male 14 300 6.4

GNOPBAS045 Male 27 120 6.5

GNOPBAS046 Male 31 36 7.7

GNOPBAS047 Male 35 9 6.0

Table 4.1: AS cohort 2 recruitment. The BASDAI or Bath Ankylosing Spondylitis
Disease Activity Index consists of a 1 - 10 scale measuring discomfort, pain, and fatigue
(1 being no problem and 10 being the worst problem) in response to six questions asked
of the patient pertaining to the five major symptoms of AS. All patients have high disease
activity and are from white British origin.

Control ID Sex Age

CTL1 Male 36

CTL2 Male 53

CTL3 Male 34

CTL4 Female 46

CTL5 Male 42

CTL6 Male 31

Table 4.2: Healthy control recruitment.

AS cohort characteristics

The patients were assessed by questionnaire on a number of questions relating

to their lifestyle and health including smoking status, family history of AS, other

autoimmune diseases and extra-articular manifestations (Table 4.3). Details of

the patients current therapy, and the biologics therapy they were prescribed

after their first visit is listed in Table 4.4. Initial recruitment criteria includes

no previous biologics therapy. Four of the five patients have follow up samples
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in each cell type, which are taken 3 months after starting on TNF-α inhibition

therapy. Patient GNOPBAS047 is yet to commence biologic therapy. The global

BASDAI score for each patient improved after 3 months on either etanercept or

adalimumab, but the improvement was better for both patients on adalimumab

(Table 4.4), where the disease activity decreased to low (lower than four). All

4 patients were treatment responders, and continued on the same therapy.

Additional data for the BASDAI classification can be found in Chapter 7.
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4.3.2 Differentially open chromatin regions between AS

patients and controls

Quality Control of open chromatin regions

Forty-five primary human samples from 3 different immune cell types were

processed using ATAC-seq, and the data was analysed using the pipeline created

within the group, as previously described in Chapter 2. The number of paired-

end reads varied between 40 to 200 million reads, and after filtering were reduced

to between 35 to 120 million. The percentage of reads remaining after filtering

varies from 70% to 30%, and is related to the percentage of mitochondrial reads

before filtering. A general trend can be seen, with sets of samples with higher

amounts of mitochondrial DNA producing a lower percentage of filtered reads

(Figure 4.2(b) and (e)). The mitochondrial DNA ranged from 12% to 56% of the

total reads. This is because it is easily accessed by the transposase since it is

nucleosome free, and therefore has the opportunity to occupy a large percentage

of the ATAC-seq reads. The number of peaks mainly ranged from 112 million

to 200 million, with two CD14+ AS samples exhibiting substantially higher

numbers. These samples are the two GNOPBAS044 samples, which also seem

to exhibit lower TSS enrichment (Figure 4.3(a)). The AS patients and controls

demonstrate a slightly different trend in the number of filtered reads and the

number of peaks, but all samples demonstrate a reasonable number of peaks

expected for the number of filtered reads.

Open chromatin regions were detected using the peak calling software MACS2,

which identified regions that are most accessible due to their larger amount

of ATAC-seq reads owing to the increased integration of the Tn5 transposase.

Between 112-270k peaks were identified at an FDR <0.01 (Figure 4.2(e)). Plotting

the number of peaks against the number of filtered reads demonstrates a

clear correlation at this peak calling threshold (Figure 4.2(f)). After filtering,
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overlapping sample peaks were merged to create a set of union peaks that would

be used to count differential openness for the remaining analysis (Figure 4.1).

Samples were excluded if their Irreproducible Discovery Rate (IDR) between

pseudo-replicates was low; CTL5 was excluded for CD14+ and GNOPBAS046 for

CD4+ T cells. 2 samples were missing in the 3 month follow up samples due to

an error in sequencing; GNOPBAS045 in CD14+ monocytes, and GNOPBAS044

in CD8+ T cells, therefore only 3 post treatment samples were available for these

cell types. Signal to noise can also be measured by plotting the enrichment of

ATAC-seq reads around the Transcription Start Site (TSS). The TSS plots for each

cell type are demonstrated in Figure 4.3, and demonstrated good fold enrichment

around the TSS, with CTL5 CD14+ monocytes and GNOPBAS046 CD4+ T cells

showing least enrichment. GNOPBAS044 CD14+ was kept for downstream

analysis as its overlap with CD14+ monocytes ENCODE DHS was shown to be

above 80% (Figure 4.4(a)).
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Figure 4.2: Quality Control of ATAC samples. Boxplots showing (a) the total number
of paired-end reads. (b) the number of filtered reads. (c) the percentage of filtered reads
from the total. (d) the percetage of mitochondrial reads before filtering. (e) the number
of called peaks at P value <0.01. (f) Scatter-plot demonstrating the relationship between
the number of filtered reads and the number of peaks.
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Figure 4.3: TSS fold enrichment in controls and AS samples in (a) CD14+ monocytes
(b) CD4+ and (c) CD8+ T cells, with the majority of samples demonstrating strong
enrichment. CTL5 CD14+ (2 technical replicates) and AS046 CD4+ demonstrated a fold
enrichment of below 5, and therefore were excluded from the analysis. This is consistent
with IDR analysis.
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Peak master list generation

For each cell type, a merged master list was produced by using peaks that are

found in at least 2 of the AS patients and healthy control samples. In CD14+

monocytes a master list with 63200 peaks was produced, larger than the master

lists for CD4+ and CD8+ T cells which produced similar lists of 46647 and 43554

peaks respectively. Creating a merged master list will create a stringent list of

peaks, removing any background noise, as demonstrated in Figure 4.4(a) where

the composite list of 3 samples created a much greater overlap, reaching almost

100% overlap with ENCODE DNase-seq data in the same cell type. Figure 4.4(a)

also demonstrates the general quality of our data when overlapping with the gold

standard DHS peaks from ENCODE, which can be improved by only using peaks

found in more than one sample. The overlap with other ENCODE data, which are

each demonstrated by a point in the graph is generally below 60%, demonstrating

that the overlapping is greatly enriched within CD14+ monocytes DHS sites.

In order to determine the extent of cell type specificity in the observed ATAC-

seq peaks, unsupervised hierarchical clustering was performed on a master list

including all samples for the 3 cell types. This revealed distinct clusters for

CD14+ monocytes and T cells. CTL5 for CD14+ monocytes and AS046 for CD4+

T cells again cluster separately here, reinforcing their poor quality. Batch effects

(Figure 4.4(b)) will be corrected for in the differential analysis.

136



Defining the chromatin accessibility and transcriptional landscape in AS

(a)

C
TL
5_
C
D
14

C
TL
6_
C
D
14

C
TL
4_
C
D
14

AS
04
7_
C
D
14

C
TL
2_
C
D
14

AS
04
6_
C
D
4

AS
04
5_
3M

_C
D
4

AS
04
4_
3M

_C
D
14

C
TL
3_
C
D
14

AS
04
5_
C
D
14

AS
04
6_
3M

_C
D
14

AS
04
3_
3M

_C
D
14

AS
04
6_
C
D
14

AS
04
4_
C
D
14

C
TL
1_
C
D
14

AS
04
3_
C
D
14

C
TL
5_
C
D
4

AS
04
7_
C
D
8

C
TL
4_
C
D
8

C
TL
6_
C
D
4

AS
04
4_
3M

_C
D
4

C
TL
6_
C
D
8

C
TL
5_
C
D
8

AS
04
6_
3M

_C
D
4

AS
04
6_
3M

_C
D
8

C
TL
1_
C
D
8

C
TL
3_
C
D
8

AS
04
5_
3M

_C
D
8

C
TL
4_
C
D
4

AS
04
6_
C
D
8

AS
04
5_
C
D
4

C
TL
1_
C
D
4

AS
04
4_
C
D
8

AS
04
5_
C
D
8

AS
04
3_
C
D
8

C
TL
2_
C
D
8

AS
04
3_
3M

_C
D
8

C
TL
3_
C
D
4

C
TL
2_
C
D
4

AS
04
7_
C
D
4

AS
04
4_
C
D
4

AS
04
3_
3M

_C
D
4

AS
04
3_
C
D
4

AS043_CD4
AS043_3M_CD4
AS044_CD4
AS047_CD4
CTL2_CD4
CTL3_CD4
AS043_3M_CD8
CTL2_CD8
AS043_CD8
AS045_CD8
AS044_CD8
CTL1_CD4
AS045_CD4
AS046_CD8
CTL4_CD4
AS045_3M_CD8
CTL3_CD8
CTL1_CD8
AS046_3M_CD8
AS046_3M_CD4
CTL5_CD8
CTL6_CD8
AS044_3M_CD4
CTL6_CD4
CTL4_CD8
AS047_CD8
CTL5_CD4
AS043_CD14
CTL1_CD14
AS044_CD14
AS046_CD14
AS043_3M_CD14
AS046_3M_CD14
AS045_CD14
CTL3_CD14
AS044_3M_CD14
AS045_3M_CD4
AS046_CD4
CTL2_CD14
AS047_CD14
CTL4_CD14
CTL6_CD14
CTL5_CD14

CD14+

CD4+
&

CD8+

(b)

Figure 4.4: Merged peak master lists.(a) Overlap with ENCODE DNase-seq in 125 cell
types for 3 AS CD14+ samples, demonstrating that the percentage overlap increases
when creating a merged master list, shown in purple. (b) Unsupervised hierarchical
clustering heatmap created from a merged master list of all samples. CD14+ monocytes
are found distinct from T cells. The bad quality samples CTL5 CD14+ and GNOPBAS046
CD4+ were also outliers in this plot. Sequencing batch effects can also be seen here.
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Differential open chromatin analysis between AS patients and controls

Differential open chromatin analysis between AS patients and controls was

performed using DESeq2, correcting for batch effects correlating with the date

of sequencing, which could be seen on the unsupervised hierarchical clustering

plot. Differentially open chromatin regions were identified for each cell type,

the largest number being identified for CD14+ monocytes, which also had the

larger peak master list. The numbers of differentially open chromatin regions

are listed in Table 4.5. An example of one of the top differentially open regions

for CD14+ monocytes is located in chromosome 5 (hg19 build, 131831656-

131832235, FDR= 0.00016) and sits upstream of the gene IRF1 as shown in

Figure 4.5. There is also a second differentially open chromatin region around

this location at the IRF1 promoter (FDR= 0.007), both of which are differentially

down-regulated in AS patients.

Cell Type DOCs

FDR 0.05/0.01

CD14+ 1815/141

CD4+ 29/0

CD8+ 178/42

Table 4.5: The number of differentially open chromatin regions between AS patients
and healthy controls. An FDR cut off of <0.05 and 0.01 was used to define a differentially
open peak.
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ENCODE TF
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Figure 4.5: Differentially closed chromatin peaks in AS CD14+ monocytes upstream
of IRF1 and at the IRF1 gene promoter. UCSC Genome Browser view of the ATAC-
seq read density distribution in CD14+ monocyte healthy control samples (green) and
AS patients (red). Both peaks are significantly down-regulated in AS patients (FDR=
0.00016 and 0.007 respectively, and overlap promoter predictions in GM12878 and K562
ChromHMM, along with overlapping with regions highly enriched for ENCODE TFBS.
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RNA-seq analysis between AS patients versus controls

The RNA-seq samples from Table 4.1 were mapped using Tophat2 and gene

counts generated using HTSeq-count as described in Chapter 2. All samples had

reads mapping to known genes of over 10 million. GNOPBAS047 in CD4+ T

cells was excluded from the analysis due to low read counts (Appendix, Chapter

7, Figure 7.2).

Analysis carried out on this subset of patients revealed a large number of

differentially expressed mRNAs and lncRNAs, which are described in Table

4.6. All samples were sequenced in the same batch, and age, sex or disease

activity did not vary considerably between the samples, therefore the analysis

was run without covariates using DESeq2 with approximately 25k transcripts.

These RNA-seq results will be used specifically for integration with AS versus

healthy controls ATAC-seq data. Refer to Chapter 3, Section 3.3.2 for a more

comprehensive analysis of the transcriptomic landscape between AS patients and

controls.

Cell Type RNA lncRNA

FDR 0.05/0.01 FDR 0.05

CD14+ 2160/896 132

CD4+ 1411/587 98

CD8+ 1617/620 98

Table 4.6: The number of differentially expressed RNAs and lncRNAs between
healthy controls and AS patients. An FDR cut off of <0.05 and 0.01 was used to define
differentially expressed genes. Downstream analysis was carried out using the cut off of
<0.05.
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Integration of ATAC-seq and RNA-seq data

The significant differential open chromatin at an FDR <0.05 were each assigned

to two genes by proximity, which were used as input for the comparison with the

paired RNA-seq analysis results (FDR <0.05) from earlier in this chapter.

CD14+ monocytes are significantly enriched in overlapping genes

CD14+ monocytes exhibited an overlap of 437 genes with the differentially

expressed genes. There were 1535 genes that were differentially expressed in

RNA and not found differentially regulated in the ATAC-seq list of genes, and

2331 genes that were unique to ATAC-seq, against all genes present in both RNA-

seq and ATAC-seq. These 437 genes were significantly more likely to be enriched

than by chance (P= 2.2x10−16, Fishers test).

RGS1 is differentially expressed in AS T cells

CD8+ T cells had an overlap of 22 genes between the differentially expressed

ATAC-seq and RNA-seq genes, with 212 genes that were present in just the

ATAC-seq, and 1446 in the RNA-seq against all genes analysed in both datasets

(15634). However, the enrichment of these genes was not found to be significant

(P= 0.90, Fishers test). CD4+ T cells demonstrated just one overlapping gene,

regulator of G-protein signalling 1 (RGS1), which has been associated with

multiple autoimmune disorders including type I diabetes. This gene was also

found in CD8+ T cells but not in CD14+ monocytes, suggesting it may be a T

cell specific gene. Promoter Capture Hi-C data (Mifsud et al. 2015) demonstrates

a weak interaction with the ATAC-seq peak chr1:192578068-192579250 and the

gene promoter of RGS1, which however does not reach significance (CHiCAGO

of 3.22). It appears that the power to detect significant open regions in the T

lymphocytes subsets is not sufficient, and the addition of more samples may

improve the identification of differentially open chromatin regions. These results
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were then used to intersect with known AS reported GWAS genes; 2 GWAS genes

in CD14+ were identified at ZMIZ1 and ETS2. However, these peaks do not

overlap with any AS associated SNPs identified by GWAS.

Pathway enrichment analysis in overlapping genes in CD14+ monocytes

CD14+ monocytes in controls versus AS patients had a significant number of

overlapping genes to carry out pathway enrichment analysis. Differentially

expressed genes and genes annotated close to the differentially open chromatin

regions were analysed with the Hallmark gene set, using all annotated genes in

the ATAC-RNA differential analysis as a background. Table 4.7 lists the pathways

and genes that are found enriched at FDR <0.05. Differentially expressed

genes are highly enriched in inflammatory response pathways, highlighting the

importance of NF-κB signalling and the UPR.

Pathway Genes

Genes regulated by NF-kB BCL3, SAT1, B4GALT1, SQSTM1, ATF3

in response to TNF CD44, PNRC1, NFIL3, KLF10, ZFP36, IRS2

ETS2, SLC2A3, MXD1, MAP3K8, NFKBIA

SPHK1, TRIB1, NINJ1, JUNB, REL, FUT4

PHLDA2

Genes up-regulated by activation FASLG, SQSTM1, CDKN1B

of the PI3K/AKT/mTOR pathway RAC1, GRB2, MYD88, RIPK1

ACTR2, UBE2D3, ARF1, SMAD2, MAPK1

Genes up-regulated in response KLF10, SPTBN1, UBE2D3, JUNB

to TGFB1 PPM1A, ID1, TGFBR1

Genes up-regulated during ATF3, NOLC1, RRP9, EDEM1, EIF4A1

unfolded protein response YWHAZ, HYOU1, EIF2AK3, SLC30A5

Table 4.7: Enriched pathways for the ATAC-seq differential open chromatin regions
and RNA-seq differentially expressed genes in CD14+ monocytes. FDR <0.05.
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4.3.3 Response to anti-TNF therapy in AS patients analysed by

ATAC-seq

Quality control

The quality control for the TNF-α inhibition samples are described collectively

in Figure 4.2, and are also shown in the unsupervised hierarchical clustering plot

in Figure 4.4(b). GNOPBAS044 3M was excluded for CD14+ monocytes due to a

low IDR, along with GNOPBAS045 3M and GNOPBAS046 3M for CD4+.

Differential open chromatin analysis pre and post 3 month anti-TNF treatment

Master lists were created for AS patients and their paired 3 month TNF-α

inhibition therapy samples, enabling a paired cross time point comparison.

43089, 38663 and 39402 peaks were found for CD14+ monocytes, CD4+ T

cells and CD8+ T cells respectively. Differential open chromatin analysis using

DESeq2 was carried out between AS patients and their paired samples after 3

months treatment with anti-TNF therapy, taking account of the paired samples

using the multifactor design. No differentially open chromatin regions were

found in CD14+ monocytes and CD4+ T cells, which may relate to the quality

of the samples, but CD8+ T cells demonstrated a large number of differentially

open regions; 116 passing an FDR <0.05. The top differentially open chromatin

region was found in chromosome 5 (chr5:40410331-40410886), which is found

close to the gene PTGER4, reported as an AS GWAS associated gene (Cortes et al.

2013).

RNA-seq paired expression analysis with 3 months anti-TNF therapy

Differential expression analysis was performed using the multifactor design in

DESeq2, taking into consideration paired samples between treatment naive AS

patients and their paired post 3 month TNF-α inhibition therapy samples (Table

143



Defining the chromatin accessibility and transcriptional landscape in AS

4.8). All of the patients exhibited reduced global BASDAI scores after three

months of treatment (Table 4.4), and were described as disease responders.

Disease activity was not corrected for in the model.

Volcano plots of the up and down-regulated genes for each cell types are shown

in Figure 4.6. The most interesting genes in CD14+ monocytes include the

up-regulation of GTPase IMAP Family Member 5 (GIMAP5), a gene involved

in apoptosis and NF-κB signalling, and the down-regulation of Kruppel Like

Factor 11 (KLF11), also involved in apoptosis and TGF-β signalling. The most

significant gene in CD4+ T cells following treatment was the down-regulation

of CXCR4, a chemokine receptor involved in the inflammatory response. CD8+

T cell exhibited an up-regulation of CXCR6, another chemokine receptor and

EOMES, a TF involved in the differentiation of CD8+ T cells during the immune

response.

Cell Type mRNA lncRNA

FDR 0.05/0.01 FDR 0.05

CD14+ 571/190 13

CD4+ 45/21 2

CD8+ 288/114 12

Table 4.8: The number of differentially expressed mRNAs and lncRNAs between AS
treatment naive and post 3 months anti-TNF therapy. An FDR of <0.05 and 0.01 was
used to define differentially expressed genes. Downstream analysis was carried out using
FDR <0.05.
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(a)

(b)

(c)

Figure 4.6: Volcano plots of differentially expressed genes in anti-TNF treated AS
patients versus naive AS patients. The red points demonstrate genes differentially
expressed with an FDR <0.05 in (a) CD14+ monocytes (b) CD4+ T cells (c) CD8+ T
cells.
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Differentially expressed lncRNA following anti-TNF treatment

All differentially expressed lncRNAs at an FDR <0.05 are shown in Table 4.9.

Many lncRNAs have limited functional information, therefore it is challenging

to understand how these lncRNAs may be regulating genes related to AS. The

two differentially expressed lncRNAs for CD4+ do not have a known function.

The differentially expressed genes and lncRNA may be described as markers of

therapy response.

CD14+ CD4+ CD8+

AC013394.2 CTB-31O20.2 MKLN1-AS1

MIR22HG RP11-489E7.4 HCP5

NEAT1 NEFL

SCARNA2 RP11-94L15.2

RP11-473I1.10 RP11-489E7.4

HCP5 RP11-861A13.4

AP003774.6 LINC00402

HOTAIRM1 SNHG15

TUG1 AC084018.1

RP11-473I1.9 CTD-3184A7.4

SNHG15 RNU12

LINC00963 AC013394.2

RP11-1002K11.1

Table 4.9: Differentially expressed lncRNAs in anti-TNF treated AS patients versus
AS treatment naive patients. FDR <0.05.

There are three overlapping differentially expressed lncRNAs between CD14+

and CD8+ T cells: AC013394.2 and SNHG15 which are both down-regulated in

the two cell types in response to treatment and HCP5 which is up-regulated in

both.
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Interrogation of differentially expressed lncRNAs in CD14+ monocytes revealed

a number of interesting targets including the up-regulation of SCARNA2 in the

treatment group. It is associated with the Cajal body, an organised nuclear

structure which has a role in epigenetic control (Morris 2008). HOX antisense

intergenic RNA myeloid 1 (HOTAIRM1) and NEAT1 were both down-regulated

in treated CD14+ monocytes. HOTAIRM1 has an emerging role in the innate

immune response (Elling et al. 2016), and its down-regulation has been shown to

attenuate myeloid differentiation (Zhang et al. 2014a). NEAT1 has previously

been found to be up-regulated in MS patients (Santoro et al. 2016) and SLE

patients versus healthy controls in relation to disease activity (Zhang et al. 2016).

Plotting the normalised counts against disease activity in our pre-treatment

and treated AS patients revealed a strong correlation of higher counts with

higher disease activity (Figure 4.7(a)). NEAT1 expression in the CD14+ healthy

controls versus AS patients was marginally significant (FDR=0.056), but plotting

the normalised counts confirms higher expression of NEAT1 with high disease

activity (Figure 4.7(b)).
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(a)

(b)

Figure 4.7: Scatterplot of normalised counts showing NEAT1 expression in CD14+

monocytes in relation to disease activity in (a) Treated versus untreated AS patients
(r2=0.50, P=0.031). (b) healthy controls versus AS patients (r2=0.44, P=0.048).
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RNA-seq pathway enrichment in CD14+ monocytes, CD4+ and CD8+ T cells

following anti-TNF treatment

Pathway enrichment analysis of the differentially expressed genes between

treatment naive AS patients and their paired follow up samples at FDR <0.05

in CD14+ monocytes, CD4+ and CD8+ T cells, was analysed using XGR (Fang

et al. 2016). Gene set enrichment analysis was analysed using the Hallmark

gene sets by MSigDB, and pathway enrichment analysis using Canonical, KEGG,

REACTOME and BioCarta gene sets. Pathway enrichment analysis was not

carried out for the control samples versus AS patients as a more accurate pathway

enrichment analysis is shown in Chapter 3.

Comparing AS patients with their post 3 month TNF-α inhibition therapy sample

identified the top enriched pathway across cell types as genes regulated by NF-κB

in response to TNF. All hallmark gene sets are listed in Table 4.10, and Canonical,

KEGG, REACTOME and BioCarta results are shown in the Appendix (Chapter 7,

Tables 7.4, 7.5 and 7.6). Plotting the differential gene expression data onto a

manually curated KEGG TNF signalling pathway demonstrates some differences

between the 3 cell types in the genes that are significantly differentially expressed

in response to TNF-α inhibition. CD4+ T cells only demonstrate one significant

differentially expressed gene in this pathway (PIK3R1, FDR <0.05). Figures

4.8 and 4.9 illustrate the output for CD14+ monocytes and CD8+ T cells. The

genes are coloured by the log2 fold change, with those that pass the FDR <0.05

highlighted in bold. CD14+ monocytes contain 5 genes that pass significance,

and CD8+ T cells 9. Only one gene overlaps between the two cell types; CASP8

expression is increased significantly in both with treatment. There are a number

of pathways that cross-talk with the TNF signalling pathway that contain these

genes, such as Apoptosis (CASP8), MAPK signalling (MAPK1, MAPK14) and

P13K-Akt signalling (PIK3CB, PIK3R1). CASP8 is also known to have non-
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apoptotic functions such as regulating cytokine production and interactions with

inflammasomes.

CD14+ monocytes also had significantly down-regulated ICAM1, which is a

cell adhesion molecule found on the surface of immune cells. Cell adhesion

molecules (CAMs) have roles in cell proliferation, differentiation, motility,

apoptosis and tissue architecture. A number of intracellular signalling molecules

and transcription factors were also down-regulated in CD8+ T cells, including

JUN, SOCS3, JUNB, FOS, but there was an up-regulation of CCL5, a chemokine

receptor involved in leukocyte recruitment. TNFRSF1A, was also found to be

up-regulated in both cell types, but only significantly in CD8+ T cells, and is

a GWAS hit for AS (Cortes et al. 2013). This is in contrast with the study by

Wang et al, which found decreased levels of TNFRSF1A after treatment in PBMCs

(Wang et al. 2017). MAPK14, which was found up-regulated in CD8+ T cells

was also recently described as being associated with SpA in a family based study

(Costantino et al. 2017).

Some AS GWAS genes were found differentially expressed after treatment in a

cell type specific manner that may have been undetected by previous PBMC

studies. Zinc Finger MIZ-Type Containing 1 (ZMIZ1) was found significantly

down-regulated after treatment (FDR= 1.72x10−05) in CD14+ monocytes only,

its down-regulation may be involved in the transcriptional activation of a

subset of NOTCH1 target genes including MYC. ETS2 and FCGR2A were also

significantly down-regulated in CD14+ monocytes, and PTGER4, IL6R and

CARD9 significantly up-regulated. In CD4+ and CD8+ T cells, PTGER4 was

significantly down-regulated in contrast with CD14+ monocytes, demonstrating

the importance of isolating distinct immune cell populations. IL6R was found

significantly down-regulated post-treatment in CD8+ T cells, consistent with a

previous study (Wang et al. 2017).
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There was a general dampening of immune-related genes when treated with

TNF-α inhibitors, as demonstrated in the NF-κB signalling KEGG pathway in

Figures 4.10, 4.11 and 4.12. Figure 4.10 demonstrates gene expression profile

in AS CD14+ monocytes in relation to healthy controls from Chapter 3. Figure

4.11 demonstrates the gene expression profile in AS anti-TNF treated CD14+

monocytes against healthy controls and now shows no differentially expressed

genes, with TNFAIP3, NFKBIA, IL1B and IRAK1 increasing in expression in the

treated AS samples, and PTGS2 and IKBKB no longer reaching significance.

Figure 4.12 demonstrates the gene expression profile in treated AS patients

against naive AS patients, where again nothing is significant, apart from PLCG1,

which is up-regulated in the treated AS samples. The protein encoded by this

gene plays an important role in the regulation of intracellular signalling cascades,

and has been described as a candidate gene in IBD (Yuan et al. 2017). This

analysis demonstrates the effects of blocking TNF-α, but also shows that the

majority of genes found in the canonical NF-κB signalling pathway between

treated and untreated AS patients in CD14+ monocytes do not differ significantly.
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Integration of ATAC-seq and RNA-seq data reveals regulatory changes in

response to treatment

Significant differentially open chromatin regions were identified in CD8+ T cells

in the paired patient analysis in response to anti-TNF therapy. Each differential

region was assigned to two genes, which totalled to 232 potentially regulated

genes. This list of genes was used to intersect with the differentially expressed

genes in the paired RNA-seq analysis, of which 288 genes were identified. 10

genes were found overlapping between the two analyses, which are listed in Table

4.11, (P= 0.02, Fishers test).

PTGER4 is differentially regulated in CD8+ T cells in treated AS patients

One of the overlapping genes was the top differential open chromatin region that

lies close to PTGER4. In both analyses, there was a significant down-regulation of

PTGER4 gene expression or open chromatin at chr5:40410331-40410886 in the

AS patients treated with TNF-α inhibition therapy. This gene was reported in AS

GWAS (Cortes et al. 2013; Evans et al. 2011), and SNPs in PTGER4 are known

to affect severity of AS (Ozen et al. 2017; Chai et al. 2013). When plotting the

normalised ATAC-seq and RNA-seq counts, the expression levels demonstrate a

correlation with disease activity in both (Figure 4.13). The protein encoded by

this gene is one of four G protein-coupled transmembrane receptors involved in

prostaglandin E2 (PGE2) signalling, regulated by cyclooxygenase (COX) activity,

the target for NSAIDs. A UCSC genome browser snapshot demonstrating this

peak is shown in Figure 4.14. The peak also overlaps two GWAS SNPs for IBD,

CD and UC (rs11742570 and rs6451493) (Lange et al. 2017; Liu et al. 2015; Julia

et al. 2013; Jostins et al. 2012; Anderson et al. 2011; Franke et al. 2010). FOS and

JUN are shown to bind in this location, and both are also down-regulated in the

TNF-α treated individuals. There are also many strong promoter capture Hi-C
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interactions around this region interacting with the PTGER4 promoter, but these

do not directly fall on this peak.

Other genes that may be differentially regulated are JUN and FOS (these dimerise

to form the TF complex AP-1) involved in TGF-β signalling. They have roles in

the development of cells involved in the maintenance of the skeleton, through

signal transduction, cell proliferation and differentiation. CYLD codes for a

deubiquitinase, involved in the regulation of NF-κB regulation by inhibiting its

nuclear translocation. PFKFB3 is required for the prevention of apotosis, and

blocking its activity has demonstrated some therapeutic effect (Schoors et al.

2014). HIVEP1 can bind to the promoter of MHC class I genes (Veer et al. 1992),

along with IL2R and IL-β related genes, and is known to act in T cell activation.

CD8+ RNA-seq DE in treatment group

PTGER4 down-regulated

JUN down-regulated

ADTRP down-regulated

CYLD down-regulated

YPEL5 down-regulated

OXNAD1 down-regulated

PFKFB3 down-regulated

PNP up-regulated

HIVEP1 down-regulated

FOS down-regulated

Table 4.11: Differentially expressed genes in anti-TNF therapy samples compared
with naive AS patients, which are located proximal to a differentially open chromatin
region in CD8+ T cells. All ATAC-seq differentially open chromatin regions were found
more closed or ”down-regulated” in the treatment group. All RNA-seq genes apart from
one were also found down-regulated. Genes included passed an FDR <0.05.
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(a)

(b)

Figure 4.13: Scatterplot of normalised counts for PTGER4 expression in CD8+ T
cells in relation to disease activity. (a) Treated versus untreated AS patients at
the differentially open peak close to PTGER4 (r2=0.48, P=0.057) and (b) Treated
versus untreated AS patients PTGER4 mRNA counts (r2=0.45, P=0.048), both showing
increased expression is related to increased disease activity. AS patients treated with
TNF-α inhibition therapy mostly demonstrate lower expression levels, and the patients
with the lower BASDAI score demonstrated the lower read count in ATAC-seq.
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GWAS Catalog
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Figure 4.14: Differentially open ATAC-seq peak in CD8+ T cells, demonstrating a
down-regulation in patients with 3 months TNF-α inhibition. UCSC Genome-browser
view showing the ATAC-seq read density distribution of 3 AS patients and 2 of their
paired 3 month samples after anti-TNF therapy. The peak also overlaps a GWAS
associated SNP for IBD and a DNase-I digital footprinting site in primary CD8+ T cells,
along with the binding of multiple transcription factors including JUN and FOS.
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4.4 Discussion

The results in this chapter have identified differential open chromatin regions

between AS patients and healthy controls, by successfully defining the open

chromatin landscape in AS patients in 3 immune cell types. Differentially open

regions between AS patients and their paired 3 month anti-TNF therapy follow

up sample were also described in CD8+ T cells, along with the transcriptional

landscape in AS patients treated with TNF-α inhibitors ETA and ADA in 3 cell

types. The possible differentially expressed genes that may be linked to changes

in chromatin accessibility in these comparisons were also investigated, with the

aim to identify possible mechanisms of gene and pathway dysregulation.

4.4.1 Differential chromatin accessibility in AS patients

This chapter describes a relatively new approach to define differences between

disease and healthy individuals, by analysing cell specific chromatin accessibility

data in primary immune cells types, isolated from blood collected on the same

day from the donor. This approach is believed to have preserved the integrity

of the epigenetic landscape; providing information regarding the accessibility of

chromatin regions relating to disease state. The analysis described is an example

of one way that chromatin accessibility can be used to define differences between

two states in the same cell type. A merged master list of peaks present in two

or more individuals will remove peaks that appear in only one sample, and

therefore likely to be spurious. This approach will not, however, account for

the absence of a peak in one set of samples, as only peaks that appear in both are

taken forward for analysis. One similar study was performed in 3 SLE patient

samples that had been biobanked for two years along with one freshly obtained

SLE sample, and 4 healthy controls as a comparison in CD19+ B cells (Scharer et

al. 2016). This study was able to detect changes in differentially accessible peaks
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which were associated with leukocyte differentiation, cellular activation, and B

cell activation.

Main findings following integration of differential open chromatin and

differential gene expression

Differential analysis between AS patients and healthy controls identified a large

number of regions in CD14+ monocytes, with a smaller number for CD4+ and

CD8+ T cells. Innate immune cell types may be more receptive to change by

an inflammatory stimulus, and may be more likely to show increased changes

in chromatin accessibility globally. Pathway enrichment analysis for CD14+

monocyte ATAC-seq and RNA-seq integration found enrichment in many genes

involved in NF-κB signalling and genes up-regulated during the unfolded

protein response, reproducing some pathways in the main RNA-seq analysis

(Chapter 3). NFKBIA gene expression was consistently down-regulated in

AS patients, and also demonstrated a down-regulated chromatin region in AS

patients (data not shown). The differential open chromatin regions at the IRF1

gene was highly significant in CD14+ monocytes, but did not correlate with gene

expression levels, requiring further investigation. These differential regions lie

in proximity to 2 GWAS SNPs, rs4705952 is associated with CRP levels and

chronic inflammation (Dehghan et al. 2011), and rs2549003 which is an asthma

risk allele (Myers et al. 2014). The decrease in chromatin accessibility suggests

that IRF1 is transcriptionally down-regulated in AS patients, and a meta-analysis

in human monocyte-derived macrophages revealed that IRF1 was negatively

regulated in SpA individuals (Fert et al. 2014). The CD4+ T cell differential

regions only demonstrated one overlap with RNA-seq data, located proximal to

the gene RGS1. RGS1 was found down-regulated in both the ATAC-seq and RNA-

seq analysis in both T cell subtypes, suggesting that it may play a potentially

important gene in AS T cell responses. RGS1 desensitises the chemokine
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receptors CCR7 and CXCR4 that are critical to the localization of T and B cells

in lymphoid organs (Caballero-Franco and Kissler 2016). RGS1 was also found

reduced in abundance in SLE patients (Bradley et al. 2015), and is associated with

several other autoimmune diseases such as MS, celiac disease and T1D (Johnson

et al. 2010; IMSGC 2010; Hunt et al. 2008; Smyth et al. 2008). RGS1 has been

highlighted as a biomarker for undifferentiated spondyloarthritis, where RGS1

was inducibly higher in undifferentiated SpA than classified AS patients (Gu et

al. 2009). RGS proteins are GTPase-activating proteins that modulate chemokine

receptor signalling and RGS1 is highly expressed in lymphoid organs serving as

a negative regulator of chemokine receptor signalling in lymphocytes (Moratz

et al. 2004). A recent study identified a link between RGS1 expression and

T follicular helper (TFH) cell frequency, providing a possible explanation for

the association of RGS1 with several autoimmune disorders (Caballero-Franco

and Kissler 2016). Therefore understanding whether RGS1 may be affecting AS

pathogenesis through the regulation of TFH cells may be an interesting candidate

for future research.

The majority of differentially open chromatin regions in CD14+ monocytes are

down-regulated, suggesting a general effect across the genome of gene expression

down-regulation. This may relate to the significantly increased number of

HDACs described in CD14+ monocytes in Chapter 3, causing many TF sites to

become deactivated. It was shown that HDAC inhibitors are strongly associated

with a gain in chromatin accessibility, further reinforcing a future role of HDAC

inhibitors as a treatment option, and could be investigated by treating CD14+

monocytes with a HDAC inhibitor and assessing global chromatin accessibility

(Qu et al. 2017).
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The current limitations of this approach

The inability to find significantly enriched differentially open chromatin regions

in CD4+ and CD8+ T cells may relate to a number of limitations in this study.

Firstly the sample size is small for this type of genome-wide analysis, so we may

currently lack the power to detect meaningful regions. The current approach

of only analysing peaks identified in a number of samples may be too stringent,

overlooking a large amount of variation that may be particular to an individual or

a set of individuals. This approach also relies on the parameters set by the peak

caller to define open chromatin regions. A strategy that removes the requirement

for peak calling may be interesting to investigate. One such software is called

diffReps (Shen et al. 2013), that is able to count the reads in a pre-defined sliding

window and outputs a list of differential sites. This approach will also be able to

detect regions that are completely down-regulated and therefore lack a peak in

one set of samples that otherwise would have been unaccounted for. Examples

demonstrating this are discussed in Chapter 5, Section 5.3.5. However, most

allelic differences in expression were reported not to be on/off events, but instead

reflect biases in the level of expression from each allele (Dixon et al. 2015).

4.4.2 The effects of TNF-α inhibition

Genome-wide profiling on the effect of TNF-α inhibition in AS patients is still

relatively unknown, with only two previous studies investigating the effects of

treatment on gene expression (Wang et al. 2017; Dolcino et al. 2017). Dolcino et

al found genes are differently modulated in patients that show a good response

to treatment compared to non-responders, and that ADA treatment normalised

the altered expression of genes involved in AS-associated pathways. Wang

et al carried out a similar approach to our study by comparing AS patients

pre- and post- treatment, identifying many differentially expressed genes in
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PBMCs. A small number of these overlapped with GWAS reported genes. Our

patients were treated with ADA and ETA, and were all described as patient

responders. The previous studies identified genes in treatment response in

signalling pathways involving MAPK, fibroblast growth factor receptor and

toll-like receptor signalling and cytokine-cytokine receptor interactions. This

analysis demonstrated some overlap with these results, with damping of genes

involved in the TNF and NF-κB signalling pathways, increased expression

of MAPK14 and many pathways involving cytokine receptors. However, it

may not be ideal to compare these results, since studies conducted in PBMC

populations may actually be reflecting the changes in the proportions of PBMCs

after treatment. The upregulation of CASP8 in both CD14+ monocytes and

CD8+ T cells may point to an important role of apoptosis in treatment response.

CASP8 is also involved in the negative regulation of necroptosis, and decreased

CASP8 has been shown to trigger inflammation in vivo by sensitizing cells to

RIPK3-mediated necroptosis (Oberst et al. 2011). Deletion of CASP8 in mouse

macrophages was shown to promote onset of a mild systemic inflammatory

disease (Cuda et al. 2015) and may dictate the response to TLR activation. There

is a growing body of evidence suggesting the importance of cross talk between

innate immune inflammatory signalling and apoptosis, associated with a large

number of autoinflammatory diseases (Feltham et al. 2017). The gene expression

of CASP8 is increased once TNF-α inhibition has occurred, and may act to restrict

lymphocyte accumulation and therefore decrease the inflammatory response (Su

and Lenardo 2008).

Differentially regulated lncRNAs following anti-TNF treatment

This study was able to introduce further novelty by analysing lncRNAs that are

differentially expressed after treatment. NEAT1 was found to be significantly

down-regulated after treatment, and was consistent with the up-regulation of
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NEAT1 in AS patients from Chapter 3. NEAT1 levels were found to be related to

disease activity in AS and SLE (Zhang et al. 2016). Zhang et al found that NEAT1

may dysregulate TLR4 signalling and chemokine activity and may induce late

stage phosphorylation of the MAPK signalling pathways (Zhang et al. 2016). It

may therefore act as a candidate biomarker of treatment response and disease

severity in both AS and SLE patients, and is an interesting candidate for future

studies. Another interesting lncRNA is HOTAIRM1, which was found down-

regulated in treated AS patients. Knockdown of HOTAIRM1 was shown to

reduce myeloid differentiation associated genes, and therefore may play a role

in regulating normal myelopoiesis by regulating HOXA gene expression (Bei

et al. 2007). Further understanding the role of lncRNA in regulating gene

expression in regards to the development of immune cells following treatment

may be an important area in future studies. SCARNA2 was found up-regulated

in the treatment group, and was also found over-expressed in IBD patients

treated with azathioprine (DMARD) compared to pre-treatment (Coulthard et

al. 2017). SNHG15, down-regulated in CD14+ monocytes and CD8+ T cells, has

been demonstrated to be involved in cell proliferation and invasion in cancer

(Chen et al. 2016) and also in response to chemical stressors (Tani et al. 2014).

Polymorphisms in HCP5 (HLA complex P5), found up-regulated in CD14+

monocytes and CD8+ T cells, is located in the HLA region. It has previously

been associated with psoriasis and SLE (Li et al. 2014b; Ciccacci et al. 2014).

Carriers of HCP5 variants demonstrate a reduced viral load, which suggests they

may mount a strong immune reaction leading to excessive inflammation.

4.4.3 Chromatin accessibility changes in response to anti-TNF

therapy

PTGER4 is an interesting gene that was found differentially expressed in all 3

cell types post-treatment. A differential open chromatin region close to PTGER4
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was found differentially closed post-treatment, correlating with the reduced

expression of this gene in CD8+ T cells. Many promoter capture Hi-C contacts

were found surrounding this region, and although the interaction was not found

directly at the differential peak, this technique lacks resolution due to the large

interacting regions it creates. A higher resolution technique such as Capture-

C (Hughes et al. 2014) may be more accurate at detecting enhancer regions

that interact with promoters. PGE2 is known to promote inflammation and

skeletal related changes in RA (Robinson et al. 1975; Lippiello et al. 1978),

and reducing PGE2 levels can reduce inflammation in a mouse model of poly-

arthritis (Portanova et al. 1996). It has been demonstrated that EP4 (the receptor

encoded by PTGER4) deficient mice demonstrate a similar phenotype of reduced

PGE2 levels, reducing the severity and incidence of the clinical signs of arthritis

(McCoy et al. 2002). Signalling through EP4 can induce T cell activation,

and the reduced expression of the EP4 receptor in the treatment group may

cause decreased T cells responses. Patients treated early with TNF-α inhibitor

therapy demonstrate reduced radiographic progression (Maksymowych et al.

2013), suggesting there may be a mechanisms that prevents new bone formation

in these patients. PTGER4 expression in CD8+ T cells may act as a biomarker to

measure disease activity and treatment response, and should be prioritised for

future follow up studies. The transcription factors JUN and FOS were also found

down-regulated in CD8+ T cells post-treatment response. These TFs regulate

TGF-β signalling, regulating the development of cells destined to form and

maintain the skeleton. These TFs were also found to bind around the PTGER4

differentially open chromatin region and may therefore be involved in regulating

PTGER4 expression.
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4.4.4 Prioritised targets for future validation

A number of findings should be taken forward and validated in a larger AS

cohort, or investigated using functional assays. The down-regulation of RGS1

levels and the differentially expressed peak in AS T cells should be validated in

a larger AS cohort due to its known importance in T cell signalling. The down-

regulation of GWAS locus PTGER4 in treated AS patients CD8+ T cells should be

investigated further. This differentially open chromatin peak sits on a SNP found

associated with IBD, a disease closely related to AS. A future hypothesis may

be to understand whether there is a genotypic effect of this SNP on chromatin

accessibility and TF binding using ChIP-seq, and its influence on PTGER4 levels.

This is the first study to investigate lncRNAs in AS in a cell type specific manner.

The identification of lncRNA NEAT1 in both CD14+ monocyte comparisons and

its correlation with disease activity in AS and other autoimmune diseases may

suggest its involvement in disease aetiology. Further studies should investigate

the functional mechanisms of NEAT1 on target genes differentially expressed in

AS.

4.4.5 Limitations

Low sample sizes and the lack of a gold standard for bioinformatic analysis

in ATAC-seq are current limitations that may explain the inability to detect

significant changes in chromatin accessibility in some comparisons. Further

methods of analysis require investigation, along with continued recruitment of

patients through the GENExpress ID study. Since AS is known to be clinically

heterogenous, the number of samples required is difficult to predict. Using the

new optimised method for ATAC-seq, called FAST-ATAC (Corces et al. 2016) may

also reduce some of the noise found in our data, increasing the sensitivity to

detect changes and also reducing the number of mitochondrial reads to improve

the number of filtered reads after sequencing. ChIP-seq of AS patients would
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add to the current level of data, which can be integrated to further refine disease

relevant chromatin states by ChromHMM.

4.4.6 Conclusion

Chromatin profiling may be an important tool in studying immune-mediated

disease related changes. The chromatin landscape can begin to reveal current

but also future potential gene expression changes in response to an inflammatory

stimulus. RNA-seq data can provide a large amount of information regarding

pathways related to disease, but may not provide a view on the underlying

mechanisms promoting the change in gene expression. This pilot study has

been able to demonstrate the cell type specific enhancer differences relating

to changes in differentially expressed genes. The prioritisation of AS specific

enhancers will promote future research in identifying the molecular mechanisms

that may be involved in changes in the regulatory landscape in AS patients and

other inflammatory diseases, providing the possibility for a stratified approach

in treating related immune-mediated diseases.
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Chapter 5

Prioritisation and interpretation of

AS GWAS SNPs

5.1 Introduction

5.1.1 AS GWAS and the IGAS UK cohort

Genome wide association studies have made a fundamental contribution in the

identification of AS susceptibility loci (Burton 2007; Reveille 2010; Evans et al.

2011; Cortes et al. 2013). The most important AS association study to date based

on sample size and coverage in immune revelant loci has been the Immunochip

study, involving 10,619 cases and 15,145 controls from European and Asian

ancestry (Cortes et al. 2013). The Immunochip study includes high-density

coverage of the top 2,000 independent association signals from 11 distinct

autoimmune and inflammatory diseases (Trynka et al. 2011; Cortes and Brown

2011), interrogating 195,806 SNPs and 718 small insertion-deletions. This study

identified 13 additional susceptibility loci, along with confirming a number of

associations from previous studies, totalling 43 loci (Cortes et al. 2013). A more

recent cross-disease meta analysis was able to identify further AS susceptibility

loci, totalling 113 distinct association signals (Ellinghaus et al. 2016).

The specific purpose of the Immunochip study was deep replication of currently

known GWAS susceptibility loci, and also refinenement of these signals by fine-
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mapping due to the increased SNP coverage at immune relevant loci. The

Immunochip contains 186 immune related loci that had been chosen based on

current knowledge of their relevance in immune mediated diseases, with dense

SNP coverage. There are a number of limitations to the Immunochip study,

leaving a large proportion of the susceptibility loci unable to be extensively fine-

mapped. A study prioritising AS SNPs only demonstrated a 10% narrowing in 4

of 8 loci of associated regions; the resolution being limited due to extensive LD

(Trynka et al. 2011). Fine mapping using the Immunochip has demonstrated

success in some diseases, such as coeliac disease, in which a single gene was

assigned to 29 of the 54 non-MHC loci, containing a credible set of SNPs for

each (Trynka et al. 2011).

5.1.2 GWAS and its limitation in causal variant identification

As previously discussed, GWAS often fail to correctly identify the causal variant

due to LD (Visscher and Hill 2009). In some cases, the lead SNP may be in

high or complete LD with hundreds of SNPs, creating difficulty in refining the

signal at the locus. The Immunochip study was unable to successfully fine-map

SNPs in the majority of AS susceptibility loci, therefore further refinement using

statistical and functional data is required to narrow down likely causal SNPs

and genes in AS pathogenesis. It is also important to note that low frequency

variants (MAF <0.5%) are often not included in GWAS arrays, but are suspected

to account for large effect sizes and may explain the missing heritability estimates

that are found in many common diseases (Manolio et al. 2009). There are a

number of limitations specific to the Immunochip, which was designed using

early 1000 genome pilot data (February 2010 release), meaning that the coverage

of low-frequency and rare variant spectrum is incomplete. It may also be the

case that a causal variant may not have been genotyped due to the Immunochip’s

focus on specific immune related loci, possibly missing areas of the genome of
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unknown importance. The Immunochip also does not type rare CNVs and the

design is also based on the haplotype structure and SNPs identified in Europeans,

therefore non-European variation may be under-represented (Cortes and Brown

2011). See Chapter 1, Section 1.6 for more details.

5.1.3 Methods used to fine map candidate SNPs

Aside from the use of custom genotyping arrays such as the Immunochip, and

more recent arrays that enhance the representation of low-frequency and rare

variants such as The UK Biobank Axiom Array (http://www.ukbiobank.ac.uk),

there are other methods that increase coverage and access to low-frequency and

rare variants. One such way is genotype imputation, which is a cost-effective

strategy to expand the SNP content of genome-wide genotyping arrays. This

relies on reference panels of SNPs, generated by the HapMap project or more

recently the 1000 Genomes project (pilot, phase I and phase III). Phase III

included a total of 88 million variants which were phased onto high-quality

haplotypes, from the genomes of 2504 individuals from 26 populations and

include >99% of SNPs with a MAF of >1% (Auton et al. 2015). More recent

imputation panels from the UK10K project have identified 42 million SNVs and

3.5 million INDELs, of which 24 million were novel variants (Walter et al. 2015).

The use of 1000 Genomes and the UK10K combined may increase the ability to

discover low-frequency variants associated with disease (Zheng et al. 2015), and

to improve the ability to fine-map SNPs associated with disease. The various

fine-mapping methods are described in more detail in Chapter 1, Section 1.6.6.

5.1.4 Genomic annotation using publically available datasets

Often these fine mapping strategies are not able to refine the signal to

a single variant, therefore interpretation with genomic annotation is often

necessary to build a complete picture of the functional relevance of the
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SNPs identified across different cell types. This includes epigenetic (DNA

methylation), epigenomic (chromatin accessibility and histone modifications)

and transcriptomic annotations, along with chromosome conformation data

(promoter capture Hi-C, Capture-C). These annotations are all interconnected

and when integrated may give us further confidence in how a variant may be

regulating gene expression. They are also highly cell type specific, and may vary

with different environmental stimuli, therefore there has been a major drive in

generating annotations in a variety of primary cell types in recent years through

various consortium projects (Dunham 2012; Adams et al. 2012; Bernstein et

al. 2010). One way to integrate some types of this data is through a software

tool called chromHMM, developed by Ernst et al (Ernst and Kellis 2012). More

details on these datasets and methods for integration are mentioned in Chapter

1, Section 1.8.4. Fine mapping results from GWAS can be re-weighted by

integrating these various functional datasets using tools such a FGWAS (Pickrell

2014).

5.1.5 Chromatin Conformation Capture to identify enhancer-

promoter interactions

Genes regulated by cell specific enhancers are often located at a distance from

the disease associated SNP and therefore may be difficult to define, especially

when disease aetiology is not well understood. One experimental technique,

chromatin conformation capture, is able to link enhancers to their target gene

promoters. There have been a number of developments in the conformation

capture method, including 3C, 4C, 5C, Hi-C and Capture-C, which vary in

their ability to define a number of regulatory regions (Fraser et al. 2015). For

3C, a candidate promoter and enhancer is already required, and PCR primers

are designed at intervals between them to test for an increase in signal at the

promoter and enhancer using RT-qPCR (Hagege et al. 2007). Hi-C and Capture-
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C use high-throughput sequencing to sequence all regions that are found linked

to the candidate region that is enriched using biotinylated probes (Mifsud et al.

2015; Hughes et al. 2014). Recently, Hi-C was performed at gene promoters

across a number of different cell types and activation states, providing a catalogue

for chromatin interactions across different cell types (Javierre et al. 2016). There

is also a web interface for easy interrogation of a SNP or region of interest

(https://www.chicp.org) (Schofield et al. 2016).

5.1.6 Functional characterisation of GWAS SNPs

Once a SNP has been prioritised to be potentially causal, functional follow up

studies are required to define the causality of a variant, and mechanism of action.

Reporter gene assays using traditional cloning techniques have been a popular

method in identifying enhancer elements (Dailey 2015; White 2015), and more

recently the CRISPR-cas9 system has been widely adopted in the attempt to

dissect the cis-acting effects of genetic risk variants. Genome editing of human

pluripotent stem cells can allow differentiation into primary cells of interest

to allow a more accurate assessment of the enhancer or variant in the relevant

cell type (Sanjana et al. 2016; Diao et al. 2016; Korkmaz et al. 2016; Xue et al.

2016). CRISPR/cas9 editing of a single base pair in the genome has also been

achieved using programmable site-specific nucleases, allowing for more concrete

confirmation of the causality between SNPs and disease, and has potential value

in clinical applications (Govindan and Ramalingam 2016).

5.2 Aims

This chapter aims to fine-map disease association signals in AS and annotate

with differentially open chromatin and expressed genes in AS. This will provide

evidence for putative functional variants and modulated genes. The specific aims

of this chapter are to:
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1. Perform association and conditional analyses on the UK IGAS cohort.

Conditional analysis will highlight any additional association signals at

each locus.

2. Perform fine mapping for each distinct association signal by generating

credible sets of SNPs and their posterior probabilities. For each locus,

fine-mapping will identify a credible set of SNPs that best explain the

association at that locus, assuming there is one causal SNP at each

association signal.

3. Integrate fine-mapped SNPs with regions of differentially open

chromatin identified through ATAC-seq, and GWAS reported genes with

RNA-seq differentially expressed genes. The integration of data may

provide further evidence of potential causal mechanisms acting through

GWAS associated variants.

4. Give an example of a functional experiment that can be performed with

fine-mapped SNPs. Using a variety of functional assays, an AS associated

CARD9 locus SNP was tested for potential function relevance in altering

gene expression.

5. Hypothesise the functional mechanism of fine-mapped SNPs based on

interaction with cell specific chromatin accessibility data, chromatin

interaction data and gene expression. The causal mechanism of a fine-

mapped SNP at locus 2p15 is hypothesised to be functional in a cell type

specific manner by the integration of various data sets.
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5.3 Results

5.3.1 Fine mapping of AS associated loci

Comprehensive fine mapping was carried out in 26 of the reported non-MHC

susceptibility loci from the IGAS Immunochip study. I was given access to a

subset of the European cohort of AS patients, more specifically the UK cohort,

which includes 4101 AS cases and 9700 controls. Phasing and imputation

was carried out in a 2Mb area surrounding the lead SNP, using the 1000

Genome Project Phase 3 Version 3 reference panel (October 2015 release). This

provides almost complete coverage of common and low frequency variation

across these loci. Well imputed SNPs (found in at least 70% of the sample

size) were carried forward for association analysis. Filtering these SNPs is

important in the credible set generation, so that the results are not dependent

on the quality of the imputation. The posterior probability is determined by

effect size, which can be directly affected by the quality of the imputation.

Credible sets of SNPs were constructed containing SNPs most likely to be

driving the association signal, along with their posterior probability. The 50%

and 95% credible set was generated for each signal, and SNPs were ranked

according to their approximate Bayes factor, including further variants until their

cumulative posterior probabilities exceeded 0.99 (Bunt et al. 2015). Methods are

described in more detail in Chapter 2. Fine mapping analysis in a subset of the

Immunochip AS cohort was beneficial for future prioritisation, as it provided a

good refinement in a large number of loci as the sample size was still substantially

large.
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5.3.2 Defining variants driving AS association signals

At each association signal genome wide significant associations were identified,

characterised by a log10 approximate Bayes factor of 5 or above, as shown in

Table 5.1. Each signal is described by the lead SNP that explains the largest

part of the association signal, along with the log10 approximate Bayes factor

and the number of SNPs contained in the 95% or 50% credible set, each with

their own posterior probability. In most cases, the SNPs identified in the UK

IGAS cohort differed from the European analysis, demonstrating the limitations

of this method, which may depend on the power you have to detect associations

along with the set of individuals in the cohort. The success of fine-mapping

is correlated with the effect size and relative allele frequency (RAF) at each

locus (Bunt et al. 2015). Improved identification of causal SNPs may arise when

overlapping the credible set with epigenomic data such as open chromatin and

enhancer or promoter methylation marks.

Approximate bayesian fine-mapping of these 26 loci results in median 50% and

95% credible sets containing 10 (1-2952) and 25 (3-10473) variants respectively.

10 of the 26 loci were reduced to fewer than 10 SNPs in the 95% credible set.

However, only 19 of the 26 credible sets included the lead variant reported in the

lead GWAS analysis (Cortes et al. 2013). The analysis with the European cohort

reported 24 loci containing the lead GWAS SNP, clearly showing that successful

fine-mapping is sample size dependent, and therefore its utility depends on the

availability of large-scale genotyping data (Bunt et al. 2015). The resolution is

most precise at loci with strong association signals, therefore the credible sets

generated from IL23R, KIF12B, locus 2p15, GPR35, ERAP1, and locus 21q22 can

be assumed to be relatively accurate. Some of these association plots are shown

in Figure 5.1. For majority of the credible sets with less than optimal resolution,

integration with epigenomic data is still able to make use of this data.
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The greatest refinement was achieved for ERAP1 with the primary signal

reaching a log10 approximate bayes factor of 23.38. This gene is already known

to be important in AS pathogenesis and therefore is still present at a very high

significance in the smaller UK cohort. The intergenic region on chromosome

2p15 was the second most significant association, with a log10 approximate bayes

factor of 18.42. This signal was refined to a 95% credible set of 3 SNPs, therefore

the probable causal SNP can easily be identified with epigenomic data (Figure

5.8a). Those loci that were unable to be fine-mapped using this cohort are listed

in the Appendix (Chapter 7, Table 7.7). The index variant rs1128905 for CARD9

was found to be a genotyping error and therefore is not present in the credible set

(7, Figure 7.4). However, the index variant from a previous GWAS rs10781500

is present (Evans et al. 2011). In ERAP1 the index variant was not present, but

SNPs with an r2 of 1 with the index SNP are found in the credible set.
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(a)

(b)

(c)

Figure 5.1: Local association plots of the log10 approximate bayes factor for the most
significant loci. at (a) 1q32 KIF12B (b) 2q37 GPR35 (c) gene desert locus 21q22.
Recombination hotspots are also demonstrated in blue, and imputed SNPs are shown
in gold.
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5.3.3 Independent association signals at AS susceptibility loci

Understanding the genetic architecture at associated loci can begin by describing

any distinct association signals, which may arise due to multiple independent

causal variants. In this analysis, this was achieved by conditional analysis using

SNPTEST with a Bayesian additive model (Marchini et al. 2007; Marchini and

Howie 2010). Independent association signals were found for three of the loci;

IL23R, ERAP1 and TNFRSF1A, as shown in Table 5.1. These loci were also

reported to have secondary signals in the original Immunochip paper (Cortes et

al. 2013). The ERAP1 locus has extensive LD, meaning causal SNP identification

has proven difficult. Evans et al proposed a two mutation model, with the

primary effect due to the locus containing rs30187, and a secondary effect by

one of the other two signals. rs30187 did not appear in our credible set, but

SNPs in complete LD were present. Associations in the IL23R are shared between

many inflammatory diseases, including psoriasis, psoariatic arthritis and Crohn’s

disease (Liu et al. 2015; Tsoi et al. 2012). The AS Immunochip paper found two

independent signals associated with the IL23R. The primary signal identified

by fine mapping did not contain the main Immunochip SNP, but instead the

top variant was an INDEL (67699535:GTT:G). This INDEL was also shared

with a bayesian fine mapping approach within the group for psoriatic arthritis

(unpublished). The primary and secondary associations at the TNFRSF1A locus

were found to be reversed when fine mapping, with rs7954567 appearing alone

as the primary signal, and the original primary SNP appearing within the

credible set of six SNPs as the secondary signal. SNPs in LD have been described

to affect splicing and transcriptional control of TNFRSF1A (Rittore et al. 2014).

These loci are also shared with inflammatory bowel disease (Liu et al. 2015).

Association plots for ERAP1 and IL23R are shown the Appendix (Chapter 7,

Figure 7.3).
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Enrichment with eQTL data

Successfully fine-mapped SNPs listed in Table 5.1 were overlapped with eQTL

SNPs from a number of datasets contained within the package XGR (Fang et

al. 2016). All significant common eQTL SNPs reported by the authors were

retrieved. The background was specified as all GWAS study SNPs, and the

enrichment analysis was based on a binomial test for estimating the significance

of overlaps using the function xGRviaGenomicAnno (Figure 5.2). The top

enrichment was with GTEx muscle skeletal, followed by a number of probable

unrelated tissues such as GTEx stomach and GTEx aorta. CD4+ T cells were the

top enriched immune cell type, followed by GTEx whole blood, CD8+ and NK T

cells. A number of monocyte datasets, both stimulated and unstimulated were

found enriched, but at a much lower significance. This analysis has a number

of limitations, which includes the bias created by missing GWAS loci that were

unable to be fine-mapped with the UK Immunochip cohort. Overlap of eQTL

and prioritised GWAS SNPs is not an ideal method to identify eQTLs that may

be explaining GWAS signals, as these results may be the result of coincidental

overlap due to local LD. A more appropriate method is colocalisation analysis,

which is able to link eQTLs to GWAS SNPs. Candidate causal eQTLs have been

identified using this method in SLE (Odhams et al. 2017), and can be used to

prioritise candidate genes and causal variants along with their mechanisms of

action.
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Figure 5.2: Enrichment of fine-mapped SNPs in eQTL datasets. Based on a binomial
test for estimating the significance of overlap between common significant eQTLs from
GTEx and in house data and all successfully fine-mapped SNPs.

5.3.4 Functional follow up of the CARD9 locus

Early GWAS and the Immunochip both identified an association with a locus

containing the caspase recruitment domain family, member 9 (CARD9). Rivas et

al carried out a search for low frequency variants at this locus by resequencing,

and a rare variant was identified that affected a splice site at exon 11 (Rivas et al.

2011). This splice site variant was found to be protective for AS, CD and UC,

in comparison to the common variants identified in various GWAS studies for

these diseases (McGovern et al. 2010; Franke et al. 2010; Evans et al. 2011). A

variant in LD with the lead associated SNP in AS is a nonsynonymous variant

(rs4077515), and creates an amino acid substitution of S12N. The location of this

SNP is demonstrated in Figure 5.5. This SNP has been associated with higher

CARD9 expression in Crohn’s disease, but it is still unknown whether this coding

variant is implicated in the disease pathogeneisis (Franke et al. 2010). SNPs in

LD stretch across a number of genes at this locus, including SNAPC4, SDCCAG3
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and SEC16A, therefore understanding the potentially causal SNPs and the genes

implicated in disease at this locus is a current challenge.

This is an example of a functional experiment with the aim to identify the causal

mechanism of prioritised SNPs. These experiments were performed within the

first year of my DPhil, before fine-mapping for the AS Immunochip loci was

implemented. This prioritisation was mainly based on an interest in the CARD9

gene, and SNPs were chosen based on overlap with various annotation data

(Bernstein et al. 2010; Dunham 2012; Adams et al. 2012), along with in house

CD14+ eQTL data. An eQTL in CD14+ monocytes for CARD9 was found in high

LD with the SNPs identified in the AS, Crohn’s and Ulcerative Colitis GWAS,

suggesting that these SNPs are involved in regulating CARD9 expression in a cell

type dependent manner (Fairfax et al. 2014). The peak eQTL SNP in resting

and stimulated monocytes for CARD9 is reported as rs4078099, and SNPs in

high LD were also found to be eQTLs for CARD9 in peripheral blood and NK

cells. Overlap with ATAC-seq data suggests that CARD9 expression is cell type

specific when comparing CD14+ monocytes to CD4+ and CD8+ T cells, as shown

in Figure 5.5, exhibiting open chromatin peaks in CD14+ monocytes over the

promoter.

Reporter gene assay

A selection of SNPs prioritised in this region in regards to epigenetic overlap were

taken forward to test for enhancer activity using the pGL3 luciferase reporter

gene assay, as described in Chapter 2, Section 2.3.3. Allelic constructs were

assessed for luciferase activity following transient transfection into HEK293T

cells using a lipofection approach. HEK293T cells are human embryonic kidney

cells which express the large T antigen which can bind to SV40 promoters. This

means they can increase expression in SV40 enhancer vectors, and are stable

and reliable to culture and transfect. The region surrounding the SNP was
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cloned upstream of the luciferase gene, replacing the SV40 constitutive promoter.

Rs4078099 is located in the CARD9 promoter chromatin segmentation marks

for K562 cells and primary CD14+ monocytes, and is also overlapping a large

number of ENCODE transcription factor binding sites and open chromatin in

CD14+ monocytes as shown in Figure 5.5. This construct produced a significant

difference in relative luciferase activity between the two alleles in HEK293T

cells. In K562 cells, which are an immortalised myelogenous leukemia cell line,

no difference was seen between the alleles for rs4078099 in unstimulated cells

(Figure 5.3b), while a significant difference was observed on IFN-γ activation.

The wild type or G allele again produced significantly higher amounts of

luciferase in comparison to the A allele variant, as shown in Figure 5.3(c). K562

cells are relatively similar to monocytes, but may need to be stimulated to be

better representative of what may be occurring in vivo. This SNP may therefore

be associated with decreased CARD9 expression.
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(a) HEK293T cells

(b) K562 cells unstimulated

(c) K562 cells IFN-γ stimulated

Figure 5.3: Luciferase reporter gene activity. Relative light units of luciferase acvitity
for 3 replicates between the G and A allele of rs4078099 in a) HEK293T cells b) K562
cells stimulated with IFN-γ for 24 hours. P <0.05 paired t-test (two tailed). Error bars
represent standard error.

Allele specific binding in primary monocytes

Using a variety of transcription factor binding data from primary cells, databases

and in silico predictions (Dunham 2012; Messeguer et al. 2002), candidates for

transcription factor binding in both alleles were identified (Table 5.2). ENCODE

ChIP-seq Factorbook binding motifs in K562 cells were only identified for the G

allele (Wang et al. 2013a), shown in Figure 5.4(a), and there was evidence of a

YY1 binding motif to the A allele only (Yant et al. 1995; Messeguer et al. 2002).
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Due to a large number of transcription factor binding predictions for rs4078099,

radioactive electrophoretic mobility shift assays (EMSAs) were carried out to

further investigate allele specific differences. Radiolabelled probes spanning the

binding motifs for this SNP and corresponding to each allele were incubated

with nuclear extract from THP1 cells or primary monocytes. THP1 cells were

chosen instead of HEK293T or K652 cells due to their increased similarity to

primary monocytes. There were a number of DNA:protein complexes formed, as

demonstrated by the arrows in Figure 5.4(b). Competition EMSA experiments

using molar excess of unlabelled probe corresponding to either allele or an

unrelated probe revealed that most of these were likely to be non-specific.

Two complexes (II and III) were not effectively competed by the non-specific

competitor DNA. It remains unclear from this experiment whether there is

evidence of differences in affinity based on competition with each unlabelled

allele.

A supershift assay was also performed to elucidate specific transcription factor

binding with three transcription factors, YY1, USF1 and c-myc (Figure 5.4c).

Antibodies to these proteins were incubated with nuclear extract before the

addition of the radiolabelled probes. Binding of the antibody will cause a shift

of one band to a higher position in the gel since this complex will migrate more

slowly or alternatively abolish protein-DNA binding. A supershift seems to have

occurred in compex III for USF1, where the band seems to have shifted to a higher

location in the gel. YY1 binding may have abolished complex IV, even though

this complex was initially believed to be a non-specific band in the competition

EMSA. Both of these events seem to have occurred in both alleles, although

ENCODE ChIP-seq data predicts that USF1 will only bind the G allele and the

A allele variant creates a binding site fot YY1, therefore this assay was not very

informative in respect to allele specific binding.
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The EMSA using nuclear extract from primary monocytes (Figure 5.4d) reveals

different complexes in comparison to the EMSA using THP1 cells and may

represent a more accurate picture of what occurs in vivo, with one complex in

the G allele and two complexes being formed in the A allele. The additional

complex in the A allele seems to be competed out with 50X unlabelled probe

of both alleles, and is not competed by the non-specific probe, demonstrating

that there seems to be an additional binding in the A allele. EMSAs are an in

vitro method to detect transcription factor binding, so may not reflect what is

occurring in vivo. However, these results are encouraging and follow up with an

in vivo method such as ChIP-seq may yield more consistent and physiologically

relevant results.

Sequence TF Dissimilarity String

GAGCAGCCACGTGGTCCTCAG c-Myc 0.00 CACGTG

USF1 0.477028 CACGTGGTCC

GAGCAGCCACATGGTCCTCAG YY1 0.00 ATGG

Table 5.2: Transcription factor prediction of the DNA sequence surrounding
rs4078099 using PROMO database of putative transcription factor binding sites. c-
Myc and USF1 were consistent with the ENCODE ChIP-seq data. The dissimilarity score
is a measure of how different the sequence and the string of the binding site are.
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(a) Transcription factor binding motifs, found in K562
Probe
N.Extract
'G' Comp
'A' Comp
Non-specific

GGGGGGG AAAAAAA
-- +++++ +++++++

- - - -- - - - - -5X 5X50X 50X
- - - - - -5X 50X 50X5X- - - -

------------ ++

(b) Competition EMSA in THP1 cells
Probe
N. Extract
Antibody

G G GG GA A A A A
- -
- - - - YY1 YY1USF1 USF1c-Myc c-Myc

+ + + + + + + +

IV

(c) Supershift EMSA in THP1 cells
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Probe
N.Extract
'G' Comp
'A' Comp

G A
-

-

G G G G G G A A A A A A
+ + + + + + + + + + + +

-
-

- 5X 50X - - - - - - 5X 50X -
- - - - - 5X 50X - - 5X 50X - - -

Non-specific- - - - - - - + - - - - - +

V

VI

(d) Competition EMSA in primary monocytes

Figure 5.4: Allele specific transcription factor binding. (a) Factorbook motifs from
ENCODE K652 ChIP-seq data, demonstrating transcription factors binding to the G
allele over the A allele at rs4078099. (b) Competition EMSA for rs4078099 in THP1
cells. Radiolabelled probes corresponding to the G or A allele of rs4078099 run alone
(lanes 1,2) or incubated with nuclear extract from THP1 cells (lanes 3-14) alone (lanes
3,9) or in competition with unlabelled probe (5-fold or 50-fold molar excess of G allele
in lanes 4,12 and 5,13 respectively; 5-fold and 50-fold excess of A allele in lanes 6,10
and 7,11 respectively; or an 50-fold excess of an unrelated probe in lanes 8 and 14. (c)
Supershift EMSA for rs4078099, G or A run with probe alone (lanes 1,2) or incubated
with nuclear extract from THP1 cells (lanes 3-10) alone (3,4) or with antibody YY1 (5,8),
USF1 (6,9), c-myc (7,10) for the G and A allele respectively (d) Competition EMSA with
rs4078099 with probes alone (1,2), incubated with primary monocytes nuclear extract
(3,4) or in competition with unlabelled probe (5 fold or 50 fold molar excess of G in 4,12
and 5,13 respectively; 5 fold or 50 fold molar excess of A in 6,10 and 7,11 respectively).
50 fold excess of unrelated probe in 8,14.

Fine-mapping analysis at the CARD9 locus

Fine-mapping was later carried out at the CARD9 locus, and found multiple

independent signals demonstrating high LD, and the lead SNP from the

Immunochip study rs1128905 alone in one of those signals. After further

interrogation with the original IGAS cohort it was found that the association at

rs1128905 was a genotyping error (Appendix, Chapter 7, Figure 7.4). This may

have occurred due to cases and controls being genotyped separately in different

research centres, causing some differences in SNP calling. After removing the
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SNP and re-imputing it, the primary signal was found to be tagging the original

SNPs identified through earlier GWAS (Evans et al. 2011), and in high LD with

the SNPs investigated in this functional follow up work. My candidate SNP

rs4078099 was found in the European cohort credible set, with a low posterior

probability of 0.01. The OR at the CARD9 locus is relatively small (1.1), meaning

that the fine-mapping resolution is not very precise. The fine mapped SNPs from

the European cohort are demonstrated in Figure 5.5, with my candidate SNP

rs4078099 labelled in green. There are 27 SNPs in the 95% credible set, with

the majority appearing to be non functional when overlapped with annotation

data. rs4078099 overlaps ATAC-seq peaks in CD14+ monocytes only, therefore

may be important due to its high cell specificity and its location in the gene

promoter. A variant overlapping a T cell specific peak in SDCCAG3 (rs1051957)

falls into an active enhancer site in GM12878, and primary CD4+ and CD8+ T

cells. It also overlaps with CD4+ and CD8+ digital genomic footprinting sites,

demonstrating functional activity and the binding of TFs. One fine mapped SNP,

rs4307445 is overlapping a potentially differentially open chromatin site in CD8+

T cells, with a peak found in 3 healthy controls and no AS patients (data not

shown), and is also overlapping transcription factor binding sites from ENCODE

and ChromHMM enhancer sites in CD4+ and CD8+ T cells. This SNP interacts

with the gene INPP5E in total activated CD4+ T cells in promoter capture Hi-

C data (CHiCAGO score = 5.56) (Javierre et al. 2016; Schofield et al. 2016),

therefore SNPs in this association signal may be acting through multiple genes

and mechanisms at this locus.
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Figure 5.5: Functional annotation of fine mapped SNPs at the CARD9 locus. UCSC
Genome Browser view of fine-mapped SNPs, along with ATAC-seq read density
distribution showing an example of a healthy control sample (green) and an AS patient
(red), in CD14+ monocytes, CD4+ and CD8+ T cells. The SNP with the highest posterior
probability is highlighted in red, but does not overlap open chromatin in any cell
type. The nonsynonymous variant rs4077515 is highlight in blue, and rs4078099 is
shown in green, demonstrating overlap with open chromatin in CD14+ only plus many
transcription factors. Fine-mapped SNPs stretch across 4 genes (2 SNPs in SEC16A are
not shown in this figure), and the SNP rs1051957 in SDCCAG3 falls within an active
enhancer in GM12878 cells, and overlaps open chromatin for CD4+ and CD8+ T cells
only, as demonstrated by the black dashed line. The orange dashed line demonstrates
a potential differentially open region in CD8+ T cells with rs4307445, where a peak is
found in 3 healthy control samples, and in no AS patients. 194
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Gene expression data for CARD9 in AS

RNA-seq gene expression results in CD14+ monocytes between healthy controls

and AS patients (Chapter 3) did not find a significant difference in the expression

of CARD9 (Log2FoldChange=0.174, FDR=0.096). The smallest adjusted P-value

was found in CD14+ monocytes in comparison to the other 5 cell types, where

the FDR values were extremely large. This could suggest that CARD9 may have

the potential to reach significance in a higher powered study, or by including

AS patients that also exhibit some overlap with gut inflammatory diseases, since

this association is shared with both CD and UC. The genes involved in the

NOD-like receptor signalling pathway, believed to have a potential role in the

defence against extracellular bacterial, are shown in the manually curated KEGG

pathway, demonstrating genes up or down-regulated for AS patients (Appendix,

Chapter 7, Figure 7.1). The risk allele in AS is the A allele, therefore we expect

AS patients to have decreased CARD9 expression instead of increased as these

results demonstrate.

Plotting the normalised counts against disease activity does, however, show a

very weak trend; AS patients with the highest disease activity exhibit the lowest

CARD9 normalised counts, which may demonstrate a potential link with CARD9

expression and disease activity (Figure 5.6). Using the RNA-seq data to obtain

the genotypes for each individual and plotting these against the normalised

counts demonstrated no significant difference in genotype at this SNP. Rs4078099

may not be the functional SNP regulating CARD9 expression, and it may also

be possible that CARD9 may also not be the AS associated gene at this locus

since it did not reach significant in any of the cell types investigated with

RNA-seq. The allele specific expression of CARD9 may have more relevance in

tissues of the intestinal mucosa, and therefore further investigation is required to

understand whether CARD9 and the NOD-like signaling pathway has a relevance

in AS pathogenesis. CARD9 was found significantly up-regulated in treated
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AS patients with anti-TNF-α therapy compared with untreated AS patients

(FDR=0.02) (Chapter 4). These patients were treatment responders, therefore

reduced disease activity again correlated with increased CARD9 expression.

INPP5E was only found to be close to significance in CD4+ T cells

(Log2FoldChange=0.315, FDR=0.078), suggesting this gene may be of

importance specifically in this cell type, as also suggested by the promoter

capture Hi-C chromatin interaction data at rs4307445. There was no differential

expression of SDCCAG3. These results may indicate that various SNPs and genes

may be relevant in different cell types, demonstrating the complexity at GWAS

loci.
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Figure 5.6: CARD9 normalised counts with (a) Disease activity based on BASDAI score.
The lowest counts are found in high activity AS patients, therefore CARD9 may relate
to disease severity. (b) rs4078099 genotype specific expression. No effect of genotype is
seen on CARD9 expression.
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5.3.5 GWAS overlap with differential open regions from ATAC-

seq

We are unable to detect differential open chromatin regions (DOCs) which

overlapped with the fine-mapped GWAS SNPs by the method demonstrated in

Chapter 4. This may be due to the small sample size in the AS ATAC-seq cohort.

However, by interrogating the fine mapped Immunochip loci with the ATAC-

seq data through the UCSC genome browser, I was able to further fine-map

SNPs with functional relevance in a cell type dependent manner. Functional

annotation is important in further refining the functional mechanism that may

be acting at that locus, as statistical methods may still produce a large number

of prioritised SNPs. Overlap will also give an indication of the cell type most

relevant in that locus, which may have potential implications in understanding

the general aetiology of AS. An example of cell type specific fine-mapped SNPs

rs887477 and rs11064154 at the TNFRSF1A-LTBR locus, overlaps an ATAC-seq

peak in CD14+ monocytes only, as demonstrated in Figure 5.7. I will now present

an example of integrating ATAC-seq data, fine-mapped SNPs, RNA-seq data and

publically available data to generate a hypothesis for an AS GWAS locus in a

differentially closed chromatin region.
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Figure 5.7: Fine-mapped SNP at the TNFRSF1A-LTBR locus, demonstrating open
chromatin at rs887477 and rs11064145 in CD14+ monocytes ATAC-seq data. UCSC
Genome Browser view of fine-mapped SNPs, along with ATAC-seq read density
distribution showing examples of a healthy control samples in the 3 cell types. The SNPs
highlighted in red, especially rs11064145 may be functional in CD14+ monocytes only.
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Locus 2p15

The association with AS at locus 2p15 is found in a gene desert, therefore may be

acting as a long-range enhancer to regulate gene expression. There is no LD with

any coding variants at this locus, therefore the association is not tagging any non-

synonymous mutations in nearby exons. As previously mentioned, refinement at

this locus was extremely successful, with 3 SNPs explaining 95% of the signal

(Figure 5.8a). Rs4672505 explained roughly 60% of the posterior probability,

with the remaining two SNPs explaining 40% and therefore is likely to be the

causal SNP at this locus. This signal is also a shared susceptibility locus with

psoriasis (Tsoi et al. 2012).
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(a)

(b)

Figure 5.8: Refinement of the 2p15 locus to 3 SNPs in the credible set. (a) Fine-
mapping at locus 2p15. The association at this locus has a log10 bayes factor of 18.42.
The SNPs highlighted in blue form part of the credible set and are assigned posterior
probabilities. (b) The location of the locus 2p15 SNPs in relation to the closest genes.
The associated SNPs lie in a gene desert, between genes B3GNT2 and TMEM1.The blue
lines represent recombination hotspots.

When viewing this locus with our ATAC-seq data, the lead SNP rs4672505

overlaps a peak in CD8+ T cells only, suggesting that chromatin accessibility at

this SNP is cell type specific (Figure 5.9). The AS patients all presented a peak

overlapping this SNP in CD8+ T cells, except for one patient GNOPBAS043, in

which the peak was absent (Figure 5.10). The peak was again absent in the post

3 month TNF-α inhibitor therapy sample, providing some evidence that this

was not an artefact of the experiment. The peak was also absent at the same
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location in a psoriasis CD8+ patient sample collected by a colleague. The SNPs

in both diseases are in high LD (Tsoi et al. 2012), therefore we could hypothesise

a shared causal mechanism between the two diseases at this locus. Many AS

patients often exhibit symptoms of psoriasis, or have close family members that

do, also confirming a link between the two diseases. All healthy control samples

demonstrated a peak at this location.
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Figure 5.9: ATAC-seq chromatin accessibility peaks showing cell type specificity at
rs4672505 for CD8+ T cells. UCSC Genome-browser view of control samples showing
the ATAC-seq read density distribution surrounding the SNP. CD8+ T cells are the only
cell type with open chromatin at the SNP. The small peaks in some CD4+ T cells may be
coming from the Th17 subset in these cells, as Th17 also demonstrate open chromatin at
this SNP in ENCODE data.
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Figure 5.10: GNOPBAS043 exhibiting closed chromatin accessibility in CD8+ T cells
at rs4672505. UCSC Genome-browser view of the ATAC-seq read density distribution
surrounding the SNP in AS patients (red) and healthy controls (green). All samples have
open chromatin, apart from one patient sample GNOPBAS043. ENCODE transcription
factor ChIP-seq is also shown demonstrating a variety of transcription factors binding
around rs4672505.

Allelic imbalance in ATAC-seq reads at rs4672505

To determine the genotype for all patients and controls, sanger sequencing

was performed in the region surrounding the SNP. The patient GNOPBAS043,
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demonstrating closed chromatin, was found to be homozygous for the A allele,

and all other samples were either heterozygous or homozygous for the G allele.

Chromatin accessibility may therefore be inactive in the A allele, as patient

GNOPBAS043 has zero reads mapping at this location in ATAC-seq, since the Tn5

transposase is unable in access the DNA in this genotype. To test this hypothesis,

we can check for allelic imbalance in the ATAC-seq reads in the heterozygous

individuals. All 4 heterozygous individuals had 100% of their ATAC-seq reads

mapping to the G allele only (Figure 5.11), suggesting that chromatin is indeed

closed in individuals possessing the A allele at rs4672505. This is a genotype

specific effect rather than a patient-control effect in our data, as our current

sample size does not enable us to explore whether there is an AS specific effect at

this SNP. From the GWAS and the fine-mapping analysis we can assume that this

may be the causal mechanism driving the association at this locus.

Figure 5.11: Allelic imbalance of ATAC-seq reads at rs4672505 in heterozygous
individuals. In a heterozygous individual you would expect 50% of the reads to come
from G and 50% from A. All ATAC-seq reads in these heterozygous individuals are from
the G allele only.
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Chromatin conformation capture with Promoter Hi-C data at rs4672505

To identify a possible mechanism of action, plotting promoter capture Hi-C data

from rs4672505 revealed a high confidence interaction with the promoter of a

gene downstream called B3GNT2 (Figure 5.12). Rs4672505 falls into a strong

enhancer chromatin segmentation mark in GM12878, but a repressive chromatin

segmentation mark in primary CD8+ T cells from Roadmap data (Bernstein

et al. 2010) (Figure 5.12). It could be the case that these primary CD8+ T

cells from Roadmap are also heterozygous for the A allele, and therefore are

exhibiting repressive or closed chromatin. ChIP-seq experiments from ENCODE

in GM12878 suggest a whole variety of transcription factors binding around the

SNP, of which the strongest was RUNX3, which is also an AS associated gene.

Transcription factor binding predictions using PROMO also suggest binding

motifs over the SNP for transcription factors such as c-Ets-1, GR-α, STAT-β, IRF-

1 and HNF-3α (Messeguer et al. 2002). Which transcription factor is binding in

CD8+ T cells at this position requires further investigation.

Further evidence for the chromatin interaction with B3GNT2 is provided by the

GTEx eQTL study. Although in whole blood, the study reports an eQTL for

SNPs in LD with rs4672505 (FDR= 7.3x10−31) for B3GNT2. A methylation-QTL

(meQTL) has also been reported in a CpG island cg04342863 200kb away from

the SNP in individuals with the A allele only (FDR= 3.27x10−31), suggesting that

the variant may be responsible in repressing the chromatin landscape (Bonder

et al. 2017).
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B3GNT2 gene expression

B3GNT2 was found differentially expressed in the RNA-seq results from Chapter

3 in CD14+ monocytes only (FDR = 0.048), and is down-regulated in AS patients

but with a very low log2 fold change of -0.26. To investigate whether closed

chromatin, or the A allele at rs4672505 is related to B3GNT2 expression in CD8+

T cells, the RNA-seq normalised counts were plotted against genotype, as shown

in Figure 5.13. Genotype is correlated with B3GNT2 expression in CD8+ T cells

only, with the A allele, or closed chromatin demonstrating the lowest expression

and the G homozygotes exhibiting significantly higher gene expression in CD8+

T cells in comparison with the other two cell types. This may suggest that

rs4672505 is involved in regulating B3GNT2 in CD8+ T cells only, and that other

variants may be involved in regulating expression in CD14+ monocytes and CD4+

T cells. The cohort only contains one individual that is homozygous for the A

allele, therefore more individuals with this genotype are required to investigate

this association.

208



Prioritisation and interpretation of AS GWAS SNPs

AA GA GG

80
0

90
0

10
00

11
00

12
00

13
00

14
00

B3GNT2 CD8+

Genotype

N
or

m
al

is
ed

 c
ou

nt
s

(a)

AA GA GG

40
0

45
0

50
0

55
0

60
0

65
0

70
0

B3GNT2 CD14+

Genotype

N
or

m
al

is
ed

 c
ou

nt
s

(b)

AA GA GG

50
0

55
0

60
0

65
0

70
0

75
0

B3GNT2 CD4+

Genotype

N
or

m
al

is
ed

 c
ou

nt
s

(c)

Figure 5.13: Boxplots of genotype specific B3GNT2 expression in CD8+ T cells only
(a) B3GNT2 normalised counts in CD8+ T cells demonstrate a trend in expression, with
the lowest expression in the A homozygote, the AS patient with closed chromatin at that
location. (b) B3GNT2 normalised counts in CD14+ monocytes, and (c) CD4+ T cells do
not show a correlation with genotype, demonstrating a possible cell type specific effect
of the SNP in CD8+ T cells only.
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5.4 Discussion

The main results of this chapter included fine-mapping of the AS susceptibility

loci from the Immunochip study using the UK cohort, enabling the prioritisation

of loci and regulatory variants for future functional studies. This was able

to further refine the functional variants of the CARD9 locus, and the highly

prioritised variant rs4672505 at the chromosome 2p15 locus, and can identify

patient and cell type specific chromatin accessibility at GWAS loci.

5.4.1 Variant prioritisation

The key challenge of understanding GWAS signals is the prioritisation of causal

variants in regulatory DNA elements to determine the functional mechanisms

governing its potential effects on disease. This understanding will be critical in

the road to identify novel therapeutic approaches by characterising the biological

networks responsible for disease pathogenesis and phenotype. The results

from this chapter demonstrate that the integration of ATAC-seq data in specific

immune cell types provides an effective way of highlighting potential molecular

mechanisms at AS GWAS loci.

The identification of candidate causal variants is often complicated by multiple

association signals at a single locus, as well as LD structure which could

implicate hundreds of SNPs at a single locus. The accurate identification of

potentially causal variants are required for integration with cell type specific

data and in the design of well informed functional follow up studies to

determine pathogenic mechanisms. Our fine mapping approach is a bayesian

method using dense and imputed genotyping data, which generates a credible

set of SNPs that is likely to contain the causal variant (Maller et al. 2012).

This approach assumes that there is just one causal variant at a locus, and
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the conditional stepwise approach to identify additional variants assumes

independent association signals in the region. The limitations to this method

may therefore produce incorrect assumptions and results. The ability to account

for multiple causal variant requires the consideration of multiple SNP models,

which can be computationally limiting. Methods using bayesian stochastic search

approaches can be further investigated to over come these limitations (Wallace et

al. 2015). The fine-mapping of AS associated loci using a Bayesian statistical

approach for the Immunochip study has enabled us to reduce down the number

of candidate SNPs at each locus. Further limitations to our current fine-mapping

approach include sample size, as the analysis was carried out with a subset of the

Immunochip genotyping data. This reduced power resulted in a large number of

loci unable to be effectively fine-mapped, which were successfully fine mapped

in the European cohort (Bunt et al. 2015). Comparisons with fine mapping

results from the European AS cohort occasionally lead to some variations in

prioritised SNPs, reinforcing the fact that results should always be interpreted

with all available functional data, since the output can vary depending on the

input samples and the specific population. Fine-mapping resolution was also

limited on loci with smaller effect sizes, and additional genotype information

from imputation does not add resolution to a cohort of this size. For smaller

effect sizes, much larger sample numbers are required, but if there is extended

and strong LD at a locus, large sample sizes may still be uninformative (WTCCC

2007). The ranking of prioritised SNPs by posterior probabilities may also

complicate comparisons on studies ranked by P values. In the future, deep

resequencing of all disease associated loci may be cost effective and informative

for identifying low frequency variants that may not be detected in GWAS.

Approximate bayesian fine-mapping of the 26 AS Immunochip loci was able to

reduce 10 of the 26 loci to fewer than 10 SNPs in the 95% credible set. 19

of the 26 credible sets included the lead variant reported in the lead GWAS
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analysis (Cortes et al. 2013). The ERAP1 association is thought to be limited to

HLA-B*27 positive individuals via epistasis, which suggests that its pathogenesis

(rs30187; Arg528Lys) is mainly related to peptide trimming in the endoplasmic

reticulum and antigen presentation by MHC Class I molecules (Evans et al.

2011; Cortes et al. 2013). However, it has also been demonstrated that the

effect of a 3 SNP haplotype may be affecting ERAP1 gene expression in antigen

presenting cells (Costantino et al. 2015). mRNA levels are correlated with protein

abundance and enzymatic activity, but it is still unclear how changes in EPAP1

enzymatic activity is contributing to AS pathogenesis. Kadi et al, found the

nonsynonymous SNP rs30187 is associated only with AS and age of onset and

not with non radiographic forms of SpA, therefore it has been suggested that this

SNP may be associated with severity of disease (Kadi et al. 2013). The IL23R

locus lead prioritised variant using the fine mapping approach was the INDEL

1:67699535:GTT:G. Unpublished fine-mapping analysis in the lab also found the

same INDEL when fine-mapping the psoriatic arthritis SNPs, suggesting a shared

common primary signal between diseases, which is tagging the primary SNP

(Cortes et al. 2013). The secondary signal at the IL23R may instead be acting

through the IL12RB2 gene.

5.4.2 Locus 2p15

Currently the power to annotate GWAS hits with patient specific ATAC-seq data

is low due to the small sample size in our cohort. A differential open peak

was identified in one GWAS hit, and had a strong genotype specific effect that

resulted in closed chromatin in the variant allele. Only one patient exhibited

this effect and therefore larger sample sizes in our ATAC-seq cohort are required

to further understand whether this phenomenon is over represented in AS, and

whether this is a causal variant in a subset of AS patients. The overlap in GWAS

hits between immune mediated diseases is now well established, with family

212



Prioritisation and interpretation of AS GWAS SNPs

members of the affected at an increased risk of a number of immune mediated

diseases. This is already clearly demonstrated in our AS cohorts in Chapter 3 and

Chapter 4, with a majority of patients exhibiting overlap with psoriasis, RA and

CD. The 2p15 locus is also a GWAS hit in psoriasis, and differences in genotype

specific chromatin accessibility was also found in a psoriasis patient, further

enforcing the potential importance of this SNP in these diseases. Whether there

is allele specific binding of transcription factors at this SNP is currently being

investigated within the group, along with chromatin conformation capture using

Capture-C in CD8+ T cells.

The current working model for establishment and maintenance of active

enhancers is that transcription factors bind to the DNA, position the

nucleosomes, and then serve to keep the region between the nucleosomes in

an open conformation. A SNP may be disrupting a transcription factor binding

motif for these transcription factors, causing an allele specific effect in chromatin

accessibility (Spitz and Furlong 2012). These SNPs may also have an architectural

role in disrupting the chromatin conformation contacts between enhancers and

promoters. Rs4672505 may be inhibiting the binding of a transcription factor

that serves to keep the chromatin in an open conformation.

Linking a regulatory variant to its target gene is a challenge, due to the

experimental limitations of using the correct cell type and environmental status,

as well as the interpretation of results due to the large numbers of false positives

which may occur in chromatin conformation capture methods. Promoter

Capture Hi-C data in CD8+ T cells identified a high confidence interaction with

B3GNT2, which encodes a type II transmembrane protein. It is a member of

the beta-1,3-N-acetylglucosaminyltransferase or glycosyltranferase family and

is highly expressed in skin, small intestines and colon. It is involved in the

synthesis of sialyl-Lewis X, which is essential for binding to selectins, which aid

in the migration of T cells into target tissues. Some congenital disorders have
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recurring severe infections stemming from an absence of Sialyl-Lewis X attached

to E-selectin ligands on their neutrophils. Sialyl-Lewis X is currently being

researched for detection and treatment of immune disorders due to its presence

on leukocytes and novel anti-inflammatory therapies, such as putative inhibitor

of poly-N-acetyllactosamine biosynthesis, which affects selectin ligand activity

has demonstrated efficacy in a rodent skin inflammation model (Zollner and

Asadullah 2003). Another study, which generated knock out mice for B3GNT2

found reduced number of polylactosamine structures, which are produced by the

polylactosamine synthase B3GNT2. Hyperactivation of lymphocytes occurred

due to a lack of polylactosamine on receptor molecules in B3gnt2-/- mice, and

indicates that polylactosamine has an important role in immunological functions

(Togayachi et al. 2010). This may provide some evidence that the dysregulation

of B3GNT2 may have implications in multiple immune mediated diseases and

its potential as a therapeutic target. B3GNT2 gene expression was lower in the

A allele in CD8+ T cells only, but whether rs4672505 has an effect on chromatin

conformation is yet to be determined.

5.4.3 Functional work at the CARD9 locus

Functional follow up studies for prioritised SNPs are important in understanding

the causal mechanism that may underlie the disease association at a particular

locus. The CARD9 locus has extensive LD, with associated SNPs stretching over

150kb. A cell specific eQTL was demonstrated in naive monocytes for CARD9,

which overlapped the GWAS signal in AS and Crohn’s disease (Fairfax et al.

2014). The most promising SNPs in high LD were investigated, providing a

candidate in the CARD9 promoter which overlapped many transcription factor

binding motifs. Allele specific expression was investigated using a luciferase

reporter gene assay, which demonstrated a significant difference between the

G and the A allele in HEK293 T cells and INF-γ stimulated K562 cells. The
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K562 activated state may be more similar to what occurrs in primary monocytes,

as a significant difference in expression was not demonstrated in transfections

with naive K562 cells. A secondary independent eQTL with IFN-γ stimulation

was found in primary monocytes for CARD9 after conditioning for the original

eQTL signal, suggesting that there may be a context specific effect also acting

on CARD9 expression (Fairfax et al. 2014). SNPs in this signal are found

150kb downstream of the CARD9 promoter, and were found to be protective for

Crohn’s disease (Fairfax et al. 2014). Although these SNPs are not found in the

independent signals from the fine-mapping analysis in AS, there may be a similar

inducible mechanism occurring upon IFN-γ stimulation in CD14+ monocytes.

The European cohort fine-mapping results also had two additional independent

signals, but neither reached genome-wide significance, and contained hundreds

of SNPs, suggesting there was not enough power to generate these credible sets.

The increased luciferase expression associated with the G allele may suggest

binding of a transcriptional activator such as MYC:MAX or USF1, both shown

to bind preferentially to the G allele only, as shown in ChIP-seq experiments

(Dunham 2012) or in silico predictions using PROMO. The A allele creates

a binding motif for YY1 as demonstrated in 5.2, which is a transcriptional

repressor. YY1 also directs histone deacetylases to the promoter, and this may

explain the lower expression in the A allele due to repressed gene expression.

Reporter gene assays have several limitations, including technical challenges in

transfection efficiencies and the unavailability of suitable cell lines. Using a

plasmid may also not demonstrate what may be occurring in the true cellular

environment. CRISPR/cas9 genome editing has revolutionised the potential to

study functional variants, as genomic modifications can be introduced within

the genome of a cell type of interest. Issues with transfection efficiencies can be

overcome by using human pluripotent stem cells, which are easier to transfect

than many primary human cells. In this case , the edited pluripotent stem
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cells can be differentiated into monocytes to test for its effect directly on CARD9

expression.

Assessing for allele specific transcription factors using EMSAs can give us an

indication of what may be binding around the variant of interest, but in this

case was unsuccessful in refining any allele specific differences in affinity or

transcription factors. It may be the case that a different transcription factor

may be binding to both alleles, as demonstrated by the ChIP-seq and motif in

silico predictions. A supershift may have been demonstrated for USF1 and YY1,

but for both alleles. The EMSA in primary monocytes did not produce as many

complexes as the THP1 EMSA, and suggested additional binding in the A allele.

These results should be followed up with ChIP based experiments to determine

what may be happening in vivo in CD14+ monocytes. The RNA-seq expression

data demonstrated no significant difference in CARD9 expression between AS

patients and healthy controls, and also between genotypes, suggesting that

CARD9 is not the functional gene at this locus or that CD14+ monocytes are not

relevant.

5.4.4 Gene expression at the 9q32 locus

CARD9 (caspase-associated recruitment domain 9 protein) is highly conserved

across species, with a vital role in the innate immune response and therefore

has potential relevance in the pathogenesis of AS. eQTLs associated with CARD9

expression are found in monocytes, suggesting that the innate immune response

may be of importance in the aetiology of AS and other SpAs. These SNPs are

also associated with mRNA expression of CARD9 rather than the neighbouring

gene SNAPC4, which also harbours many AS GWAS SNPs at this locus (Pointon

et al. 2010). There has been evidence to suggest a major role for the innate

immune response in AS rather than adaptive events as previously thought (De

Rycke et al. 2006; Inman 2009; Lories and Baeten 2009). CARD9 is a component
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of the NOD- like receptor signaling pathway, a pattern recognition receptor for

intracellular bacteria. The NOD2 pathway is involved in bacterial sensing, and

mutations downstream may affect the ability to form an effective barrier, causing

an uncontrolled inflammatory response.

Associations in CARD9 are shared between AS and IBD, with CD also being

associated with variants in NOD2 highlighting the potential importance of the

NOD2 pathway in these autoinflammatory diseases (Hugot et al. 2001; Ogura

et al. 2001). There is known to be overlap between AS and IBD, with 10% of

AS patients developing IBD and 70% developing subclinical gut inflammation

(Baeten et al. 2002). It was shown that a lack of intestinal inflammation in

patients with AS indicates a good prognosis (Mielants et al. 1995), suggesting

a link between intestinal health and the development of AS, and a role for the

maintenance of gut or microbial homeostasis.

CARD9 also has a role in fine-tuning the anti-microbial response by acting as

an adaptor protein linking tyrosine kinases and activation of NF-κB response

to TLRs and in the activation of MAPK cascade (Colonna 2007). CARD9 also

regulates cytokine activation, such as the IL23 pathway, and up-regulation of

the Th17 response and may indicate a link between CARD9 and the IL23

pathway, as polymorphisms in IL23R are also associated with AS and IBD

(Cortes et al. 2013; Evans et al. 2011; Liu et al. 2015). It is also important to

consider environmental influences in triggering disease. The microbiome may

be the underlying mechanistic basis for the transition phase leading to chronic

inflammation, and it has been demonstrated that HLA-B*27 transgenic mice

did not develop joint or intestinal inflammation when raised in the absence of

commensal intestinal bacteria (Podolsky 1997). CARD9 was not found to be

significantly differentially expressed in AS patients versus healthy controls in

Chapter 3, however, it was shown to be slightly up-regulated in AS patients in

CD14+ monocytes (FDR=0.096). All other cell types demonstrated a much larger
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FDR value, suggesting that CD14+ monocytes are likely to be the most relevant

immune cell type in PBMCs relating to the 9q34 association, if CARD9 is the

causal gene at this locus. Our AS patients were not reported to exhibit any gut

inflammation, therefore CARD9 gene expression changes may be more relevant

in a subtype of patients that also exhibit overlap with IBD symptoms. The SNPs

at this locus may also be more relevant in cells of the intestinal epithelium or

colonic mucosa, as these cell types have also been demonstrated as important in

AS pathogenesis (Li et al. 2017c; Farh et al. 2015).

SNAPC4 (Small Nuclear RNA Activating Complex Polypeptide 4) is another

candidate gene due to a number of associated SNPs that lie within its boundaries.

One of these SNPs is a nonsynomymous mutation (rs3812571) that, however,

does not appear in the credible set for this locus. SNAPC4 is involved in RNA

polymerase III transcription initiation and gene expression pathways; therefore

it may have no relevance in immune function directly. There are also no eQTLs

for this gene, suggesting SNAPC4 does not have a role in AS pathogenesis.

The SNP rs4307445 lies within intron 9 of the SNAPC4 gene, and was found to

be overlapping enhancer ChromHMM marks in GM12878, CD4+ and CD8+ T

cells, along with open chromatin in CD8+ ATAC-seq for control samples only.

Promoter capture Hi-C data links this SNP to the promoter of INPP5E in total

activated CD4+ T cells (Javierre et al. 2016). The SNPs at the CARD9 locus

could therefore be exhibiting a cell type specific affect in different SNPs for

multiple genes. INPP5E (Inositol Polyphosphate-5-Phosphatase E), is involved in

mobilising intracellular calcium and acts as a second messenger mediating cell

responses to various stimulation. This gene has been implicated in the role of

ciliopathies, such as Joubert syndrome (Bielas et al. 2009). An eQTL for INPP5E

at rs4077515, which is in high LD with rs4307445, is also described in CD and

UC in cells from the colon (Hulur et al. 2015), provide further evidence for a

plausible role in disease.
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Chapter 6

General Discussion

In this thesis I have demonstrated how the integration of multiple functional

genomic datasets can begin to piece together the underlying mechanisms

involved in AS pathogenesis. This thesis was unable to confirm any new

functional mechanisms on the aetiology of AS, but generated many new

hypotheses that should be further characterised by functional experiments. This

chapter will discuss the findings from this thesis in regards to the larger research

aims, and the further work that is required in this endeavour.

6.1 Cell type and context specificity

The expression profile of many genes varies in regards to cell type and changes

in the physiological environment (Fairfax et al. 2012; Fairfax et al. 2014).

Understanding disease specific changes in expression is therefore necessary in the

most relevant cell type. This is not always possible, as often the representative

cell type is unknown, or there may be a number of cell types involved with

varying functional mechanisms. Studies that have investigated the enrichment

of prioritised GWAS SNPs with histone marks representative of enhancer sites

found many cell types with potential importance, including monocytes, colonic

mucosa, duodenum mucosa, NK cells, small intestine mucosa, sigmoid colon,

rectum, regulatory T cells and B cells (Li et al. 2017c; Farh et al. 2015). Due

to time constraints and resources, the investigation of only a subset of these

cell types in AS was possible, and was restricted to immune cell types CD14+

219



General Discussion

monocytes, CD16+ neutrophils, CD19+ B cells, NK, CD4+ and CD8+ T cells.

Across these cell types, differences in significantly differentially expressed genes

and pathways were evident, demonstrating the requirement for future tissue

specific analyses in understanding disease aetiology. Tissue specificity is also

reflected at the chromatin accessibility level, and many large consortium projects

have demonstrated the need to profile the epigenetic landscape in a multitude of

specific tissue and cell types (Bernstein et al. 2010; Dunham 2012; Adams et al.

2012).

6.2 Transcriptomics in clinical cohorts

Investigating changes in gene expression between diseased and healthy

individuals is a common method used in beginning to understand the underlying

changes involved in disease pathogenesis. Many of the transcriptomic studies in

AS and other immune mediated diseases have focused on using whole blood or

PBMCs, which may be one explanation for the lack of replication across studies

containing similar groups of patients. This also demonstrates the dangers of

post hoc subgroup analyses. This study was able to profile the transcriptional

landscape in up to 6 immune cell types, identifying cell specific signatures of

genes and pathways that may be relevant in AS. Several genes and pathways,

such as NF-κB signalling and TNFAIP3 were found across innate immune cell

types, which may provide increased evidence for their importance. Replication

of results is necessary for the prioritisation of future therapeutic targets, along

with the requirement to understand the underlying molecular mechanisms that

cause these changes in specific groups of patients.

Disease heterogeneity may also be difficult to assess, as patients often differ in

relation to disease activity and further disease phenotypes, including peripheral

joint involvement, uveitis, and bowel inflammation (Stolwijk et al. 2015a).
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Mixing different molecular representations of the disease may reduce the

power to detect strong signatures of gene expression if these extra-articular

manifestations are also hallmarks of the disease. Individuals within families

may present with different SpA subtypes which may suggest a common genetic

background for different phenotypic manifestations of the disease (Baeten et al.

2013). Increasing the cohort size with the ability to sub-classify patients, also

across SpA subtyptes, may lead to novel findings of general SpA pathogenesis

relating to either axial or peripheral disease.

There are a number of cell types believed to be important in AS pathogenesis,

such as the small intestine, sigmoid colon and rectum (Li et al. 2017c) in which

gene expression changes are yet to be investigated. The gene expression profile

of immune cells in AS may also be more inflammatory in the synovial joints of

patients than the blood, meaning that detecting disease relevant changes may

be more challenging when investigating these immune cells isolated from whole

blood. These types of samples are more difficult to obtain as they require more

invasive procedures.

6.3 Patient specific chromatin landscape

Assaying the chromatin landscape is able to inform us of transcriptional changes

that are currently occurring or will be occurring but are yet to appear at the

transcriptional level. They may also describe potential molecular mechanisms

regulating gene expression, especially when associated with variants prioritised

to be involved with disease, as was explored at the chromosome 2 locus in

Chapter 5. This thesis has been able to provide a case for chromatin profiling

across different contexts in the same cell type, identifying a number of significant

differential sites in CD14+ monocytes related to AS, and in CD8+ T cells

comparing anti-TNF treatment against untreated AS patients. This is one of the
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first studies to begin to investigate genome-wide chromatin changes in relation

to disease, meaning that no generally accepted method to analyse these changes

exist. Approaches initially built to analyse gene expression changes were adopted

for this analysis. All other comparisons did not reach significance. This may

relate to a number of factors, including sample size, analysis method and patient

heterogeneity.

Our analysis method was only able to detect differences in the levels of openness

at regions pre-defined as accessible in all samples included in the analysis.

Therefore it may be the case that a number of differences may be missed between

patients and healthy controls; for example, the absence of an ATAC-seq peak,

which was described at rs4672505 and potentially at rs4307445 at the 2p15

and CARD9 loci. There may not be a statistical method to detect these changes

unless sample size is substantially increased. Different methods that do not take

into account peak calling have been used to detect differences in differential

chromatin modification sites using ChIP-seq, and can be used with very low

number of replicates (Shen et al. 2013).

6.4 GWAS variant prioritisation

GWAS have provided us with a hypothesis free view of prioritising variants

and genes associated with disease across the genome. Often these associations

require further refinement, and a number of accepted statistical approaches are

used in the attempt to reduce down the number of potentially causal variants,

as previously mentioned (Bunt et al. 2015; Consortium et al. 2012). The use

of cell type specific annotation has enabled us to define the most relevant cell

types for disease (Li et al. 2017c; Farh et al. 2015) along with the functional

mechanism of individual regulatory variants, as previously demonstrated at a

type 2 diabetes variant that increased enhancer activity in islets (Gaulton et al.
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2015). Genotyping data for GWAS cohorts is often not easily accessible, and

the fine-mapping analysis presented was only carried out in a small subset of

the cohort. Refinement was successful for a large majority of the loci, although

varied slightly from the European refinement results (Bunt et al. 2015). Specific

functional variants are able to be defined by annotation with functional data,

including AS specific ATAC-seq data. This led to the confirmation that rs4672505

at locus 2p15 was most likely the causal SNP at that locus, and is only active in

regulating the gene expression of B3GNT2 in CD8+ T cells.

6.5 Clinical translation

The identification of regulatory variants and differentially expressed genes

associated with disease will help to generate new hypotheses underlying disease

pathogenesis. The translation of these findings into the clinic remains a huge

challenge: for these findings to be of any use, they are required to be robust and

therefore validated in further studies.

The use of gene expression assays in the clinic requires the production of a gene

signature, that is robust and can be easily measured within hours or minutes.

A model to distinguish CD from UC has been reported, which includes a CD

specific gene signature, along with the shift in the microbial community in CD.

The main gene coexpression signatures characterising the differences between

CD and UC was the up-regulation of DUOX2 and the down-regulation of APOA1

(Haberman et al. 2014). This type of classification can guide treatment options,

as this study also demonstrated that those CD patients with a higher baseline of

APOA1 and increased microbial Veillonella abundance relative to Blautia were

more likely achieve a 6 month remission using anti-TNF therapy (Haberman

et al. 2014). This type of finding also suggests that certain gene signatures are

able to define groups of patients that are most likely to be responsive to TNF-α
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blockers, or further biological therapies that are soon to be used in the clinic. The

gene expression analyses presented in this thesis identified many genes that may

be prioritised as biomarkers of disease activity and treatment response. These

require further validation in larger cohorts and proteomic studies.

ATAC-seq profiling also has potential in the clinic for diagnostic purposes.

The time-frame required to carry out an ATAC-seq experiment, excluding

cell isolation is approximately half a day (Buenrostro et al. 2013). Targeted

approaches using PCR may also keep costs affordable. This approach may be

able to stratify patients regarding underlying molecular mechanisms.

6.6 Future work

Continued patient recruitment

The GENExpress ID study is ongoing, and is currently recruiting further AS

patients to build numbers in both the transcriptomic and chromatin profiling

aspects of the project. AS patients with active disease are eligible; however

patient heterogeneity at the molecular level may potentially be affecting our

ability to detect strong signatures of disease within these datasets. A solution to

overcome this caveat is to increase numbers substantially. This will also enable

the sub-classification of patients based on certain gene expression or chromatin

changes that may become more evident as power increases. Larger patient

numbers will also enable an AS cell type specific eQTL analysis to be conducted.

The inclusion of other types of patient specific data across cell types, including

ChIP-seq of various chromatin marks and CTCF will also increase knowledge

relating to disease specific chromatin changes. Increased power and expanded

patient specific datasets will aid in the investigation of disease mechanisms

involving enhancers and the regulation of gene expression.
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Further exploration of methods for chromatin accessibility analysis

As previously mentioned, this thesis has provided an overview of one method to

detect changes in differential open chromatin between AS patients and controls,

and also the effect of anti-TNF therapy on chromatin accessibility. The method

described assumes that all disease related changes are at defined open chromatin

regions in both groups, and that the change in the relative amount of accessible

chromatin is related to disease associated changes in gene expression. This

method is therefore also reliant on peak calling, discarding regions of the genome

that are down-regulated enough not be called as a peak in ATAC-seq. Analysis

of this dataset is still ongoing, and the use of programs that do not require peak

calling such as diffReps will be investigated (Shen et al. 2013).

Data integration

Data integration is important in defining disease mechanisms, and the addition

of further AS specific datasets will enable refinement of disease specific

chromatin states, for example by using ChromHMM (Ernst and Kellis 2012).

Understanding how GWAS variants may be influencing cell type specific gene

expression changes can be identified by utilising eQTL datasets. Colocalisation

analysis of eQTLs and GWAS variants would be beneficial in defining regulatory

variants associated with disease, along with other datasets such as meQTLs.

Defining allele specific expression using the AS RNA-seq data will also be an

important addition to understanding the function of regulatory variants in AS.

Functional follow up

Prioritised regulatory variants require functional investigation to prove their

mechanism of action in the appropriate cell type. Genomic editing of enhancer

regions or disease associated regulatory variants using CRISPR-cas9 can enable

functional characterisation in the true cellular context, which plasmid based
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approaches such as the functional work described in Chapter 5 does not allow.

This approach is currently in progress using induced pluripotent stem cells, with

the aim to investigate a number of loci in various immune cell types and their

effect on gene expression.

6.7 Concluding remarks

The overall aim of this thesis was to begin to understand the cell type specific

expression and chromatin accessibility of immune cell types in AS, and also in

response to anti-TNF therapy. These results were also analysed in the context

of GWAS, highlighting the importance of integrating multiple data types. The

results have highlighted the importance of cell specificity when interpreting

disease mechanisms, which will hopefully fuel more targeted future research in

AS and SpA.
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Appendices

7.1 Additional Tables

7.1.1 Chapter 3 Tables
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Enriched pathways CD14+ monocytes FDR <0.01

CARM1 and Regulation of the Estrogen Receptor

Mechanism of Gene Regulation by Peroxisome Proliferators via PPAR-α

HIF-2-alpha transcription factor network

Telomeres, Telomerase, Cellular Aging, and Immortality

IL2 signaling events mediated by PI3K

Notch-mediated HES/HEY network

Complement cascade

Glypican 1 network

Signaling events mediated by HDAC Class III

NOTCH1 Intracellular Domain Regulates Transcription

Signaling by NOTCH1

Granule Cell Survival Pathway is a specific case of more general PAC1 Receptor Pathway

Signaling by NOTCH

Complement and coagulation cascades

Transport to the Golgi and subsequent modification

C-MYB transcription factor network

Table 7.4: Pathways enriched in CD14+ monocytes between AS patients and their paired
3 month follow up sample following biologics treatment with TNF-α inhibitors, using
differentially expressed genes FDR <0.01.

Enriched pathways CD4+ T cells FDR <0.01

GPCR downstream signaling

Genes encoding secreted soluble factors

Cytokine-cytokine receptor interaction

Table 7.5: Pathways enriched in CD4+ T cells between AS patients and their paired
3 month follow up sample following biologics treatment with TNF-α inhibitors, using
differentially expressed genes FDR <0.05 (the number of DE genes at FDR <0.01 is too
small).
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Enriched pathways CD8+ T cells FDR <0.01

Pertussis toxin-insensitive CCR5 Signaling in Macrophage

HIV-1 Nef: Negative effector of Fas and TNF-alpha

Chemokine receptors bind chemokines

Leucine rich repeat containing receptor (NLR) signaling pathways

Canonical NF-kappaB pathway

Keratinocyte Differentiation

Cytokine-cytokine receptor interaction

G alpha q Pathway

Downstream signaling in naive CD8+ T cells

IL2-mediated signaling events

IL2 signaling events mediated by STAT5

RIG-I/MDA5 mediated induction of IFN-α/β pathways

GPCR downstream signaling

Signaling by Rho GTPases

T Cell Receptor Signaling Pathway

Chemokine signaling pathway

Mechanism of Gene Regulation by Peroxisome Proliferators via PPAR-α

Thromboxane A2 receptor signaling

ATF-2 transcription factor network

NOD-like receptor signaling pathway

Validated targets of C-MYC transcriptional repression

LPA receptor mediated events

IL12-mediated signaling events

Innate Immune System

p75 NTR receptor-mediated signalling

Table 7.6: Pathways enriched in CD8+T cells between AS patients and their paired 3
month follow up sample following biologics treatment with TNF-α inhibitors, using
differentially expressed genes FDR <0.01.
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Locus Description

1q23 (FCGR2A) Bayes factor does not reach significance

1q26 (RUNX3) Bayes factor does not reach significance

2q31 (UBE2E3) Unable to find association

5q33 (IL12B) Bayes factor does not reach significance

6q15 (BACH2) Unable to find association

12q24 (SH2B3) Unable to find association

16p12 (IL27) Unable to find association

17q21 (TBKBP1) Bayes factor does not reach significance

19p13 (TYK2) Unable to find association

21q22 (ICOSLG) Unable to find association

Table 7.7: Fine mapping of Immunochip AS associated loci that did not reach
significance. 11 AS associated loci were either unable to be fine mapped, or did not
reach a significance threshold of a log10 approximate bayes factor of 5.

7.2 Additional Figures

7.2.1 Chapter 3 Figures
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Figure 7.2: Quality Control of AS cohort 2 RNA-seq data. (a) Read assignment of the
all samples mapping to known mRNA and lncRNA genes, (b) Unsupervised hierarchical
clustering, demonstrating clear seperation between cell types and GNOPBAS047 CD4+.
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(a) (b)

(c) (d)

(e)

Figure 7.3: Local association plots of the log10 approximate bayes factor
demonstrating multiple association signals at a single locus. at (a) IL23R (b) IL23R
conditional (c) ERAP1 (d) ERAP1 conditional (e) ERAP1 signal conditioning on the first
two signals. Recombination hotspots are also demonstrated in blue, and imputed SNPs
are shown in gold.
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(a) rs1128905 Genotyped

(b) rs1128905 Imputed

Figure 7.4: rs1128905 is called in a different genotype cluster following imputation.
This demonstrates an error in genotyping between cases and controls in the original
GWAS analysis, as shown by the red point appearing in the middle cluster after
imputation. This analysis was carried out by Dr Adrián Cortés with the original IGAS
Immunochip cohort.
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