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Abstract  
New evidence for an association between immune cells, Vitamin D and MS risk SNPs 

Multiple sclerosis (MS) is a chronic and inflammatory autoimmune disease that causes 

progressive demyelination and neuronal degeneration in the central nervous system (CNS).  

Multiple factors can increase the risk to develop MS, including environmental factors such as 

Vitamin D level and infection with Epstein Barr virus. Furthermore, genetic factors such as 

MS risk single nucleotide polymorphisms (SNP), and immune dysregulation such as a break 

in self-tolerance causing a misguided immune response to yet undefined CNS antigens or an 

increased presence of inflammatory immune cells in the CNS can support the development of 

this autoimmune disorder.  

In this study it has been my aim to integrate the roles of Vitamin D, MS risk SNPs and immune 

cells with the aetiology of MS by investigating Vitamin D metabolism-associated MS risk 

SNPs in peripheral T cell activation and studying the Vitamin D receptor super-enhancers in 

THP-1 monocytes. 

On one hand, I collected peripheral blood mononuclear cells (PBMCs) from people with MS 

and from healthy controls, and genotyped these samples for the presence of the Vitamin D-

associated MS risk SNPs (i.e., rs12368653, rs703842, rs2248359). These SNPs are located in 

the vicinity of genes encoding Vitamin D metabolism associated genes (i.e., CYP27B1 and 

CYP24A1). In connection with the identified genotypes, I investigated the phenotypes of 

peripheral immune cells and in particular T helper cell subtypes and their cytokine profile in 

vitro after 96 hours culture.  
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Firstly, I found some peripheral immune cell abnormalities ex vivo (i.e., classic monocytes and 

the ratio of Th17.1/Th1) that are associated with MS. Secondly, I found some MS group-

specific abnormalities of inflammatory profiles in vitro after 96 hours culture (i.e., TNF, IL-6, 

Th17, Th1, and Th17/Th1). Interestingly, Th2 proportion is correlated with EDSS both ex vivo 

and in vitro in MS patients. 

Furthermore, I found there is a consistent trend of effect of the risk allele rs2248359-C on the 

proportions of T cell subsets (i.e., Th1 and Th17.1) both ex vivo and in vitro. In addition, the 

double risk allele rs703842-AA reduces the IL-2 production. 

On the other hand, I identified the 1,25(OH)2D3-induced super-enhancer (SE) regions bound 

by Vitamin D receptors (VDR) in THP-1 monocytes. I discussed the difference between VDR 

super-enhancer, PU.1 super-enhancer and FAIRE-seq identified super-enhancer regions. An 

analysis of VDR binding regions allowed me to divide all VDR SE (VSE) regions into three 

types (VSE1, VSE2, VSE3) according to their combination of persistent VDR binding and 

secondary VDR binding after 1,25(OH)2D3 stimulation. 

Furthermore, I indicated the genes that have VSE regions and are also associated with MS.  

1) The genes with VSE regions that are near (± 500 kb) MS risk SNPs in 1,25(OH)2D3-

stimulated THP-1 monocytes.  

2) The genes with MS risk SNPs overlapping with VDR SE regions in 1,25(OH)2D3-

stimulated THP-1 monocytes, e.g., IRF8, UBASH3B and PLEC. I found that MS risk 

SNPs are enriched in VSE regions compared to their genomic background. 

3) A cluster of ZMIZ1-positively associated genes that both have VSE2 regions and are 

highly regulated by 1,25(OH)2D3, and a cluster of ZMIZ1-positively associated genes 

that both have VSE3 regions and are highly expressed in THP-1 monocytes.  
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In conclusion, I connected MS risk and Vitamin D in two dimensions:  

1) Vitamin D-associated MS risk SNPs are associated with some immune cell phenotypes 

(mainly to T helper cells). 

2) Key Vitamin D receptor binding regions (i.e., VSE) are associated with MS risk SNPs 

and genes in THP-1 monocytes.  

I provided new evidence for the association between MS risk SNPs, immune cells and Vitamin 

D, and identified MS risk genes that are under the regulation of Vitamin D via VDR super-

enhancer regions. 
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Chapter 1. General Introduction 
Multiple Sclerosis (MS) is a chronic, inflammatory, and neurodegenerative central nervous 

system (CNS) disorder of autoimmune origin [1, 2]. MS is characterized by recurring or 

progressive demyelination and only partial remyelination. The resulting axonal degeneration 

causes a reduced velocity of action potentials and subsequent neuronal loss, which leads to 

the characteristic sclerotic plaques in the CNS and a neurological disability at a later stage of 

MS [3, 4]. The degeneration of the CNS is due in part to a mis-guided immune response to as 

yet undefined CNS autoantigens, potentially including myelin basic protein (MBP) and 

proteolipid protein (PLP) [1]. Importantly, MS has also been shown to be associated 

significantly with environmental factors such as the lack of Vitamin D due to a reduced 

exposure to sunlight [5, 6].  

Different clinical courses of MS have been described. Relapsing-remitting MS (RRMS) is 

most common (70-75%) with partial or total recovery after acute attacks and relapses 

(https://www.msaustralia.org.au/about-ms/types-ms） [7, 8]. At the later stage of RRMS 

more than 50% of cases will develop secondary progressive MS (SPMS) with a steadily 

progressive course within 10 years. After 25 years 90% of RRMS patients show a progressive 

pathology. A proportion (15%) of MS patients are being diagnosed with primary progressive 

MS (PPMS), a progressive course of disease from the onset without any discernible 

intermittent recovery. The CNS pathology of RRMS, SPMS and PPMS shows focal 

demyelinating lesions and immune cell infiltrates (e.g., T cell, B cell, macrophages), although 

there are some differences between these forms of MS [4, 9-15]. While it has been described 

that in RRMS macrophages and CD8+ T cells are present in lesions and CD4+ T cells are 

mainly located in perivascular spaces with a relative smaller proportion in the lesions, in 
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SPMS and PPMS the main pathological change is neurodegeneration with a reduced immune 

cell infiltration [4, 13-15].  

The initiation and clinical progress of MS is considered to be driven by leukocytes, including 

T cells, B cells and monocytes. The role of myelin-responsive CD4+ Th cells that can break 

central tolerance and penetrate the blood brain barrier has been revealed in an experimental 

MS model, experimental autoimmune encephalomyelitis (EAE) [16]. Based on these early 

observations T cells are considered as the central impetus of the autoimmune response that 

underlies MS [17-19]. This notion has been supported by pathological analyses of MS brains 

in the early stages of disease that showed marked CD4+ T cells infiltrates in perivascular 

regions and lesions. Interestingly, in progressive MS, B cells seem to be more important, as 

shown by the formation of a B cell germinal centre-like structures with B lymphoid follicles, 

T cells and APCs in the meninges [9-12]. Myelin-specific antibodies of the IgG1isotype can 

be detected in the cerebrospinal fluid (CSF) of MS patients [20]. Moreover, monocytes can 

migrate into CNS and differentiate into inflammatory macrophages that are involved in lesion 

formation [21-23]. Especially, CD16+ monocytes are able to adhere to brain microvascular 

endothelium, migrate through the blood brain barrier into CNS parenchyma attracted by 

CX3CL1, and can promote T cell migration through the blood brain barrier [24-26]. 

In addition, these potentially causal immune cells can be affected by multiple mechanisms in 

MS. Immune cells in CNS can cooperate and form a microenvironment affecting the 

differentiation and responsiveness of immune cells. For example, myelin-laden macrophages 

in the lesion region can either promote autoimmunity by activating myelin-reactive 

lymphocytes or suppress lymphocyte responsiveness via their NO production [23]. Another 

paper found that myelin-laden foamy macrophages in multiple sclerosis lesions are anti-
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inflammatory [22]. Furthermore, B cells can present antigen and produce immunoglobulins 

by interacting with T cells and APCs in MS-specific B lymphoid follicles in the subarachnoid 

space [9-12]. Moreover, mature pro-inflammatory immune cells can be attracted through 

blood brain barrier (BBB), blood-CSF barrier, or meningeal arteries into CNS  [27-30]. For 

example, CCR6+ Th17 can interact with CCL20 on endothelial cells and enter into the CNS 

through blood brain barrier or choroid plexus [31]. Additionally, Th17 can break the 

endothelial tight junctions of the blood brain barrier using proteases secreted after IL-17 and 

IL-22 stimulation [32]. Furthermore, MMP-2/9 activity induced by cytokines from infiltrating 

leukocytes can promote chemokine secretion by astrocytes and leukocyte migration through 

the blood brain barrier [33]. 

The role of Vitamin D in the pathogenesis and progression of MS is complex. Vitamin D has 

a plethora of functions, which are important for the maintenance of general health and in 

particular, the functional integrity of the immune system, such as promoting an anti-

inflammatory cytokine profile and increasing the Treg/Th17 ratio [34, 35]. Recent genetic 

studies have shown that a variety of common MS-associated risk-single nucleotide 

polymorphisms (SNPs) are located within or in the vicinity of genes associated with the 

complex metabolism of Vitamin D [36, 37].  

Vitamin D receptor (VDR), the partner of Vitamin D, can bind multiple sites in genomic 

regions and regulate the expression of a multitude of genes, including VDR itself, CYP27B1 

and CYP24A1. The association between extensive VDR binding and MS has been supported 

by the overlapping localization of VDR chromatin immunoprecipitation sequencing（ChIP-

seq) intervals with MS risk SNP regions [38-41]. However, as an important regulatory 
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structure, the association between MS risk-allele and super-enhancer, especially VDR super-

enhancer, is not yet fully understood. 

In this general introduction, I will introduce the association between immune cells, Vitamin D 

and MS from two aspects: 1. The association between MS, Vitamin D and immune cells; 2. 

The genomic effects of Vitamin D receptor, and its association with MS 
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1.1 The association of MS with Vitamin D and its metabolism 

1.1.1 Multiple sclerosis and Vitamin D 

As an important environmental factor, Vitamin D deficiency has been associated with 

increased MS risk [5, 6], a finding that has been supported genetically by a Mendelian 

Randomization analysis of Vitamin D-associated SNPs [42, 43]. Moreover, multiple factors 

that affect Vitamin D status including ultraviolet B radiation exposure (UVR), latitude, 

systemic infection, and smoking, are associated with MS risk. Higher levels of serum 

25(OH)D have a protective effect on MS risk but not on the clinical course or the severity of 

MS [44]. Clinical trials of Vitamin D supplementation with the primary outcome being MS 

risk have not been undertaken due to their complexity, the need for many years of follow-up, 

and the overall low risk of MS in the general population. However, there is still a 

considerable body of research regarding the protective effect of Vitamin D status on MS 

clinical activity, such as a decrease in MRI lesions [45] and a reduced chance of relapse [46]. 

Since MS is a chronic, inflammatory autoimmune disease that could potentially originate 

from an autoimmune response to CNS antigens such as protein components of the myelin 

sheath [1] with periods of de- and remyelination or progressive demyelination driven by a 

strong involvement of various branches of the immune system [47] an influence of vitamin D 

metabolites on the overall inflammatory state within the CNS  would be a logical explanation 

[44].  

Furthermore, besides the obvious impact of a deficiency due to environmental factors, genetic 

aspects of control over the Vitamin D metabolism appear to be also important. In total, more 

than 200 common risk SNPs have been found in genome wide association studies (GWAS) 

outside the HLA region that are significantly associated with MS [48]. Among these common 



Chapter 1. General introduction 

 

 

Ming Lu  11 
New evidence for an association between immune cells, Vitamin D and MS risk SNPs 

risk SNPs, (published in the NHGRI GWAS Catalog 

(https://www.ebi.ac.uk/gwas/search?query=MULTIPLE%20SCLEROSIS) and International 

Multiple Sclerosis Genetics Consortium (IMSGC) [48], there are several that are linked 

specifically with vitamin D metabolism-associated genes, such as CYP24A1 (associated with 

rs2248137 [48] and rs2248359 [36]). Furthermore, high-risk SNPs tag a chromosome 12 

linkage disequilibrium (LD) block that contains the gene CYP27B1, 

(rs12368653/rs703842/rs10876994 [36, 37], rs201202118 [49] and rs701006 [48]). Some rare 

risk SNPs have also been identified in genes of the Vitamin D metabolic pathway, such as 

rs118204009 in CYP27B1 [50] although this SNP is controversial and has not been confirmed 

in subsequent work [51], and rs117913124 in CYP2R1 [52], which may impact both the risk 

of Vitamin D insufficiency and the risk to develop MS. A validation of these findings in other 

cohorts will be necessary. Some associations with the clinical course of MS have been 

demonstrated when these SNPs were used as candidate in longitudinal MS studies focusing 

on clinical severity and disease course [53-56] suggesting that genetic variants of the Vitamin 

D pathway genes could have a functional impact on the clinical course of MS [57, 58].  

A second major aspect of the role of Vitamin D in the aetiology of MS are the extensive 

genomic binding regions of the nuclear VDR, which is the only known cognate receptor of 

the active form of Vitamin D (1,25(OH)2D3 or calcitriol). VDR acts as a transcription factor 

(TF) that interacts with multiple other TFs and co-regulators, and binds to regulatory hotspots 

throughout the genome [59, 60]. In fact, many enhancers that contain VDR binding sites are 

located within regulatory hubs of enhancers (so-called super-enhancers) which are now 

considered to be involved in the regulation of cell fate (cell identity or cell differentiation) 

[59, 61]. The large number of genes containing VDR binding sites are probably one 

https://www.ebi.ac.uk/gwas/search?query=MULTIPLE%20SCLEROSIS
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mechanism that allows organisms to integrate environmental stimuli into functional effects 

which can influence for example, cell differentiation [60, 62-64].  

1.1.2 Immunological effects of Vitamin D in MS 

The early stages of MS are assumed to be mediated by activated CD4+ T cells that are able to 

penetrate the blood brain barrier, express proinflammatory cytokines and facilitate chronic 

inflammation that causes demyelination. Originally, an ill-timed transition from the Th2 to 

Th1 state of T helper cells was considered to be a major contributing factor for the 

development of autoimmune disease [65]. However, new and more detailed studies that have 

investigated the roles of newly defined T cell subsets under the extended T cell paradigm 

point to an imbalance of Th17 and Treg populations as an underlying factor for the 

development of multiple autoimmune diseases [66-69].  

The active form of Vitamin D, 1,25(OH)2D3 has been implicated previously in Th1/Th2 

conversion and now in Th17/Treg balance [34, 35]. Specifically, 1,25(OH)2D3 can inhibit the 

Th17 phenotype by inhibiting the transcription of RORγt, IL-17, IL-23R, and IL-22 [70], and 

promote the Treg subset by inducing the expression of IL-10, Foxp3 and CTLA-4 [71, 72]. 

Furthermore, 1,25(OH)2D3 can also inhibit the expression of IL-2 and IFN-γ and modulate 

differentiation of Th17 cells [73, 74]. Granulocyte/macrophage colony-stimulating factor 

(GM-CSF) secretion, an emerging risk factor for MS, is also inhibited by 1,25(OH)2D3 [67, 

75]. Additionally, the expression of the Th17 marker molecule CCR6 is reduced by 

1,25(OH)2D3, which in turn, reduces the number of Th17 cells migrating in response to its 

ligand CCL20 to the CNS [76]. Furthermore, 1,25(OH)2D3 also inhibits the proliferation of 

isolated CD4+ T cells and MBP-specific T cells from MS patients in vitro [77].  
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In addition to changes in the Th subset ratio, other immune cell subsets also potentially play 

roles in MS pathology, which can complement or be aligned with T cell-centred pathology. 

Pro-inflammatory T cells can recruit B cells, myeloid cells (monocytes/DCs), natural killer 

(NK) cells, or CNS-resident macrophages (microglia) to the pathology. These cell 

populations can interact and, for example, induce complement depositions and cause 

opsonization and local activation of microglia and macrophages until demyelination occurs 

[78]. Since IgG1 and myelin reactive antibodies have been identified in the CSF of MS 

patients, B cells may contribute to MS pathogenesis via their ability of antigen presentation 

or production of immunoglobulins [78]. Proinflammatory CD14+ CD16+ monocytes show 

activation in MS patients and their ability to disrupt the blood-brain barrier can contribute to 

MS pathology. Furthermore, monocyte differentiation can lead to opposite functionality in 

macrophages depending on inflammatory status and cytokine environment: either pro-

inflammatory M1- (or DC1) or anti-inflammatory M2-macrophages (or tolerogenic DC2) 

[79, 80]. Additionally, NK cells can migrate into CNS and can display a variety of functions, 

such as cytotoxicity to DCs suggesting a pathological role in MS. However, 

counterintuitively, their number and functional activity are reduced in MS patients [78].  

Supporting the notion that Vitamin D has a biological role in CNS autoimmunity, all these 

cell types can be impacted by 1,25(OH)2D3. By analysis of gene expression patterns using 

methods such as RT-PCR, RNA-seq or dissection of epigenomic features using ChIP-seq or 

analysis of  DNase hypersensitivity sites (DHSs), all immune cells (including microglia) and 

neuron cells express some MS risk genes [39, 48, 81], but MS risk SNPs are preferentially 

more enriched in the super-enhancer regions of CD4+ T cells, than in B cells and monocytes 

[62, 63]. Interestingly, ChIP-seq results showed a stronger sensitivity of MS risk genes 

detecting 121 distinct genes with VDR binding peaks in DC2s whereas RNA-seq identified 
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only one differently expressed gene in DC2s compared with the transcriptome of DC1s or 

monocytes [39]. Furthermore, 1,25(OH)2D3 inhibits proliferation, plasma cell differentiation 

and antibody production of B cells, but promotes class-switched memory B cell generation 

and B cell apoptosis [82]. Additionally, via inhibiting cell differentiation 1,25(OH)2D3 could 

be involved in preserving the immature status of DC with considerable ramifications for the 

specific immune response. This cell population in its immature form has characteristics such 

as lower expressions of MHC class II, costimulatory molecules and IL-2, which could lead to 

a modulation of antigen-presentation and ultimately, self-tolerance [82].  

In the context of these Vitamin D functions, the still unresolved question of the required, 

physiologically effective concentration of 1,25(OH)2D3 should be mentioned as a caveat. The 

concentrations of the active ligand employed in in vitro experiments (10-100nM) or the 

physiologically effective concentrations observed in the in vivo microenvironment (1-10nM) 

can actually be produced in both autocrine or paracrine pathways by DCs or T cells via the 

hydroxylation of 25(OH)D (which has on average a physiological concentration in the blood 

of 50-80nM), to 1,25(OH)2D3 by the enzyme 25-hydroxyvitamin D3-1α-hydroxylase 

(CYP27B1) [71, 74, 83]. Notably, concentrations of either 10-6 M or 10-7 M of 1,25(OH)2D3 

will induce either Foxp3 or IL-10 expression, respectively, with little co-expression of both 

Foxp3 and IL-10 [72]. This suggests that a precise control of the local Vitamin D 

concentration needs to be in place in the microenvironment to achieve homeostasis. How this 

is approached physiologically is not understood. Actually, under in vivo conditions, a small 

rise (~10nM) in 25(OH)D3 serum levels can lead to significant changes at hundreds of sites 

within the epigenome of human leukocytes [84].  
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The complexity of the interactions between Vitamin D and the immune system have been 

demonstrated in more detail in mouse models. In experimental autoimmune 

encephalomyelitis (EAE), a model of neuroinflammation used to study the early stages of 

MS, Vitamin D treatment ameliorated the clinical symptoms [85]. Reciprocal bone marrow 

chimeras using VDR-knockout (VDR-KO) bone marrow showed that the hematopoietic 

donor cells needed to have a functional VDR to cause this attenuation of the pathology. 

Interestingly, no change in the total number of CD4+ T cells or the proportion of Foxp3+ T-

cells in the periphery or the CNS could be detected [85]. In contrast, in a model of 

inflammatory bowel disease either in VDR-KO mice or in the absence of Vitamin D, an 

overproduction of Th17 cells and a reduction of inducible Tregs could be shown [86]. 

Addition of Vitamin D reversed this effect in T cell culture [86] and in an in vivo model [87]. 

In a dextran sodium sulfate (DSS) colitis model VDR KO mice showed increased sensitivity 

and early mortality which could be ameliorated with 1,25(OH)2D3 [88]. However, ultimately 

a T cell specific VDR knockout model will have to be employed to confirm these 

observations. Furthermore, VDR-KO mice have an impaired resistance to allergic asthma 

supporting the notion of a suppressive effect of VDR absence on Th2 responses [89]. 

Controversially, it has also been described that fewer Th2 cytokines such as IL-4, 5 and 13, 

are produced by VDR-KO Th2 cells [90] and Vitamin D can inhibit the allergic asthma 

phenotype [91]. Furthermore, an interesting caveat regarding mouse models has been raised 

by a recent investigation of species-specific gene regulation. The gene conservation or lack 

thereof between primates and rodents needs to be considered. For example, VDR target genes 

encoding AMPs human beta-defensin 2 (HBD2) and cathelicidin (CAMP) and the pattern 

recognition receptor NOD2 are only induced in human cells after 1,25(OH)2D treatment, but 

not in mouse cells [92]. 
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The immunoregulatory effects of Vitamin D on the human immune system will be more 

complex, as a result of synergistic/antagonistic effects of various environmental factors with 

Vitamin D, and dose-/time-dependency in vivo. A multitude of clinical translational studies, 

in part double-blinded randomized controlled trials on clinically isolated syndrome (CIS) or 

relapse-remitting MS (RRMS) patients has attempted to analyse the role of Vitamin D. It has 

been a consistent result that serum 25(OH)D level and TGF-β level will increase after 

Vitamin D supplement of either 1000 IU/day for 6 months [93], or 20000 IU/week for 48 

weeks (supplementing IFNβ-1b therapy) [94], although one study (7000 IU/day for 4 weeks 

followed by 14000 IU/day for 44 weeks in addition to IFNβ-1a therapy) only observed an 

increased serum TGF-β level in the placebo group rather than in the Vitamin D group [95]. 

However, most studies have not been able to reveal an immunoregulatory effect of Vitamin D 

on serum cytokine profiles and immune cell subsets [93, 94, 96-99]. This could indicate that 

there is no correlation between the higher serum 25(OH)D level and pro-inflammatory 

cytokine/chemokine profiles [69]. One study observed a reduced proportion of CD25+ Tregs 

and decreased circulating soluble-CD25 only in placebo group, suggesting a maintenance 

effect of Vitamin D on immune homeostasis [100]. Other studies also found a reduced IL4+ 

Th cell proportion in the placebo group [95], and the IFN-γ/IL-4 ratio (representing the 

Th1/Th2-balance) was more directed towards IL-4 in patients with increased serum 25(OH)D 

levels [101]. This would suggest an anti-inflammatory effect of Vitamin D. A dose-

dependency of an immunoregulatory effect of Vitamin D has been demonstrated. Compared 

with 800 IU/day, a high-dose 10400 IU/day Vitamin D treatment for 6 months will increase 

the 25(OH)D level strongly and can alter the proportions of CD4+ T cell subsets (i.e., reduced 

IL-17+ Th/CD161+ Th/effector memory Th cells, increased  central memory Th/naive Th 

cells) in RRMS patients [102]. However, 800 IU/day Vitamin D treatment for 1 year will 
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induce more serum IL-17 in RRMS patients, while patients with high-dose 4370 IU/day 

treatment only showed a heterogeneous IL-17 response [96]. Concurrently, a time-

dependency of Vitamin D treatment is demonstrated by reduced anti-EBNA1 protein and 

fragment antibody levels from baseline at the beginning of the study to week 48 but not to 

week 96 of the therapy [103].  

Interestingly, some MS-specific changes that cannot be observed directly ex vivo can be 

found after PBMCs culture in vitro. For example, in tissue culture the GM-CSF secretion of 

CD4+ T cells from MS patients was less reduced by Vitamin D than in healthy controls [104]. 

Additionally, the serum 25(OH)D levels from RRMS patients correlated positively with the 

ability of Treg cells to inhibit T cell proliferation [101]. Likewise, PBMCs from MS patients 

with Vitamin D supplement, showed in vitro a reduced proliferative response to antigens such 

as myelin basic protein [99]. Similarly, in vitro PBMC proliferation in the vitamin D 

supplement MS group was significantly reduced and the levels of TGF-β and IL-10 in 

supernatant were increased when compared with the placebo MS group [105].  

1.1.3 Role of Vitamin D-associated metabolic enzymes in MS 

The immune cells such as T cells [77, 83, 106-109], B cells [110, 111], DCs [112-115], 

macrophages [114] as well as cells present in the CNS, such as neurons, microglia, astrocytes 

and invading lymphocytes [116-118], can express CYP27B1 and CYP24A1, according to their 

developmental stages. Interestingly, these genes are under precise regulation as a result of 

integrating environmental factors and interactions among different cell types. For example, 

after 24 hours of T cell activation, the 1,25(OH)2D3 production from 25(OH)D3 is very low, 

but it strongly increases after 48 hours of activation [108]. Therefore, after only 24 hours of 

activation, some investigations cannot observe the capacity of CD4+ T cells for converting 
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25(OH)D3 to 1,25(OH)2D3 [83]. Under normal physiological conditions, inactivated T cells 

lack 1α-hydroxylase protein and the function of the CYP27B1 enzyme will be provided by 

APCs in close contact [80, 83]. Furthermore, activated T cells that interact with macrophages 

will increase the CYP27B1 expression in macrophages, an effect that is similar to the 

treatment of macrophages with IFN-γ or soluble CD40L. In fact, multiple environmental 

factors and cell signals impact the regulatory network of CYP27B1 and CYP24A1 and change 

their expression level, such as 1,25(OH)2D3/VDR itself, parathyroid hormone 

(PTH)/prostaglandin/PKA, Ca2+/PKC, TCR/Zap-70, and various other cell differentiation 

signals [35, 83, 106-108, 113, 119]. For example, the binding of STAT1 to VDR which is 

induced by IFN-γ prevents the CYP24A1 expression in monocytes and macrophages [120], 

but Th cell-produced IFN-γ can promote the TLR2/1 induced expression of CYP27B1 and 

VDR in monocytes, while IL-4 has been shown to be inhibitory and instead induces CYP24A1 

expression [121]. Furthermore, through binding to VDR, 1,25(OH)2D3 can downregulate its 

own production by decreasing the expression of CYP27B1 and increasing the expression of 

CYP24A1 [122-124]. Additionally, VDR can also regulate its own expression, and thus, the 

metabolism of Vitamin D via binding Vitamin D responsive elements (VDRE) in the 

enhancer/promoter regions of VDR/CYP24A1/CYP27B1 genes [125, 126]. All these studies 

have revealed a complex regulatory network of CYP27B1/CYP24A1 with different 

requirements in different cell types, although, interestingly, in vitro myeloid cells express 

higher levels of CYP27B1/CYP24A1 without further stimulation [39, 80].  

It has been attempted to isolate the potential functions of MS risk-SNPs by identifying MS 

risk genes (with or in close proximity to MS risk SNPs) that are associated with heritable 

altered ratios of immune cell proportions or a changed responsiveness of immune cell 

subsets, from MS patients [81]. Many genes that are stably expressed in certain immune cell 
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subsets and have been identified as potential MS risk genes from cohort studies, change the 

phenotype of immune cells in MS patients as transcription factors directly or indirectly, such 

as NF-κB in PBMCs [127], IL2RA in GM-CSF+ memory Th cells [128], TYK2 (tyrosine 

kinase 2) in Th2 cells [129], EOMES/TBX21 in CD56+ NK cells [130] and ZMIZ1 in myeloid 

cells [131]. However, the mechanisms by which those genes associated with risk alleles 

affect the responsiveness or differentiation of immune cell subsets are still unclear. For 

example, IL2RA gene has a high-ranking super-enhancer region in all Th1/Th2/Th17 cell 

subsets, with potentially extensive regulatory functions [63]. Yet how TYK2 polymorphism 

regulates T lymphocyte differentiation toward a Th2 phenotype and what the functions of 

EOMES/TBX21 gene sets in CD56+ cell and ZIMZ1 gene sets in plasmacytoid DCs of MS 

patients are, are still unresolved questions.  

In support of a role of Vitamin D, some MS-associated SNPs are located around the Vitamin 

D metabolism-associated genes CYP27B1 and CYP24A1, and have a modest but significant 

regulatory effect on gene expression in certain cell types [80, 118, 132-135]. The gene 

CYP27B1 encodes 25-Hydroxyvitamin D3 1-alpha-hydroxylase, an enzyme that converts 

25(OH)D by hydroxylation to 1,25(OH)2D3. This hydroxylase gene region forms part of a 

linkage disequilibrium group on chromosome 12 and the major alleles of SNPs rs10877012 

(G), rs10877013 (C) and rs703842 (A) (tagged by SNP rs6581155 with r2 ≥ 0.8) identify the 

CYP27B1 haplotype associated with an increased risk of MS [132, 136]. It has been shown in 

vitro that CYP27B1 is downregulated in tolerizing DC which could point to a role in an 

autoimmune pathology [136] and lower CYP27B1 mRNA expression has been associated 

with rs10877013 (C) in LPS+IFNγ treated monocytes [133]. Unfortunately, another member 

of this LD METTL21B  (previously termed FAM119B) has been shown to be similarly 
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regulated in the same cell types in its gene expression as demonstrated by qPCR or in its 

multiple isoforms shown by RNA-seq, which prevents a clear conclusion [136].  

In an unrelated study METTL21B mRNA has also been shown to be downregulated in cells 

isolated from whole blood samples [134]. In addition, according to mRNA data obtained 

from immortalized peripheral lymphoblastic cell lines (LCL), the expression of, TSFM (Ts 

translation elongation factor, mitochondrial) and KUB3 (Ku70-binding protein 3) are reduced 

by rs12368653 (in a weak LD with rs6581155 with r2 = 0.4) [135]. Using a comprehensive 

approach (expression quantitative trait loci (eQTL), ENCODE annotation and luciferase 

reporter assay), it has been indicated that the SNP rs10877013 can regulate the enhancer 

activity and the gene expression of the LD region (increasing the expression of 

TSFM/TSPAN31, reducing the expression of CYP27B1/METT21B/AVIL) in a allele-

dependent and orientation-dependent way, by interfering with CCAAT/enhancer-binding 

protein (C/EBP) α and β binding and engaging promoter-enhancer/promoter-promoter 

interaction loops [132]. Interestingly, C/EBP β can determine adipocyte differentiation at an 

early stage by interacting with other TFs (including VDR) in a chromatin TF binding hotspot 

[137].  

A second risk SNP (rs2248359 located separately from the Chromosome 12 LD) that has 

been identified in the same GWAS as MS-associated, tags the gene CYP24A1 that encodes 

for the enzyme 1,25-dihydroxyvitamin D3 24-hydroxylase which can deactivate 1,25(OH)2D3 

[36]. The MS risk allele rs2248359-C increases CYP24A1 expression in the frontal cortex 

[138].  

Taken together, the specific mechanism of how these risk SNPs function in different cell 

types and contribute to the regulation of gene expression and subsequently, the aetiology of 
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MS is still unclear as are their possible multiple indirect effects on distant genes or long-term 

effects amplified by other risk factors during cell activation.   
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1.2 Genomic effects of the Vitamin D receptor: Potentially the 

link between Vitamin D, immune cells and multiple sclerosis 

1.2.1 Vitamin D receptor binding to chromatin and its association with MS  

There are only a limited number of studies about the general effects of VDR binding to VDR 

binding sites in the genome on the shape of the transcriptome. VDR belongs to the 

superfamily of nuclear receptors and is located partly in the cytoplasm. After binding its 

cognate ligand 1,25(OH)2D3 VDR recruits its partner retinoid X receptor (RXR) and 

translocates from the cytoplasm to the nucleus and engage target genes via binding their 

genomic sites [139-141]. It interacts with TF and/or co-regulators. The association between 

extensive VDR binding and MS is supported by the overlapping localization of VDR ChIP-

seq intervals and MS risk SNP regions [38-41].   

1.2.1.1 The interaction between VDR and Transcription factors/co-regulators 

In in silico motif analysis of experimentally determined VDR binding sites by ChIP-seq 

identified that the majority of VDR binding sites do not have canonical VDR binding motifs 

which consist of a direct repeat of 2 hexameric core binding motifs with a spacing by 3 

nucleotides (DR3), even though they are enriched for DR3 motifs compared with the 

genomic background [39, 142, 143]. Therefore, to allow DNA-binding and the regulation of 

transcription, directly or indirectly, it is possible that VDR can form complexes in association 

with other TFs or co-regulators.  

Firstly, VDR can modify its DNA location by interacting initially with other TFs. Examples 

are the TF PU.1 (for monocyte/macrophage and B cell differentiation), STAT5 (for cytokine 

signaling in T cell activation), DNA-binding subunit of GABP (GABPA) in THP-1 cells, 

with motifs that have been found within the peaks of VDR/RXR binding [142-144]. The co-
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localization of GABPA and VDR has been confirmed by ChIP-seq data of GABPA cistrome, 

which can further interact with PU.1 for regulating genes in cellular and immune signalling 

processes [145]. Six MS risk genes expressed by myeloid cells (monocyte/DC1/DC2) have 

also been found co-localized with VDR (both with VDR binding region and canonical VDR 

motif) [39]. One motif of the MS risk gene BATF is highly represented in VDR binding peaks 

of DC1s and DC2s [39], suggesting a potential association between DC and Th17, and a role 

of VDR in their differentiation [146]. Furthermore, 16 DC1 specific MS risk TF genes, which 

are only represented in VDR binding peaks of DC1s but not of DC2s/monocytes, are 

enriched  for IL-1 (p = 2.6×10-6) / IL-6 (p = 6.1×10-9) / MIF (p = 9.2×10-5) (not corrected for 

multiple testing) signalling pathways associated with inflammation [39]. By analyzing ChIP-

seq data both from VDR and PU.1, PU.1-VDR crosstalk has been demonstrated in open 

chromatin in 1,25(OH)2D3-sensitive PU.1 loci which were closer to the 1,25(OH)2D3 target 

genes [147]. It could also be shown by integrating VDR ChIP-seq data and GWAS results 

that only two of 42 identified trait/disease risk-SNPs resided within a canonical VDR-binding 

site, and 33.3% of the 42 SNPs impacted the immune related binding and gene regulation by 

other transcription factors including NF-κB. The co-enrichment of VDR and NF-κB binding 

in CEPH cell lines suggested the crosstalk between VDR and NF-κB [41]. In human CD4+ 

cells, VDR binding intervals are enriched for CCCTC-binding factor (CTCF) motifs [148], 

which is an architectual protein at the borders of topologically associated domains (TAD). In 

monocyte, 1,25(OH)2D3-dependent CTCF binding sites also partly overlap with VDR binding 

regions and contribute to DNA looping/TAD shaping [149]. VDR/RXR and Transcription 

factor 4/β-catenin can also interact and bind the distal enhancer region to regulate c-FOS and 

c-MYC gene expression in colonic cells, which occurs in a ligand-dependent manner [150]. 
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Secondly,  VDR has also been shown to bind VDR co-regulators, which do not directly 

interact with DNA but are associated with the regulation of gene expression by their 

modulation of the DNA superstructure such as helicase, histone acetyltransferase, 

proteasome-dependent proteolysis, histone deacetylase, etc. [139]. For example, VDR can 

recruit histone acetyltransferase to activate transcription [151] and bind nuclear receptor co-

repressor 1/2 (NcoR1/2) to recruit histone deacetylase which suppresses transcription via 

chromatin modification [139]. And in LS180 (human colon adenocarcinoma) cells, VDR co-

localize with many other co-regulators for regulating 1,25(OH)2D3 responsive genes [152]. 

1.2.1.2 Engaging VDR binding regions and enhancers 

The main DNA regions bound by VDR are enhancers indicating that this nuclear receptor 

acts with a strong tissue specificity. The observation of autoregulation of VDR on the VDR 

gene, has supported the notion that VDR/RXR can bind the S1, S3 and U1 enhancers in the 

VDR gene regulating its own transcription in a tissue specific manner [126, 153]. The 

regulation of VDR expression depends on epigenetic modification [154]. For example, 

hypermethylation of VDR promoter and deacetylation of histone H4 in VDR enhancers will 

reduce the transcription of VDR gene. High levels of miR-125b post-transcriptionally down-

regulate VDR mRNA levels. Furthermore, co-regulatory factors such as RNA polymerase II, 

Camp response element-binding factor (CREB), glucocorticoid receptor (GR), 

CCAAT/enhancer-binding protein beta (C/EBPβ) and Runt-related transcription factor 2 

(RUNX2) can be recruited to regulate VDR expression after ligand-dependent epigenetic 

modification, such as histone H4 acetylation [126]. This suggests that these VDR-specific 

enhancers can integrate signals from multiple environmental factors (e.g., Vitamin D, 

glucocorticoids, retinoid acid, and parathyroid hormone) by interacting with their associated 

TFs [126, 153]. This is also the case for a central metabolic enzyme of the Vitamin D 
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pathway, 1,25(OH)2D3 24-hydroxylase or CYP24A1. In the case of this enzyme, the presence 

of 1,25(OH)2D3 strongly induces the simultaneous presence of VDR and RXR. After 

translocation to the nucleus the VDR complex binds to VDR binding sites at the promoter 

regions of CYP24A1 and to a cluster of enhancers located in intergenic regions downstream 

of the enzyme up-regulating its expression. In this case, the recruitment of co-regulators 

steroid receptor coactivator 1 (SRC1), mediator complex subunit 1 (MED1), silencing 

mediator of retinoid and thyroid hormone receptor (SMRT) and the occurrence of histone H4 

acetylation are all associated with the VDR/RXR binding [36, 155, 156]. 

With the development of ChIP-seq, which represents an unbiased method that can quantify 

binding of a specific protein to certain DNA sequences, it is possible to determine the 

genome-wide extent of the binding of a specific TF to DNA. In a B cell-derived 

lymphoblastoid cell line (LCL), 1,25(OH)2D3 treated samples have more genomic VDR 

binding sites than untreated samples (treated: 2776; control: 623) and overlap with enhancer 

histone markers (such as in VDR and ALOX5) resulting in the upregulation of the expression 

of 226 genes, and downregulation of 3 genes [38]. Furthermore, after treatment with 

1,25(OH)2D3 the cells showed a significant increase of intronic (treated: 36%; control: 26%) 

and intergenic (treated: 28%; control: 10%) binding sites [38]. Interestingly, more than 40% 

of VDR binding regions overlap with strong enhancer regions in LCL, which is 

disproportionally more than that in non-immune cell types [40]. Similarly, after 1,25(OH)2D3 

treatment of THP-1 cells, a human monocytic leukemia cell line that resembles 

monocytes/macrophages, the VDR binding sites increased (treated: 1820; control: 1169) and 

shifted from the proximal transcription start site to distal regions [143]. A comparison of 

multiple VDR ChIP-seq datasets from different cell types, including THP-1, LCLs 

(GM10855 and GM10861), LX2 (lung derived cell line) and LS180 (colon derived cell line), 
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showed little overlap, suggesting a strong cell type specificity of VDR binding. For example, 

LPS-induced THP-1 cells, have 22% more VDR binding sites than that in the original THP-1 

cells. Yet, they show more overlap of VDR binding regions between original and LPS-

induced THP-1 cells compared to the overlap between monocyte and other different cell 

types [142]. The overlap of VDR cistrome between two cell types with closer relationship is 

larger than overlap between cells with distant relationship: overlap between myeloid cells 

(monocyte/DC1/DC2) > overlap between myeloid cells and B cells > overlap between 

myeloid cells and stellate cells [39]. However, despite these discrepancies between cell lines, 

the characteristics of the genomic changes after 1.25(OH)2D3 engagement of VDR imply a 

shift from an induction of gene expression through promoter engagement to a binding to 

potential enhancer regions both in LCL and THP-1 cells. 

1.2.1.3 The association of nuclear VDR binding and MS 

By combining MS transcriptome data with VDR ChIP-seq data, the association between the 

VDR binding regions and characteristic MS genes has been studied. For example, after 

comprehensively analyzing Vitamin D ChIP-seq data in LCL and whole blood mRNA 

transcriptome from MS patients and healthy controls, VDR binding sites were found to be 

enriched in genes that were differentially expressed in different forms of MS, such as primary 

progressive MS, secondary progressive MS and relapsing-remitting MS, compared with that 

in controls [38]. Furthermore, MS risk SNPs, such as rs703842, that are reported as 

expression quantitative trait loci in immune cells, are associated with transcription level of 

VDR bound CYP27B1 [132]. 

In addition, VDR binding sites are enriched adjacent to MS risk SNPs, and some MS risk 

SNPs are located in VDR binding regions. In CD4+ T cells, VDR-binding loci were enriched 
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in SNP regions (± 100 kb around SNPs) that were associated with autoimmune diseases 

including MS and T-regulatory/T-helper cell functions [148]. In LCL, VDR ChIP-seq data 

showed enrichment of VDR binding sites in GWAS identified intervals that were associated 

with multiple inflammatory diseases including MS, or vice versa autoimmune disease risk 

SNPs were found to overlap with VDR binding intervals [38]. Furthermore, by 

supplementary annotation with epigenetic chromatin states data from ENCODE, both VDR-

SE (strong enhancer) overlap and VDR-AP (active promoter) overlap are more likely to be 

present within MS risk regions comparing to the rest of the genome in LCLs [40]. In myeloid 

cells, MS risk alleles, from 3 MS GWASs [36, 37, 157], are enriched (p < 10-4, not corrected 

for multiple testing) in VDR binding peaks [39]. 

1.2.2 Potential mechanisms of VDR involvement in the determination of 

MS-associated cell fate 

As mentioned above, the explanation for the effect of genomic regions with functional 

genomic annotation, such as annotating MS risk SNP in non-coding region with ENCODE 

data mentioned above, is an important addition to functional experimental studies. Functional 

experimental studies on causal SNP are mainly analyzing the potential interference between 

risk SNP alleles and gene expression or TF binding affinity using methods such as 

qPCR/microarray, Luciferase Reporter Assay or Electrophoretic Mobility Shift Assay 

(EMSA). However, traditional experiments have some clear disadvantages, such as being 

cumbersome, have low-throughput methodology, are hypothesis biased or have altered 3D 

structure of chromatin when using luciferase reporter assays. With the development of NGS 

and the dawn of the field of epigenetics, establishing annotation profiles has become easier. 

Especially, combined with NGS it was possible to define genomic super-enhancer structures 

and to identify their role in cell fate decisions, which made annotation more convincing and 
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relevant. Below, I will discuss the definition of super-enhancers and their association with the 

VDR and the role of VDR in dynamic chromatin landscape shaping processes. 

1.2.2.1 Identification of enhancer and super-enhancer elements 

Enhancers now can be identified by H3K4me1 (methylation of lysine 4 of histone 3), while 

active enhancers can be distinguished by H3K27ac (acetylation of lysine 27 of histone 3) and 

silent/poised enhancers by H3K27me3 (trimethylation of lysine 27 of histone 3) [158]. 

Therefore, a genome-wide enhancer landscape of active enhancers was identified using the 

ChIP-seq method [159, 160]. Due to the association of enhancer with master transcription 

factor (such as T-bet), pervasive co-regulators (such as CREB binding protein(CBP)/p300, 

BRD4, MED1) and  DNA accessibility (such as regions identified by DNase-seq, FAIRE 

(formaldehyde-assisted isolation of regulatory elements)-seq, ATAC (assay for transposase-

accessible chromatin)-seq), they can also be used as enhancer markers [61, 62, 161-163]. 

Originally, the SNP loci associated with the greatest impact on cell fate or phenotype were 

assumed to be in the coding region of functional genes or in the promoter sequence of key 

transcription factor genes [164, 165]. However, with the impact of enhancers on cell identity 

and differentiation coming increasingly into focus, many functionally important SNP sites 

were found to be in or near enhancers [166, 167]. The recent observation that the regulation 

of lineage determining transcription factors, signal-dependent transcription factors, mediators 

and chromatin-modifying co-regulators were all governed by clusters of enhancers in a close 

spatial arrangement has led to the definition of super-enhancers, which show higher 

enrichment for selected enhancer markers. [61-63, 162, 168]. Indeed, more risk SNPs have 

been found to be associated with super-enhancer structures of specific cell types than with 

normal enhancers [63, 167, 169]. For example, type 2 diabetes associated risk SNPs are in 

enhancer clusters which are specifically active in pancreatic islets [170]. Importantly, TFs can 
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regulate cell-specific genes via super-enhancer region of key transcription factor genes, such 

as the Bach2 gene with a super-enhancer region in Th1/2/17 cells [62, 171]. Different 

cytokine/cytokine receptor genes with super-enhancers in different Th subsets (Th1/2/17) are 

all repressed by BACH2, whose gene also has a super-enhancer region in all these Th 

subsets, suggesting that super-enhancers can shape a regulation network and that it will be 

possible to predict the role of TF genes in certain cell types [62, 171]. Interestingly the 

CYP27B1 haplotype is located in a super-enhancer region in mouse Th cells (T-bet identified 

SE region in Th1 cells, dbSUPER database) [61].  

On the other hand, enhancers and super-enhancers can themselves serve as transcription units 

and can generate non-coding and long non-coding enhancer RNAs. Their transcription is 

correlated with enhancer activities and also plays a regulatory role on the formation of 

enhancer–promoter loops and cell fate determination [172]. Recently, one search identified a 

non-coding RNA, ThymoD, that was transcribed from the Bcl11b enhancer region. This RNA 

molecule can direct enhancer-promoter loop shaping, which further establishes T cell identity 

and blocks lymphoid malignancy [173]. As only < 20% of putatively causal SNPs affect TF 

binding, there needs to be another mechanism how risk-SNPs exert their biological function. 

The functional failure of enhancer RNA caused by risk-SNP allelic variations could be a 

possible explanation [172]. 

Therefore, the fate of cells depends on chromatin modifications in cis-regulatory enhancer 

elements. The master TF are the major regulatory elements whereas super-enhancer regions 

and their modifications provide focal points on DNA sequences for those master TFs to act 

[174]. After hormone or vitamin stimulation (such as estrogen or Vitamin D) hormone 

ligand-induced super-enhancer regions are located around central enhancers with canonical 

hormone specific regions (such as VDR DR3 elements or ERα dimer-specific elements). 
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After ligand stimulation, subordinate enhancers would begin to shape the genomic 

environment around central enhancers together with motif enrichment of collaborating 

partners, such as Forkhead box protein A1 (FOXA1) or activator protein 1 (AP-1) [175]. This 

is consistent with another study that shows persistent VDR regions in THP-1 human 

monocytes show highly conserved binding of DR3-type motifs with high affinity after ligand 

stimulation [144]. These persistent primary VDR loci in the same TAD will affect chromatin 

accessibility for further PU.1 and VDR binding, which leads to a general cell activation, 

while transient (i.e., primary) VDR loci regulate specifically their immune associated genes. 

As I mentioned before, SE, as a key regulatory region, is of great use for identifying key 

genes in cell fate determining. However, as SE defined by different enhancer markers will 

lead to different key regions, the relationship between SEs shaped by environmental signal 

TF and SE shaped by key TFs is still unclear. For example, in murine embryonic stem cells 

(mESCs), SEs shaped by key TFs (OCT4, SOX2, NANOG) are correlated with and provide a 

platform for signal TFs (STAT3, SMAD3, TCF3), but in MCF-7 cells, ERα and FOXA1 

shaped distinct SE regions. Therefore, focusing on the effect of the modification of regulatory 

hubs in the presence of VDR can help our understanding of Vitamin D’s effect on specific 

cell types (Figure 1.1), and the clarification of relationship between VDR and super-

enhancers in multiple immune cell types would further the understanding of MS 

pathogenesis. 
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Figure 1.1: Vitamin D regulates the transcription of target genes.  

After binding its ligand 1,25(OH)2D3 and recruiting its partner retinoid X receptor (RXR), VDR enters the nucleus 
and binds to the TF binding sites of target genes, where causal risk SNP may be located. This induces 
transcription after the activation of other components of the transcription complex has been completed. A key 
enhancer can potentially be transcribed into a non-coding enhancer RNA, which regulates gene transcription 
or orchestrates cohesion-dependent looping to bring target gene promoter and enhancer region into a single-
loop domain. The transcription activity of the whole domain is limited and regulated in a 3D loop isolated from 
other DNA regions by CTCF and cohesin [173], and some of CTCF overlap with binding of VDR [148, 149]. 
Enhancers bound by VDR/RXR especially that in so-called super-enhancers or TF hotspot regions will recruit co-
regulators that shape chromosome landscapes and cooperate with other TFs. Other genes that are located in 
the 3D loop but outside the regulatory hub can also be transcribed but at lower rate. Outside the 3D loop, pre-
occupied VDR or RXR can be detected without Vitamin D stimulation showing only low regulatory activity. 
Some pre-occupied basal RXR binding sites can predict VDR binding sites following 1,25(OH)2D3 stimulation and 
could represent storage regions for the VDR in the absence of 1,25(OH)2D3. After ligand binding, these “stored” 
VDR can shift to a DR3 motif in intronic and intergenic regions of regulated genes [142]. However, the pre-
occupied VDR region with DR3 motif play a master (persistent/mother) enhancer role, persist, and will 
promote the whole region activation and super-enhancer shaping. Secondary VDR binding region without DR3 
motif (suggesting it binds DNA via interaction with other pioneer transcription factors or via non-classic 
unknown RXR/VDR motifs) will constitute subservient (secondary/daughter) enhancers around master 
enhancers in super-enhancer region [144, 175]. 

 



Chapter 1. General introduction 

 

 

Ming Lu  32 
New evidence for an association between immune cells, Vitamin D and MS risk SNPs 

1.2.2.2 The hierarchical and chronological order of VDR and other TFs binding to key 

enhancers during cell differentiation 

Recent immune cell plasticity research emphasized the importance of transcription factors 

that are dependent on environmental signals, such as VDR (Vitamin D-dependent), SMAD3 

(TGF-β-dependent) and STAT (cytokine-dependent), which participate in the modification of 

enhancer landscapes and interact with master transcription factors, such as T-BET, PU.1 and 

OCT4. In macrophages and B cells, the master TF PU.1 plays a pivotal role in shaping a cell-

specific epigenetic genomic landscape to enable the subsequent binding of environmental 

signal-dependent transcription factors that directly regulate gene expression [176]. In mESCs, 

myotubes and pro-B cells, cell type specific master TFs such as OCT4, MYOD1 and PU.1 

modify the chromosome landscapes and direct TGF-β/SMAD3 to bind different identity gene 

loci separately [177]. Indeed, master TF-deficient cells show only limited impact on 

establishing the mature phenotype in CD4+ T cells, and the pivotal factors that shape 

epigenetic genomic landscapes in T cells are still elusive. However, there are some clues. 

Signal dependent TF, such as STATs, have an important role in chromosome modification 

during T cell differentiation. For example, STAT4 promotes H3K4me3 modification on Th1 

cell identity genes, and STAT6 modifies H3K27me3 in gene loci of Th2 cell identity genes 

[178]. Furthermore, the expression of master TF (e.g. T-bet) in signal dependent TF-deficient 

cells (e.g. STAT4-deficient cells) fails to recover enhancer landscape changes and 

consequently, the cell phenotype (e.g. Th1 cells) [146, 171, 177, 179, 180]. In Th17 cells, 

BATF and IRF4, not Th17 master TF RORγt, cooperate to modify chromatin landscapes 

including genome-wide distribution of p300 allowing other factors such as STAT3 and 

RORγt to attach [146]. In general, it becomes clear that an underlying epigenetic instability is 

an important principle in the cell fate determination and the observed plasticity of cell subsets 

[181]. Environmental signal-dependent TF potentially play an equivalent role with master 
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TF, which of them is the pioneer factor that opens the chromatin is uncertain. Therefore, the 

role of VDR in cell fate determination although not clearly elucidated could be larger than 

expected.  

It is noteworthy that TF binding is always dynamic and transient rather than stable which 

makes the molecular basis of differentiation even more complex. In some cases, VDR can 

bind to positions before actual 1,25(OH)2D3 stimulation. After stimulation, some of VDR 

binding profile will shift to new positions [143]. Finally, multiple factors can bind certain 

DNA regions in turn according to the dynamically changing epigenetic landscapes shaped by 

binding transcription factors. For instance, cyclical chromatin looping and TF binding of the 

regulatory region of p21 gene has been observed after stimulation with 1,25(OH)2D3 [182].  
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1.3 General overview  

In this thesis, I will explore the association between MS, Vitamin D and immune cells from 

two perspectives: Firstly, I will address the MS-specific and Vitamin D-associated alteration 

of PBMCs in a cohort of MS patients and healthy controls. Secondly, I will explore the 

characteristics of VDR super-enhancers and their association with MS risk regions in detail. 

There have been many studies about peripheral immune cell abnormalities ex vivo in MS 

patients, such as increased Th17 cells, CD146+ Th cells, and GM-CSF+ Th cells in peripheral 

CD4+ Th cells from MS patients [183]. However, as I mentioned above, some MS-specific 

changes that cannot be observed directly ex vivo can be found after PBMCs culturing in vitro.  

Our group has used lectin (phytohemagglutinin (PHA) or concanavalin A (ConA)) stimulated 

PBMCs to test the potential causal cytokines or causal SNPs within cytokine/cytokine 

receptor pairs in MS pathogenesis (e.g., relapse risk) [54, 184]. Furthermore, our group also 

found the synergetic effect of combined calcitriol and interferon-β treatment on cytokine 

production in ConA-stimulated PBMCs [185]. In this thesis, according to the expression level 

of VDR/CYP27B1/CYP24A1 [80, 109, 186] and cytokines secretion, I chose the 96 hours 

culturing model of ConA-stimulated PBMCs to observe the Vitamin D metabolism-

associated change of the inflammatory profile (i.e., Th cell phenotype and cytokine profile). 

I hypothesized that peripheral T helper cell phenotype and cytokine profile of PBMCs in MS 

are more pro-inflammatory than that in healthy controls (HC) both ex vivo and in vitro after 

96 hours culturing, while Vitamin D metabolism-associated MS risk SNPs increase the 

inflammatory profile. Therefore, in Chapter 3 and Chapter 4, I collected a cohort of 45 MS 

patients and 12 healthy controls to reconfirm the specific alterations of Th cell phenotypes 

(i.e., Th1/Th2/Th17/Th17.1) in MS, and try to connect an inflammatory profile with Vitamin 
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D metabolism-associated MS risk SNPs in ConA-stimulated PBMCs model after 96 hours of 

tissue culture in vitro.  

Furthermore, although there have been studies about the association between VDR binding 

sites and MS risk SNPs, the relationship between VDR super-enhancer (VSE) and MS risk 

region has not been explored before and the associated genes have not been defined. 

In Chapter 5, I firstly analysed the difference between Vitamin D induced VDR super-

enhancer regions and classic super-enhancer regions (i.e., PU.1 identified super-enhancers 

and DNA accessibility (FAIRE-seq) super-enhancers). Then I classified VDR super-enhancer 

into three patterns according to their different combination of persistent and secondary 

binding sites after signal 1,25(OH)2D3 stimulation. Moreover, I applied the super-enhancer 

pattern that has only two variables (persistent and secondary TF binding) to other 

hormone/nuclear receptor couples in other cell types for exploring their different 

characterises in different signal models. 

In Chapter 6, I identified the genes associated with both VDR super-enhancer and MS risk 

SNPs from three levels: 1, the genes close to (50 kb) VSE region that was within the MS risk 

regions (MS risk SNP ± 500 kb); 2, the genes close to (50 kb) VSE region that was 

overlapped with MS risk SNPs; 3, the genes were close to (50 kb) VSE region and were also 

enriched in 1,25(OH)2D3 significantly regulated genes or in highly expressed genes of ZMIZ1 

gene set.  

The nomenclature of Vitamin D and its metabolites has been well defined by Vieth and 

colleagues, and I will adhere to their terminology in the thesis to refer to the level of  serum 

25 hydroxy vitamin D (25(OH)D), the major circulating form of Vitamin D that is often used 

to define Vitamin D status and represents the form of Vitamin D generally taken as 
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supplementation [187]. For my in vitro experiments, I used 25(OH)D3 or 1,25(OH)2D3 

according to our and the quoted work, and used Vitamin D to refer to both of its metabolic 

forms: inactive 25(OH)D3 and active 1,25(OH)2D3.
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Chapter 2. Materials and Methods 

2.1 Blood samples collection and PBMC isolation  

A cohort of 45 MS patients (including RRMS and SPMS patients, excluding PPMS patients) 

with or without treatment and 12 healthy controls not on medication were recruited for the 

study (Table 2.1, summarizing MS type, genotype, sex ratio, and age spread). Blood was 

taken (24ml per participant) by standard venepuncture. All blood samples were collected in 

the morning at 8 different dates and were stored at liquid nitrogen. The blood samples were 

analysed in 4 batches with 3 healthy controls and 11-12 MS patients in each batch. This study 

was reviewed and approved by the Tasmanian Multiple Sclerosis Incidence and Genetics 

Study which received ethical approval from the Tasmanian Human Research Ethics 

Committee, all participants provided informed consent. 

Collected blood was layered over Histopaque®-1077 (1.077g/ml, Sigma-Aldrich), 

centrifuged at 411g/1400rpm for 35 min at room temperature without brake, and the interface 

containing the PBMC was removed and washed twice in incomplete RPMI-1640 (Gibco, 

224000-089).  

PBMCs were selected rather than purified cell subsets, as I was interested in the cytokine 

profile and T helper cell subsets among the overall immune response in vitro. The study was 

focused on the cytokine profile and T helper cell subsets in ConA-stimulated PBMCs (mainly 

T cells).  

  



Chapter 2. Materials and methods 

 

 

Ming Lu  38 
New evidence for an association between immune cells, Vitamin D and MS risk SNPs 

Table 2.1: Cohort characteristics of all participants. 

Total       57   
Sex       57 % 

 Male   9 15.79 
 Female   48 84.21 

MS risk-SNPs*    57 % 
rs703842 (risk-A) AA   28 49.12 

 AG   19 33.33 
 GG   10 17.54 

rs12368653 (risk-A) AA   14 24.56 
 GA   26 45.61 
 GG   17 29.82 

rs2248359 (risk-C) CC   22 38.60 
 CT   28 49.12 
 TT   7 12.28 

HC or MS     % 
HC (Healthy Controls)    12 21.05 
MS (Multiple Sclerosis Patients)   45 78.95 
Ethnicity      

 Caucasian   57 100 
 others   0 0 
    Mean IQR 

Age (year)    49.51 45.00-55.24 
HC (Healthy Controls)    12  
Sex     % 

 Male   2 16.7 
 Female   10 83.3 
    Mean IQR 

Age    53 48.75-57.25 
MS (Multiple Sclerosis Patients)   45  
Sex     % 

 Male   7 15.56 
 Female   38 84.44 

MS Type      
 RRMS   41 91.11 
 SPMS   4 8.89 

Treatment*      

 Yes   15 33.33 
 No   30 66.67 
    Mean IQR 

Age (year)    48.58 43.21-54.79 
    Mean IQR 

EDSS       1.5 1.0-2.0 

RRMS: relapsing-remitting multiple sclerosis; SPMS: secondary-progressive multiple sclerosis;  

EDSS: Expanded Disability Status Scale; IQR: Interquartile range; Age = (2017/01/01-DOB)/365.25; 

*MS risk SNPs in MS group: rs703842: 50% AA, rs12368653: 33% AA, rs2248359: 33% CC. 

                          In HC group:  rs703842: 49% AA, rs12368653: 22% AA, rs2248359: 40% CC. 

*Treatment include: Fingolimod/Aubagio/Tecfidera/Copaxone/Betaferon. 
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2.2 Tissue culture and flow cytometry 

After PBMCs were collected from the whole blood of participants, (0.5 - 2) × 107 cells were 

resuspended in a RPMI with 10% DMSO (Dimethyl Sulfoxide, Sigma-Aldrich) and 30% 

FBS (Fetal Bovine Serum, Gibco) per tube, and stored at -80 ̊C or at liquid nitrogen for use 

within two weeks or later, respectively. The cells were thawed and washed twice in 

incomplete RPMI and cell viability was ascertained by Trypan blue exclusion, and any 

samples with a viability below 90% were discarded. PBMCs were collected ex vivo (5 × 106 

cells/ml) for surface staining with antibodies shown in Table 2.2 (v/v: 1:200) to determine the 

proportion of B cells and monocytes by Flow cytometry. Before ex vivo staining of T helper 

cells, PBMCs (1 × 106 cells/ml) were stimulated with phorbol 12-myristate 13-acetate (PMA; 

50ng/ml, Sigma-Aldrich), ionomycin (1µg/ml, Invitrogen) / GolgiStop (1:1500, BD 

GolgiStop, BD) for 5 hours before staining. Then, 5 × 105 PBMCs were fixed, permeabilized, 

and stained with an antibody cocktail (surface markers: CD4, intracellular markers: IFN-γ, 

IL-17A, IL-4) according to the manufacturer’s instructions of the HumanTh1/Th2/Th17 

Phenotyping Kit (BD Pharmingen).  

For tissue culture the cells were resuspended in complete RPMI containing 1% 

100×Penicillin-Streptomycin-Glutamine (Gibco) and 10% FBS. Cells were plated into a 96 

well plate for tissue culture (2 × 105 cells per well). 

In vitro the cells were cultured for 96 hours in the presence of ConA (10µg/ml, Sigma), 

ConA+1,25(OH)2D3 (100nM, 1α,25-Dihydroxyvitamin D3, Sigma-Aldrich), or 

ConA+25(OH)D3 (500nM, 25-Hydroxycholecalciferol, Sigma-Aldrich), before cytokine 

testing (IL-2, IL-6, IFN-γ, TNF-α, IL-17, IL-4, IL-10 using Cytokine bead arrays) and 

intracellular staining (IFN-γ, IL-17A, IL-4 using antibodies) for T helper cell subtypes. ConA 
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was dissolved in sterile phosphate buffered saline (PBS). 1,25(OH)2D3 and 25(OH)D3 were 

dissolved in 100% ethanol (Sigma-Aldrich), diluted to the required concentrations in 

complete RPMI. As ethanol (v/v: 0.1%)+ConA did not show significant difference of the 

cytokine production and cell proliferation with the ConA group in our pre-experiment 

(Appendix 2), I mainly focused on the ConA-stimulated inflammatory profile, I did not set 

vehicle group in the studies of Chapter 3 and 4.  

To observe cell proliferation, 1 × 106 PBMCs were stained with 1µM cell trace violet (CTV) 

for 20 minutes at room temperature according to the manufacturer’s instructions of 

CellTrace™ Violet Cell Proliferation Kit (Invitrogen) before tissue culture at a concentration 

of 2 × 105 cells per well.  

Table 2.2: Antibodies used against surface molecules of B cell and monocyte in flow cytometry. 

 Host Target Fluorochrome Clone Supplier  

B cell Mouse CD19 Alexa Fluor® 488 HIB19 BD pharmingen 

 Mouse CD27 PE-CF594 M-T271 BD pharmingen 

 Mouse IgD BV421 IA6-2 BD pharmingen 

Monocyte Mouse CD4 PerCP-Cy™5.5 L200 BD pharmingen 

 Mouse HLA-DR FITC TU36 BD pharmingen 

 Mouse CD16 PE 3G8 BD pharmingen 

 Mouse CD14 APC M5E2 BD pharmingen 

2.3 Cytokine bead arrays 

IL-2, IL-6, IFN-γ, TNF-α, IL-17, IL-4 and IL-10 were measured in the supernatants at 96 

hour using a Th1/Th2/Th17 CBA kit (BD Biosciences) as per the manufacturer’s instructions 
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using a BD FACSCanto II flow cytometer FACSDiva 6.1 software, and data were analysed 

with FCAP Array version 1.0 software (BD Biosciences). 

2.4 SNP genotyping 

After PBMCs were collected from blood, an aliquot of PBMCs (1 × 107 cells) were kept for 

DNA isolation. DNA was isolated from the PBMCs as described earlier [188]. An allele-

specific PCR analysis (3’-mismatch method) [189] was used to genotype the DNA samples 

of PBMCs for risk SNPs (Table 2.3). PCR was done according to standard MyTaq protocol 

with MyTaq DNA polymerase (Bioline).  

As PCR is sensitive to mismatching of the 3’-residue in one of two primers used (A allele end 

primer or G allele end primer), two allele-specific primers bearing the A or G at their 3’ end 

were used in two separate reactions. The PCR reaction is more sensitive for a mutation of an 

A and G residue than a C and T residue at the 3’-end (potentially due to purine nucleotides 

are larger than pyrimidine nucleotides). Therefore, for genotyping rs2248359, we designed 

primers at its complementary sequence (G/A) of C/T. To overcome possible mispairing at the 

3’ end of the allele specific primer, a deliberate mismatch A was introduced at the 

penultimate nucleotide to destabilize the 3’ end of some allele-specific primers for 

genotyping rs2248359 and rs12368653.  

21 of all the samples were previously genotyped by the Auslong study and reconfirmed with 
3’-mismatch genotyping.   
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Table 2.3: Primers used for 3’-mismatch genotyping DNA samples from PBMCs (red words: modified bases). 

 

2.5 Statistical analysis of experimental data 

Phenotype data (i.e., immune cell subsets and cytokine profiles) were compared using 

nonparametric tests (i.e., Mann-Whitney, Kruskal-Wallis and Friedman test followed by 

Dunn's multiple comparison test). Predictors of significant (p < 0.05) phenotypes were further 

assessed by linear regression. EDSS, as a predictor of phenotype in MS group, was also 

assessed by linear regression. As these data were highly skewed, dependent variables were 

transformed to reduce heteroscedasticity, though all regression coefficients are reported on 

the original scale. All the samples in this study are from four batches with both healthy and 

Gene Forward Primer Reverse primer Product Size 
(bp) 

rs2248359    

Ctrl  CGTAAAGCGGCAACAACGA
A 

CGAGGAAACAGAATGTCCC
T 

456 

C (G) allele Same as above TCTACTCTTGCCAGCCGCA
G 

321 

T (A) allele Same as above TCTACTCTTGCCAGCCGCG
A 321 

rs703842    

Ctrl  GATTCCCCAGGTCAAGTCT 
GTATACCATAACCGATGTG
CT 914 

A allele ACTCCTGCTCTTTTCTCTGA Same as above 460 

G allele ACTCCTGCTCTTTTCTCTGG Same as above 460 

rs12368653    

Ctrl  TTTTCTCCACCAGCACCGAT GCAGAGAGACCTTCCTTCG
C 

1049 

A allele 
AGGGATGGGGACAAACATA
A Same as above 607 

G allele AGGGATGGGGACAAACATA
G Same as above 607 
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MS samples in each batch. Since a treatment with Fingolimod/Aubagio/Tecfidera and/or 

Copaxone/Betaferon can reduce the proportion of peripheral lymphocyte and pro-

inflammatory cytokines [190], I adjusted batches (batch = 1, 2, 3, 4) and treatment (treated = 

1, untreated = 0) by linear regression, in addition to sex and age.  

After adjusting for multiple testing using the Bonferroni correction method, p < 0.0167 

(0.05/3) was defined as significant in the monocytes study (classic-, non-classic-, 

intermediate-monocytes), p < 0.0083 (0.05/6) was defined as significant in the T helper cell 

study (Th1, Th2, Th17.1, Th17, Th17/Th1, Th17.1/Th1) and p < 0.0071 (0.05/7) was defined 

as significant in the cytokine profile study (IL-2, IL-4, IL-6, IL-10, TNF, IFN-γ, IL-17A). I 

reported all the results with p < 0.05 as significant before Bonferroni correction. 

For calculating the p value for linear trend, I used the ‘bestNormalize’ R package to 

normalize phenotype data, then I used linear regression to calculate the p value for trend. 

All analyses were performed using GraphPad Prism 6.0, R 3.4.0 and Stata 12.0 for Windows 

(representative code in Appendix 1). 

2.6 Next generation sequencing data 

I identified and downloaded unstimulated and 1,25(OH)2D3-stimulated VDR ChIP-seq, PU.1 

ChIP-seq, FAIRE-seq, and RNA-seq data in THP-1 cells, and other hormone/nuclear receptor 

NGS data, from the NCBI Gene Expression Omnibus (GEO) database (Table 5.1, Appendix 

4).   
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2.7 ZMIZ1 Gene set  

To generate the ZMIZ1 gene set that is positively associated with the expression of MS risk 

gene ZMIZ1 in whole blood, I merged the top 200 genes (data from [131, 191]) that 

positively correlated with ZMIZ1 expression from each of three cohorts: ANZgene 

(microarray) cohort [134], Sydney RNASeq cohort [192], clinically isolated syndrome (CIS) 

cohort [193]. 

2.8 MS risk SNPs 

The MS risk SNPs were downloaded and merged from both NHGRI GWAS Catalog data 

(https://www.ebi.ac.uk/gwas/search?query=MULTIPLE%20SCLEROSIS) and International 

Multiple Sclerosis Genetics Consortium (IMSGC)’s newest results [48]. SNPs in linkage 

disequilibrium with the list of MS risk tag SNPs were determined from both HapMap3 and 

the 1000 Genomes Project using r2 > 0.8, distance limit = 500 kb and population CEU 

(Centre d'Etude du Polymorphisme Humain – Utah) using the SNP Annotation and Proxy 

Search (SNAP) tool (http://archive.broadinstitute.org/mpg/snap/) [194].   
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2.9 ChIP-seq pipeline 

FastQC was used to check sequence quality 

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). Bowtie2 was used to align FASTQ 

files to the hg19 or mm10 reference genome with bowtie2 indexes (“bowtie2 -x -U -S”) 

[195]. Subsequently, I defined peaks with MACS2 [196]. For ChIP-seq data from 

transcription factors VDR and PU.1, I used the command “macs2 callpeak --bw 150 --keep-

dup 1 -q 0.01 –B”. For FAIRE-seq, I used a nomodel command “macs2 callpeak --nomodel --

shift -75 --extsize 150 --keep-dup 1 -q 0.01 -B”. After getting all peak regions, potential 

artefact signals, based on publically available blacklists of genomic regions [197], were 

removed from the peak sets using ‘BEDTools intersect’ [198].  

2.10 Identification and classification of super-enhancers 

I distinguished SEs from TEs using ROSE [61, 168]. According to the algorithm of ROSE, 

the enhancer regions previously identified by MACS2 were stitched together within 12.5 kb 

and ± 2 kb away from transcription start sites (promoter region). These stitched regions were 

ranked based on their ChIP-seq signal density (Rank Ordering of Super-Enhancers) to define 

SEs. To count the signal density, reads were extended by 200 bp and the density of reads per 

base pair was calculated by bamToGFF (https://github.com/BradnerLab/pipeline) [61, 62]. 

These densities were normalized in units of reads per million mapped reads per base pair 

(rpm/bp) with background subtraction. Integrative Genomics Viewer (IGV) was used to 

visualize genomic signal density [199]. 

‘BEDTools intersect’ [198] was used to classify VDR SE (VSE) regions by intersecting VSE 

with VDR binding sites, then selecting overlaps with persistent VDR binding only (classified 

as VSE1), secondary VDR binding only (classified as VSE3), or both (classified as VSE2).  

https://github.com/BradnerLab/pipeline
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Pearson's product moment correlation coefficient was used to test for association between 

paired TF binding densities with value log2(rpm/bp) at the same regions. The ‘ggpubr’ R 

package (https://CRAN.R-project.org/package=ggpubr) was used to produce correlation 

plots. The p value for correlation was corrected by Bonferroni correction for multiple 

comparisons. 

2.11 Assigning a gene to its closest super-enhancer  

I assigned all genes with GENCODE hg19 gene/lncRNA annotations [200] to their closest 

SEs within a 50 kb window using ‘BEDTools closest’ [198], as 50 kb can identify most of 

true enhancer/promoter interactions and is in line with previous studies [61, 62, 201, 202]. As 

described in BEDTools documentation, ‘BEDTools closest’ first searches for features in a 

BED file B (gene coordinates) that overlap a feature in a second BED file A (SE 

coordinates). If overlaps are found, gene coordinates that overlap the highest fraction of SE 

regions are reported. Then in the case of multiple genes overlapping SEs, the gene with the 

highest fraction of overlap is reported. If no overlaps are found, ‘BEDTools closest’ looks for 

the feature in B that is closest to A (that is, least genomic distance to the start or end of A). I 

used Venny 2.1 online tool (http://bioinfogp.cnb.csic.es/tools/venny/) [203] to generate Venn 

diagrams between different gene sets. 

2.14 Enrichment analysis in super-enhancer regions 

Enrichment levels of TF binding sites or SNPs in SE regions were analysed via permutation 

test using the ‘regionR’ R package, with z-score as a measure of the strength of the 

association that is independent of the number of permutations [204]. Because the z-score is 

defined as the distance between the expected value and the observed one, measured in 

standard deviations, I used a z-score ± 1.96 as a significance test for two side p value < 0.05 
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(+1.96 and –1.96 is the approximate value of the 97.5 and the 2.5 percentile points of a 

normal distribution, respectively). I normalized enquiry regions, such as SNPs, PU.1, FAIRE 

and CTCF regions, by dividing them by the total size of the regions of interest (VSE: 

24014217 bp, VSE1: 82635 bp, VSE2: 1280936 bp, VSE3: 1040646 bp, VDR typical 

enhancer (VTE): 5787494 bp, PSE: 5496182 bp, FSE: 1182725 bp) and reporting them in 

every 10 Mb of the genome as described in [63]. The permutation test for the enrichment p 

value was performed by generating 1000 permutations of regions of interest (VSE, VTE, 

PSE, FSE) in the genome (excluding blacklisted regions and the region of interest itself in 

each permutation) and considering the total size-normalized number (number per 10Mb) of 

overlaps between the enquiry region and the region of interest. 

For the SNPs enriched in SE regions, I used RegulomeDB to identify DNA features and 

regulatory elements overlapping with these SNPs as risk evidences, such as eQTLs, 

chromatin signatures and transcription factor binding sites [205]. RegulomeDB scores these 

SNPs according to the strength of their risk evidence. I reported only the SNP with the top 

score in each SE region. 

2.12 Analysis of super-enhancer region characteristics 

I performed gene ontology analysis on super-enhancer regions using the Genomic Regions 

Enrichment of Annotations Tool (GREAT version 3.0.0) with the whole genome as 

background and default parameters [206]. ‘BEDTools nuc’ [198] was used to count GC 

content in genomic regions. Motif enrichment analysis was carried out using ‘HOMER 

findMotifsGenome’ [207]. ‘Awk’ was used to convert file formats between GTF, GFF and 

BED, give genomic region limits for calling closest regions, subtract background values from 

input control, and count gene length within BED files. 
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2.13 RNA-seq pipeline 

Hisat2 was used to align sequences (three replicates of RNA-seq data) to the hg19 reference 

genome with Hisat2 indexes [208]. The resulting BAM files were sorted by read name, then 

Htseq was used to count reads on exons in GENCODE hg19 gene annotations with the 

command “htseq-count -s no -m intersection-nonempty -i gene_name” [209]. I only retained 

genes expressed at a counts-per-million (CPM: calculated using the function cpm from the 

edgeR library [210] in R) > 0.5 in at least two samples. The function ‘voom’ from the limma 

R package was used to find differentially expressed genes [211, 212], and ‘treat’ was used to 

correct the voom results relative to a false discovery rate of 5%. Genes with p < 0.05 and 

Log2 (fold change) ≥ 1 were considered to be significantly regulated. This cut off was used to 

identify more genes with a strong regulation than with a cut off Log2 (fold change) ≥ 1.5. 

The ‘dunn.test’ R package (https://CRAN.R-project.org/package=dunn.test) was used for 

multiple pairwise comparisons after a Kruskal–Wallis test on the expression level between 

different VDR binding patterns. Violin plots, boxplots, SE curve and transcriptome plots 

were generated using the ‘ggplot2’ R package [213]. 

2.14 Gene Set Enrichment Analysis 

Analyses focused only on genes under the significant regulation of 1,25(OH)2D3 (p < 0.05 

and Log2(fold change) ≥ 1) or with a high expression level (averageLog2(Expression) > 5) 

ignore the genes that have a relatively small change or a low expression level, which actually 

can function in a coordinated way in a set of related genes. Gene Set Enrichment Analysis 

(GSEA) [214, 215]  addresses the limitation and was used to find the enrichment distribution 

of one gene set (e.g., VSE gene sets) in a certain pre-defined and pre-ranked gene set (e.g., 

ZMIZ1 gene set ranked by Log2(fold change) or by averageLog2(Expression) from high to 
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low), which can indicate a cluster of enriched important genes with a relative high change 

even though their Log2(fold change) ˂ 1 or with a high expression level even though their 

averageLog2(Expression) ≤ 5. 

2.15 Gene ontology analysis on gene clusters 

Gene ontology (GO) biological process (BP) terms and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway were used to annotate the function of ZIMZ1-associated VSE 

genes clusters via ‘clusterProfiler’ R package [216]. For GO biological process (BP) analysis, 

I reported the top six significant biological process terms with p < 0.05 and q < 0.01. 

For bioinformatics analysis, representative codes are shown in Appendix 9. 
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Chapter 3. Multiple sclerosis and 1,25(OH)2D3 

associated alterations of PBMCs 

3.1 Introduction 

The potential anti-inflammatory effect of Vitamin D is considered in various autoimmune 

diseases and involves all types of immune cells [217]. In MS, Vitamin D is an important 

environmental factor, whose deficiency potentially increases the risk of MS and MS severity 

[218]. T helper cells, as the main producer of cytokines in the adaptive immune system, 

balance inflammation under normal circumstances.  

Anomalies such as increased infiltration of Th17 cells into the CNS may play an important 

role in the aetiology of MS [219]. While CNS biopsy samples are difficult to obtain, 

peripheral blood samples are readily available [220]. Ex vivo observations on peripheral 

blood have identified an increase of Th17, Th17.1 (the Th cell co-expressing IL-17 and IFN-

γ), CD146+ Th and GM-CSF+ Th cells in MS patients [183], and Vitamin D has been shown 

to reduce the expression of inflammatory genes in T helper cells (i.e., IL-2, IFN-γ, RORγt, 

IL-17, IL-23R, and IL-22 gene expression) [70]. Furthermore, Vitamin D promotes the Treg 

subset by increasing the expression of IL-10, Foxp3, and CTLA-4 [183].  
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Interestingly, GWAS have also found several MS risk SNPs that may tag Vitamin D 

metabolism genes CYP27B1 (25(OH)D 1-alpha-hydroxylase) and CYP24A1 (1,25(OH)2D3 

24-alpha-hydroxylase) (Figure 3.1) [36, 221]. The expression of CYP27B1 and CYP24A1 can 

be detected in CD4+ T cells in vitro after activation by anti-CD3/CD28-coated beads or plate-

bound anti-CD3/CD28 at 48 hours [106, 186, 222], but not after 24 hours’ activation by anti-

CD3/CD28-coated beads [83]. Therefore, a long-term (48–96 hours) tissue culture system 

will be better suited to observe the effect of Vitamin D and its associated metabolism genes. 

 

Figure 3.1: The Vitamin D metabolism gene CYP27B1 and CYP24A1. 

Upper: The Vitamin D metabolism function of CYP27B1 (1α-hydroxylase, which activate 25(OH)D) and CYP24A1 
(24-hydroxylase, which deactivate 1,25(OH)2D3). Lower: The genomic position of known genes, VDREs, and MS 
risk SNPs around CYP27B1 and CYP24A1 [223, 224]. Blue bar: The MS risk SNPs near CYP27B1 and CYP24A1, 
i.e., rs12368653, rs703842, rs2248359. Brown bar: Gene. Red bar: VDRE.  
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In this Chapter, we will test the inflammatory profile of PBMCs ex vivo and in vitro with or 

without Vitamin D treatment from the cohort of MS patients and healthy controls (Table 2.1). 

The aim of Chapter 3 was to understand the connection between MS, Vitamin D and 

inflammatory profile of PBMCs. 

I hypothesized that the cytokine profile of ConA-stimulated PBMCs from MS patients tended 

to be more pro-inflammatory than those from healthy controls both ex vivo and in vitro. In 

addition, I hypothesized that Vitamin D will direct peripheral T helper cells in ConA 

stimulated-PBMCs from healthy controls towards an anti-inflammatory profile more so than 

those from MS patients in vitro. 

To confirm my hypothesis, I first did a preliminary experiment to test the concentration of 

cytokines in the supernatant of PBMCs at different time points after tissue culture in vitro. At 

the 96-hour time point, all cytokines showed their peak productions in the supernatant and 

were inhibited by 1,25(OH)2D3 and 25(OH)D3. Therefore, I chose 96 hours as the time-point 

for observing the effect of 1,25(OH)2D3 and 25(OH)D3 on the inflammatory profile of 

PBMCs.  

Compared with the effect of LPS on stimulating PBMCs, ConA stimulated most of the pro-

inflammatory cytokines secreted by T helper cells. Therefore, I used ConA-stimulated 

PBMCs for observing the effect of 1,25(OH)2D3 and 25(OH)D3 on the inflammatory profile 

of PBMCs. 

PBMCs was collected from MS patients and healthy controls. I then analysed the peripheral 

immune cell phenotype and used ConA to activate T cells in PBMCs to establish the effect of 

Vitamin D on Th cell phenotype and cytokine secretions after 96 hours culturing in vitro. To 

understand the potentially different Vitamin D metabolism between MS and HC, I compared 
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the ratio of the effect of 25(OH)D3 to that of 1,25(OH)2D3 between MS and HC after 96 

hours of tissue culture.  
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3.2 Results  

3.2.1 The differences of Th cell subpopulations between MS patients and 

healthy controls ex vivo  

To explore MS-specific changes of peripheral T helper cells, I analysed the Th1/Th2/Th17 

proportion of PBMCs ex vivo. After gating the subsets of CD4+ T helper cells ex vivo (see 

Chapter 2, 2.2; Figure 3.2A), I found no significant differences of the proportion of Th cell 

subsets in CD4+ T cells between MS patients (MS group) and healthy controls (HC group) 

(Figure 3.2B), except the significantly (p = 0.0027) higher ratio of Th17.1 to Th1 in the MS 

group (Figure 3.2B).  
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Figure 3.2: The subsets of T helper cells in MS patients and healthy controls  

(A) Gating strategy to identify the subsets of T helper cells. (B) The proportion of Th cell subsets in CD4+ T cells, 
and the higher ratio of Th17.1 proportion to Th1 proportion in T helper cells in MS group. Data were collected 
from MS patients (n = 30) and healthy controls (HC group) (n = 12). Shown is the mean and S.E.M; P values 
were established by a Mann-Whitney test.   
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The Kurtzke Expanded Disability Status Scale (EDSS) score is used to assess the disability 

status of MS patients. By connecting T helper cell subsets isolated ex vivo with clinical data 

as potential clinical biomarkers by Pearson correlation analysis, I was able to show that the 

Th2 proportion in CD4+ T cells was correlated with the EDSS score in the MS group (r = 

0.5058, p = 0.0044) (Figure 3.3, Table 3.1), which did not support my hypothesis that the 

Th17 subset would be correlated. However, the association between the Th2 proportion and a 

worsening of the disability status may be indirect or connected to other distinct cell subsets, 

or due to a type I error. Furthermore, although the correlation of the Th17 proportion with the 

disability status is not significant (r = 0.3443, p = 0.0624), its significance is near p = 0.05, 

suggesting their potential connection when in a larger cohort. 

A                                                                            B 

 

 

 

 

 

 

Figure 3.3 Correlation of Th2 and Th17 proportion with EDSS score in the MS group ex vivo.  

(A) The significant linear relationship between the proportions of Th2 and EDSS scores ex vivo. (B) The 
relationship between Th17 proportions and EDSS scores ex vivo. Data were collected from MS patients (n = 
30). Correlation P values were established by Pearson correlation.  
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Since I co-cultured B cells and monocytes together with T helper cells in vitro, they might 

interact with ConA-activated T helper cells and impact the end result although B cells and 

monocytes were not specifically activated by ConA.  

In Systemic Lupus Erythematosus (SLE) a higher proportion of double-negative B cells has 

been described [225], however, the peripheral subpopulations of B cells in MS patients have 

not yet been studied. Therefore, I tested the subpopulations of B cells ex vivo (see Chapter 2, 

2.2; Figure 3.4A). After using anti-CD19 to isolate total B cells, I used CD27 and IgD as 

markers to define B cell subsets. Four B cells subsets were identified: memory B cells 

(CD27+IgD-), pre-switched B cells (CD27+IgD+, also known as memory IgM B cells 

involving in T cell independent immune responses), naïve B cells (CD27-IgD+), and double 

negative B cells (CD27-IgD-, relatively scarce in healthy subjects) [226]. Although B cells 

have a pathogenic significance in RRMS and SPMS, I did not find any significant difference 

in B cell subsets proportions between MS patients and healthy controls (Figure 3.4B). There 

was a modestly reduced proportion of memory and pre-switched B cells in MS patients. 

Staining for CD4 (to exclude HLA-DR+CD16+ NK cells) and for HLA-DR allowed me to 

identify monocytes specifically. To identify the subsets of monocytes I used CD16 and CD14 

as markers. There are three subpopulations of monocytes: CD14dimCD16+ non-classic 

monocytes, CD14+CD16+ intermediate monocytes, and CD14+CD16- classic monocytes. 

Among them CD16+ monocytes (including non-classic and intermediate monocytes) can 

adhere to brain microvascular endothelium, migrate into CNS by CX3CL1, and interact with 

endothelial cell to promote T cell migration, while CD14+ monocytes are responsible for 

phagocytosis and reactive oxygen species (ROS) production [25]. An expanded CD14+CD16+ 

monocyte population in the blood of MS patients has been demonstrated before [26], which is 

in conflict with another study showing a reduced proportion of CD16+ monocyte population 
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in blood but an increased proportion of CD16+ monocyte population in the CSF of MS 

patients [24]. Therefore, I also tested the subpopulations of monocytes ex vivo (see Chapter 2, 

2.2; Figure 3.5A). In MS patients I detected a lower proportion of classical monocytes (p = 

0.0265) (Figure 3.5B). There was a modestly increased proportion of non-classical and 

intermediate monocytes in MS patients without reaching significance.  

A 
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Figure 3.4: The subsets of B cells in MS patients and healthy controls. 

(A) Gating strategies to identify the subsets of B cells. After using anti-CD19 to identify B cells, I used CD27 and 
IgD as markers to identify the subsets of B cells. (B) The proportion of B cell subsets (MS group n = 36, HC 
group n = 12). Shown is the mean and S.E.M; P values were established by Mann-Whitney test.   
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Figure 3.5: The subsets of monocytes in MS patients and healthy controls. 

(A) Gating strategies to identify the subsets of monocytes. After using anti-CD4 (for excluding HLA-DR+CD16+ 
NK cells) and anti-HLA-DR to identify monocytes, I used CD16 and CD14 as markers to identify the subsets of 
monocytes. (B) The proportion of monocytes subsets (MS group n = 40, HC group n = 12). Shown is the mean 
and S.E.M; P values were established by Mann-Whitney test.   
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To adjust for confounding factors such as sex, age, batch and treatment, I used linear 

regression to test the significance of the results above. I found they (i.e., the ratio of 

Th17.1/Th1, the classic monocytes, the correlation between Th2 proportion and EDSS score) 

are still significant (p < 0.05) after adjusting for the confounding factors mentioned above 

(Table 3.1). Significance of correlation between Th17 and EDSS was bordering, in 

distinction from other studies [227, 228]. However, after adjusting for age, sex, batch and 

treatment, a linear regression analysis showed that in our data the Th17 proportion was 

correlated with the EDSS score (Table 3.1). Since only MS patients have EDSS data, I did 

not test the association between EDSS score and Th cell subset in the HC group. 

Table 3.1: Associations of Th cell subset ex vivo with MS disease (healthy or MS) in all individuals 
(MS+HC) or with EDSS score in MS group.  

  Univariable Multivariable* 

Variable β (95% CI) P 
value β (95% CI) P 

value 
Th17.1/Th1 ex vivo         

HC     

MS 0.00613 (0.00256, 
0.00970) 0.003 0.00608 (0.00154, 

0.01063) 0.015 

Classic Monocytes 
ex vivo 

    

HC     

MS -5.54764 (-10.18007, -
0.91521) 0.030 -6.48133 (-11.90421, -

1.05845) 0.028 

Th17 ex vivo in MS      

EDSS 0.03217 (-0.00002, 
0.06436) 0.051 0.03030 (0.00541, 

0.05520) 0.023 

Th2 ex vivo in MS     

EDSS 0.25256 (0.04020, 
0.46493) 0.019 0.23344 (-0.00031, 

0.46720) 0.049 

Dependant variables: The ratio of Th17.1 proportion to Th1 proportion; Classic monocytes (%) in 
monocytes; Th17 proportion (%) and Th2 proportion (%) in T helper cells ex vivo. For Th cells, HC group 
n = 12; MS group n = 30. For monocytes, HC group n = 12; MS group n = 40. Independent variables: MS 
or HC, or EDSS score in MS group (HC group doesn’t have EDSS score). Significant associations (p < 
0.05) are shown in bold. 
*Adjusted for age, sex, batch, and drug treatment. 
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3.2.2 The inflammatory profiles of PBMCs after activation and the effects 

of Vitamin D on them in vitro  

In the study described above I did not find any MS-specific Th1/Th2/Th17 subpopulations ex 

vivo except the higher ratio of Th17.1 to Th1. However, the result does not invalidate my 

hypothesis of the potentially stronger pro-inflammatory capacity of Th cells in MS compared 

with that in HC. Therefore, I cultured PBMCs and activated Th cells in vitro with ConA to 

amplify their pro-inflammatory capacity, and observed their inflammatory profile (proportion 

of Th1/Th2/Th17 subsets and cytokine profile) and the modulatory effects of Vitamin D.  

To choose an optimal time-point for the analysis of cytokine profiles in vitro, I conducted a 

preliminary experiment to test the cytokine profile in the supernatant of ConA-stimulated 

PBMCs after 24, 48, 72 and 96 hours, with LPS-stimulated PBMCs as a monocyte specificity 

control for the Th cell specificity of ConA stimulation on PBMCs. In the experiment, I used 

PBMCs from 5 healthy controls as biological repeats.    

At 96 hours, we collected supernatant and used Cytokine bead assay to analyse the cytokine 

concentration in the supernatant (IL-2, IL-6, IFN-γ, TNF-α, IL-17, IL-4 and IL-10). All 

cytokines, especially the proinflammatory cytokines IL-6, TNF, IFN-γ and IL-17A, showed a 

higher expression level compared to earlier time points (Figure 3.6). Therefore, tissue culture 

of PBMCs for 96 hours amplified the marker cytokines (i.e., inflammatory profile) I aimed to 

observe. I found IL-2, IL-4, TNF, IFN-γ and IL-17A were highly expressed by ConA-

stimulated PBMCs, while IL-6 and IL-10 were highly expressed after LPS stimulation 

(Figure 3.6). This could be explained because ConA specifically stimulated the T cells in 
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PBMCs while LPS stimulation was targeting the monocyte population. Furthermore, I found 

that after 96 hours of tissue culture, 25(OH)D3 and 1,25(OH)2D3 consistently inhibited the 

production of TNF, IFN-γ and IL-17A in ConA-stimulated, and the production of IL-6 and 

IL-10 in LPS-stimulated, PBMCs.  

Because I considered the pro-inflammatory cytokines to be more important for this study, I 

used ConA-stimulated PBMC after 96 hours of tissue culture to observe the MS-specific 

alteration of the inflammatory profile.  
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Figure 3.6:  The effects of 1,25(OH)2D3 and 25(OH)D3 on the cytokine profile of ConA or LPS stimulated 
PBMCs. 

(A) The cytokine profile of PBMCs stimulated by ConA or LPS at different time points (n = 4 – 5 healthy 
controls, biological repeats.). ConA: 10 µg/ml; LPS: 200 ng/ml; 25(OH)D3: 500 nM; 1,25(OH)2D3: 100 nM; 
Shown is the mean and S.E.M.   
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Since Vitamin D can inhibit the proliferation of T cells, the inhibitory effect of Vitamin D 

(i.e., 25(OH)D3 and 1,25(OH)2D3) on the inflammatory profile is potentially associated with 

cell proliferation. To explore the association between the inhibitory effect of Vitamin D on T 

helper cell subsets and proliferation status, I used cell trace violet (CTV) to identify 

proliferating cells (Figure 3.7). In the experiment, I used PBMCs from 10 healthy controls 

and 9 MS patients as biological repeats. CD4+ T cells were identified by FSC-A/SSC-A and 

anti-CD4 antibody. 

After ConA activation, Vitamin D significantly inhibited the production of IFN-γ and IL-17A 

from new generations (2nd-6th generations) of CD4+ T helper cells (i.e., reducing the 

proportion of CTVlowIL-17A+ and IFN-γ+ cells), but did not inhibit their production from 

primary T helper cells (i.e., the proportion of CTV+IL-17A+ and IFN-γ+ cells) (Figure 3.8). 

Therefore, the inhibitory effect of Vitamin D on the production of IL-17A and IFN-γ is 

dependent on the proliferating status of T helper cells. 

Figure 3.7:  The representative figure about the proliferation of Th1 and Th17 subsets of ConA-stimulated 
PBMCs. 

Gating strategy to identify the proliferation and subsets of Th cells. First I gated CD4+ T cells, then I used cell 
trace violet (CTV) to identify proliferating CD4+ cells. Q1: IL-17A producing cells in new generated CD4+ T cells, 
Q2: IL-17A producing cells in primary CD4+ T cells, Q3: IFN-γ producing cells in new generated CD4+ T cells, Q4: 
IFN-γ producing cells in primary CD4+ T cells. CD4+ cells were gated by FSC-A/SSC-A and anti-CD4 antibody.  
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Figure 3.8:  The effects of 1,25(OH)2D3 and 25(OH)D3 on the proliferated Th1 and Th17 subsets of ConA-
stimulated PBMCs. 

(A) Representative figures about the characteristics (proliferation and production of IL-4/IL-17A/IFN-γ) of T 
helper cells following addition of Vitamin D. (B) Vitamin D significantly inhibits the IFN-γ and IL-17A production 
on the new generations of T helper cells, but not on the primary T helper cells (n = 19 (10 HC and 9 MS), 
biological repeats.). NS, no significance; ConA: 10 µg/ml; 25(OH)D3: 500 nM; 1,25(OH)2D3: 100 nM; Shown is 
the mean and S.E.M; P values were established by Friedman test followed by Dunn's multiple comparison test.   
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To search for a connection of MS risk to the inflammatory profile of PBMCs in vitro, I 

performed an experiment to address the basic characteristics of the inflammatory profiles of 

PBMCs and reconfirm the effect of Vitamin D on the inflammatory profiles of PBMCs. 

The effect of Vitamin D (either 500nM 25(OH)D3 or 100nM 1,25(OH)2D3) was analysed in 

ConA-stimulated PBMCs. I found that 25(OH)D3 and 1,25(OH)2D3 not only significantly 

reduced the proportion of Th1, Th17, and Th17.1 (Figure 3.9), but also significantly reduced 

the secretion of IL-6, TNF, IFN-γ, IL-17A and promoted IL-4 secretion in PBMC supernatant 

(Figure 3.10), suggesting a strong anti-inflammatory effect after a long-term tissue culture. 

However, counterintuitively, Vitamin D inhibited the production of the anti-inflammatory 

cytokine IL-10 at 96 hours (Figure 3.10), which hinted at an inhibitory effect of Vitamin D 

specifically on IL-10 expression or possibly, a lower Treg cell proportion.  

Although IL-4 production is promoted by Vitamin D, the proportion of Th2 identified by IL-

4 intracellular staining showed no difference between ConA group, and ConA+Vitamin D 

group (Figure 3.9-3.10). The results suggest a different effect of Vitamin D on secreted 

cytokines as compared to the intracellular cytokines of Th cells. 
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Figure 3.9: The effects of 1,25(OH)2D3 and 25(OH)D3 on the Th cell subsets of ConA-stimulated PBMCs. 

The percentage of T helper cell subset in CD4+ T cells at 96 hours. (n = 48, including 10 HC and 38 MS, biological 
repeats). NS, no significance. ConA: 10 µg/ml; 25(OH)D3: 500 nM; 1,25(OH)2D3: 100 nM; Shown is the mean 
and S.E.M; P values were established by Friedman test followed by Dunn’s multiple comparison test.   
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Figure 3.10: The effects of 1,25(OH)2D3 and 25(OH)D3 on the cytokine profile of ConA-stimulated PBMCs. 

The cytokine production in the supernatant of ConA stimulated PBMCs at 96 hours. (n = 48, including 10 HC 
and 38 MS, biological repeats). NS, no significance. ConA: 10 µg/ml; 25(OH)D3: 500 nM; 1,25(OH)2D3: 100 nM; 
Shown is the mean and S.E.M; P values were established by Friedman test followed by Dunn’s multiple 
comparison test. 
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Because I used PBMCs in my experiments, monocytes were mixed with Th cells in the tissue 

culture conditions. Changes of the inflammatory profile of monocytes after 96 hours of tissue 

culture with or without 1,25(OH)2D3 treatment had to be considered under the caveat of this 

co-culture condition.  

I tested the alteration of the expression of monocyte markers, i.e., HLA-DR, CD14 and 

CD16, on the surface of HLA-DR+CD14+ subpopulation including monocytes and monocyte-

derived dendritic cells/macrophages (possibly induced by T cell secreted GM-CSF/M-CSF 

and the interaction with T cells [229-231]).  

Interestingly, there were reduced expressions of CD16 and HLA-DR on the surface of HLA-

DR+CD14+ subpopulation after 1,25(OH)2D3 treatment for 96 hours (Figure 3.11). Although 

the result was not my focus in this Chapter, but the reduced CD16 and HLA-DR expression 

on cell surface might impact the inflammatory profiles of PBMCs and needs more research in 

the future.  
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Figure 3.11: The effect of 1,25(OH)2D3 on HLA-DR+CD14+ subpopulation in ConA-stimulated PBMCs. 

(A) The representative figure showing the mean fluorescence intensity of CD14, CD16, HLA-DR on HLA-
DR+CD14+ subpopulation. (B) The expressions of CD16 and HLA-DR on the surface of HLA-DR+CD14+ 
subpopulation are reduced by 1,25(OH)2D3 in ConA-stimulated PBMCs after 96 hours of tissue culture (n = 6 
Healthy controls, biological repeats). ConA: 10 µg/ml; 1,25(OH)2D3: 100 Nm; MFI: mean fluorescence intensity; 
P values were established by Wilcoxon matched-pairs signed rank test. (HLA-DR antibody: host: Mouse, colour: 
PerCP-Cy™5.5, clone: G46-6, BD pharmingen; other antibodies see Table 2.2.)   
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3.2.3 The differences of inflammatory profiles and the effects of Vitamin D 

between MS patients and healthy controls in vitro 

Having identified the basic characteristics of inflammatory profile of ConA-stimulated 

PBMCs, I tried to detect MS-specific alterations of these inflammatory profiles.  

To explore the different inflammatory profile between the MS group and the HC group, I 

cultured PBMCs with ConA for 96 hours. I found there was a decreased Th1 (p = 0.0302, not 

significant after Bonferroni correction) and an increased Th17 (p = 0.0322, not significant 

after Bonferroni correction) proportion (Figure 3.12, Table 3.2).  

The higher Th17 proportion (p = 0.0322) and the significantly increased ratio of Th17 to Th1 

(p = 0.0012) in the MS group compared to that in the HC group at 96 hours supported the 

importance of Th17 in MS (Figure 3.12, Table 3.2). This was different from the higher 

Th17.1/Th1 ratio ex vivo (Figure 3.2), suggesting the in vitro environment amplified the MS-

associated Th17 phenotype. 

In the cytokine profile, there was reduced TNF (p = 0.0002, significant) and IL-6 secretions 

(p = 0.0126, not significant after Bonferroni correction) by PBMCs from MS samples 

compared to HC samples (Figure 3.13, Table 3.2). This reflects a weaker pro-inflammatory 

capacity or a fatigue of pro-inflammatory capacity for the peripheral immune cells from MS 

patients. 

However, the results do not clearly support my hypothesis that MS patients have a more pro-

inflammatory milieu excepting the increased Th17 proportion. The lower Th1 proportion and 

reduced TNF/IL-6 secretion suggested a weaker pro-inflammatory signature of peripheral 

immune cells in MS patients rather than a stronger inflammatory profile.  



Chapter 3. Multiple sclerosis and 1,25(OH)2D3 associated alterations of PBMCs 

 

 

Ming Lu  72 
New evidence for an association between immune cells, Vitamin D and MS risk SNPs 

Table 3.2: Associations of Th cell subset and cytokine profile in vitro with MS disease (healthy or MS) in all 
individuals (MS and HC) or with EDSS score in MS group. 

  Univariable Multivariable* 
Variable β (95% CI) P value β (95% CI) P value 

Th17 in vitro     

HC     

MS 0.17891 (0.01493, 
0.34289) 0.058 0.19665 (-0.00391, 

0.39721) 0.055 

Th1 in vitro     

HC     

MS -3.55838 ( -7.63856, 
0.52180) 0.039 -2.70868 (-7.02610, 

1.60874) 0.168 

Th17/Th1 in vitro     

HC     

MS 0.07533 (0.03142, 
0.11923) 0.004 0.06617 (0.01411, 

0.11822) 0.018 

IL-6 production in 
vitro 

    

HC     

MS -1660 (-3290, -27.16238) 0.009 -1740 (-3460, -19.52520) 0.009 
TNF production in 

vitro 
    

HC     

MS -1910 (-3220, -606) 0.000 -1620 (-2830, -416) 0.002 
Inhibitory effect of 

1,25(OH)2D3 on IL-6 
production 

    

HC     

MS -1040 (-2020, -58.93990) 0.037 -1190 (-2270, -112) 0.031 
Inhibitory effect of 

1,25(OH)2D3 on TNF 
production 

    

HC     

MS -1340 (-2450, -243) 0.002 -1120 (-2140, -95.42155) 0.011 
Th17 in vitro in MS     

EDSS 0.06821 (-0.01061, 
0.14704) 0.072 0.07728 (-0.01166, 

0.16621) 0.066 

Th2 in vitro in MS     

EDSS 0.13232 (0.03045, 
0.23418) 0.009 0.13135 (0.01951, 

0.24319) 0.018 

Dependant variables: the Ratio of Th17.1 proportion to Th1 proportion; Th17 proportion; Th2 proportion (%) 
in T helper cells in vitro; IL-6 and TNF concentration (pg/ml). HC group n = 10; MS group n = 34. Independent 
variables: MS or HC, or EDSS score in MS group (HC group doesn’t have EDSS score). Significant associations 
(p < 0.05) are shown in bold. 
*Adjusted for age, sex, batch, and drug treatment. 
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Figure 3.12: The T helper cell subsets of ConA-stimulated PBMCs in MS patients and healthy controls.  

The proportion of Th cell subsets in CD4+ T cells between MS and HC. Data were collected from MS patients (n 
= 34) and healthy controls (HC group) (n = 10) after 96 hours of tissue culture in vitro. Shown is the mean and 
S.E.M; P values were established by Mann-Whitney test. 
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Figure 3.13: The cytokine profile of ConA-stimulated PBMCs in MS patients and healthy controls. 

Cytokine production in the supernatant of PBMCs at 96 hours between MS and HC. Data were collected from 
MS patients (n = 34) and healthy controls (HC group) (n = 10) after 96 hours of tissue culture in vitro. Shown is 
the mean and S.E.M; P values were established by Mann-Whitney test. 
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To confirm my second hypothesis, I tried to establish if 1,25(OH)2D3 can direct PBMCs into 

a more anti-inflammatory profile in the HC group than in the MS group. 

Interestingly, 1,25(OH)2D3 also showed a weaker inhibitory effect on IL-6 and TNF 

production of PBMCs from the MS group (Figure 3.14), suggesting not only a lower 

production of TNF and IL-6 (Figure 3.13), but also a lower responsiveness of PBMCs to 

1,25(OH)2D3 in the production of IL-6 and TNF in the MS group (Figure 3.14). This 

responsiveness is reflected by the difference between ConA group and (ConA+1,25(OH)2D3) 

group (i.e., ConA group - (ConA+1,25(OH)2D3) group). 

The results were consistent with my hypothesis that PBMCs from the MS group are resistant 

to the anti-inflammatory effect of 1,25(OH)2D3 compared with PBMCs from the HC group.  

 

 

 

 

 

Figure 3.14: The effects of 1,25(OH)2D3 on IL-6 and TNF production of ConA-stimulated PBMCs in MS patients 
and healthy controls. 

The stronger inhibitory effect of 1,25(OH)2D3 on IL-6 and TNF in HC than that in MS at 96 hours. Data were 
collected from MS patients (n = 34) and healthy controls (HC group) (n = 10). Shown is the mean and S.E.M; P 
values were established by Mann-Whitney test. 
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Remarkably, after 96 hours culturing in vitro, the proportion of Th2 subset is still correlated 

with the EDSS score (r = 0.46, p = 0.0058, Figure 3.15A), consistent with their correlation ex 

vivo (Figure 3.3A), although the correlation is potentially mediated by the indirect 

relationship between the increasing Th2 proportion and a higher EDSS score. However, the 

result needs more research, as the general EDSS score ≤ 2 and some low EDSS scores have a 

higher Th2 proportion. This finding is in conflict with the positive association between EDSS 

score and Th2 proportion in MS group. 

Furthermore, the proportion of Th17 subset is still not significantly correlated (r = 0.34, p = 

0.0506, Figure 3.15B) with EDSS score in vitro. Even after adjusting for age, sex, batch and 

treatment, the Th17 proportion was still not correlated with EDSS score (Table 3.2). 

A                                                                          B 

 

Figure 3.15: Correlation of Th2 and Th17 proportion with EDSS score in MS group in vitro.  

(A) The significant linear relationship between Th2 proportion and EDSS score in vitro. (B) The relationship 
between Th17 proportion and EDSS score in vitro. Data were collected from MS patients (n = 34). Correlation P 
values were established by Pearson correlation. 
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To explore the potential different levels of active Vitamin D (controlled by metabolic enzyme 

CYP27B1 and CYP24A1) between MS and HC, I analysed the ratio of the inhibitory effect 

of 25(OH)D3 to that of 1,25(OH)2D3.  

Consistent with my preliminary experiments (Appendix 3) that 500nM 25(OH)D3 and 

100nM 1,25(OH)2D3 have the similar effect on cytokine production and proliferation, I was 

not able to detect a difference of the effect of 500nM 25(OH)D3 and 100nM 1,25(OH)2D3 on 

inflammatory profiles (including IL-6 and TNF productions, and the proportions of Th1 and 

Th17) (Figure 3.16). The ratios of the effect of 25(OH)D3 to that of 1,25(OH)2D3 are all near 

1 (Figure 3.16). Therefore, after 96 hours culturing with ConA+25(OH)D3 (500nM) or 

ConA+1,25(OH)2D3 (100nM) treatment, their final inhibitory effects are comparable.  

Importantly, the ratios are the same between the MS samples and the HC samples (Figure 

3.16), suggesting an equal level of Vitamin D metabolism at 96 hours between MS and HC 

PBMCs. Therefore, there was no MS-specific Vitamin D metabolism alteration in vitro. 

However, the question remains as to whether MS risk SNPs around Vitamin D metabolism 

genes would directly impact these inflammatory profiles in vitro without affecting the 

Vitamin D metabolism. I will discuss this in Chapter 4. 
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Figure 3.16: The ratio of inhibitory effect of 1,25(OH)2D3 to that of 25(OH)D3 on cytokine production (IL-6, 
TNF) and T helper cell subsets (Th1, Th17).  

The ratio of inhibitory effect of 1,25(OH)2D3 to that of 25(OH)D3 in MS and HC for IL-6, TNF, Th1 and Th17. Data 
were collected from MS patients (n = 34) and healthy controls (HC group) (n = 10). RIE =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑔𝑔𝐶𝐶𝑔𝑔𝑔𝑔−(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶+25(𝑂𝑂𝑂𝑂)𝐷𝐷3) 𝑔𝑔𝑔𝑔𝐶𝐶𝑔𝑔𝑔𝑔

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑔𝑔𝐶𝐶𝑔𝑔𝑔𝑔−(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶+1,25(𝑂𝑂𝑂𝑂)2𝐷𝐷3) 𝑔𝑔𝑔𝑔𝐶𝐶𝑔𝑔𝑔𝑔
.   
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3.3 Discussion 

In this study, by observing PBMCs in a 96-hour tissue culture model, I found a weaker pro-

inflammatory profile of ConA-stimulated PBMCs from MS patients compared to healthy 

controls, which has not been reported before. I showed that, in vitro, the proportion of the 

Th1 subset was lower and TNF/IL-6 productions were more reduced in MS patients, although 

the proportion of Th17 cells was higher. Moreover, there was a higher ratio of Th17 to Th1 

proportions in MS patients in vitro. This was in contrast to the higher ratio of Th17.1 to Th1 

proportions observed in MS patients ex vivo. Furthermore, the Th2 proportion of MS patients 

was correlated with their EDSS score in MS group both ex vivo and in vitro at 96 hours.  

I included Vitamin D as an important environmental factor and analysed its potential effects 

on PBMCs of MS patients and healthy controls. I analysed the ratio of the inhibitory effect of 

25(OH)D3 to that of 1,25(OH)2D3 at 96 hours, which reflects the Vitamin D metabolism 

level. However, there were some limitations to my study. Firstly, it was a small cohort of 

RRMS (n = 41) /SPMS (n =4) patients and Healthy controls (after the removal of PPMS 

patients and low-quality samples from the study). Cell viability was ascertained by Trypan 

blue exclusion, and any samples with a viability below 90% were discarded. Secondly, 

although at 96 hours cytokines and Vitamin D metabolism genes show high expressions, 

many other genes, such as GM-CSF [104], are also expressed and involved in the 

inflammation and Vitamin D pathways. These results, especially the counterintuitive results, 

e.g., a lower TNF production of PBMCs in the MS group at 96 hours, need a reconfirmation 

in other cohorts. 

There have been some studies showing a higher proportion of a peripheral Th17 subset ex 

vivo in MS patients compared with healthy controls [183]. However, my result did not show 
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an increased Th17 subset ex vivo per se, but a higher ratio of Th17.1 to Th1 ex vivo and an 

increased Th17 proportion in vitro in MS group. After 96 hours of tissue culture, a significant 

higher ratio of Th17 to Th1 in MS patients was observed. The reason I did not observe a 

significantly increased proportion of peripheral Th17 cells ex vivo in MS patients may be that 

I used samples from RRMS patients in a remitting stage. This could be important because the 

study that found a difference of the peripheral Th17 cell proportion between MS patients and 

healthy controls used samples from RRMS at a relapsing stage [183]. 

Interestingly, the significant higher ratio of Th17.1 to Th1 ex vivo was not significant in vitro 

after 96 hours tissue culture, while the higher Th17 proportion (p = 0.0322) and the higher 

ratio of Th17 to Th1 (p =0.0012) were significant in MS patient PBMCs in vitro. It can be 

assumed that this is due to the increased transformation from Th1 to Th17.1 and to Th17 in 

MS patients since PBMCs were cultured for 96 hours, which could explain that PBMCs from 

MS patients have a lower Th1 and a higher Th17 proportion in vitro. 

Ex vivo, a lower proportion of CD14+CD16- classical monocytes was found in MS patients, 

which are mainly phagocytic and produce reactive oxygen species (ROS) but do not interact 

with endothelial cells like CD16+ cells [25]. This result suggests a lower capacity of 

phagocytosis and reactive oxygen species (ROS) production of monocytes in MS patients, or 

a potentially higher proportion of non-classical and intermediate monocytes in MS patients, 

which can break the BBB and promote the T cell migration [25]. 

Remarkably, PBMCs from MS patients show less TNF (p = 0.0002) and IL-6 (p = 0.0126) 

secretion in the supernatant, suggesting a potentially lower pro-inflammatory capacity in 

response to ConA stimulation of PBMCs from MS patients. This was contrary to my 

expectation of an increased pro-inflammatory profile in MS, and needs to be explained in the 
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future. It is a possibility that TNF and IL-6 are consumed by a differentiation process of 

CD4+ T cells that changes CD4+ T cell from naïve Th cell or Th1 to Th17.1 or Th17 cells 

after 96 hours, or reflects an increased susceptibility of PBMCs from MS patients to 

malfunction after 96 hours of tissue culture. 

In the MS group, the Th2 proportion in T helper cells was correlated with the EDSS score of 

MS patients, suggesting some compensatory mechanism increasing the anti-inflammatory T 

cell subsets in patients with severe disability status. Th2, as a producer of IL-4, IL-5 and IL-

10, inhibits inflammation [232]. Furthermore, Th1 and Th2 can cross-inhibit each other, and 

the shift from Th1 to Th2 has been considered to be beneficial for the clinical course of MS. 

Treating MS with Helminth Worms is just based on the type 2 immune responses with Th2 

cytokines secretions [233, 234]. 

Although I did not find the association of Th2 production of IL-4 with MS, the correlation 

between Th2 proportion and EDSS score in MS group suggested a potential compensatory 

increasing proportion of Th2 in peripheral T helper cells in MS patients with a severe 

disability status. Th2 also secrets IL-13 in addition to IL-4. Because IL-13 in CNS has been 

found to have the neuroprotective effect [235], and serum IL-13 level is associated with MS 

and is responsive to Glatiramer acetate treatment [236-238], the causal cytokine for the 

association between Th2 and EDSS may be IL-13. The observations need reconfirmation and 

would be worthwhile to explore further. 

The comparable inhibitory effect of 25(OH)D3 and 1,25(OH)2D3 on the inflammatory profile 

at 96 hours of tissue culture suggested the same active Vitamin D level in vitro. Notably, the 

ratios of the inhibitory effect of 25(OH)D3 to that of 1,25(OH)2D3 are comparable between 

the MS and HC groups, suggesting the same level of Vitamin D metabolism at 96 hours of 
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tissue culture between MS and HC. 

In conclusion, I found MS-specific peripheral immune cell abnormalities and could associate 

inflammatory profiles with MS risk in this study. Furthermore, a correlation between Th2 

proportion and EDSS score in MS patients was found. My study shows the value of the long-

term tissue culture PBMC model in vitro, and emphasises the importance of Th1, Th2, 

Th17.1, IL-2, TNF and IL-6, in addition to Th17, in MS risk.
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Chapter 4. The connection between Vitamin D 

metabolism-associated risk SNPs and PBMCs 

4.1 Introduction 

As mentioned in Chapter 3, GWAS have found several MS risk SNPs, e.g., rs12368653, 

rs703842, and rs2248359, which are located in the vicinity of the Vitamin D metabolism-

associated genes CYP27B1 and CYP24A1.  

There have been many studies about the cis-regulatory effects of these MS risk SNPs on the 

expression of genes nearby in potentially causal cell types. For example, rs703842 risk allele 

A reduces the expression of CYP27B1 in tolerogenic DC (DC2) but not in inactivated 

PBMCs [80]; rs12368653 risk allele A increases the expression of TSFM in a lymphoblastic 

cell line (LCL) [135]; rs2248359 risk allele C increases the expression of CYP24A1 in frontal 

cortex but not in white matter [118], DC [80] or LCL [133].  

T helper cells, as the centre of the adaptive immune system and their cytokine production, are 

associated with MS risk and pathogenesis. Since there are relative lower expressions of 

CYP27B1 and CYP24A1 in PBMCs and Th cells compared with DC and LCL, the connection 

between T helper cell phenotypes and these MS risk SNPs have not been explored in 

previous studies.  

After activation with anti-CD3/CD28 for at least 48 hours, CYP27B1 and CYP24A1 can be 

highly expressed in T helper cells [220-222]. Therefore, after activation the T helper cell 

phenotype can potentially be regulated via the modulation of Vitamin D metabolism by 

associated genetic variants in or near Vitamin D metabolism genes (i.e., CYP27B1 and 

CYP24A1). In addition, the regulatory effects of MS risk SNPs are also potentially due to 
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other causal genes nearby (e.g., METTL21B) or transcription factor genes in a long-distance 

interaction via chromatin structures, in addition to its nearest genes CYP27B1 and CYP24A1. 

In this study, I attempted to establish the connection between Vitamin D metabolism-

associated risk SNPs and T helper cell phenotypes both ex vivo and in vitro directly. 

I hypothesized that the PBMCs from individuals with a risk allele will have a more pro-

inflammatory profile, such as the higher proportion of pro-inflammatory Th subsets and an 

increased pro-inflammatory cytokine production. Furthermore, I hypothesized that 

1,25(OH)2D3 will direct PBMCs to an anti-inflammatory profile. This change in 

differentiation should be more visible in the protective allele group than in risk allele group; 

i.e., I expected a weaker pro-inflammatory profile in individuals with protective alleles after 

1,25(OH)2D3 treatment. 

In this chapter, I describe how I firstly genotyped all the samples with regard to their status of 

the MS risk-SNPs rs12368653/rs703842 (CYP27B1) and rs2248359 (CYP24A1). 

Subsequently, Th cell phenotype and the associated cytokine profile with the genotype was 

linked. I then analysed the inhibitory effect of 1,25(OH)2D3 on the inflammatory profile of 

PBMCs with regard to their SNP alleles. Taken together, I connected the inflammatory 

profiles of PBMCs with their Vitamin D metabolism-associated risk SNP.   
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4.2 Results 

4.2.1 The genotyping of all PBMC samples 

According to GWAS results, the SNPs (rs12368653/rs703842-CYP27B1, rs2248359-

CYP24A1) located around Vitamin D metabolism genes are associated with MS risk. The 

effects of these Vitamin D metabolism-associated SNPs on the inflammatory profile have not 

been analysed, although some researchers have shown that the gene expression changes in 

certain cell types potentially under the influence of these risk SNPs [80, 132-135].  

The specific mechanisms of how these risk SNPs influence the response of causal cell types 

in which they are active are still unclear—it could be an indirect effect on distal genes or a 

long-term effect entangled with other risk factors. Therefore, I genotyped all PBMC samples 

(Figure 4.1) and pooled our phenotype data from MS and HC samples together to increase 

statistical efficiency, and tested the association between the risk SNPs and peripheral immune 

cell phenotype.  

As PCR is sensitive to a mismatching of the 3’-residue in one of two primers used (A allele 

end primer or G allele end primer), two allele-specific primers bearing the A or G at their 3’ 

end were used in two separate reactions. The PCR reaction is more sensitive for a mutation of 

an A and G residue than a C and T at residue at the 3’-end (potentially due to purine 

nucleotides are larger than pyrimidine nucleotides). Therefore, for genotyping rs2248359, we 

designed primers at its complementary sequence (G/A) of C/T. To overcome possible 

mispairing at the 3’ end of the allele specific primer, a deliberate mismatch A was introduced 

at the penultimate nucleotide to destabilize the 3’ end of some allele-specific primers for 

genotyping rs2248359 and rs12368653. 
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Figure 4.1: Genotyping DNA samples with allele-specific PCR analysis (3’-mismatch method).  

Representative 3’-mismatch genotyping results for rs12368653, rs703842 and rs2248359. Every sample has 
two lanes (left: G allele, right: A allele, red) to probe the specific allele G or A. The upper band of each lane 
(yellow) is the control band with a larger size (rs12368653: 1049 bp, rs703842: 914 bp, rs2248359: 456 bp). 
The second band is the allele band (rs12368653: 607 bp, rs703842: 460 bp, rs2248359: 321 bp). For 
rs12368653 and rs703842, there was a competitive binding between control primer and allele primer 
especially when the alleles are homozygous, which leads to no band in control lane, but did not impact the 
genotyping results.   
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4.2.2 The connection between Vitamin D metabolism-associated risk SNPs 

and inflammatory profile 

After genotyping all samples, I tried to correlate the Vitamin D metabolism-associated risk 

SNPs with the inflammatory profile per se.  

The association between the inflammatory profile and Vitamin D metabolism-associated risk 

SNPs was tested, and it was shown that rs2248359 risk allele C (CC and CT) reduced the 

proportion of Th1 (p = 0.0345 in vitro; p = 0.0688 ex vivo) and Th17.1 cells (p = 0.0582 in 

vitro; p = 0.0971 ex vivo) both ex vivo and in vitro consistently at 96 hours after ConA 

stimulation, although this effect was not significant (Figure 4.2A, Table 4.1). In addition, 

individuals with homozygous rs703842 risk alleles (AA) showed a weaker IL-2 production 

by PBMCs (Figure 4.2B, Table 4.1). However, there was no significant difference between 

GG and AA homozygote groups, which suggested a potential risk of heterozygote with a 

relative higher IL-2 production and needed further research.  

Although the reduced proportions of Th1 and Th17.1 subsets were not significant, they 

showed a consistent trend of decreasing Th1 and Th17.1 proportions with the increasing 

number of risk allele C from TT to TC to CC. Therefore, I normalised the proportions of Th1 

and Th17.1 to analyse their p value for trend with the increasing number of risk allele C. The 

proportions of Th1 at 96-hour in vitro (p for trend = 0.0428), Th1 ex vivo (p for trend = 

0.0128), and Th17.1 at 96-hour in vitro (p for trend = 0.0365) all show a significant reducing 

trend with the increasing number of risk allele C, excepting Th17.1 proportion ex vivo with 

the p for trend = 0.0995. 
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Figure 4.2: The association between Vitamin D metabolism-associated MS risk SNPs and inflammatory 
profile of PBMCs in all samples.  

(A) The proportion of Th17.1 and Th1 in T helper cells in vitro (stimulated with ConA, n = 44) and ex vivo 
(stimulated with PMA/ionomycin, n = 42) between rs2248359 protective TT and risk CC+CT. (B) The IL-2 
production in supernatant of PBMCs (n = 44) between rs703842 risk AA and protective AG+GG. Shown is the 
mean and S.E.M; P values were established by Mann-Whitney test.   
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4.2.3 The connection between Vitamin D metabolism-associated risk SNPs 

and the effect of 1,25(OH)2D3 on inflammatory profile 

According to my second hypothesis, I wanted to know if 1,25(OH)2D3 could direct PBMCs 

into a more anti-inflammatory profile in individuals with the MS protective allele than those 

with the MS risk allele. Therefore, the association between the inhibitory effects of 

1,25(OH)2D3 and Vitamin D metabolism-associated risk SNPs was analysed.  

I found that 1,25(OH)2D3 showed a significantly weaker inhibitory effect on Th1 (p = 

0.0209) and Th17.1 (p = 0.0315) proportion of PBMCs in individuals with the risk allele 

rs2248359 (C) (Figure 4.3, Table 4.1).  

The p value for a linear trend was also analysed. The inhibitory effect of 1,25(OH)2D3 on 

Th17.1 proportion showed a reducing trend (p for trend = 0.0215) with the increasing number 

of the risk allele C, but was not significant for Th1 proportion (p for trend = 0.1220). 

 

 

 

 

Figure 4.3: The inhibitory effect of 1,25(OH)2D3 on the proportion of Th1 and Th17.1 subsets in individuals 
with alleles TT, TC, and CC, respectively.  

The inhibitory effect of 1,25(OH)2D3 on the proportion of Th1 and Th17.1 in vitro (n = 44) between rs2248359 
protective alleles TT and risk alleles CC+TC. There is a weaker inhibitory effect of 1,25(OH)2D3 on Th1 and Th17 
subpopulations in individuals with risk alleles CC+TC. Shown is the mean and S.E.M; P values were established 
by Mann-Whitney test.   
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Table 4.1: Associations of inflammation profile (Th cell subsets and cytokines) with Vitamin D metabolism-
associated MS risk SNPs in all individuals (MS and HC) 

 

  
Univariable Multivariable* 

Variable β (95% CI) P value β (95% CI) P value 
Th17.1 ex vivo     

rs2248359-TT     

TC+CC -0.03723 (-0.08799, 
0.01345) 0.090 -0.04025 (-0.08264, 

0.00215) 0.025 

Th1 ex vivo     

rs2248359-TT     

TC+CC -3.14664 (-6.72035, 
0.42708) 0.063 -3.33895 (-7.26806, 

0.59016) 0.079 

Th17.1 in vitro     

rs2248359-TT     

TC+CC -0.11149 (-0.25975, 
0.03677) 0.057 -0.14617 (-0.33438, 

0.04204) 0.052 

Th1 in vitro     

rs2248359-TT     

TC+CC -4.66915 (-10.13836, 
0.80005) 0.032 -5.86928 (-13.72597, 

1.98741) 0.064 

Inhibitory effect of 
1,25(OH)2D3 on 

Th17.1 
    

rs2248359-TT     

TC+CC  -0.10954 (-0.24351, 
0.02444) 0.057  -0.11826 (-0.26431, 

0.02778) 0.066 

Inhibitory effect of 
1,25(OH)2D3 on 

Th1 
    

rs2248359-TT     

TC+CC -3.99112 (-8.39040, 
0.40816) 0.044  -4.61182 (-9.70659, 

0.48296) 0.051 

IL-2 in vitro     

rs703842-AG+GG     

AA  -36.91498 (-72.18600, -
1.64396) 0.014 -30.97019 (-76.07606, 

14.13568) 0.040 

Dependant variables: Th17, Th17.1, Th1 proportion (%) in T helper cells ex vivo or in vitro; IL-2 concentration 
(pg/ml). For rs2248359 ex vivo: n(TT) = 6; n(TC+CC) = 36; for rs2248359 in vitro: n(TT) = 7; n(TC+CC) = 37; for 
rs703842: n(AG+GG) = 23; n(AA) = 21. We put MS and HC together to increase statistical power. Significant 
associations (p < 0.05) are shown in bold. 
*Adjusted for age, sex, batch, drug treatment and disease status (MS or Healthy). 
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4.3 Discussion  

In this study, I show that MS risk alleles located within or near Vitamin D metabolism genes 

are indeed associated with certain inflammatory phenotypes. PBMCs from individuals with a 

homozygous rs703842 risk allele AA near gene CYP27B1 had a lower IL-2 production after 

stimulation, and the risk allele rs2248359-C (CT+CC) near gene CYP24A1 consistently 

reduced the proportion of Th1 and Th17.1 cells ex vivo and in vitro at 96 hours after ConA 

stimulation. Among the results above, the proportions of Th1 (both ex vivo and in vitro) and 

Th17 (in vitro) were reduced with the increasing presence of the rs2248359 risk allele C in 

individuals with p trend < 0.05. Individuals with a risk allele rs2248359-C also have a lower 

responsiveness to the inhibitory effect of 1,25(OH)2D3 on the proportions of Th1 and Th17.1. 

I used PBMCs both ex vivo and in a long-time (96 hours) tissue culture model to observe the 

relationship between Vitamin D metabolism-associated MS risk SNPs and inflammatory 

profiles, as Vitamin D metabolism genes [106, 186, 222] and Th1/Th2/Th17 cytokines 

(Figure 3.6) are all highly expressed at 96 hours in T cells.  

The association between MS risk SNPs around Vitamin D metabolism genes and 

inflammatory profiles has not been explored before. The limitation of this study is that it only 

analysed the indirect association between phenotype and risk SNP in a relatively small 

cohort.  

The direct relationship between the expression of a potentially causal gene and risk SNPs has 

been studied extensively. For example, the MS risk allele rs703842-AA has been considered 

to reduce the expression of CYP27B1 and further diminish the level of active Vitamin D [80]. 

In my study, it reduced the production of IL-2 in supernatant of ConA-stimulated PBMCs at 
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96 hours, which cannot be caused by a reduced level of active Vitamin D. Therefore, 

CYP27B1 may be not the causal gene here.  

The major and risk alleles of SNPs rs10877012 (G), rs10877013 (C), and rs703842 (A) in the 

same haplotype (tagged by SNP rs6581155 with r2 ≥ 0.8) not only decrease CYP27B1 

expression [80, 132, 133] but also reduce METTL21B expression [80, 132, 134, 135] and 

increase TSFM expression [132, 135]. Another MS risk SNP rs12368653 near CYP27B1 (to 

either rs703842 or rs6581155 with r2 = 0.4) can increase the expression of TSFM and KUB3 

[135]. Among these potentially causal genes, METTL21B has now been identified as a 

lysine-specific methyltransferase for the dynamic methylation of Lys-165 in human 

eukaryotic elongation factor 1 alpha (eEF1A) [239], which is a pleiotropic protein involved in 

cytoskeleton changes, cell proliferation and death, immunodeficiency, and neural defects 

[240]. Furthermore, alteration of METTL21B expression has the strongest association with 

rs703842 in whole blood samples [134]. These genes are potential candidates for the 

regulation of the IL-2 level. 

Another MS risk allele rs2248359-C (CC+CT) has been indicated in the increase of the 

expression of CYP24A1 in the frontal cortex but not in white matter of the human brain [118]. 

Therefore, this change of expression leads to a decrease in the activity of Vitamin D and a 

potential increase of the pro-inflammatory profile.  

In my study, I found that rs2248359-C inhibits the proportion of Th1 and Th17.1 consistently 

both ex vivo and in vitro, which is contrary to its potential pro-inflammation effect as was 

expected. Furthermore, although CYP24A1 is also present in DCs and 1,25(OH)2D3-

simulated B cells, there is no difference of its expression between cohorts possessing the 

protective allele rs2248359-T and the risk allele rs2248359-C in either tolerizing/pro-
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inflammatory DCs [80] or B cells [133]. Therefore, the indirect inhibitory effect of 

rs2248359-C on Th1/Th17/Th17.1 needs further detailed analysis of these indirect 

mechanisms. 

Contrary to my expectation, the PBMCs from individuals with rs2248359 risk allele C had a 

lower responsiveness to the inhibitory effect of 1,25(OH)2D3 on the proportion of Th1 and 

Th17.1 in CD4+ T cells after 96 hours’ culture. Especially for Th17.1, the inhibitory effect of 

1,25(OH)2D3 on Th17.1 proportion was reduced with the increasing number of risk alleles 

from TT to CT to CC (p for trend < 0.05). This result suggests rs2248359 risk allele C 

potentially reduces the responsiveness of Th1 and Th17.1 to 1,25(OH)2D3 potentially due to 

its stronger ability of deactivating 1,25(OH)2D3. However, the question of why the inhibitory 

effect of 1,25(OH)2D3 on Th17 proportion are not affected by the risk allele C still remains 

unanswered and need further exploration in the future. 
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Chapter 5. 1,25(OH)2D3 induced VDR super-

enhancer regions in THP-1 monocyte 

5.1 Introduction 

The transcription of genes depends on the interaction of the promoter region with 

polymerases that synthesize RNA from genomic DNA in combination with an array of 

regulatory factors [241, 242]. Additionally, transcription is aided by cis-acting regulatory 

elements that can be located relatively distant to the promoter region and can bind activator 

proteins. These enhancer elements are able to multiply the activity of the transcription event. 

Mechanistically, the enhancer-bound activator molecules connect with the promoter region 

via a DNA loop [243]. For example, vitamin D receptor (VDR), RUNX2, and C/EBPβ 

binding at enhancers of Mmp13 all shape a loop and interact with its promoter regions to 

regulate the expression of Mmp13 [244]. 

Super-enhancers (SEs) are dense clusters of enhancers. According to the SE calling algorithm 

[61, 168], enhancers are firstly stitched together within a defined region (often defined as 

12.5 kb) to generate a signal density (of the chosen enhancer annotation such as the signal 

density of PU.1) and its rank number is the order of all stitched enhancers’ densities. Then the 

tangent point, that is identified by a tangent line with a slope of 1 on the SE signal curve 

(signal density vs density rank), divides the enhancers into two types: SEs (with higher 

density, to the left of the tangent point) and typical enhancers (TEs with lower density, to the 

right of the tangent point) [61, 62, 168]. Both TEs and SEs can be annotated by histone 

status, i.e., H3K27ac and H3K4me1. In addition, chromatin accessibility (e.g., as determined 

using FAIRE-seq, DNaseI hypersensitive sites (DHS)), master transcription factor binding 

(e.g., PU.1 for monocytes, RORγt for Th17 cells), and pervasive factors (e.g., p300, MED1, 
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BRD4, and RNA polymerase II) in the transcription machinery are highly correlated with SE 

regions and can be used to identify them specifically. 

Although defined arbitrarily according to bioinformatically determined enhancer signal 

density, SEs have proved extremely valuable in predicting key regulatory regions or genes for 

cell identity or cell differentiation that have not been found before, such as key oncogenes in 

specific cancers [62]. Furthermore, inappropriate acquisition of SE on oncogenes, such as c-

MYC, will increase its expression and lead to oncogenesis [168, 245]. Inhibiting certain 

immune-related SEs will reduce the expression of autoimmune disease-associated genes 

[246]. Single nucleotide polymorphisms (SNPs) associated with disease risk are often 

enriched in the SE regions of disease-causing cell types. For example, multiple sclerosis 

(MS) risk SNPs are enriched in the SE regions of CD4+ T cells and monocytes [62, 63]. The 

risk alleles potentially modulate the regulatory effect of these SEs, affecting the function of 

these cell types. 

Furthermore, previous studies focused mainly on the classic SEs identified by chromatin 

accessibility, master transcription factors or pervasive factors in the transcription machinery, 

until a new concept of signal-inducible SEs has been discussed recently [175]. Although the 

relationship between classic SEs and signal SEs was not analysed, this study found that 

estrogen could induce generation of new signal SE regions, which were bound by the 

terminal transcription factor (TF) ERα of the estrogen signalling pathway. The advantage of 

signal SE is that it can provide the important alteration information on signal terminal TF 

cistrome before and after signal stimulation. The paper above also indicated that persistent 

signal TF bindings that existed both before and after estrogen stimulation, initiated ERα SE 

generation after stimulation [175].  
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However, not all persistent signal TF (ERα) bindings induce secondary signal TF binding 

sites around them, and there are still some secondary TF binding sites that exist only after 

estrogen stimulation and form SE regions independent of persistent signal TF binding. There 

have been some studies showing that primary (or transient), persistent, and secondary signal 

TF bindings have different characteristics, such as that persistent signal TF binding sites have 

more canonical motif enrichments [144, 175]. In addition, by machine learning approaches 

one paper before has found that the different combination of transient and persistent VDR 

binding sites in topologically associated domains (TAD) regulate different biological 

processes [144]. As one TAD may include multiple SE regions with different generation 

mechanisms, here I focused on the SE regions (potential sub-TAD region [247]) and reduced 

multivariate analysis to just one, i.e., combination of persistent and secondary signal TF 

binding in SEs. Furthermore, I analysed the model in different hormone/cell type couple 

experiments. Anyway, signal SE would be a good entry to the understanding of 

environmental factor’s role in environmental signal-associated complex diseases. 

In this chapter, to detail the characteristics of signal SE and its potential association with 

disease, I re-analysed next-generation sequencing (NGS) data from cell stimulation 

experiments employing hormones treatment and observing their nuclear receptors’ cistrome. 

In particular, I was interested in the 1,25(OH)2D3 and VDR couple. Firstly, I analysed the 

overlap of genomic regions and gene sets between VDR super-enhancers (VSE: defined as 

SEs identified by VDR ChIP-seq data) and classic super-enhancers (PSE or FSE: defined as 

SEs identified by PU.1 ChIP-seq and FAIRE-seq data, respectively). VSE and classic SE 

only overlap to a small extent, even though VSEs have numerous overlaps with FAIRE and 

PU.1 typical enhancers. Moreover, I classified all signal SEs into three patterns (VSE1 with 

only persistent TF VDR binding; VSE2 with both persistent and secondary VDR binding; 
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VSE3 with only secondary VDR binding), and analysed their characteristics including GC 

content, correlation with PU.1/FAIRE bindings and densities, and motif enrichment. Their 

distinct characteristics supported the use of our classification. As many ChIP-seq studies have 

identified genes that are not actually regulated, I analysed RNA-seq data and demonstrated 

that all VSE1-3 have higher regulatory effects than VDR typical enhancers, VDR promoters, 

PSE, and FSE after 1,25(OH)2D3 stimulation. Besides, genes near VSE3 regions had higher 

average expression levels.  

Furthermore, I analysed the cell-type specificity and signal specificity of signal SE pattern 1-

3 by using data from other cell types and other signal stimulation experiments. 

Our study provides a clear distinction between signal-inducible SEs (VDR SEs) and classic 

SEs. Our classification of signal-inducible SEs (VSE1-3) can be used as a part of a systematic 

analysis for the future SE study.   
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5.2 Results 

5.2.1 Characteristics and classification of signal-induced super-enhancers 

(SEs) after stimulation with 1,25(OH)2D3 in THP-1 monocyte 

5.2.1.1 The difference between signal SEs and classic SEs 

To explore the interaction between VDR SE and MS risk SNP, firstly the difference between 

signal SEs (VDR SE) and classic SEs (PU.1 SE or FAIRE SE) was explored. As the VDR is 

the only receptor and terminal TF for the signal molecule 1,25(OH)2D3 (the active form of 

Vitamin D), the cistrome, especially the SE regions, of VDR reflects the genomic effect of 

1,25(OH)2D3. Since there are not enough NGS data from1,25(OH)2D3 stimulated T cells, I 

decided to use NGS data from THP-1 cells, a myeloid cell line (monocyte/macrophage), before 

and after 1,25(OH)2D3 stimulation (Table 5.1) for analysis. 

To explore the difference between signal SEs (e.g., those identified by VDR binding) and 

classic SEs (e.g., those identified by master TF binding, H3K27ac, or accessible chromatin 

regions), I called SE regions using data from VDR ChIP-seq, PU.1 ChIP-seq (master TF 

binding region), and FAIRE-seq (chromatin open region) (Table 5.1), which were analysed in 

the same lab as part of the same pipeline. Both PU.1 and FAIRE provided a clearer 

distinction between SEs and TEs on the density curve than VDR did (Figure 5.1A), while 

VDR binding regions could achieve higher signal density and be identified as SE regions at 

lower ranks (higher rank numbers), i.e., a stronger increasing of the signal density of VDR 

binding sites after 1,25(OH)2D3 stimulation (Figure 5.1A). As well as its relative higher 

signal density, the number of VDR enhancers also increased more than the number of others 

after 1,25(OH)2D3 stimulation (Figure 5.1B). Although the numbers of enhancers identified 

by PU.1 and FAIRE increased greatly after stimulation, the numbers of their SEs increased 
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much less than the number of VDR SEs (Figure 5.1B). The results above reflect the higher 

sensitivity of signal SE (VSE) forming in response to signal stimulation compared with that 

of classic SE (PSE and FSE) forming. 

Furthermore, the VSE gene set (the closest genes within 50 kb around VSEs, as 50 kb can be 

used as threshold to identify most true enhancer/promoter interactions, which is in line with 

previous studies [61, 62, 201, 202]) shares only small overlaps with the PSE and FSE gene 

sets (Figure 5.1C).  

 

Table 5.1: Unstimulated and 1,25(OH)2D3(D3)-stimulated (100nM, 24h) ChIP-seq, FAIRE-seq, and RNA-seq 
data in human THP-1 cells (VDR_1). 

  

 

D3 Treatment  

(conc. & time)  

  

Vehicle  Hormone Reference 

VDR 100nM 24h   GSM2371448 GSM2371449 [144] 

  
  SRR4828896 SRR4828897 

 
PU.1 100nM 24h   GSM2359982 GSM2359983 [147] 

  
  SRR4450164 SRR4450165 

 
CTCF 100nM 24h   GSM1714039 GSM1714040 [248] 

  
  SRR2067926 SRR2067927 

 
Faire-seq 100nM 24h   GSM1697277(0h) GSM1697279 [248] 

  
  SRR2042800 SRR2042802 

 
RNA-seq 100nM 24h   GSM1697100,06,12 GSM1697101,07,13 [248] 

  
  SRR2042584,90,96 SRR2042585,91,67 

 
Input 

 
  GSM1714041 

 
[248] 

  
  SRR2067928 

  
VDR 100nM 2h   GSM2371442 GSM2371443 [248] 

      SRR4828890 SRR4828891   
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A                                                                                B 

C                                    

 

 

 

Figure 5.1: VDR, PU.1, FAIRE form different SE regions with different sensitivities to 1,25(OH)2D3 stimulation 
and with different genes nearby.  

(A) The (signal density) / (density rank) curve for SE calling from VDR/PU.1 ChIP-seq data and FARIE-seq data 
after 1,25(OH)2D3 stimulation. (B) The number of enhancers (E) and super-enhancers (SE) before and after 
1,25(OH)2D3 stimulation. (C) The Venn overlap figure for the gene sets near VSE, PSE or FSE in 50 kb regions. 
SE: super-enhancer; TE: typical enhancer; E: enhancer; VSE: VDR SE; PSE: PU.1 SE; FSE: FAIRE SE.   
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GO biological process analysis on the genomic regions consistently shows that VSE, PSE and 

FSE have different functional gene enrichment, except that the ‘positive regulation of 

immune system process’ gene set is enriched for both VSE and PSE region-associated genes 

(Figure 5.2A).  

From the GO analysis (Figure 5.2A), only PSE genes are all enriched in immune associated 

processes. FSE genes are more often related to other functions, such as cell mobility, and 

VSE genes are more clearly associated with cell activation and bone mineralization (Figure 

5.2A). 

Furthermore, I indicated the twelve genes that are enriched in ‘positive regulation of immune 

system process’ and with both VSE and PSE regions, which are potentially under the 

significant impact of environmental factor Vitamin D and can also regulate the cell 

identity/function of THP-1 monocytes (Figure 5.2B). Among the twelve genes, interestingly, 

IL-6R and PRKCD are also positively associated with the expression of MS risk gene ZMIZ1 

with a relative higher expression level in whole blood and a VSE region, separately, which I 

will discuss later in 4.3.2.3.  
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Figure 5.2: VDR, PU.1, FAIRE form different SE regions with different gene functions enrichment.  

(A) The enrichment analysis of GO biological process gene set for VSE, PSE and FSE; orange bar: the shared 
process between VSE and PSE, i.e., positive regulation of immune system process. (B) The genes from either VSE 
or PSE gene sets that are enriched in positive regulation of immune system process. VSE: VDR SE; PSE: PU.1 SE; 
FSE: FAIRE SE.   
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5.2.1.2 Classification of signal super-enhancers: VDR SE 

As classic SEs only play a minor role in genomic responses to signals given their small 

increase in the density and number after stimulation, VDR SEs should potentially play a 

greater role in 1,25(OH)2D3 stimulated THP-1 cells. One study before found that persistent 

VDR binding sites have an enrichment of canonical motifs, and different combination of 

persistent and transient (i.e., primary) VDR binding sites in TADs regulate different 

biological processes [144]. Another previous study found that the persistent signal enhancer 

(ERα binding site) initiates the whole signal SE (ERα SE) region by promoting the activation 

of secondary enhancers around it after stimulation, as shown in the pattern of VSE2 (Figure 

5.3A) [175]. 

However, by analysing the VDR ChIP-seq data from THP-1 cells, I found that there were 

numerous signal SE regions (VSEs) without persistent (number of VSE3: 110) and numerous 

VSEs without secondary VDR binding sites (number of VSE1: 126), as shown in the patterns 

of VSE1 and VSE3 (Figure 5.3A). Therefore, I assumed all six potential patterns of VSE 

before and after 1,25(OH)2D3 stimulation: three patterns (VSE4–6) lost their binding signal 

density of SE (i.e., VSE status) after 1,25(OH)2D3 treatment and three (VSE1–3) gained the 

signal density after treatment (Figure 5.3A). However, by analysing the VDR binding sites, I 

found no VSE5 or VSE6 existing, and none of the 31 VSE4 regions degenerated into general 

enhancer after stimulation (Figure 5.3A). Of the VSE4 regions, 14 were persistent, and 17 

initiated secondary VDR binding around them after stimulation (Figure 5.3A). I therefore 

classify the signal SEs after stimulation into three types: VSE1, VSE2, and VSE3 (Figure 

5.3A-B). For VSE1, there has been a VDR binding at the VSE1 region displaying relatively 

weak signal density. This becomes a VSE without initiating a large area of VDR binding after 

1,25(OH)2D3 stimulation. In contrast, in VSE2, a pre-occupied VDR binding can initiate a 
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long VDR binding region after 1,25(OH)2D3 stimulation. For VSE3, there is no pre-occupied 

VDR binding site before 1,25(OH)2D3 stimulation, but there is a long VDR binding region 

(i.e., VSE3) existing after 1,25(OH)2D3 stimulation. 

A  

 

 

 

 

 

 

B 

 

Figure 5.3: The classification of VSEs.  

(A) Classification hypothesis: six types of VDR SE pattern. VSE4-6 means VDR SE existed without 1,25(OH)2D3 
treatment. VSE1-3 means VDR SE gained after 1,25(OH)2D3 stimulation. VTE: VDR typical enhancer; VSE: VDR SE; 
yellow bar: a higher read density; blue line: genomic region; The colon of VSE1-6 followed by their numbers in 
THP-1 cells. (B) The representative genomic signal density of VDR, FAIRE and PU.1 in VSE1-3. “-”: before 
1,25(OH)2D3 stimulation; “+”:  after 1,25(OH)2D3 stimulation.   
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As PU.1 (master TF), FAIRE (chromatin accessibility) and CCCTC-Binding factor (CTCF: 

demarcating the individual TAD boundaries) are all important for genomic structure, the 

association between them and VDR in VSE1-3 regions was explored. 

Firstly, I found that PU.1 binding, FAIRE interval, and CTCF binding are all enriched in 

VSE1-3 regions by permutation test (Figure 5.4A). As z-score is defined as the distance 

between the expected value (based on permutation in genomic background) and the observed 

one, measured in standard deviations, z-score 1.96 was used as a significance test for two side 

p value < 0.05. Remarkably, the enrichment scores (z-score) of PU.1 or FAIRE was much 

higher than that of CTCF, suggesting a strong co-localization tendency on genome between 

PU.1, FAIRE and VDR. Therefore, I wondered if their densities would still be highly 

correlated in VSE1-3 regions. 

After analysing their read densities, it showed that the densities of either PU.1 or FAIRE-seq 

are correlated with that of VDR (Figure 5.4B) in VSE2-3 region, while the densities of VDR 

in VSE1 are too high to be correlated with either PU.1 or FAIRE-seq. 
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Figure 5.4: The association of VSEs with the region and density of PU.1 and FAIRE.  

(C) PU.1, FAIRE, CTCF enrichment in VSE regions. As z-score is defined as the distance between the expected 
value and the observed one, measured in standard deviations, I use z-score 1.96 as a significance test for two 
side p value < 0.05. (D) The signal density correlation between PU.1, VDR and FAIRE in VSE1-3 regions.   
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5.2.1.3 Characteristics of signal super-enhancers: VSE1-3 

Previous studies have shown that GC-rich regions have distinct features including frequent 

TF binding, active conformation and nucleosome formation (BioRxiv: 

http://dx.doi.org/10.1101/105262). Higher GC content can reflect a more actively regulatory 

conformation and more frequent TF binding, a potential characteristic of SEs (BioRxiv: 

http://dx.doi.org/10.1101/105262). To detail the characteristics of VSE1–3, their GC contents 

were further analysed. Interestingly, only VSE3 has a significant higher GC content than 

VDR TE (VTE), and it has a modestly, although not significantly, higher GC content than 

VSE1 and VSE2 (Figure 5.5A).  

To illustrate the potential generation mechanism of VSEs after 1,25(OH)2D3 stimulation, I 

further analysed their motif enrichment (Figure 5.5B). The result predicted the potential 

pioneer TFs and important co-TFs. Among VSE1-3, Only VSE1 and VSE2 have the classic 

VDR motif enrichment with p < 1 × 10−9. SpiB motifs exist in both VSE2 and VSE3, which 

reflects PU.1 binding enrichment in VSE2 and VSE3. VSE3 does not have VDR motif 

enrichment with p < 1 × 10−9. However, the VSE3 region comprises two more nuclear 

receptor motifs: Nr2e1 and THRb, which may interact with VDR or suggests the non-classic 

VDR motifs. VSE1, without PU.1/SpiB enrichment, contains motifs for RUNX3 and 

CEBPA, which have a similar function of site-directed DNA demethylation as PU.1 [249]. 

RUNX3 and CEBPA could potentially cooperate with VDR to regulate chromatin and further 

recruit more VDRs.  
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Figure 5.5: The GC content and motif enrichment of VSE1-3.  

(A) The GC content of VSE1-3 and VTE. To analyse statistical significance, I used a Kruskal–Wallis test followed 
by Dunn's multiple comparison test with Bonferroni correction. *: p < 0.05. (B) The enriched motif with p < 10-9 
or top three motif if p > 10-9 in VSE1-3. 
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5.2.1.4 The regulatory effects of VSE1–3 on gene expression 

To explore the regulatory effect of VSE on gene expression, I found 202 genes that are 

regulated significantly by 1,25(OH)2D3 stimulation (with p < 0.05 and Log2(fold change) ≥ 

1). By analysing the overlaps between different the 202 genes and genes near VSE regions 

(within 50 kb distance), it was shown that the regulatory effect of VSE explains only 73 of 

the 202 genes that are regulated in a significant way. There are 36 of the 202 genes that are 

not close (within 50 kb distance) to any VDR binding region (Figure 5.6A). Furthermore, a 

large subset of VSE genes is co-regulated by either VTE or Vpromoter (VDR binding in 

promoter region), because the general enhancer and promoter regions of these genes are 

bound by VDR (Figure 5.6A). However, there is little overlap between the gene sets 

regulated by the three classes of VSEs, i.e., VSE1-3 (Figure 5.6B). All 73 VSE regulated 

genes are shown in (Appendix 5A), with representative genes shown in Appendix 5B. 

As the high average expression value indicates a basic high expression level and a basic high 

chromatin accessibility, I tested the average expression level of VSE1–3 gene sets. It was 

shown that genes with VDR in the promoter region (VP) have a higher average expression 

level than the genes with other VDR binding patterns except VSE3 (Figure 5.6C). The gene 

sets of VSE3, VP, PSE, and FSE all have a higher average expression level than that of VTE 

regulated genes (Figure 5.6C). 

In addition, the high expression level does not necessarily mean a stronger regulatory effect. I 

further found that all VSE1–3 have a significantly stronger regulatory effect on gene 

expression than VP (Figure 5.6D). VP has a significantly stronger regulatory effect than PSE 

and FSE, and PSE/FSE have a significantly stronger regulatory effect than VTE (Figure 

5.6D). 
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Therefore, after 1,25(OH)2D3 stimulation, VSE regions play the most important role in the 

regulation of gene expression. Among genes with VSE1-3, VSE3 gene set shows the highest 

average expression level.   
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C                                                                          D                                 

Figure 5.6: The regulatory effect of VSE1-3 on gene expression after 1,25(OH)2D3 stimulation. 

(A) The overlaps between genes sets that are regulated by VSE, VTE, or VP (VDR in promoter region) in 202 of 
genes that under significant regulation of 1,25(OH)2D3. (B) The overlap between VSE1-3 close genes. (C) 
Average expression level of genes close to different regulatory patterns. (D) Regulatory effect of different 
regulatory patterns on gene expressions. To analyse statistical significance, I used a Kruskal–Wallis test 
followed by Dunn's multiple comparison test with Bonferroni correction.  *: p < 0.05.   
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5.2.2 The cell and signal specificity of signal SE pattern 1-3 

5.2.2.1 The cell specificity of signal SE pattern 1-3 

Classic SEs, such as key transcription factor SE, are cell-specific. In addition, the persistent 

signal TF binding, such as persistent estrogen receptor α (ERα) binding, are also cell specific 

with common binding sites as shown in different ERα ChIP-seq experiments within MCF-7 

cells [175]. As VSEs are in different genomic regions with classic SEs and have SE1 and SE3 

regions different from only SE2 for ERα, the cell specificity of VSE1-3 is unclear. To explore 

the cell specificity of VSE1-3, I obtained VDR peak regions from five cell types (THP-1, 

LX2, LS180, GM10861, and GM10855) (data from GEO datasets GSE53041 and 

GSE89431) with and without 1,25(OH)2D3 stimulation [142, 144], and compared their 

proportion of VDR binding sites overlapping with VSE1-3 regions (VDR_1, Table 5.1). It 

was shown that the overlapping proportion of VDR binding sites from THP-1 cells is much 

higher than that from other cell types for VSE1-2 (Table 5.2), suggesting the higher cell 

specificity of VSE1-2. Because even the same cells have almost no overlapping in VSE3 

regions. However, the VSE3 regions are less cell specific (Table 5.2). Similarly, ERSE1-2 

also showed more overlaps between two MCF-7 cell samples than that between MCF-7 and 

ECC-1 cells (Figure 5.7).  
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Table 5.2: The proportion of VDR peaks from different cell types overlapping with VSE1-3 intervals in THP-1 
cells. 

VDR intervals 
in THP-1 cells 
after 100nM 

24h 
stimulation 

Cell Type  Treatment: 
1,25(OH)2D3 

Proportion of 
VDR peaks 
overlap with 

regions in 
column1 

Number of 
VDR peaks 
overlap with 

column1 

Number of 
VDR peaks 

after 
stimulation 

VSE1 

THP-1  100nM 2h 36.0% 67 186 

THP-1  10nM 40min 12.8% 99 774 

LX2 100nM 20h 1.8% 28 1532 

LS180 100nM 3h 0.8% 31 3777 

GM10861 100nM 36h 0.5% 56 12353 

GM10855 100nM 36h 0.9% 53 6172 

VSE2 

THP-1  100nM 2h 35.5% 66 186 

THP-1  10nM 40min 17.1% 132 774 

LX2 100nM 20h 3.1% 47 1532 

LS180 100nM 3h 1.2% 46 3777 

GM10861 100nM 36h 1.2% 144 12353 

GM10855 100nM 36h 2.1% 132 6172 

VSE3 

THP-1  100nM 2h 1.6% 3 186 

THP-1  10nM 40min 4.3% 33 774 

LX2 100nM 20h 2.0% 30 1532 

LS180 100nM 3h 0.7% 27 3777 

GM10861 100nM 36h 0.6% 69 12353 

GM10855 100nM 36h 0.9% 57 6172 
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Figure 5.7: The proportion of ERSE1-3 regions from MCF-7 and ECC-1 cells overlapping with each other. 

The signal SE ERSE1-2 from the same cell type (MCF-7) show more overlap than that from different cells (MCF-
7 and ECC-1). 

5.2.2.2 The signal specificity of signal SE pattern 1-3 

To explore the reason why previous studies did not find ERα SE1 and SE3 patterns, but only 

SE2 (i.e., the persistent ERα binding initiates secondary ERα bindings around it and 

generates a long ERα SE region after estrogen stimulation) [175], two other nuclear 

receptors’ (ERα and glucocorticoid receptor) ChIP-seq data in other cell types and the VDR 

ChIP-seq data in PMA or LPS pre-treated THP-1 cells were analysed. I found that the 

different signals have different ratios between the numbers of their signal SE1-3 (Table 5.3), 

suggesting the signal specificity of signal SE 1-3 patterns. The majority of ERα SEs are SE2 

with only a few SE1 and SE3, which explains why previous studies only provides one model 

for signal SEs: SE2 [175]. For dexamethasone stimulation, glucocorticoid receptor (GR) SEs 

showed another pattern. Most GR SEs are GR SE3 pattern with almost no SE1 and SE2 in 

either human B cell type (RS4;11) or mouse macrophage (BMDM). Remarkably, after 

stimulation by the signal (PMA or LPS) that induces monocyte differentiation to 

macrophage, the numbers of VSE2 in PMA/LPS pre-treated THP-1 cells shrunk to only 0 or 
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1, suggesting the potential loss of cell specific constitutive signal SEs during THP-1 

monocytes differentiation.  

Table 5.3: The number of signal SE 1-3 for different signals in different cell types. 
 

 

In addition, although different signals show different ratios of signal SE1-3 patterns, the 

binding regions of all these signal terminal TFs (nuclear receptors) could achieve a higher 

signal density to be identified as SE at lower rank levels (higher rank numbers) with a unclear 

distinction between SEs and TEs on their densities, compared with that of other TFs (such as 

FOXA1, GATA3 and PU.1) (Figure 5.1A, Figure 5.8). The result indicates the higher 

sensitivity of signal SE compared with that of other TF SEs in response to its signal 

stimulation. Exceptionally, in the response to dexamethasone stimulation in RS4;11 cells, the 

sensitivity of PU.1 SE forming was higher than that of GR SE (Figure 5.8), implying a 

stronger impact of dexamethasone on PU.1 cistrome than GR cistrome. 

  

Cell Type THP-1 THP-1 THP-1-PMA THP-1-LPS MCF-
7 

MCF-
7 ECC-1 RS4;11 BMDM 

Corresponding 
Data (Table 5.1, 
Appendix 4) 

 
VDR_1 

 
VDR_2 

 
VDR_THP-

1_PMA 

 
VDR_THP-

1_LPS 
ER⍺_1 ER⍺_2 ER⍺_3 GR_1 GR_2 

Signal 
Stimulation D3 D3 D3 D3 E2 E2 E2 dex dex; 

LPS 

Transcription 
Factor VDR VDR VDR VDR ERα ERα ERα GR GR 

Treatment 100nM 
24h 

10nM 
40min 100nM 2h 10nM 

80min 
100nM 

1h 
100nM 
45min 

10nM 
1h 

10nM 
1h 

100nM 
45min; 
10ng/ml 
45min 

After 
Stimulation 

SE1 110 41 2 28 17 43 27 0 1 

SE2 140 6 0 1 151 639 285 0 4 

SE3 126 19 14 14 21 0 275 623 67 
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Figure 5.8: The sensitivity of signal SE forming upon signal stimulation.  
The SE finding curves showing the increasing signal density with reducing rank number (i.e., higher rank. Left). 
The number of transcription factor identified enhancers (E) and super-enhancers (SE) before and after signal 
stimulation (Right). (GEO data shown in Appendix 4)   
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Furthermore, to explore the signal specificity of signal-inducible SE, the motif enrichment for 

SE patterns 1-3 of ERSE and GRSE was analysed. Although in MCF-7 cells, similar to VSE, 

ERSE1-2, not ERSE3, are enriched for classic ERE motif (ERα_1 data in Appendix 4, Figure 

5.9), in dexamethasone treated R4;11 cells, GRSE3, not GRSE1-2 (does not exist), are enriched 

for classic GRE motif (GR_1 data in Appendix 4, Figure 5.9).  

Figure 5.9: The motif enrichment of ERSE and GRSE.  

The motif enrichment of ERSE1-3 and GRSE3. The top three motifs in these SE regions are shown. 
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On one hand, these results showed the signal specificity. On the other hand, it also showed 

that the number, signal density and motif enrichment of signal SE 1-3 from different 

hormone/receptor pairs reflect their characteristics of receptor binding sites in genome. For 

example, a higher proportion of signal SE3 in signal SE1-3, a lower normalized signal 

density of signal receptor than that of master TF after signal stimulation, and the classic motif 

enrichment in SE3 all reflect the dependence of the signal on master TF, such as the 

dependence of dexamethasone on PU.1. Oppositely, a higher proportion of signal SE2 than 

that of SE1 and SE3, a higher increasing of signal density than that of other TFs (such as co-

TF) after signal stimulation, and the classic motif enrichment in SE1-2 all suggest that the 

signal terminal TF is a potential master TF itself in the cell type, such as ERα in MCF-7 

breast cancer cells. VDR in THP-1, since it has both many SE1-2 and SE3 region, potentially 

function in both methods of ERα and GR. However, following the differentiation of THP-1 

with PMA or LPS stimulation, the signal density of VDR SE2 with 1,25(OH)2D3 stimulation 

will be lost. 

5.2.2.3 The association between signal SE pattern 1-3 and the regulation of gene 

expression 

Unsurprisingly, I found the association between VDR SE pattern 1-3 and gene expression 

level in Figure 5.6 was not universally applicable to other signal induced nuclear receptor 

SEs, as different signals have different regulatory effects and mechanisms. For example, in 

the VDR sample above (VDR_1 data in Table 5.1), I found that 1,25(OH)2D3 mainly 

positively regulates the expression of genes (number of positive regulation: 186, negative: 

16). In ERα_1 sample (Appendix 4), the numbers of positively and negatively regulated 

genes are 518 and 535, respectively. Additionally, although VSE1-3 showed higher 

regulatory effect on gene expression, ERSE1-3 did not show such characteristics (Figure 
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5.10). Furthermore, in GR_1 sample (Appendix 4) there are 8 positive regulations and 107 

negative, while in GR_2 (Appendix 4) there is no gene under significant regulation of signal 

dexamethasone. Therefore, the signal SE is only one factor in gene regulation, and the 

mechanism underlying the association between signal SE pattern and gene regulation need 

further exploration from multiple aspects, such as the function of signal SE in TAD 

generation. 

 

 

 

 

 

 

 

Figure 5.10: The regulatory effect of ERSE on gene expression.  

The regulatory effects of ERSE, ERTE, and ERP. There is no significant higher regulatory effect of ERSE1-3 regions, 
unlike in VSE. ERTE: ERα typical enhancer; ERP: ERα promoter.  
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5.3 Discussion 

Classic SE regions have been studied in detail, but alterations of signal inducible SEs before 

and after stimulation have not been explored yet. Publicly available data (Table 5.1, 

Appendix 4) were used to explore the features of VDR SE patterns and their regulatory 

effects on gene expressions using in silico methods. I particularly focused on the role of 

Vitamin D dependent SEs describing the distinct regions of VDR SEs compared with that of 

PSEs and FSEs (Figure 5.1-5.2), and then classified VDR SEs into three patterns: VSE1-3 

(Figure 5.3). VSE1-3 have different characteristics including their association with PU.1 and 

FAIRE, GC content, motif enrichment, and gene expression level (Figure 5.4-5.5). Firstly, I 

identified all the genes with VSE1-3 regions and under significant regulation of 1,25(OH)2D3 

(Appendix 5). By analysing the signal SE pattern from other cell types and nuclear receptors, 

I found that genomic binding sites from different hormone/nuclear receptor couples have 

different signal SE pattern ratios after its signal stimulation, which partly reflects the function 

of specific signal/nuclear receptor couples (Table 5.3). 

FAIRE-seq, PU.1 ChIP-seq and VDR ChIP-seq have all been used to capture the enhancer 

regions in different cells [163, 250, 251]. However, their super-enhancer regions, especially 

their regions in the same cell, have not been explored before. Our results showed their 

distinct regions of VSE, PSE and FSE (Figure 5.1C, 5.2A), which is consistent with one 

previous study showing that ERα, FOXA1 and AP2γ form different SE regions in MCF-7 

cells [175]. However, in another preprint paper (BioRxiv: http://dx.doi.org/10.1101/105262), 

the SEs formed by TGF-β signal terminal TF SMAD3 overlap a high proportion of the SEs 

formed by MED1 in mESC (73%) or in pro-B cells (64%). The study suggests that classic 

(MED1) SEs can provide a platform for signalling terminal TFs (SMAD3) to bind with a SE 

dense assembly, although there are still a large proportion (~60%) of SMAD3 SEs outside 
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MED1 SE regions. Therefore, I infer that generally the signal SE regions and classic SE 

regions do not overlap by a large proportion and are responsible for regulating different 

functional genes in addition to their common regions. Although PU.1 binding sites are 

enriched in VSE1-3 regions and correlated with VDR density in VSE2-3 (Figure 5.4A-B), 

but the super-enhancer regions of PU.1 and VDR are still distinct (Figure 5.1C, 5.2A). In 

VSE regions, PU.1 binding sites potentially provide a scaffold for VDR recruitment with a 

higher density, but PU.1 bindings themselves are not dense enough to form a PSE by 

themselves. On the other hand, in PSE regions, some VDRs are recruited to the PU.1 binding 

regions, but VDR binding sites do not form VSE there. The mutual exclusion between signal 

SEs and classic SEs potentially guarantees the stability of classic SE regions that determine 

cell identity, and avoids an overshooting response to external signals. Conversely, if an 

external signal is important for the cell differentiation and identity, its terminal TF SE will 

overlap the majority of classic SEs, which will affect the expression of key genes through 

classic SEs, and further affect cell identity, such as TGF-β signal terminal TF SMAD3 SEs 

overlapping with MED1 SEs in mESCs (BioRxiv: http://dx.doi.org/10.1101/105262). 

I classified the VDR SEs into three patterns. All VSE1-3 are enriched for PU.1 and FAIRE 

regions (Figure 5.4A), suggesting PU.1, as a pioneer TF, firstly binding DNA and opening a 

small chromatin region for VDR recruitment. VSE1, as a single peak with a high signal 

density, cannot initiate opening a long chromatin region, potentially because it does not have 

any pre-PU.1 binding regions or pre-open (FAIRE-seq) regions nearby around it for 

secondary VDR recruitment, although VSE1 regions themselves are enriched for pre-PU.1 

and pre-FAIRE regions. The relative short region of VSE1 after stimulation is potentially 

induced by the pre-VDR binding itself with classic VDR motifs and with assistance from 

RUNX3 and CEBPA (Figure 5.5B). Conversely, VSE2 and VSE3 can open a long chromatin 
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region. Both VSE2 and VSE3 have PU.1/SpiB motif enrichment (Figure 5.5B), and their 

VDR densities are correlated with the densities of PU.1 and FAIRE-seq (Figure 5.4B), 

suggesting the pioneer and master TF PU.1 is important for secondary VDR recruitment in 

VSE2-3 regions. Remarkably, the secondary VDR binding sites in VSE2-3 are not enriched 

for classic VDR motifs and possibly interact with VDR via other factors: such as ZEB1, 

Nr2e1 or THRb (Figure 5.5B). The highest enrichment (18.9%) of ZEB1 (Zinc Finger E-Box 

Binding Homeobox 1) in VSE2 regions (Figure 5.5B) suggests the cooperation between 

ZEB1 and VDR in THP-1 monocytes. Since ZEB1 can promote epithelial-mesenchymal 

transition (EMT) and enhance cancer progression in cancer cells [252], it needs further 

exploration for the function of ZEB1 and the association between ZEB1 and VDR in primary 

human monocytes. Additionally, among VSE1-3, VSE3 has the highest GC content, 

reflecting its more active regulatory conformation and more frequent TF bindings (Figure 

5.5A). All these characteristics support the rationality of our signal SE classification method 

based on persistent and secondary VDR binding regions.  

Interestingly, the VSE1-2 regions are more cell-specific than VSE3 (Table 5.2), whose 

function in THP-1 cell identity needs further exploration. Furthermore, I find the ratio 

between the number of SE1-3 regions is also signal-specific (Table 5.3), i.e., different signal 

(e.g., Vitamin D, estrogen, or glucocorticoid) have different ratios between the number of 

their signal SE1-3, potentially corresponding to their different genomic functions (e.g., 

pioneer TF, master TF or just signal TF) of their terminal TFs (e.g., VDR, ERα, GR). To 

explain the difference, two mechanisms by which a cell constructs its epigenetic landscape, 

and the way nuclear receptors bind to DNA need to be explained. There is a hierarchical 

model for epigenetic landscape construction: pioneer TFs open the chromatin to set a stage 

for master TF or signal TF to identify their motifs and bind the DNA, then master TFs 
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annotate the chromatin accessible region for the recruitment of p300 or signal TF to alter the 

epigenetic landscape, such as H3K27ac and H3K4me1 histone acetylation or methylation 

[253]. In the case of nuclear receptors, their binding is mainly dependant on the accessible 

sequence or nucleosome-depleted regions before stimulation. Newly bound nuclear receptors 

after stimulation can recruit co-regulators and other nuclear receptors further regulating the 

chromatin landscapes [254]. Some pre-existing NR sites are potentially left by the cell 

differentiation process as signal-dependent transcription factors (SDTFs), and will continue 

to exert cell-specific effects on gene expression [255].  

It is worth noting that the TF identities are not exclusive. For example, PU.1 is both a pioneer 

TF and a master TF in monocytes, and ERα is both a master TF and a signal TF in breast 

cancer cells. As master TFs direct global landscapes, almost all ERα SEs are directed by 

persistent ERα binding sites to form ERα SE2 on the stage of pioneer factor FOXA1 and 

GATA3, with only a few of ERα SE1 and SE3 patterns in the genome. That is why prior 

study simplifies the signal SE into just one pattern (i.e., the persistent ERα binding initiated 

SE2 region with secondary ERα recruitments) [175]. Therefore, the study did not describe the 

signal SE patterns SE1 and SE3 (i.e., persistent ERα binding with no secondary ERα 

recruitment for signal SE1, and secondary ERα recruitments without persistent ERα binding 

site existing in signal SE3). In monocytes and B cells, PU.1 is a pioneer and master factor, 

and provides a platform for VDR and GR to bind, which leads to the formation of more 

signal SE3s. In addition, another question is why there are more VDR SE1-2 than GR SE1-2. 

I speculate that this difference may be partly explained by that pre-VDR binding is important 

for the monocyte identity, but the pre-GR binding is unnecessary for R4;11 cell identity.  

In summary, our results support the importance of signal SEs in the signal stimulation 

process, and details the characteristics of signal SEs by classifying 1,25(OH)2D3 induced 
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vitamin D receptor (VDR) SE regions (VSE) into three patterns. Importantly, I connect some 

MS risk SNPs (such as rs1109670, rs9900529 and rs11957313) with Vitamin D downstream 

VSE regions for the first time. I also discuss the cell specificity and signal specificity of our 

signal SE classification method. As this is an entirely in-silico study done on publicly 

available datasets, some conditions cannot be controlled precisely. In addition, there are 

many peak calling software algorithms with different sensitivity and specificity. For example, 

using Homer I found more VSE1-2 regions but less VSE3s (VSE1: 140, VSE2: 318, VSE3: 

28) than that by using MACS2. Furthermore, as the signal specificity, the characteristics of 

VSE1-3 are also not common for other signal SEs. For example, although in MCF-7 cells, 

like VSE, ERSE1-2 but not ERSE3, are enriched for classic ERE motif (ERα_1, Figure 5.9), 

in dexamethasone treated R4;11 cells, GRSE3 but not GRSE1-2 (not existed), are enriched 

for classic GRE motif (GR_1, Figure 5.9). In addition, although VSE1-3 showed a higher 

regulatory effect on gene expression (Figure 5.6D), ERSE1-3 did not show such 

characteristics (Figure 5.10). However, the specific and distinct characteristics of signal SE 1-

3 can still reflect the genomic function of hormone signals. For instance, persistent ERα 

binding is easier than VDR to initiate a long SE region (i.e., more signal SE 2) reflecting its 

master TF identity in MCF-7. Furthermore, the effect of dexamethasone is not dependent on 

persistent GR binding but needs the shaping of the GRSE3 region near the regulated genes 

after dexamethasone stimulation. Classic GR motif don’t lead to persistent GR binding but 

only initiate secondary GR binding, suggesting its dependence on other transcription factors, 

such as PU.1. 

In future research, the actions of signal SEs should be an important consideration parallel to 

classic SEs, which could provide more information about cell status with signal perturbations 

and deeper insight into the regulation mechanism of SDTF (e.g., nuclear receptor, STATs, 
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SMAD3) in the genome. The understanding of signal SEs can help elucidate the interaction 

between environmental risk factors and genomic variation in the onset and progression of 

complex diseases by allowing us to explore the interaction between environmental signals 

and the function and identity of causal cell-types.  

Overall, there are three different types of signal SEs (i.e., signal SE 1-3) after signal 

stimulation that have different characteristics. Among them, signal SE 1 and 2 are more cell 

type specific, and the ratio between the numbers of signal SE 1-3 is signal/nuclear receptor 

specific, reflecting the genomic function of signal TF. The classification method of signal SE 

can be applied in future SE analysis and signal effect research.
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Chapter 6. The association between 1,25(OH)2D3 

induced VDR super-enhancer and multiple sclerosis 

in monocytes 

6.1 Introduction 

The associations between genetic variant and disease risk found by the GWAS have not been 

interpreted fully, and the mechanism underlying the interaction between genetic variation and 

Vitamin D in MS aetiology and progression is still unclear.  

Some MS risk single nucleotide polymorphisms (SNPs) have been found located in VDR 

binding sites, which affect the binding affinity of VDR [41, 256]. Furthermore, VDR binding 

sites are enriched in MS regions (MS risk SNP ± 100 kb) in lymphoblastoid cell lines (LCLs) 

[40].  

MS risk SNPs are enriched in classic SE regions of CD4+ T cells and monocytes [62, 63]. 

The risk alleles potentially modulate the regulatory effect of these SEs on key genes in 

specific cell types. However, the relationship between complex disease risk variants and 

environmental signal SE region has not been studied before, especially with regard to the 

interaction between Vitamin D induced VDR super-enhancers and MS risk SNPs in the 

aetiology of MS I was interested in. A better understanding of this relationship could provide 

an explanation of the interaction between genetics and environment.  

Super-enhancers are an efficient tool to predict the behaviour of important genes. The signal-

inducible SE potentially indicates the key genes at the interface between environmental 

response and cell type-specific function. Therefore, I connected the VDR super-enhancer 

region with MS risk genes on three levels.  
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In the first level, the genes under the regulation of 1,25(OH)2D3 and with a VSE in the MS 

risk regions (± 500 kb of MS risk SNPs) were analysed, which showed the MS-associated 

VSE regulated genes. At this stage, VSE potentially interact with MS risk indirectly or 

interact within a loop. 

In the second level, I found an enrichment of MS risk SNPs in both PSE and FSE regions, 

and confirmed that VSEs were also important regions enriched with MS risk SNPs in THP-1 

monocytes. The genes close to the VSE regions are potentially more directly under the 

influence of MS risk SNPs.  

Booth and colleagues used cohorts to find MS risk genes that are expressed differently in 

whole blood between MS patients and healthy controls, and they found that ZMIZ1 and 

EOMES are the most significant two. This result could be repeated in other cohorts [130, 

131]. In the third level, as the MS-associated gene set of the MS risk gene ZMIZ1 is 

predominantly highly expressed in monocytes and is under-expressed in the blood of MS 

patients, the ZMIZ1 gene set can be used as a gene signature for MS [131]. To generate the 

ZMIZ1 gene set that is positively associated with the expression of the MS risk gene ZMIZ1 

in whole blood, I merged the top 200 genes (data from [131, 191]) that was positively 

correlated with ZMIZ1 expression from each of three cohorts: ANZgene (microarray) cohort 

[134], Sydney RNASeq cohort [192], clinically isolated syndrome (CIS) cohort [193]. By 

enrichment analysis, I analysed genes both with VSE and in the ZMIZ1 gene set, which are 

under regulation of 1,25(OH)2D3 or highly expressed, respectively. Among the enriched 

genes, I performed GO ontology and KEGG pathway analysis indicating genes with a 

significant function enrichment for further exploration.   
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6.2 Results 

6.2.1 The MS risk genes that are potentially under regulation of VSE 

After establishing the characteristics of VSE1-3, I tried to find the association between VSE1-

3 and MS risk genes. Although VSE1-3 have significant a higher regulatory effect on gene 

expression than other regulatory structures after 1,25(OH)2D3 stimulation, the functional genes 

with both Vitamin D responsiveness and MS risk were my focus.  

Therefore, I overlapped VSE regions with MS risk regions (MS risk SNP ± 500 kb) and further 

indicated the genes close to (in 50 kb region) these overlapping VSE regions, showing the 

potential causal genes associated with both Vitamin D and MS risk (Table 6.1, Appendix 6). 
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Table 6.1:  The genes with VSEs that are associated with MS risk SNPs. 

 

 

  

Genes with a 
VSE that 
within 500kb 
of MS risk 
SNPs 

Genes under the 
significant regulation                   
(Log2FC ≥ 1 and p < 
0.05) 

Genes with a high expression level 
(AveExpr > 5) 

Both of 
before 

Genes with 
VSE1 region 

DENND6B    
PDCD1LG2   USP2       
ASAP2      USP2-AS1   
AC080112.2 

DENND6B USP2    ASAP2   AIG1    
VPS37B  PLXNB2  RNF26   YPEL3   
ALDOA   PPP4C   RARA    PPP6R2  
ZC3HAV1 TOP2A 

DENND6B 
USP2    
ASAP2   

Genes with 
VSE2 region 

IGLV7-46 SEMA6B   
NR1I2    LRG1  

SEMA6B   LRG1     MYO9B    CYTH4    
BCL9L    ELL      MUC1     LCP2     
CLCN7    TOP1     TELO2    ZMIZ1   
COLGALT1 SLC27A1  RAC2     NR2F6    
GSE1     PGLS     SLC50A1  FKBP8    
IRF8     UBASH3B  DPM3     GBA  
GSK3B    UBAC2    THBS3  

SEMA6B 
LRG1  

Genes with 
VSE3 region 

LINC00917  
AC023590.1 LRRC25 

ELL      CUEDC1   IRF5     SLC45A4  
RAB3D    MRPS7    PLEC     RAB44    
PLPPR2   CLSTN1   PARP10   
MRPS23  SLC25A19 GGA3     GRINA    
GRB2     TNPO3    PGPEP1   SSBP4    
MIF4GD   IKZF1  

null 
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6.2.2 MS risk SNPs are enriched in VSE regions of THP-1 monocyte after 

1,25(OH)2D3 stimulation 

The known MS risk SNPs have previously been found to be enriched in classic SE regions 

(identified by H3K27ac) of monocytes [62, 63]. Therefore, after detailing the characteristics 

of VSE, I aimed to establish if MS risk SNPs are enriched in VSE, and to recognize the 

causal SNPs that are in VSE regions and potentially modulate the Vitamin D responsiveness 

of MS risk genes. 

Firstly, I analysed the enrichment of known MS risk SNPs in both classic SE (identified by 

PU.1 ChIP-seq or FAIRE-seq) and signal SE regions (identified by VDR peaks) after signal 

stimulation. I found that VSE regions are also enriched for MS risk SNPs with MS risk SNPs 

located in VSE2 regions and VSE3 regions (Figure 6.1, the specific enriched VSE2 and 

VSE3 regions shown in Appendix 7A-B). Interestingly, among VSEs 1–3, only VSE3 is 

enriched for MS risk SNPs (Figure 6.1), which is consistent with its higher GC content and 

higher expression level. 

 

 

 

 

 

Figure 6.1: The association of MS risk SNPs with VDR SE.  

MS risk SNPs enrichment in different SE regions. VSE: VDR SE; VTE: VDR typical enhancer; PSE: PU.1 SE; FSE: 
FAIRE SE. As z-score is defined as the distance between the expected value and the observed one, measured in 
standard deviations, I use z-score 1.96 as a significance test for two side p value < 0.05. Red bar: significantly 
enriched; blue bar: not significantly enriched.   
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Interestingly, these genes close to (in 50 kb region) a MS risk VSE (VSE overlapping with 

MS risk SNPs) all show a stable (i.e., with only a modest regulation: Log2(Fold Change) < 1) 

high expression level after 1,25(OH)2D3 stimulation (Table 6.2, Appendix 6B).  

However, for genes with a stable, high expression level, even modest changes in expression 

may lead to biological effects, such as the regulation of MYC and ZMIZ1 by VDR [131, 257]. 

Therefore, MS risk SNPs in VSE regions potentially affected the function of VSEs that 

maintained the consistently high expression of key genes rather than to induce a higher 

expression of other genes.  

Furthermore, almost all the risk SNPs located in SE regions (40 of 45 SNPs in VSE, 70 of 85 

SNPs in PSE, 33 of 33 SNPs in FSE) have a RegulomeDB score. That means that most SNPs 

in SE regions had at least one evidence for their functional role, such as being an eQTL, 

having transcription factor (TF) binding, a matched TF motif or a DNase I hypersensitivity. 

These functions were potentially associated with VSE regions. The SNP with the top 

RegulomeDB score for each SE gene are listed in Table 6.2.  
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Table 6.2: The genes close to the SE regions overlapping with MS risk SNPs. 

SE region 

Gene expression in THP-1 cells after 
1,25(OH)2D3 stimulation MS risk SNPs including SNPs in LD region 

    Gene       logFC   AveExpr 
Coordinate (0-

based) dbSNP ID 
RegulomeDB 

score 

VSE 

VSE2 
UBASH3B  -0.1253362 5.050095 chr11:122518524 rs6589939 3a 

IRF8 -0.1469718 9.341672 chr16:86005837 rs68143182 5 

VSE3 

PLEC -0.5071387 8.468479 chr8:145007946 rs6989119 2a 

PARP10 -0.2369997 7.492962 chr8:145013892 rs4073081 2a 

GRINA 0.108769 7.872264 chr8:145014731 rs112979447 2a 

PSE 
SYK 0.5603835 8.668792 chr9:93563535 rs290986 5 

UBASH3B  -0.1253362 5.050095 chr11:122527119 rs7129071 2a 

FSE 

PLEC -0.5071387 8.468479 chr8:145007946 rs6989119 2a 

PARP10 -0.2369997 7.492962 chr8:145013892 rs4073081 2a 

GRINA 0.108769 7.872264 chr8:145014731 rs112979447 2a 

DENND3 -0.1418788 7.662943 chr8:142104943 rs4961252 5 
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6.2.3 The MS risk ZMIZ1 gene set is associated with VSE regions in THP-1 

monocytes 

As the MS risk gene ZMIZ1 is highly expressed in myeloid cells including monocytes, and 

the ZMIZ1 gene set is under-expressed in the blood of MS patients it can be used as a gene 

signature for MS patients [131]. Importantly, ZMIZ1 is also vitamin D-responsive [131]. 

Therefore, I used the ZMIZ1 gene set as a sample to test the association between VSE and 

ZMIZ1-associated MS risk genes in THP-1 cells.  

The ZMIZ1 gene set was downloaded from the file of a publication by N.L. Fewings [191], 

and included the top 200 genes positively correlated with ZMIZ1 expression from each of 

three cohorts. Using GSEA enrichment analysis, a cluster of genes (ZMIZ1 gene cluster 1) 

with a VSE2 region was found to be enriched in ZMIZ1-associated genes that were most 

differentially expressed after 1,25(OH)2D3 stimulation (‘High’ region in Figure 6.2A). Under 

the same experimental conditions, a cluster of genes (ZMIZ1 gene cluster 2) with a VSE3 

region was found to be enriched in ZMIZ1-associated genes that were most highly expressed 

in THP-1 monocyte (‘High’ region in Figure 6.2B).  

Furthermore, ZMIZ1 itself contains a VSE2 and is close to a VSE3 region (Figure 6.3). 

Although the VSE2 and VSE3 around ZMIZ1 do not overlap with MS risk SNPs, they may 

be connected with SNPs via loops shown by CTCF ChIA-PET data in the K562 cell from 

ENCODE database (Figure 6.3).  

Among ZMIZ1 gene cluster 1, TOP1 that has a VSE2 region and is under the regulation of 

1,25(OH)2D3, is also in a MS risk region (SNP rs6065333 ± 500 kb) (Appendix 8). Among 

ZMIZ1 gene cluster 2, GRB2 and DOCK2, that have VSE regions and high expression levels, 
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also have MS risk SNPs rs9900529 and rs11957313 nearby (in ± 500 kb), respectively 

(Appendix 8).  

 A 
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Figure 6.2: The association of MS risk ZMIZ1 gene set with VSE.  

(A) The VSE2 regulated genes are enriched in ZMIZ1 positively associated genes with higher Log2(Fold Change) 
value (upper), The name of these enriched VSE2 regulated genes (lower). (B) The VSE3 regulated genes are 
enriched in ZMIZ1 positively associated genes with higher AverageLog2(Expression) value (upper), The name of 
these enriched VSE3 regulated genes (lower).   
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Figure 6.3: The MS risk ZMIZ1 gene and the VSE regions around it.  

The visualization of signal densities and VSE region around ZMIZ1 gene.   
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I used the GO biological process and KEGG pathway enrichment analysis to find the 

potentially biologically important gene in the two clusters of genes that are associated with 

both VSE region and ZMIZ gene expression.  

For the cluster of genes (ZMIZ1 gene cluster 1) with VSE2 regions and an enrichment in the 

high region of ZMIZ1 gene set ranked by the regulatory effect of 1,25(OH)2D3 (i.e., the 

region of genes that are more highly regulated by 1,25(OH)2D3), I found the genes for 

ARHGEF2 and CLASP1 were repetitively enriched in five of the top six enriched BP terms. 

These enriched genes relate mainly to the function of microtubule, spindle, and actin filament 

(Figure 6.4A).  

And among these biological process (BP) terms, the enrichment of leukocyte aggregation for 

gene SEMA4D and RAC2 had the highest significant p value.  

After KEGG pathway analysis, I found SEMA4D, RAC2 and SSH1 are significantly enriched 

in axon guidance pathway (Figure 6.4B).  

All these genes I mentioned above and their enriched terms/pathways are potentially under 

the regulation of Vitamin D via VSE2 regions and further impact the pathology of MS. 
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Figure 6.4: The biological process and signal pathway enrichment of ZMIZ1 associated gene cluster 1.  

(A) The GO BP terms enrichment for ZMIZ1 gene cluster 1. (B) The KEGG signal pathway enrichment for ZMIZ1 
gene cluster 1. Size of circle reflects the relative significance of p value in each figure. 
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For the cluster of genes (ZMIZ1 gene cluster 2) with VSE3 regions and an enrichment in the 

high region of ZMIZ1 gene set ranked by the average expression level (i.e., the region of 

genes that are more highly expressed), it was shown that the genes for PRKCD and GRB2 

were repetitively enriched in all the top six BP terms, which relate mainly to the function of 

actin filament, peptidyl-tyrosine, cellular component size and phagocytosis (Figure 6.5A).  

The enrichment of ‘phagocytosis’ for gene PRKCD, GRB2, CD93 and DOCK2 has the 

highest significant p value.  

After KEGG pathway analysis, the enrichment of PRKCD, GRB2 and DOCK2 in ‘chemokine 

signalling pathway’ showed the highest significance (Figure 6.5B).  

As mentioned above, the genes GRB2 and DOCK2 are also within the ± 500 kb region of MS 

risk SNPs (Appendix 8), and VSE regions around IL6R, PRKCD and GRB2 are also enriched 

in the GO BP term: ‘positive regulation of immune system process’ (Figure 5.2B), 

highlighting the importance of these genes.  

These genes with a relative high expression level and their enriched terms/pathways are 

potentially under the modest regulation of Vitamin D via VSE3 regions and could be 

involved in the aetiology of MS.  
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Figure 6.5: The biological process and signal pathway enrichment of ZMIZ1 associated gene cluster 2.  

(A) The GO BP terms enrichment for ZMIZ1 gene cluster 2. (B) The KEGG signal pathways enrichment for ZMIZ1 
gene cluster 2. Size of circle reflects the relative significance of p value in each figure. 
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6.3 Discussion 

In this study, the association between VDR SE region and multiple sclerosis risk is shown for 

the first time and indicates the potentially important MS risk genes under the regulation of 

VDR SE in THP-1 monocytes. 

I investigated the genes with VSE in MS risk regions (MS risk SNP ± 500 kb, Table 6.1, 

Appendix 6). MS risk SNPs were shown to also be enriched in VSE region, especially in 

VSE3 region (Figure 6.1, Appendix 7A). It was established that the potential causal genes 

had VSE regions, which overlapped with MS risk SNPs (Table 6.2, Appendix 7B). 

Additionally, it was demonstrated that clusters of genes with a VSE2 or a VSE3 were 

enriched in the ZMIZ1-associated genes under most significant regulation or with most high 

expression levels (Figure 6.2A-B, Appendix 8). 

The relationship between complex disease risk variants and environmental signal SE region 

has not been studied before, especially with regard to the interaction between Vitamin D 

induced VDR super-enhancers and MS risk SNPs in the aetiology of MS I was interested in. 

By searching for genes with both the VSE region and MS risk SNPs, I have identified the 

important genes both as a response platform for Vitamin D signal and as MS risk genes.  

From these genes, by RNA-seq analysis, MS risk SNP enrichment analysis, and GSEA 

analysis, I have underlined the key genes that are associated or enriched in certain MS-

associated cell functions or signalling pathways. These genes should be analysed as MS risk 

genes in future work for their involvement in mechanisms underlying MS-associated cell 

phenotypes. 

I identified five significant VSE-regulated MS risk genes: DENND6B, USP2, ASAP2, 

SEMA6B, and LRG1.  
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Among them, DENND6B is highly expressed in the brain [258], and its protein interacts 

directly with Rab GTPases that involve in vesicle trafficking and cytokine production during 

the process of neuroinflammation [259, 260]. 

USP2, as a de-ubiquitinating enzyme, can regulate the lipoprotein clearance by promoting the 

deubiquitylation and preventing the degradation of low-density lipoprotein receptor in 

HEK293T cell [261]. In HL-60 macrophage, USP2 can regulate LPS-induced production of 

pro-inflammatory cytokines by reducing the polyubiquitination of octamer binding 

transcription factor (Oct)-1 [262]. 

ASAP2 can modulate Fc gamma receptor-mediated phagocytosis and cell migration, which 

are potentially associated with efferocytosis-mediated inflammation resolution or monocyte 

migration via the blood-brain barrier [263, 264].  

SEMA6B is associated with the signal pathway of ‘axon guidance’ that is involved in both 

peripheral and central nervous system development, the disorder of which potentially impacts 

the pathology of MS. In particular, some semaphorins, as immune modulators, such as 

SEMA4D, involve in the immune response by regulating immune cell–cell contacts and cell 

migration [265]. 

I also identified another five important MS risk genes whose VSE overlapped with MS risk 

SNPs: UBASH3B, IRF8, PLEC, PARP10, and GRINA, by isolating the MS risk SNPs that are 

located in VSE regions and then searching for the risk genes close to the associated VSE 

regions. These genes are only modestly regulated by 1,25(OH)2D3. However, modest 

regulation cannot rule out their importance, especially when the genes have a key biological 

function. 
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Among the five genes, UBASH3B has a protein tyrosine phosphatase activity, which 

involves in the down-regulation and degradation of receptor-type tyrosine kinases, and 

promotes the accumulation of T cell receptors [266-268]. 

The MS risk gene IRF8 codes for an important transcription factor that is associated with 

chronic inflammation and binds the upstream regulatory region of type I IFN and IFN-

inducible MHC class I genes [269]. MS risk SNP rs35929052 that is associated with 

conversion to MS and disease relapse is close to IRF8 [53].  

The expression of PLEC is changed mostly by approximately 1.5-fold after 1,25(OH)2D3 

stimulation. The related pathway of PLEC is ‘cytoskeletal signalling’, which is also 

associated with cell migration and phagocytosis (www.genecards.org) [270]. 

Finally, for analysing the potential function of ZMIZ1 associated genes, GO ontology and 

KEGG pathway analysis were used. ARHGEF2, RAC2, SEMA4D, PRKCD, GRB2 and 

DOCK2 were repeatedly enriched in microglia/macrophage associated GO BP terms or 

KEGG pathways, such as ‘axon guidance’, ‘phagocytosis’, and ‘chemokine signalling’, 

which are all associated with the pathology of MS and MS process. Importantly, these genes 

are all Vitamin D-regulated and MS-associated. 

Since VSE2 regions are formed based on pre-existing VDR binding sites, the cell functions 

enriched for ZMIZ1 gene cluster 1, such as ‘leukocyte aggregation’, ‘actin filament 

organization’, and ‘axon guidance’, are potentially predetermined to be regulated by 

1,25(OH)2D3 through forming VSE2 regions after stimulation. Therefore, VSE2 forming will 

increase the basal low-level expression of ZMIZ1 gene cluster 1 and promote its associated 

functions after 1,25(OH)2D3 stimulation. 

http://www.genecards.org/
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Because VSE3s are more active regulatory regions with the highest GC content, and the 

genes with VSE3 regions have the highest expression levels, it’s not surprising that ZMIZ1 

gene cluster 2 with VSE3 regions are enriched in the highly expressed ZMIZ positively 

associated genes. The cell functions enriched for ZMIZ1 gene cluster 2, such as 

‘phagocytosis’ and ‘chemokine signalling’, are potentially constitutively active in THP-1 

monocytes. VSE3 forming will sustain the basal high-level expression of ZMIZ1 gene cluster 

2 and reinforce its functions after 1,25(OH)2D3 stimulation. 

In this chapter, important VSE-associated MS risk genes in monocytes were predicted, whose 

normal functions may be disturbed in a Vitamin D-deficient environment or by MS risk 

alleles around the VSE regions. These genes that are associated with both VSE and MS risk 

regions need further analysis of the mechanisms involved.   
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Chapter 7. Final Discussion and Conclusion 

7.1 Final Discussion 

In recent years GWAS have identified many MS risk SNPs that are associated with the 

function of different immune cells (e.g., T helper cells and monocytes) and autoimmune 

diseases. However, a clear explanation for an explicit mechanism has only been established 

for some of these SNPs. For example, identifying the causal SNP among many SNPs in the 

same haplotype, identifying the change of a functional gene by causal SNP, identifying the 

causal cells among different cell types in the local microenvironment, and identifying the 

necessary stimulatory conditions for the effect of a causal SNP in the causal cell type.  

For example, in one previous study [271], although MS risk SNP rs34536443 in TYK2 gene 

has been found to be associated with autoimmune diseases including MS, there is no a direct 

correlation between the SNP and TYK2 gene transcription. After examining the potential 

indirect effect factors of rs34536443 on TYK2, such as other potential causal SNPs in the 

same haplotype or SNPs, causal cell type and stimulation, the researchers found an 

impairment of IL-12 and IL-23 signalling in multiple immune cell types by the altered 

structure of TYK2 in individuals with risk alleles.  

In another study [128], it has also been found that MS risk allele A of SNP rs2104286 in 

IL2RA gene can increase the production of GM-CSF by human Th cells via promoting the 

phosphorylation of STAT5 induced by IL-2 signalling, after examining the GM-CSF+IL-17A- 

population-promoting effects of different stimulatory conditions on anti-CD3/CD28 activated 

Th cells. 

Currently, the specific mechanisms of Vitamin D’s effect on MS risk remain unclear. My 

focus on the Vitamin D-associated MS risk SNPs may provide a new point of view on the 



Chapter 7. Final discussion and conclusion 

 

 

Ming Lu  145 
New evidence for an association between immune cells, Vitamin D and MS risk SNPs 

role of this Vitamin D in the aetiology of MS. I tried to substantiate a connection between 

Vitamin D and MS risk genes in certain immune cells using two approaches:  

1) In ConA-stimulated PBMCs, I tested the MS-specific and Vitamin D-associated risk 

SNP-associated alterations of Th cell phenotypes such as subset differentiation and 

cytokine profiles. 

2) In the THP-1 monocyte cell line, I analysed the association between 1,25(OH)2D3 

induced VDR super-enhancer and MS risk genes, and identified the potential VSE-

associated MS risk genes.  

Firstly, I tried to reconfirm the MS-specific peripheral immune cell abnormal biomarkers and 

the effect of Vitamin D on peripheral immune cells. My findings showed a higher ratio of 

Th17.1 to Th1 in MS patients (Figure 3.2, Table 3.1), and reconfirmed the effects of Vitamin 

D on the inflammatory profile of ConA-stimulated PBMCs (Figure 3.9-3.10). 

I also tested the proportions of B cell and monocyte subsets in PBMCs ex vivo (Figure 3.4-

3.5). Remarkably, for monocytes, there was a significantly lower proportion of CD14+CD16- 

classic monocytes and a modestly higher proportion of non-classic and intermediate 

monocytes in MS patients. This suggests a relatively lower capacity of phagocytosis and ROS 

production, but a potentially higher ability of interaction with endothelial cells and breaking 

the blood-brain barriers according to their different functions [25]. 

Because there have been some studies suggesting that T helper cells, unlike myeloid cells, do 

not express the CYP27B1 and CYP24A1 [80, 83], the direct connection between Vitamin D-

associated risk SNP and the transcription of its associated genes in Th cells is improbable. 

However, because of the importance of T helper cells in MS pathology and adaptive 

immunity, the potential function of Vitamin D-associated risk SNP on T helper cell 

phenotype cannot be ruled out, especially when the studies did not include the stimulatory 
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conditions in their experiment. In addition, other studies showed that Th cells do express 

CYP27B1 and CYP24A1 but not after activation of at least 48h [106, 186, 222].  

Therefore, I tried to find an indirect association between Vitamin D-associated risk SNP and 

Th cell phenotypes. I used the ConA-stimulated PBMC model after 96 hours of tissue culture 

to connect the potential causal Vitamin D-associated risk SNPs with the Th cell phenotype 

(e.g., subsets differentiation and cytokine productions) in activated T helper cells.  

In the 96-hour tissue culture model, I reconfirmed the importance of Th17 subset by showing 

the higher Th17 proportion (Figure 3.12, Table 3.2). However, the higher ratio of peripheral 

Th17.1 to Th1 ex vivo in MS patients (Figure 3.2) showed no difference between MS patients 

and healthy controls after 96 hours of tissue culture (Figure 3.12). This suggests that Th17.1 

subpopulation may be a more sensitive biomarker ex vivo to reflect a pro-inflammatory 

profile in peripheral blood of RRMS patients in a remitting stage than Th17 subpopulation ex 

vivo. Furthermore, the reason I did not observe a significantly increased proportion of 

peripheral Th17 cells ex vivo in MS patients may be that I used samples from RRMS patients 

in a remitting stage, whereas the study that found a difference of the peripheral Th17 cell 

proportion between MS patients and healthy controls used samples from RRMS at a relapsing 

stage [183]. The different results between samples from a remitting stage and from a 

relapsing stage [183] may suggest a potential connection between Th17 subpopulation and 

MS relapses.  

In addition, and not as expected, the pro-inflammatory profile of PBMCs in vitro including 

Th1 subpopulation, IL-6 production, and TNF production were all reduced in MS patients 

compared with that in healthy controls (Figure 3.12-3.13), which reflects a weaker pro-

inflammatory capacity of peripheral Th cells in MS patients. The inhibitory effect of 

1,25(OH)2D3 on the productions of IL-6 and TNF are also reduced in MS patients (Figure 
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3.14), which reflects a fatigue of peripheral Th cells or a stronger resistance of Th cells to the 

anti-inflammatory effect of 1,25(OH)2D3 in MS group. These results need further 

confirmation in other cohorts and exploration on associated mechanisms. 

Remarkably, Th2 proportion in T helper cells will increase with the rising of EDSS score 

both ex vivo and in vitro, in addition to the correlation between Th17 and EDSS score ex vivo 

(Figure 3.3, 3.15). The result may be caused by a compensatory increasing of Th2 in MS 

patients with a severe disability status or due to Th1 and Th17 perturbations as the potential 

interactions between them [232]. Since I did not observe the direct association of Th2 

population or IL-4 production with MS risk, the correlation between Th2 and EDSS in MS 

patients may be only associated with the MS process due to the alteration of Th2 cytokines 

such as IL-13, but the correlation is not associated with MS aetiology.  

After testing all the inflammatory profiles of PBMCs both ex vivo and in vitro, and to connect 

them with Vitamin D-associated risk SNPs, all the samples on the three Vitamin D-associated 

SNPs (i.e., rs2248359, rs12368653, rs703842) were genotyped (Figure 4.1) and samples from 

MS and HC groups were pooled together to increase statistical strength. It was shown that the 

risk allele C (CT+CC) of SNP rs2248359 consistently decreases the proportions of Th1 and 

Th17.1 both ex vivo and in vitro (Figure 4.2). In particular, the trend p values for the 

association of Th1 (both ex vivo and in vitro) and Th17.1 (in vitro) with the increasing 

number of risk allele (from TT to CT to CC) are all significant (p < 0.05).  

However, according to a previous study [118] that demonstrated the risk allele C of SNP 

rs2248359 will increase the expression of CYP24A1 in frontal cortex, more CYP24A1 will 

lead to a lower level of active Vitamin D and further a stronger pro-inflammatory profile, but 

not less Th1 and Th17.1. Therefore, the result is contrary to the potential pro-inflammatory 
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effect of the risk allele C. This finding suggests a potential unknown indirect inhibitory effect 

of rs2248359 on Th1 and Th17.1 cells, which needs further exploration.  

Moreover, 1,25(OH)2D3 has a weaker inhibitory effect on the proportion of Th1 and Th17.1 

in samples with the risk allele C (CT+CC) of SNP rs2248359 (Figure 4.3, Table 4.1). The 

PBMCs with risk allele C seems to be more resistant to Th1/Th17.1 differentiation and to the 

inhibitory effect of 1,25(OH)2D3 on Th1 and Th17.1, which may be explained by an unknown 

potential association of rs2248359 with Th1 cell differentiation or IFN-γ expression. 

I found the ConA-activated PBMCs with rs703842 risk alleles AA had a lower IL-2 

production (Figure 4.2, Table 4.1). The risk allele A of rs703842 has been found to be 

associated with the expression of CYP27B1 (down-regulation), METTL21B (down-

regulation), and TSFM (up-regulation) in whole blood samples [80, 132, 134, 135]. For the 

association between the down-regulated expression of CYP27B1 and rs703842 risk allele A, 

it is understandable that the production of IL-2 is also reduced in individuals with risk allele 

A, since IL-2 is a target of 1,25(OH)2D3 in immune system [272] and a lower expression of 

CYP27B1 can lead to a lower level of 1,25(OH)2D3. However, in my study, the heterozygous 

rs703842 (GA) seems to have a higher production of IL-2 than homozygous rs703842 (AA or 

GG) without an increasing trend of IL-2 production from AA to GA to GG, which makes the 

result hard to explain.  

One previous study found that the expression of METTL21B was mostly associated with the 

risk allele of rs703842 in the whole blood samples [134]. METTL21B production has now 

been identified as a lysine specific methyltransferase for the dynamic methylation of Lys-165 

in human eukaryotic elongation factor 1 alpha (eEF1A) [239], which is a pleiotropic protein 

involving cytoskeleton, cell proliferation and death, immunodeficiency, and neural defects 

[240]. 
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After analysing the connection between Vitamin D-associated risk SNPs and the 

inflammatory profile of PBMCs, I wanted to connect Vitamin D and MS risk SNPs from 

another dimension: the genomic regions of Vitamin D receptor in THP-1 monocytes, 

especially the high-density assembled VDR regions, i.e., VDR super-enhancers.  

In addition to Th cells, monocytes are also an important immune cell, which might interact 

with endothelial cells, migrate through the BBB, and differentiate into tissue-specific 

macrophages participating in local inflammatory responses. The recently confirmed Vitamin 

D-responsive MS risk gene ZMIZ1 is not only associated with many other genes (a molecular 

phenotype of multiple sclerosis), but also highly expressed in myeloid cells including 

monocytes [131]. On the other hand, the association between active Vitamin D-induced VDR 

super-enhancers and MS risk SNPs/genes has not been explored before. 

I analysed the characteristics of VDR super-enhancer, and distinguished them from 

traditional super-enhancer regions, i.e., PU.1 specific super-enhancer and FAIRE-seq 

identified super-enhancer, as its stronger responsiveness to signal 1,25(OH)2D3 stimulation 

and its different gene set/gene function enrichment compared with other SE regions (Figure 

5.1-5.2). The result was consistent with findings from two prior studies, i.e., ERα, FOXA1 

and AP2γ form different SE regions in MCF-7 cells [175], and there were a large proportion 

(~60%) of TGF-β signal terminal TF SMAD3 SE regions outside MED1 SE regions 

(BioRxiv: http://dx.doi.org/10.1101/105262).  

I then classified the 1,25(OH)2D3-induced VDR super-enhancer into three patterns according 

to their alterations after signal stimulation (Figure 5.3), and analysed their different 

characteristics (Figure 5.4-5.5), which supported the reasonability of my classification 

method. Among them, VSE1 and VSE2 are enriched for classical VDR motifs, especially for 
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the persistent VDR binding regions that have existed before signal stimulation. VSE1 and 

VSE2 are also more cell-specific than VSE3.  

The persistent VDR binding regions are ligand-insensitive, and have existed before signal 

stimulation. The effect of VSE1 and VSE2 on gene expression after signal stimulation 

actually reflect a pre-existing VDR epigenomic ratchet of transcriptional memory, which is 

potentially left by the historical signal microenvironment or cell differentiation process and 

will modify the cell response to signal stimulations at a later stage.  

The regulation process of VSE1-2 was similar to the controls of ligand-insensitive nuclear 

receptor PPARγ on the processive macrophage polarization: the chromatin environment pre-

set by PPARγ regulates the polarization of macrophage after IL-4 re-stimulation [273]. 

Although VSE3 did not have classical VDR motif enrichment, VSE3 had a relative higher 

GC content and a relative higher gene expression level compared with VSE1-2 (Figure 5.5-

5.6), which suggested it is a more generally accessible chromatin region.  

After extending the pattern of signal-induced super-enhancer to other hormone/nuclear 

receptor pairs, I found there was almost no VSE1 and VSE3 for ERα SE after estrogen 

stimulation in MCF-7 cells (Table 5.3), and ERα had a stronger assembly responsiveness to 

signal stimulation than other transcription factors, such as FOXA1 (Figure 5.8). Furthermore, 

all of GR SEs showed the VSE3 pattern after dexamethasone stimulation in RS4;11 cells 

(Table 5.3), with a weaker assembly responsiveness to signal stimulation than the master TF 

PU.1 (Figure 5.8). Consistently, classic ERα motifs were only enriched in ERα SE1-2 regions 

(Figure 5.9), which was similar to the characteristics of VDR motif, but classic GR motifs are 

only enriched in GR SE3 regions (Figure 5.5).  

Therefore, I propose that if a signal TF is a master TF in a cell type, such as ERα in MCF-7 

[175], it potentially has more SE2 regions as it can initiate long chromatin-accessible regions 
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after signal stimulation. This leads to fewer SE1 regions. Furthermore, the master TF does 

not bind regions without primary master TF binding that have existed before signal 

stimulation, which leads to fewer SE3 regions. Furthermore, if a signal TF is neither a master 

TF nor a pioneer TF, such as GR, it will only bind regions that have been opened by other 

master TFs, such as PU.1, which leads to few SE1-2 region.  

Interestingly, the role of VDR may be just between ERα and GR. There are pre-existing VDR 

binding sites which can initiate a long chromatin-accessible region VSE2 after 1,25(OH)2D3 

stimulation, but there are still some VDR binding sites that cannot open a long chromatin 

region existing as VSE1, and some VDR binding sites only bind on the PU.1 opened 

chromatin regions as VSE3. 

After analysing the characteristics of 1,25(OH)2D3-induced VDR super-enhancers in THP-1 

monocytes, I tried to identify the MS risk genes associated with these VSE regulation regions 

and to locate the potential genes that can explain the effect of Vitamin D on MS risk in 

myeloid cells, by using the RNA-seq data and VDR ChIP-seq data in THP-1 monocytes 

before and after 1,25(OH)2D3 treatment and overlapping VSE regions, MS risk SNP sites and 

adjacent gene regions. 

Firstly, the genes with the VSE regions that are in the ± 500 kb regions of MS risk SNPs were 

identified (Table 6.1). Moreover, the genes with VSE regions that are overlapping with MS 

risk SNPs were identified (Table 6.2). The regulatory functions of VSE regions near or 

overlapping with MS risk SNPs are potentially impacted by these SNPs leading to the mis-

expression of MS risk genes.  

Finally, since ZMIZ1 has been confirmed a MS risk gene in multiple cohorts and is mainly 

expressed in myeloid cells [131, 191], ZMIZ1 expression-associated gene set and gene set 

enrichment analysis were used to identify two clusters of genes with VSE2 or VSE3 regions 
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that are separately enriched in the most differentially expressed genes after 1,25(OH)2D3 

stimulation or in the most highly expressed genes of ZMIZ1 gene set (i.e., enriched in the 

high region of ZMIZ1 gene set ranked by the order of expression fold change after 

1,25(OH)2D3 stimulation or by the order of average gene expression). After GO BP terms and 

KEGG pathway enrichment analysis, I found they are mainly about the 

microglia/macrophage associated functions, such as ‘axon guidance’, ‘phagocytosis’, and 

‘chemokine signalling’ (Figure 6.4-6.5), which are possibly altered by the deficiency of 

Vitamin D in the microenvironment thereby leading to dysfunctional myeloid cells and MS 

pathology. 

7.2 Study strengths and limitations 

The use of an in vitro PBMC model allowed me to test the correlation between Th cell 

phenotype and MS. This is because the model can amplify some inflammatory phenotypes 

that are weak or not detectable ex vivo, such as a relatively high Th17 proportion or IL-6 

production.  

A direct association between Th cell phenotype and MS risk SNPs had not been explored 

before. However, I used a relatively small cohort of MS patients and controls, therefore the 

results need reconfirmation in larger cohorts. 

As the signal-inducible super-enhancer is a new concept, the association between 

1,25(OH)2D3 induced VDR super-enhancer and MS risk SNPs has not been analysed before. 

My investigation of the characteristics of VDR super-enhancers in THP-1 cells is a new 

approach. However, experimental verification of the identified potentially causal genes will 

be necessary. 
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7.3 Future direction 

METTL21B protein is associated with immunodeficiency and neural defects [240], and its 

expression has the strongest association with rs703842 in whole blood samples [134]. 

Therefore, METTL21B is possibly the causal gene for the effect of Vitamin D-associated risk 

SNPs (i.e., rs703842, rs12368653) and associated with Th cell phenotypes. The effect of a 

knockdown or knockout of METTL21B on T cells will be important to understand its effect 

on T cell phenotype and further the effect on inflammation in CNS. 

The classification of signal-induced nuclear receptor super-enhancer patterns provides an 

approach to explore the function of nuclear receptors. For example, a high proportion of SE2 

for a nuclear receptor indicates its potential function as a pioneer and master transcription 

factor, while a high proportion of SE3 for a nuclear receptor suggests a dependence of its 

binding sites on other key transcription factors. The SE1 and SE2 regions can be considered 

as pre-determined nuclear receptor SE regions before signal stimulation, where persistent 

bindings of nuclear receptor with classic motifs (e.g., VDR: RXR binding at DR3 motif) 

deposit for generating a chromatin environment that response to signal (e.g., 1,25(OH)2D3) 

stimulation as a transcriptional memory. The signal-induced SE pattern 1-3 can be used to 

explore the genomic characteristics of different nuclear receptors in disease-associated cell 

types. 

As I have indicated, many genes with a VSE region are also MS risk genes. I can further 

confirm their Vitamin D-associated expression levels in human peripheral monocytes or in 

the process of monocyte differentiation. If they are expressed specifically at certain 

differentiation stage or associated with certain cell phenotypes, I will be able to analyse their 

specific mechanism underlying the MS-associated alteration of cell phenotypes. 
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7.4 Conclusion 

The use of my findings as a first step to combine immune cell phenotype and VDR super-

enhancer (NGS ChIP-seq data) analysis will be an effective way to find causal genes in 

certain important immune cell types. 

In this thesis, I reconfirmed MS-specific alterations in peripheral immune cells, such as 

higher Th17 proportion in vitro in MS patients. Importantly, I found anti-inflammatory 

alterations in MS-specific and Vitamin D risk SNP-associated individuals in an in vitro 

model. This model has not been used before and the results are in conflict with our pro-

inflammation hypothesis. In this model I was able to substantiate the importance of Th1, 

Th17.1, Th2, IL-2, IL-6 and TNF-α, in addition to Th17, in MS. 

Furthermore, I found VDR super-enhancer regions increased more strongly after 

1,25(OH)2D3 stimulation in THP-1 monocytes compared to PU.1-specific super-enhancer 

regions. Importantly, many MS risk genes have the VSE region, suggesting their intimate 

association with the microenvironmental Vitamin D level in MS aetiology. In particular, the 

classification of VDR super-enhancer, i.e., classifying VSE into three types according to the 

combination of persistent and secondary VDR binding sites after 1,25(OH)2D3 stimulation, 

reflects the different genomic binding characteristics between different hormone/nuclear 

receptor signals in general.   
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Appendices 

Appendix 1. The representative code for linear regression 

1. #use Th17 at 96h as a representative.   
2. …..R…..   
3. d4 <- read.table("C:/Users/mlu2/Document/PBMC/bnewth96.csv",header=T,sep=",")   
4. head(d4)   
5. tail(d4)   
6. skewness(d4$th17)   
7. hist(d4$th17)   
8. wilcox.test(d4$th17 ~ d4$MSorHealthy)   
9.  #SNP analysis   
10. d4$rs703842n <- 4-as.numeric(d4$rs703842)   
11. d4$rs12368653n <- 4-as.numeric(d4$rs12368653)   
12. d4$rs2248359n <- 4-as.numeric(d4$rs2248359)   
13. d4$GRS <- d4$rs703842n+d4$rs12368653n+d4$rs2248359n   
14. d4$GRS1 <- NA   
15. d4$GRS1[d4$GRS<=4] <- 1   
16. d4$GRS1[d4$GRS==5] <- 2   
17. d4$GRS1[d4$GRS==6] <- 3   
18. d4$GRS1[d4$GRS>=7] <- 4    
19. d3$GRS59_2 <- NA   
20. d3$GRS59_2[d3$rs2248359n==1] <- 1   
21. d3$GRS59_2[d3$rs2248359n>=2] <- 2   
22. d4$GRS42_1 <- NA   
23. d4$GRS42_1[d4$rs703842n<=2] <- 1   
24. d4$GRS42_1[d4$rs703842n==3] <- 2   
25. MS4 <- d4[d4$MSorHealthy==1,]   
26. write.dta(MS4, "th96hMS.dta")      
27. write.dta(d4, "th96h.dta")   
28.    
29. …..STATA…..   
30. #open th96hMS.dta   
31. linreg th17 EDSS, transform   
32. linreg th17 age sex batch treat EDSS, transform   
33.   
34. #open th96h.dta   
35. linreg th17 MSorHealthy, transform   
36. linreg th17 age sex batch treat MSorHealthy, transform   
37. linreg th17 GRS1, transform   
38. linreg th17 GRS1 age sex batch treat MSorHealthy, transform   
39. linreg th17 GRS42_1, transform   
40. linreg th17 GRS42_1 age sex batch treat MSorHealthy, transform   
41. linreg th17 GRS59_2, transform   
42. linreg th17 GRS59_2 age sex batch treat MSorHealthy, transform   
43.   
44. # count p value for trend: two methods   
45. #1)   
46. bestNormalize(d4$th17)   
47. d4$Th17NM <- predict(boxcox(d4$th17))   
48. ptrend <- lm(Th17NM ~ rs2248359n,data=d4)   
49. summary(ptrend)   
50. #2)   
51. linreg th17 rs2248359n, transform   
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Appendix 2. The effect of ethanol and Vitamin D on cytokine profile and 

proliferation of PBMCs in vitro at 96 hours (preliminary experiment 

with samples from a different cohort) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) The effect of ethanol on the cytokine profile of ConA-stimulated PBMCs (n =17). I did 
not report the P value for the effect of 1,25(OH)2D3. (B) The effect of enthanol, 1,25(OH)2D3 
and 25(OH)D3 on proliferation of CD4+ T cells in ConA-stimulated PBMCs (n = 44). ConA: 
10µg/ml; ethanol: 0.1% v/v. NS, no significance. Shown is the mean and S.E.M; P values 
were established by Friedman test followed by Dunn’s multiple comparison test.   
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Appendix 3. The effect of 1,25(OH)2D3 and 25(OH)D3 with different 

concentrations on cytokine profile of PBMCs in vitro at 96 hours 

(preliminary experiment with samples from a different cohort) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The effect of 1,25(OH)2D3 and 25(OH)D3 with different concentration on the cytokine profile 
of ConA-stimulated PBMCs (n =23). ConA: 10µg/ml. Shown is the mean and S.E.M. I did 
not report the P value.  
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Appendix 4. Table of used ChIP-seq, FAIRE-seq, Microarray/RNA-seq 

samples 

VDR_2               
Transcription 
Factor Cell Type Signal Treatment Organism Vehicle  Hormone Reference 

VDR THP-1 D3  
10nM 
40min human GSM678268 GSM678269 [143] 

     
SRR111953-
55 

SRR111956-
57  

Input     GSM678267  [143] 
          SRR111951-2    
VDR_THP-1_PMA 
              
Transcription 
Factor Cell Type Signal Treatment Organism Vehicle  Hormone Reference 

VDR 
THP-1-
PMA D3 

100nM 
2h human GSM1240268 GSM1240270 NA 

     SRR1002941 SRR1002943  
Input     GSM1240271   NA 
          SRR1002944     
VDR_THP-1_LPS 
              
Transcription 
Factor Cell Type Signal Treatment Organism Vehicle  Hormone Reference 

VDR 
THP-1-
LPS D3 

10nM 
80min human GSM1280895 GSM1280896 [142] 

          
SRR1043911-
13 SRR1043914  

ER⍺_1               
Transcription 
Factor Cell Type Signal Treatment Organism Vehicle  Hormone Reference 

ER⍺ MCF-7 E2 
100nM 
1h human GSM1469979 GSM1469980 [274] 

     SRR1542272 SRR1542273  

FOXA1 MCF-7 E2 
100nM 
1h human GSM1470025 GSM1470026 [274] 

     SRR1542318 SRR1569069  

GATA3 MCF-7 E2 
100nM 
1h  human GSM1469992 GSM1469993 [274] 

     SRR1542285 SRR1542286  

RNA-seq MCF-7 E2 
100nM 
3h human GSM2257523  GSM2257525 [275] 

     SRR3993338 SRR3993340  
ER⍺_2               
Transcription 
Factor Cell Type Signal Treatment Organism Vehicle  Hormone Reference 

ER⍺ MCF-7 E2 
100nM 
45m human GSM614611 GSM614610 [276] 

     ERR011978 ERR011973   
Input     GSM614606  [276] 
     ERR011971   
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FOXA1 MCF-7 E2 
100nM 
45m human GSM588929 GSM588930 [277] 

     SRR069066 SRR069067  
ER⍺_3               
Transcription 
Factor Cell Type Signal Treatment Organism Vehicle  Hormone Reference 
ER⍺ ECC-1 E2 10nM 1h human GSM803421 GSM803422 [278] 

     SRR351674-5 
SRR351676-
7  

ER⍺_4               
Transcription 
Factor Cell Type Signal Treatment Organism Vehicle  Hormone Reference 

ER⍺ MCF-7 E2 
100nM 
3h human GSM2257819 GSM2257821 [275] 

     
SRR4216898 
(0h) SRR4216900  

FOXA1 MCF-7 E2 
100nM 
3h human GSM2257822 GSM2257824 [275] 

     
SRR4216901 
(0h) SRR4216903  

GR_1               
Transcription 
Factor Cell Type Signal Treatment Organism Vehicle  Hormone Reference 
GR RS4;11 dex 10nM 1h human GSM1841296 GSM1841306 [279] 
     SRR2138397 SRR2138407  
Input     GSM1841295 GSM1841305 [279] 
     SRR2138396 SRR2138406  
PU.1 RS4;11 dex 10nM 1h human GSM1841298 GSM1841308 [279] 
     SRR2138399 SRR2138409  
Input     GSM1841297 GSM1841307 [279] 
     SRR2138398 SRR2138408  
ExpArray RS4;11 dex 10nM 8h human GSE71617   [279] 

          
Series Matrix 
File(s)     

GR_2               
Transcription 
Factor Cell Type Signal Treatment Organism Vehicle  Hormone Reference 

GR BMDM 
dex; 
LPS 

100nM 
45min; mouse GSM2932667 GSM2932669 [280] 

   
10ng/ml 
45min  SRR6467091 SRR6467093  

Input     GSM2932689  [280] 
     SRR6467113   

RNA-seq BMDM 
dex; 
LPS 

100nM 
1h; mouse GSE110279  [280] 

      
10ng/ml 
1h   

Series Matrix 
File(s)     

Table contains information about ChIP-seq, FAIRE-seq, Microarray/RNA-seq samples that have been used to 
the basic analyses for determining signal SE 1-3 and their regulatory effects on gene expression. Columns 
represent the examined transcription factors, the cell line in which the interested TF/binding events was/were 
investigated, type of the treatment and organism, Gene Expression Omnibus (GEO) IDs of the samples before 
(Vehicle) and after the treatment (Hormone). 
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Appendix 5. The genes that are significantly regulated by VSE1-3 

A  
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B 

 

 (A) The genes that are significantly regulated in the genome-wide MDplot from RNA-seq data. 
Blue words: long non-coding RNA (Left). The genes that are significantly regulated in the 
VDR SE finding curve (Right). (B) The visualization of signal density in representative VSE1-
3 regions. “-”: no 1,25(OH)2D3 stimulation; “+”:  with 1,25(OH)2D3 stimulation. 
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Appendix 6. Representative genes with VSEs that are in MS risk regions 

 
The representative genomic regions of the genes (see Table 6.1, bold) with VSEs that are in 
MS risk regions (MS risk SNPs ± 500 kb). “-”: no 1,25(OH)2D3 stimulation; “+”:  with 
1,25(OH)2D3 stimulation.  
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Appendix 7. The association between MS risk SNP and VSE1-3 region 
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(A) MS risk SNPs enrichment in different SE regions. The permutation figure showed the α = 
0.05 expected values (red line) from 1000 permutations and observed values (green line). (B) 
The genomic regions of the genes with VSEs that are overlapped with MS risk SNPs. (C) The 
genomic regions of the genes with PSE or FSE that are overlapped with MS risk SNPs. VSE: 
VDR SE; PSE: PU.1 SE; FSE: FAIRE SE. “-”: no 1,25(OH)2D3 stimulation; “+”:  with 
1,25(OH)2D3 stimulation.  
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Appendix 8. The representative genomic regions of the ZMIZ1-associated 

genes with VSEs that are in MS risk regions 

A 

 

 

 

 

 

 

 

 

 

 

 

 

B                                                     C 

 

 

 

 (A) TOP1. (B) GRB2. (C) DOCK2. “-”: no 1,25(OH)2D3 stimulation; “+”:  with 1,25(OH)2D3 
stimulation.   
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Appendix 9. The representative code for Chapter 5 & 6 

1. ########......############### large title   
2. #####...##### big title   
3. # title   
4. #### small title or annotation   
5. ####.....R..... change to R   
6.   
7. ########prepare_bam_file_or_homer_tag_directory#########################   
8. #get fastq file from GEO database, attention: delete /t and space between words in 

txt file for recognition by prefetch. use “fastq-
dump SRR#######” directly is ok, but slow.   

9. cat ../document/SRRfile1.txt | while read id;   
10. do   
11. echo $id   
12. prefetch -v $id   
13. done   
14.    
15. mv /Users/minglu/ncbi/public/sra/* ./   
16.    
17. ls * | while read id;   
18. do   
19. echo $id   
20. fastq-dump $id   
21. done   
22.    
23. rm *.sra   
24.   
25. #creat hg19 index from hg19 fasta   
26. wget http://hgdownload.cse.ucsc.edu/goldenPath/hg19/bigZips/chromFa.tar.gz   
27. tar -zvfx chromFa.tar.gz   
28. cat *.fa > hg19.fa   
29. rm chr*.fa   
30. mv hg19.fa ~/biosoft/bowtie/hg19_index/   
31. bowtie2-

build ~/biosoft/bowtie/hg19_index/hg19.fa ~/biosoft/bowtie2/hg19_index/hg19   
32.   
33. #check fa quality：adapter ok, set quality score=30 for samtobam.   
34. ls *fastq | while read id; do fastqc -t 4 $id; done   
35. multiqc *fastqc.zip --pdf   
36.   
37. #transform fastq to sorted bam file   
38. cat  > run_fa2sortbam.sh <<\EOF   
39. ls *fastq | while read i;   
40. do   
41. echo $i    
42. bowtie2 -p 4 -x ~/biosoft/bowtie2/hg19_index/hg19 -U $i -

S ${i%%.*}.sam 2>> logfa2sam.align.log   
43. done;   
44. ls *sam | while read id;   
45. do   
46. echo $id    
47. ####as the quality of ChIP-seq data from carlberg's lab is high, I 

use q30 rather than q10   
48. samtools view -bh -q30 -F 1548 $id > ${id%%.*}.bam   
49. samtools sort -@ 3 ${id%%.*}.bam> ${id%%.*}.sort.bam   
50. samtools index ${id%%.*}.sort.bam   
51. done;   
52. EOF   
53. chmod 755 run_fa2sortbam.sh   
54. ./run_fa2sortbam.sh>>fa2sortbam.log 2>&1   
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55. mv *.bam* ../macs   
56. mv SRR2067928.sam ctrl.sam   
57. mv *.sam ../homer   
58.   
59. #transform sam to homer tag directory (sorted bam directory)   
60. cd ../homer   
61. makeTagDirectory ctrl/ ctrl.sam   
62. cat > run_makeTagDir.sh <<\EOF   
63. ls *sam | while read id;   
64. do   
65. echo $id    
66. makeTagDirectory ${id%%.*}/ $id   
67. done;   
68. EOF   
69. chmod 755 run_makeTagDir.sh   
70. ./run_makeTagDir.sh>>makeTagDir.log 2>&1    
71.   
72. ########callpeaks_enhancer_superenhancer_typicalenhancer##############   
73.   
74.   
75. #####1.find VDR associated peaks#####   
76. MACS=/Volumes/mingbioinfo/proj1/macs   
77. DATA=/Volumes/mingbioinfo/proj1/data   
78. HOMER=/Volumes/mingbioinfo/proj1/homer   
79.   
80. #callpeaks with MACS2   
81. cd $MACS   
82. mkdir $MACS/peak   
83. mv SRR2067928.bam ctrl.bam   
84. mv SRR2067928.sort.bam ctrl.sort.bam   
85. mv SRR2067928.sort.bam.bai ctrl.sort.bam.bai   
86. mv SRR2042800.bam 0hFaire.bam   
87. mv SRR2042800.sort.bam 0hFaire.sort.bam   
88. mv SRR2042800.sort.bam.bai 0hFaire.sort.bam.bai   
89. mv SRR2042802.bam 24hFaire.bam   
90. mv SRR2042802.sort.bam 24hFaire.sort.bam   
91. mv SRR2042802.sort.bam.bai 24hFaire.sort.bam.bai   
92. cd $MACS   
93. cat  > run_macs2callpeak.sh <<\EOF   
94. ls *Faire.sort.bam | while read id;   
95. do   
96. echo $id   
97. macs2 callpeak -t $id -c ctrl.sort.bam \   
98.                -f BAM -g hs --nomodel --shift -75 --extsize 150 --keep-dup 1 -

q 0.01 -B \   
99.                -n ${id%%.*} --outdir ./peak2   
100. done   
101. ls SRR*.sort.bam | while read id;   
102. do   
103. echo $id   
104. macs2 callpeak -t $id -c ctrl.sort.bam \   
105.                -f BAM -g hs --bw 150 --keep-dup 1 -q 0.01 -B \   
106.                -n ${id%%.*} --outdir ./peak2   
107. done   
108. EOF   
109. chmod 755 run_macs2callpeak.sh   
110. nohup time ./run_macs2callpeak.sh>>logmacsfindpeak.log 2>&1 &   
111.   
112. ####for H3K27ac use : --broad -g hs --broad-

cutoff 0.1; _peaks.xls is 2 more rows than narrowPeak with one line name and one em
pty row.   

113. mkdir $MACS/script/   
114. cd $MACS   
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115.   
116.   
117. ####filter artefact signal peaks in blacklist.   
118. cat >$MACS/script/run_rmblackgr2.sh <<\EOF   
119. MACS=/Volumes/mingbioinfo/proj1/macs   
120. BLIST=/Volumes/mingbioinfo/proj1/blacklist   
121. cd $MACS   
122. ls $MACS/peak2/*.narrowPeak | while read id;   
123. do   
124. echo $id   
125. bedtools intersect -a $id -

b $BLIST/wgEncodeHg19ConsensusSignalArtifactRegions.bed -v >${id%.*}111.bed   
126. ####the wgEn.. equal to hg19 consensusBlacklist downloaded from ucsc.   
127. bedtools intersect -a ${id%.*}111.bed -

b $BLIST/Anshul_Hg19UltraHighSignalArtifactRegions.bed -v >${id%.*}222.bed   
128. bedtools intersect -a ${id%.*}222.bed -

b $BLIST/Duke_Hg19SignalRepeatArtifactRegions.bed -v >${id%.*}333.bed   
129. bedtools intersect -a ${id%.*}333.bed -b $BLIST/seq.cov01.ONHG19.bed -

v > ${id%.*}.filtered.narrowPeak   
130. mv ${id%.*}.filtered.narrowPeak $MACS/peak2/filteredbed/   
131. rm ${id%.*}111.bed   
132. rm ${id%.*}222.bed   
133. rm ${id%.*}333.bed   
134. done   
135. EOF   
136. chmod 755 ./script/run_rmblackgr2.sh   
137. ./script/run_rmblackgr2.sh>> ./script/rmblackgr2.log 2>&1   
138.   
139. #call super-enhancer regions with ROSE   
140. #### copy all ROSE.py to macs directory.   
141. mkdir $MACS/script/   
142. mkdir $MACS/ROSE/   
143. cat  > $MACS/script/run_2gffROSE.sh <<\EOF   
144. ls {SRR*.sort.bam,*Faire*.sort.bam} | while read id;   
145. do   
146. echo $id   
147. awk 'BEGIN {FS="\t" ; OFS="\t"}{print $1,$4,"Ming",$2,$3,".",".",".",NR}'  .

/peak2/filteredbed/${id%%.*}_peaks.filtered.narrowPeak > ${id%%.*}.gff   
148. python ROSE_main.py -r $id -c ctrl.sort.bam \   
149.                     -g HG19 -i ${id%%.*}.gff \   
150.                     -o ./ROSE/ -s 12500 -t 2000    
151. done   
152. EOF   
153. chmod 755 $MACS/script/run_2gffROSE.sh   
154. $MACS/script/run_2gffROSE.sh>>$MACS/script/2gffROSE.log 2>&1   
155.   
156. #identify genes near (closest) super-enhancers.   
157.    
158. mkdir $MACS/CLOSEST   
159.   
160. ####download hg19 GENCODE gene list, then transform gtf to bed format   
161. ####GTF files are 1-

based and inclusive on both sides of the interval; BED is 0-based and non-
inclusive on the right.   

162. ANNO=/Volumes/mingbioinfo/proj1/annotation   
163. more $ANNO/gencode.v27lift37.basic.annotation.gtf |  awk 'OFS="\t" {if ($3==

"gene") {print $1,$4-1,$5,$7,$14,$15,$16}}' | tr -
d '";' |awk '$5=="KNOWN"||$5=="NOVEL" {$5=$7} {print $1"\t"$2"\t"$3"\t"$5"\t"NR"\t"
$4}'|grep -v "GL000" |sort -k1,1 -
k2,2n > $ANNO/gencode.v27lift37.basic.annotation.strand.bed   

164. more $ANNO/gencode.v27lift37.long_noncoding_RNAs.gtf |  awk 'OFS="\t" {if ($
3=="gene") {print $1,$4-1,$5,$7,$14,$15,$16}}' | tr -
d '";' |awk '$5=="KNOWN"||$5=="NOVEL" {$5=$7} {print $1"\t"$2"\t"$3"\t"$5"\t"NR"\t"
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$4}'|grep -v "GL000" |sort -k1,1 -
k2,2n > $ANNO/gencode.v27lift37.long_noncoding_RNAs.strand.bed   

165.    
166. cat > $MACS/script/run_closestgene.sh << \EOF   
167. MACS=/Volumes/mingbioinfo/proj1/macs   
168. OV=/Volumes/mingbioinfo/proj1/macs/peak2/filteredbed/intersect   
169. TRY=/Volumes/mingbioinfo/try   
170. ANNO=/Volumes/mingbioinfo/proj1/annotation   
171. cd $MACS/ROSE/   
172.   
173. ####get VDR typical enhancer region from ROSE results.   
174. ls *Gateway_Super*.bed | while read id;   
175. do   
176. echo $id   
177. echo ${id%_*}_Enhancers.bed   
178. awk -

F '\t' 'NR==FNR{a[$4]=$4;next}; ($4!=a[$4]){print $0}' $id ${id%_*}_Enhancers.bed >
 ${id%_*}_TypicalEnhancers.bed   

179. done   
180.   
181. ####get VDR promoter region from ROSE results.   
182. bedtools intersect -

a /Volumes/mingbioinfo/proj1/macs/peak2/filteredbed/intersect/VDR_peaks.filtered.na
rrowPeak -b /Volumes/mingbioinfo/proj1/macs/ROSE/SRR4828897_Gateway_Enhancers.bed -
v >Vpromoter.bed   

183.   
184.   
185. ####get all close genes within 50kb regions of VDR super-

enhancer with bedtools closest.   
186. ls *Gateway_Super*.bed | while read id;   
187. do   
188. echo $id   
189. bedtools closest -a $ANNO/gencode.v27lift37.basic.annotation.bed -b <(sort -

k1,1 -k2,2n $MACS/ROSE/$id) -D a |awk ' $11 >= -
50000 && $11 <= 50000 && $5 != "."' | sort -n -
k 9 > $MACS/CLOSEST/hg19geneclosest${id%%.*}.txt   

190. bedtools closest -a $ANNO/gencode.v27lift37.long_noncoding_RNAs.strand.bed -
b <(sort -k1,1 -k2,2n $MACS/ROSE/$id) -D a |awk ' $11 >= -
50000 && $11 <= 50000 && $5 != "."' | sort -n -
k 9 > $MACS/CLOSEST/hg19lncRNAclosest${id%%.*}.txt   

191. done   
192. EOF   
193. chmod 755 $MACS/script/run_closestgene.sh   
194. $MACS/script/run_closestgene.sh>>$MACS/script/closestgenenew.log 2>&1   
195.   
196. #####find the persistent(pst)/primary(prm:i.e.,transient)/secondary(sec) cis

trome region of VDR between ctrl and hormone treatment group, classify VDR super-
enhancer into VSE1-6   

197. SE=/Volumes/mingbioinfo/proj1/macs/ROSE/intersect   
198. E=/Volumes/mingbioinfo/proj1/macs/peak2/filteredbed/intersect   
199. cd $E   
200. #categorize VDR super-

enhancer regions according to prm_only/prm&mo/mo_only in ctrl SE; mo_only/mo&da/da_
only in stimulation SE   

201. bedtools intersect -a VDR_peaks.filtered.narrowPeak -
b ctrlVDR_peaks.filtered.narrowPeak -wa |uniq> pstVDRs.bed   

202. bedtools intersect -a ctrlVDR_peaks.filtered.narrowPeak -
b VDR_peaks.filtered.narrowPeak -wa |uniq> pstVDRp.bed   

203. bedtools intersect -a ctrlVDR_peaks.filtered.narrowPeak -
b VDR_peaks.filtered.narrowPeak -v |uniq> prmVDR.bed   

204. bedtools intersect -a VDR_peaks.filtered.narrowPeak -
b ctrlVDR_peaks.filtered.narrowPeak -v |uniq> secVDR.bed   

205. cd $E   
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206. bedtools intersect -a $SE/VDR_Gateway_SuperEnhancers.bed -b pstVDRs.bed -
wa | uniq > moVDRSEs.bed   

207. bedtools intersect -a $SE/ctrlVDR_Gateway_SuperEnhancers.bed -
b pstVDRp.bed -wa | uniq > moVDRSEp.bed   

208. bedtools intersect -a $SE/VDR_Gateway_SuperEnhancers.bed -b secVDR.bed -
wa | uniq > daVDRSE.bed   

209. bedtools intersect -a $SE/ctrlVDR_Gateway_SuperEnhancers.bed -b prmVDR.bed -
wa | uniq > vaVDRSE.bed   

210. bedtools intersect -a moVDRSEs.bed -b secVDR.bed -v | uniq > VDRSE1.bed   
211. bedtools intersect -a moVDRSEs.bed -b secVDR.bed -wa | uniq > VDRSE2.bed   
212. bedtools intersect -a daVDRSE.bed -b pstVDRs.bed -v | uniq > VDRSE3.bed   
213. bedtools intersect -a moVDRSEp.bed -b prmVDR.bed -v | uniq > VDRSE4.bed   
214. bedtools intersect -a moVDRSEp.bed -b prmVDR.bed -wa | uniq > VDRSE5.bed   
215. bedtools intersect -a vaVDRSE.bed -b pstVDRp.bed -v | uniq > VDRSE6.bed   
216.   
217. #count GC content   
218. samtools faidx /Users/minglu/biosoft/bowtie2/hg19_index/hg19.fa   
219. cd $E   
220. ls {VDRSE1.filtered.bed,VDRSE2.filtered.bed,VDRSE3.filtered.bed,SRR4828897_G

ateway_TypicalEnhancers.bed}|while read id;   
221. do   
222. echo $id >>$MACS/script/GCcount.log   
223. bedtools nuc -fi /Users/minglu/biosoft/bowtie2/hg19_index/hg19.fa -

bed $id >GCcount$id   
224. awk 'BEGIN {FS="\t" ; OFS="\t"}{print $4,$8}' GCcount$id >newGCcount$id   
225. done   
226.   
227. #count signal density (VDR, PU.1, or FAIRE-seq) in VDR super-

enhancer region   
228. ####samtools view /Volumes/mingbioinfo/proj1/macs/SRR4450165.sort.bam |  wc 

-l    
229. ####34572235:allmappedreads    
230. ####-r:rpm -d:density/mappedreadsonregtion, d*10e6/allmappedreads=r.   
231. ####bamtogff: -r=-d -r; -m=-d -

m; cp bamtoGFF.py to ./ dir for use with utils.py.   
232. ####nb=nobackground   
233. cd $MACS   
234. mkdir ./bamtoGFFnew/   
235. cat  > $MACS/script/run_bamtoGFFnew.sh <<\EOF   
236. SE=/Volumes/mingbioinfo/proj1/macs/ROSE/intersect   
237. E=/Volumes/mingbioinfo/proj1/macs/peak2/filteredbed/intersect   
238. MACS=/Volumes/mingbioinfo/proj1/macs   
239. ls {SRR*.sort.bam,*Faire*.sort.bam} | while read id;   
240. do   
241. echo $id   
242. ls $E/*bed | while read jd;   
243. do   
244. echo $jd   
245. awk 'BEGIN {FS="\t" ; OFS="\t"}{print $1,$4,"Ming",$2,$3,".",".",".",NR}' $j

d > $jd.gff   
246. python bamtoGFF.py -b ctrl.sort.bam -i $jd.gff \   
247.                    -f 0 -d -e 200 -r -m 1 \   
248.                    -o $MACS/bamtoGFFnew/${jd##*/}inputctrl.txt   
249. python bamtoGFF.py -b $id -i $jd.gff \   
250.                    -f 0 -d -e 200 -r -m 1 \   
251.                    -o $MACS/bamtoGFFnew/${jd##*/}${id%%.*}.txt   
252. awk 'NR==FNR {h[$1] = $3; next} {print $1"\t"$2"\t"$3-

h[$1]}' $MACS/bamtoGFFnew/${jd##*/}inputctrl.txt $MACS/bamtoGFFnew/${jd##*/}${id%%.
*}.txt > $MACS/bamtoGFFnew/nb${jd##*/}${id%%.*}.txt   

253. done   
254. done   
255. EOF   
256. chmod 755 $MACS/script/run_bamtoGFFnew.sh   



Appendices 

 

 

Ming Lu  187 
New evidence for an association between immune cells, Vitamin D and MS risk SNPs 

257. $MACS/script/run_bamtoGFFnew.sh >> $MACS/script/bamtoGFFnew.log 2>&1   
258.   
259. #####2.homer_findpeaks (Faire-

seq not suit for dnase style: https://www.biostars.org/p/282048/)#####   
260. cat > run_findpeak.sh <<\EOF   
261. ls SRR*sam | while read id;   
262. do   
263. echo $id    
264. findpeaks ${id%%.*}/ -i ctrl/ -

style factor > ${id%%.*}.enhancers.txt 2>${id%%.*}.enhancers.log   
265. findpeaks ${id%%.*}/ -i ctrl/ -style super -

typical ${id%%.*}.typ.txt > ${id%%.*}.SE.txt 2>${id%%.*}.SEtyp.log   
266. done   
267. EOF   
268. chmod 755 run_findpeak.sh   
269. ./run_findpeak.sh>>logfindpeak.log 2>&1    
270.   
271. #transform txt to bed file with normalized tag count data in the 7th column 

(NTC similar to RPKM) and Focus ratio in the 8th column (<0.8 means multiple bindin
g sites, >0.9 one binding sites: getFocalPeaks.pl ERpeaks.txt 0.90 > ERfocalPeaks.t
xt)   

272. cat > run_txt2NTCbed.sh <<\EOF   
273. ls *txt | while read id;   
274. do   
275. echo $id    
276. cut -

f 1,2,3,4,6,7 $id | awk '{print $2"\t"$3"\t"$4"\t"$1"\t"$5"\t"$6}'  >${id%.*}a.bed 
   

277. pos2bed.pl $id > ${id%.*}b.bed   
278. awk 'NR==FNR {h[$4] = $5"\t"$6; next} {print $1"\t"$2"\t"$3"\t"$4"\t"$5"\t"$

6"\t"h[$4]}' ${id%.*}a.bed ${id%.*}b.bed > ${id%.*}.bed   
279. rm ${id%.*}a.bed ${id%.*}b.bed   
280. done   
281. EOF   
282. chmod 755 run_txt2NTCbed.sh   
283. ./run_txt2NTCbed.sh>>txt2bed.log 2>&1   
284.   
285.   
286. #####3.analyse the expression VDR associated genes#####   
287. #RNA-seq on genes and lncRNA.    
288.   
289. #check tophat name: gtf annotation name with genome index name   
290. more /Volumes/mingbioinfo/proj1/annotation/gencode.v27lift37.annotation.gtf|

cut -f1|uniq   
291. hisat2-inspect --names /Volumes/mingbioinfo/proj1/annotation/hg19/genome   
292. bowtie2-inspect --names /Users/minglu/biosoft/bowtie2/hg19_index/hg19   
293. bowtie2-inspect --

names /Volumes/mingbioinfo/proj1/annotation/Homo_sapiens/Ensembl/GRCh37/Sequence/Bo
wtie2Index/genome   

294.   
295. #hisat2 align fastq to hg19   
296. mkdir $MACS/hisat2 && cd /Volumes/mingbioinfo/proj1/data/   
297. ls SRR20425*.fastq | while read id;   
298. do   
299. echo $id >> $MACS/script/hisat2.log   
300. hisat2 -t -x /Volumes/mingbioinfo/proj1/annotation/hg19/genome -U $id -

S $MACS/hisat2/${id%%.*}.sam >> $MACS/script/hisat2.log 2>&1   
301. done   
302. cd $MACS/hisat2/   
303. ls *sam | while read id;   
304. do   
305. echo $id    
306. samtools view -bh $id > ${id%%.*}.bam   
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307. ####must set -n: sort by read name for htseq.   
308. samtools sort -@ 7 -n ${id%%.*}.bam> ${id%%.*}.sort.bam   
309. done   
310. ####the pip installed HTseq and path environment impact install.py or conda.

 only conda is ok for htseq-count.   
311. ####which+command:check command path.   
312. ####GENCODE hg19 annotation is backmapped from GRCh38. chr1-

Y name are the same, although primary assemblies (such as scaffolds), e.g. GL000241
.1, are different, no impact on chromosome count results.   

313.   
314. #htseq count reads on genes.   
315. mkdir $MACS/htseq/gene && cd $MACS/htseq/gene   
316. ls $MACS/hisat2/*.sort.bam | while read id   
317. do   
318. file=$(basename $id )   
319. sample=${file%%.*}   
320. echo $id $sample >> $MACS/script/htseqcount.log 2>&1   
321. htseq-count -s no -m intersection-nonempty -t exon -i gene_name -r name -

f bam $id /Volumes/mingbioinfo/proj1/annotation/gencode.v27lift37.basic.annotation.
gtf > gene$sample.count   

322. htseq-count -s no -m intersection-nonempty -t exon -i gene_name -r name -
f bam $id /Volumes/mingbioinfo/proj1/annotation/gencode.v27lift37.long_noncoding_RN
As.gtf > lncRNA$sample.count    

323. done   
324. ####caculate gene length   
325. awk -

F '\t' 'BEGIN {OFS = FS}; NR==FNR {a[$4]=$4; b[$4]=$3; c[$4]=$2; next}; ($1==a[$1])
{print a[$1],b[$1]-
c[$1]}' /Volumes/mingbioinfo/proj1/annotation/gencode.v27lift37.basic.annotation.st
rand.bed /Volumes/mingbioinfo/proj1/macs/htseq/gene/geneSRR2042584.count > $ANNO/ge
nelength.txt   

326. awk -
F '\t' 'BEGIN {OFS = FS};NR==FNR {a[$4] = $4; b[$4]=$3;c[$4]=$2; next}; ($1!=a[$1])
{print $1,$2,b[$1]-
c[$1]}' /Volumes/mingbioinfo/proj1/annotation/gencode.v27lift37.basic.annotation.st
rand.bed /Volumes/mingbioinfo/proj1/macs/htseq/gene/geneSRR2042584.count > $ANNO/ge
nelength2.txt   

327.    
328. .....R.....   
329. ####sorting RNA-seq data.frame   
330. C1=read.table("/Volumes/mingbioinfo/proj1/macs/htseq/gene/geneSRR2042584.cou

nt",row.names=1)   
331. C2=read.table("/Volumes/mingbioinfo/proj1/macs/htseq/gene/geneSRR2042590.cou

nt",row.names=1)   
332. C3=read.table("/Volumes/mingbioinfo/proj1/macs/htseq/gene/geneSRR2042596.cou

nt",row.names=1)   
333. V1=read.table("/Volumes/mingbioinfo/proj1/macs/htseq/gene/geneSRR2042585.cou

nt",row.names=1)   
334. V2=read.table("/Volumes/mingbioinfo/proj1/macs/htseq/gene/geneSRR2042591.cou

nt",row.names=1)   
335. V3=read.table("/Volumes/mingbioinfo/proj1/macs/htseq/gene/geneSRR2042597.cou

nt",row.names=1)   
336. data=cbind(C1,C2,C3,V1,V2,V3)   
337. head(data, n = 10)   
338. tail(data, n = 10)   
339. n=nrow(data)   
340. data=data[1:(n-5),]   
341. colnames(data)=c("C1","C2","C3","V1","V2","V3")   
342. myCPM <- cpm(data)   
343. thresh <- myCPM > 0.5   
344. keep <- rowSums(thresh) >= 2   
345. data.keep <- data[keep,]   
346. head(data.keep)   
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347. summary(keep)   
348. dim(data.keep)   
349. is.data.frame(data.keep)   
350. is.data.frame(data)   
351. #### limma/voom: linear model   
352. y <- DGEList(data.keep)   
353. y$samples   
354. y <- calcNormFactors(y)   
355. y$samples   
356. group=rep(c("C","V"),c(3,3))   
357. group <- factor(group, levels=c("C", "V"))   
358. design <- model.matrix(~ 0 + group)   
359. colnames(design) <- levels(group)   
360. #only group1: default normalize="quantile".   
361. v <- voom(y,design,plot = TRUE)   
362. v   
363. fit <- lmFit(v)   
364. names(fit)   
365. cont.matrix <- makeContrasts(DE= V - C,levels=design)   
366. fit.cont <- contrasts.fit(fit, cont.matrix)   
367. fit.cont <- eBayes(fit.cont)   
368. dim(fit.cont)   
369. summa.fit <- decideTests(fit.cont)   
370. summary(summa.fit)   
371. DEtable <- topTable(fit.cont,coef="DE",sort.by="p",n="Inf")   
372. DEtableM1 <- topTable(fit.cont,coef="DE",sort.by="M",n="Inf")   
373. head(DEtableM,20)   
374. ####simply rank by p-

value and then discard genes with small logFC’s, increase the false discovery rate.
   

375. ####treat in the limma package that performs this style of analysis correctl
y (McCarthy and Smyth 2009).   

376. fit.treat2 <- treat(fit.cont,lfc=1)   
377. res.treat2 <- decideTests(fit.treat2)   
378. summary(res.treat2)   
379. DEtableM2 <- topTable(fit.treat2,coef="DE", sort.by="M",n="Inf")   
380. DEtableM2 <- cbind(Gene = rownames(DEtableM2),DEtableM2)   
381. ####draw MDplot and SE curve.use VSE2 as representive.   
382. ####MDplot   
383. V2SEgene = read.table("/Volumes/mingbioinfo/proj1/macs/peak2/filteredbed/int

ersect/hg19geneclosestVDRSE2.txt")   
384. V2SElncRNA = read.table("/Volumes/mingbioinfo/proj1/macs/peak2/filteredbed/i

ntersect/hg19lncRNAclosestVDRSE2.txt")   
385. V2SEgene$V4 <- as.character(V2SEgene$V4)   
386. V2SElncRNA$V4 <- as.character(V2SElncRNA$V4)   
387. DEtableM2$color <- ifelse(DEtableM2$adj.P.Val < 0.05 & abs(DEtableM2$logFC) 

>= 1,ifelse(DEtableM2$logFC >= 1 , 'up_sig0.05','down_sig0.05'),'nosig')   
388. Color <- c(up_sig0.05 = "red", nosig = "gray", down_sig0.05="green")   
389. llp <- ggplot(DEtableM2, aes(AveExpr, logFC, col = color  )) +   
390.   geom_point() +   
391.   theme_bw() +   
392.   scale_color_manual(values = color) +   
393.   labs(x="Average log-expression",y="log2 (fold change)") +   
394.   geom_hline(yintercept = c(-1, 1, 0), lty=4,col="black",lwd=0.6) +   
395.   theme(legend.position = "right",panel.grid=element_blank(),axis.title = el

ement_text(size = 16),   
396.         axis.text = element_text(size = 14))+   
397.   scale_x_continuous(breaks=c(0,5,10))+   
398.   annotate("text",y = c(-1,0,1),x=-3.5,label = c("-1","0","1"))   
399. llp2 <- llp +   
400.   geom_text_repel(data = DEtableM2[DEtableM2$adj.P.Val < 0.05 & abs(DEtableM

2$logFC) >= 1 & DEtableM2$Gene %in% V2SEgene$V4 & !(DEtableM2$Gene %in% V2SElncRNA$
V4),], aes(label=Gene),   



Appendices 

 

 

Ming Lu  190 
New evidence for an association between immune cells, Vitamin D and MS risk SNPs 

401.                   nudge_x      = 4,   
402.                   direction    = "y",   
403.                   segment.size = 0.2,   
404.                   min.segment.length = 0,   
405.                   colour = "black",   
406.                   size =3   
407.   ) +   
408.   ggtitle("1,25(OH)2D3 induced transcriptome")+   
409.   geom_text_repel(data = DEtableM2[DEtableM2$adj.P.Val < 0.05 & abs(DEtableM

2$logFC) >= 1 & DEtableM2$Gene %in% V2SElncRNA$V4,], aes(label=Gene),   
410.                   nudge_x      = 4,   
411.                   direction    = "y",   
412.                   segment.size = 0.2,   
413.                   min.segment.length = 0,   
414.                   colour = "blue",   
415.                   size =3   
416.   )   
417. llp2   
418. ####SE curve   
419. enhancer=read.table("/Volumes/mingbioinfo/proj1/macs/ROSE/SRR4828897_AllEnha

ncers.table.txt",header=T)   
420. enhancer1=read.table("/Volumes/mingbioinfo/proj1/macs/ROSE/SRR4450165_AllEnh

ancers.table.txt",header=T)   
421. enhancer2=read.table("/Volumes/mingbioinfo/proj1/macs/ROSE/24hFaire_AllEnhan

cers.table.txt",header=T)   
422. enhancer['VDR']=(enhancer['SRR4828897.sort.bam']-

enhancer['ctrl.sort.bam'])/10000   
423. enhancer1['PU1']=(enhancer1['SRR4450165.sort.bam']-

enhancer1['ctrl.sort.bam'])/10000   
424. enhancer2['FAIRE']=(enhancer2['X24hFaire.sort.bam']-

enhancer2['ctrl.sort.bam'])/10000   
425. enhancer['norVDR']=(enhancer['SRR4828897.sort.bam']-

enhancer['ctrl.sort.bam'])/10000/enhancer[['VDR']][1]   
426. enhancer1['norPU1']=(enhancer1['SRR4450165.sort.bam']-

enhancer1['ctrl.sort.bam'])/10000/enhancer1[['PU1']][1]   
427. enhancer2['norFAIRE']=(enhancer2['X24hFaire.sort.bam']-

enhancer2['ctrl.sort.bam'])/10000/enhancer2[['FAIRE']][1]   
428. plot(1:dim(enhancer)[1]/dim(enhancer)[1],enhancer[['norVDR']],col="red",xlab

="Normalized Enhancer Ranks by Decreasing Signal",ylab="Normalized Signal"   
429.      , type="l")   
430. lines(1:dim(enhancer1)[1]/dim(enhancer1)[1],enhancer1[['norPU1']],col='blue'

,lwd=2)   
431. lines(1:dim(enhancer2)[1]/dim(enhancer2)[1],enhancer2[['norFAIRE']],col='gre

en',lwd=2)   
432. ####SE curve with gene name nearby   
433. V2SEglist2<-

DEtableM2[DEtableM2$adj.P.Val < 0.05 & abs(DEtableM2$logFC) >= 1 & DEtableM2$Gene %
in% V2SEgene$V4,]$Gene   

434. pic2 <-ggplot(enhancer, aes(enhancerRank, VDR )) +   
435.   geom_point() +   
436.   theme_bw() +   
437.   labs(x="Enhancer Rank",y="ChIP-seq Signal") +   
438.   geom_hline(yintercept = (border$SRR4828897.sort.bam-

border$ctrl.sort.bam)/10000, lty=4,col="black",lwd=0.6) +   
439.   geom_vline(xintercept = border$enhancerRank, lty=4,col="black",lwd=0.6) + 

  
440.   geom_text_repel(data = enhancer[enhancer$REGION_ID %in% V2SEgene[V2SEgene$

V4 %in% V2SEglist2, ]$V8,], aes(label=REGION_ID),   
441.                   nudge_x      = 4000,   
442.                   nudge_y      = 4,   
443.                   direction    = "y",   
444.                   segment.size = 0.2,   
445.                   min.segment.length = 0,   
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446.                   colour = "black",   
447.                   size =3   
448.   )   
449.   
450.   
451. #####4.use igv to show binding strength #####   
452. #first: check fragment length (homer guess the f length 191 or 150=macs2 -

bw 150; 9th column in BAM when paired reads; read length = 51 in the 5th column of 
BAM file) (set as 100=150-51)   

453. ls *bed | while read id   
454. do   
455. echo $id>>fraglen.log   
456. more $id | grep "fragment">>fraglen.log   
457. done   
458. #second: transform sorted indexed bam file to tdf file   
459. mkdir $MACS/tdf   
460. ls $MACS/*sort.bam | while read id;   
461. do   
462. echo $id    
463. igvtools count -z 7 -w 25 -

e 99 $id $MACS/tdf/${id##*/}.cov.tdf hg19 2>>bam2tdf.log   
464. done   
465. HISAT2=/Volumes/mingbioinfo/proj1/macs/hisat2   
466. cd $HISAT2   
467. #need resort bam from hisat2 according to chromosomal coordinates without -

n flag.   
468. ls *sam | while read id;   
469. do   
470. echo $id    
471. samtools sort -@ 7 ${id%%.*}.bam> ${id%%.*}.sortchr.bam   
472. samtools index ${id%%.*}.sortchr.bam   
473. done   
474. echo "/Volumes/mingbioinfo/proj1/macs/hisat2/SRR2042584.sortchr.bam   
475. /Volumes/mingbioinfo/proj1/macs/hisat2/SRR2042590.sortchr.bam   
476. /Volumes/mingbioinfo/proj1/macs/hisat2/SRR2042596.sortchr.bam">ctrlbam.txt   
477. echo "/Volumes/mingbioinfo/proj1/macs/hisat2/SRR2042585.sortchr.bam   
478. /Volumes/mingbioinfo/proj1/macs/hisat2/SRR2042591.sortchr.bam   
479. /Volumes/mingbioinfo/proj1/macs/hisat2/SRR2042597.sortchr.bam">vitdbam.txt   
480. samtools merge -b ctrlbam.txt ctrlbam.bam   
481. samtools merge -b vitdbam.txt vitdbam.bam   
482. igvtools count -z 7 -w 25 -

e 99 ctrlbam.bam $MACS/tdf/ctrlRNA.cov.tdf hg19 2>>$MACS/script/bam2tdf2.log   
483. igvtools count -z 7 -w 25 -

e 99 vitdbam.bam $MACS/tdf/vitdRNA.cov.tdf hg19 2>>$MACS/script/bam2tdf2.log   
484.   
485.   
486.   
487. ############SNP###############   
488. ####1.GET SNP####   
489. #first get all the snps by merge non-MHC snps from GWAS Catalog and non-

MHC snps from IMSGC newest regults.   
490. #then get their name list with rsID for search proxy snps in 500bp region wi

th r2>0.8 from hapmap3 and 1kg db in SNAP (1-
index, same to NCBI, but Regulomedb need 0-index).   

491. #merge all the result, deleted WARNING, get their hg19 regions.    
492. cat *nameonly.txt | sort | uniq > SNPLD.txt   
493. #add primary names without rsID but hg19 chrx:y format from IMSGC results.   
494. ####http://grch37.ensembl.org/Homo_sapiens/Tools/VEP, check.   
495. more /Volumes/mingbioinfo/proj1/Rproj/RNAseq/SNPLDHG19.txt |uniq|tr ':-

' '\t'| awk '{print "chr"$2"\t"$3"\t"$4"\t"$1}'|sort> SNPLD.bed   
496. tr -d '\r' < SNPLD.txt > SNPLDnew.txt   
497. ####As Regulomedb is 0-based, NCBI SNP position is 1-based   
498. cd /Volumes/mingbioinfo/proj1/macs/peak2/filteredbed/intersect   
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499. ls SNPLD* | while read id;   
500. do   
501. #awk 'BEGIN {FS="\t" ; OFS="\t"}{print $1,$2-1,$3}' $id > NEW${id%%.*}.bed   
502. awk 'BEGIN {FS="\t" ; OFS="\t"}{print $4}' $id > rsID${id%%.*}.txt   
503. done   
504.   
505.   
506. ####2.Enrichment of SNP in VSE2####   
507. .....R.....   
508. hg19 <- BSgenome.Hsapiens.UCSC.hg19   
509. VSE2.targets <- toGRanges("/Volumes/mingbioinfo/proj1/macs/peak2/filteredbed

/intersect/VDRSE2.filtered.bed")   
510. MS.SNP <- toGRanges("/Volumes/mingbioinfo/proj1/Rproj/RNAseq/SNPLDnew.bed") 

  
511. blacklist <- toGRanges("/Volumes/mingbioinfo/proj1/macs/peak2/filteredbed/in

tersect/blacklist.bed")   
512. whole.genome <- filterChromosomes(getGenome(genome="hg19"), chr.type="canoni

cal")   
513. mask1 <- subtractRegions(whole.genome, blacklist)   
514. mask <- subtractRegions(mask1, VSE2.targets)   
515. numberOfNorOvVSE2 <- function(A, B,...) {   
516.   numov <- numOverlaps(A, B)   
517.   numnor <- numov/sum(VDRSE2$V2)*10000000   
518.   return(numnor)     
519. }   
520. ptv2 <- permTest(A=VSE2.targets, randomize.function=circularRandomizeRegions

, evaluate.function=numberOfNorOvVSE2, B=MS.SNP,    
521.                  mask=mask, genome="hg19", ntimes=1000)   
522.  
523.  
524. #################GO and KEGG enrichment############## 
525. ####use VSE2 gene list as a representative 
526. vse2 = bitr(V2SEglist2, fromType="SYMBOL", toType="ENTREZID", 

OrgDb="org.Hs.eg.db") 
527. egose2 <- enrichGO(gene          = vse2$ENTREZID, 
528.                 keytype = "ENTREZID", 
529.                 OrgDb         = org.Hs.eg.db, 
530.                 ont           = "BP", 
531.                 pvalueCutoff  = 0.05, 
532.                 qvalueCutoff  = 0.01, 
533.                 readable      = TRUE) 
534. summary(egose2) 
535. cnetplot(egose2, categorySize = "pvalue", showCategory = 6) 
536.  
537. er<-enrichKEGG(vse2$ENTREZID, organism = "hsa", keyType = "kegg",  
538.             use_internal_data = F) 
539. er1<-setReadable(er,'org.Hs.eg.db',keytype = "ENTREZID") 
540. cnetplot(er1, categorySize = "pvalue", showCategory = 6) 
541. summary(er1) 
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