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Non-coding functional SNPs within the arthritis-associated TRAF1-C5 locus 

Abstract 

The TRAF1-C5 locus is associated by genome-wide association studies (GWAS) with 

susceptibility to rheumatoid arthritis and juvenile idiopathic arthritis. Monocytes from healthy 

individuals with the arthritis-associated risk variant rs3761847 express lower intracellular 

TRAF1 protein in response to LPS and have greater LPS-induced production of IL-6 and TNF, 

consistent with a role in inflammatory disease. However, the functional interpretation of this 

finding remains challenging. Tagging SNPs identified by GWAS are often not causal 

themselves, but rather simply reside in close association with true functional variants. Further, 

most GWAS-defined risk loci – including TRAF1-C5 – contain no candidate exonic variants, 

such that most causal SNPs are believed to operate by modulating the binding of regulatory 

proteins.  

This thesis is focused on discovering the causal variant(s) at TRAF1-C5 that modulate 

TRAF1 expression, and to define the protein-DNA association that drives this mechanism. We 

screened a library of 132 TRAF1-C5 SNPs in linkage disequilibrium with rs7039505 using SNP-
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seq, a new technique developed in the mentor’s lab that employs type IIS enzyme restriction and 

next generation sequencing to identify SNPs that bind proteins from nuclear extract. The 11 

candidate functional SNPs identified via this method were tested via electrophoretic mobility 

shift and luciferase assays in THP1 monocytic cells, revealing allele-specific differences in 

protein binding capacity and transcription activity at rs7034653, rs10760129 and rs1609810. To 

further investigate the regulatory mechanism by which these SNPs execute their function, we 

aim to identify the associated regulatory proteins using Flanking Restriction Enhanced Pulldown 

(FREP), which takes advantage of flanking restriction to eliminate the non-specific binding 

protein at both end of the SNP bait sequence, as well as supershift assays with antibodies against 

transcription factors that recognize consensus sequences potentially altered by the candidate 

variants. Together, these studies will define the mechanism through which variation at TRAF1-

C5 promotes susceptibility to human inflammatory disease.    
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1. Chapter 1: Background 

1.1. Background 

The inflammatory arthritides, including rheumatoid arthritis (RA) and juvenile idiopathic 

arthritis (JIA), are complex diseases involving multiple genetic and environmental factors in 

disease onset and pathogenesis. Genetic factors contribute substantially to the arthritis 

susceptibility1, 2. The heritability estimate approaches 65% in RA3. Disease concordance rates for 

JIA in monozygotic twins is approximately 40%, and siblings of those affected by JIA have an 

11.6-fold increase in risk compared to the general population4. Although inflammatory arthritis 

has a considerable genetic component, no single genetic risk factor triggers disease development. 

Instead, a large number of genetic variants, each with small effect, contribute to arthritis 

susceptibility and pathogenesis5, 6. Understanding how these genetic variants influence disease 

susceptibility and outcomes can lead to a better understanding of disease pathogenesis and 

improve disease classification, diagnosis, and ultimately in therapy and prevention.   

The understanding of complex diseases has been progressing largely in recent years due to 

the technological advances of high-throughput sequencing methods and statistical analysis. 

Genome-Wide Association Study (GWAS) are large, case-control studies, which use genotyping 

array that contain millions of single-nucleotide polymorphisms (SNPs) to identify risk variants 

that occur more frequently in people with a disease or trait relative to healthy individuals. For 

example, the largest GWAS meta-analysis investigating RA, including patients from across 

Europe, the USA and Japan, identified 101 risk loci7. This study revealed that RA risk loci are 

shared between Asian and European population, with only 5 out of 101 as population-specific. 
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By assigning putative causal genes to these regions, this study demonstrated an enrichment of 

disease-associated loci in signaling pathway genes and genes encoding approved RA drug 

targets. Another study which applied statistical imputation to the GWAS-identified RA 

associated-SNPs within the HLA region revealed the RA- associated risk variants form changes 

in the amino acids position 11, 13, 71, and 74 of HLA-DRB1 protein, position 9 at HLA-B and 

position 9 at HLA- DPB1 in the major binding groove and therefore with impact on MHC II 

antigen presentation8, 9. These examples show how GWAS can facilitate the understanding of 

mechanistic pathways in disease onset and/or outcome. 

Genetic association analysis has illustrated some genetic similarities between diseases. For 

example, sero-positive RA in adults shared diseases associated loci with and rheumatoid factor 

(RF)-positive polyarticular JIA in children; and oligoarticular and RF-negative polyarticular JIA 

(polygoJIA) has the genetic overlap with adult seronegative RA10; however, genes associated 

with RA demonstrate little or no overlap with psoriatic arthritis(PsA) -associated genes11. These 

genetic association can facilitate disease categorization and subgrouping. Using the genetic 

association data along with clinical data, inflammatory arthritis can be categorized into 4 main 

clusters, that is more practical than current classification. The nature of these overlaps also 

reflected in disease therapy. Methotrexate have shown be successful in treating RA and JIA, 

whereas shown little efficacy in treating PsA12. This reflected the genetic susceptibility regions 

that overlap between diseases may suggest common disease mechanisms and inform treatment 

choices.  
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The TRAF1-C5 locus was found to associated with RA susceptibility in one of the earliest 

GWAS, which include 1,522 seropositive RA patients and 1,850 controls13. This result was 

replicated in the largest meta-analysis GWAS in RA, which included 29,880 RA cases and 

73,758 controls of European and Asian ancestries7. An early GWAS, which included 67 

oligoarticular and seronegative polyarticular JIA (polygoJIA) patients and 2000 control, showed 

an association of TRA1-C5 with JIA susceptibility14. Immunochip is a custom SNP array 

designed for dense genotyping of 186 autoimmunity loci previously identified from GWAS. 

Recently, a recent Immunochip study, which included 5,000 polygo JIA patients and 15,000 

controls showed suggestive association of TRAF1-C5 with JIA. This indicated that the TRAF1-

C5 might be the shared pathway for both RA and JIA. It also had been shown that TRAF1-C5 is 

associated with RA clinical outcome and treatment response. Seronegative-RA patients with the 

risk allele of SNP rs2900180 in TRAF1-C5 locus presented with higher Sharp-van der Heijde 

(SHS) score on radiological examination during seven-year of follow-up15, which means more 

severe joint damage as the disease progresses. The risk allele of SNP rs3761847 SNP in 

TRAF1/C5 region had been shown to associated with a poor response to TNF inhibitor, one of 

the most common biologic treatment for RA and JIA16. 

The TRAF1-C5 locus contains three genes, TRAF1, C5 and PHF19, that all have potential 

functional implication in arthritis pathogenesis. TRAF1, Tumor necrosis factor receptor-

associated factor 1, is a signal adaptor of tumor necrosis factor (TNF) signaling and shown to be 

essential for suppression of TNF-induced apoptosis and enhancement of lymphocyte survival by 

binding with TRAF2 to activate the classical NF-κB and mitogen associated protein kinase 

(MAPK) pathway17, 18, 19. C5, complement 5, signaling is crucial for the progression of 
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inflammatory arthritis as elevated levels of C5a and sC5b-9 complexes have been observed in 

synovial fluid of RA patients20, and C5aR knockout mice did not develop collagen antibody-

induced arthritis21. PHF19, PHD Finger protein 19, is a component of polycomb repressive 

complex 2 (PRC2), although no evidence in arthritis biology yet, is important for regulation of 

gene repression during cell differentiation22. To link an associated risk variant to causal gene, 

one plausible way is to find the genes the expression level of which is correlated with the 

presence of a specific SNP in the same haplotype block of risk-associated SNPs. Such SNPs are 

called expression quantitative trait loci (eQTLs)23, 24. eQTL studies have allowed to systemically 

identify the target genes of several RA susceptibility loci. A study that integrated the latest 

GWAS for rheumatoid arthritis and the eQTL study found that TRAF1, rather than C5, PHF19 

or other genes, is the most functionally relevant gene in the TRAF1-C5 locus for RA25. 

SNPs in TRAF1-C5 locus have been shown to be associated with monocyte function 

through the regulation of TRAF1 expression26. This study showed that monocytes from healthy 

individuals with the arthritis-associated risk variant rs3761847 express lower intracellular 

TRAF1 protein in response to lipopolysaccharides (LPS), but have greater LPS-induced 

production of IL-6 and TNF. TRAF1 knockdown monocytic cell line THP-1 cells produced more 

TNF, IL-6, CCL5, and IL12B(p40) after LPS stimulation, independently of TNF. Traf1 knock-

out mice produce excess cytokine downstream of TLR signaling and enhanced LPS-induced 

sepsis. This indicates TRAF1 is a negative regulator of TLR signaling and provides some 

insights in the role of disease-associated TRAF1-C5 SNPs in inflammatory disease. 
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Given the knowledge of the TRAF1-C5 locus as a genetic risk factor to RA and JIA and 

associated with the pro-inflammatory monocytes by downregulating TRAF1 expression, 

however, the functional interpretation of how these SNPs in TRAF1-C5 locus influence the 

TRAF1 expression remains challenging. The first challenge is that the tagging SNPs identified 

by GWAS (lead SNP or index SNP) are often not causal themselves, but rather simply reside in 

the linkage disequilibrium (LD) block with true functional variants27. GWAS is unable to distinct 

the fSNPs from the linked SNPs. The arthritis-associated lead SNPs at TRAF1-C5 are in an LD 

block with hundreds of linked SNPs, and the functional SNPs in this region remains unknown13 

(Figure 1-1 A). Further, more than 90% GWAS-defined SNPs associated with complex diseases 

are located in non-coding regions, not in LD with any candidate causal coding (exonic) variant28. 

Such non-coding variants are likely to affect the gene expression regulation in term of 

magnitude, cell type-specific and stimulation-responses6, 29. (Figure 1-1 B). These non-coding 

regions are thought to be several types of elements involved in transcriptional regulation 

including promoters, enhancers, and nuclear structure-associated elements such as CCCTC-

binding factor (CTCF) binding regions29, 30, 31. Indeed, studies mapping the open chromatin status 

in 56 cell types showed ∼60% non-coding SNPs mapped to immune-cell enhancers, and the 

enhancer turned into active status upon immune stimulation28. This study also showed the risk 

loci of RA, type 1 diabetes, celiac disease, Crohn’s disease preferentially mapped to active 

enhancers and promoters in primary CD4+ T cells, whereas systemic lupus erythematosus, 

Kawasaki disease, and primary biliary cirrhosis, preferentially mapped to B cell elements28. 

These non-coding SNPS, termed functional SNPs (fSNPs) by Dr. Nigrovic, are believed to 

control gene expression by modulating the binding of regulatory proteins32, 33. Thus, it is difficult 
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to pinpoint the fSNPs in the GWAS-identified loci, not to mention the regulatory proteins bound 

on the fSNPs. 

In this thesis, we aimed to elucidate how the TRAF1-C5 locus exert the effect on regulation 

of TRAF1 expression and lead to inflammatory arthritis. We hypothesized that the fSNPs in 

TRAF1-C5 were located in genomic regulatory regions and altered the binding sequence 

determinants of the bound transcriptional factors, leading to the downregulation of TRAF1 and 

more pro-inflammatory cytokine production (Figure 1-2 A). We used SNP-seq34 (single 

nucleotide polymorphism-next generation sequencing) followed by FREP 35(flanking restriction 

enhanced pulldown), a set of experimental techniques newly developed in our lab, to address the 

GWAS challenges (Figure 1-2 B). SNP-seq is a high-throughput experimental assay used to 

enrich the non-coding fSNPs at TRAF1-C5 region that can modulate gene expression. FREP is a 

modified pulldown assay used to define the specific regulatory protein bound on the fSNPs. 
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1.2. Schematic figures  

 

Figure 1-1: Current two GWAS challenges.  
(A) LD plot of TRAF1-C5 region showed hundreds of SNPs are highly linked in this LD block. 
(Images is modified from Plenge, R., et al. NEJM, 2007) (B) Diagram of linked SNP and causal 
SNPs (Image modified form University of Utah Learn.Genetics.). 

 

Figure 1-2: (A) Hypothesis and (B) Experimental design 
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2. Chapter 2: Data and Methods 

2.1. Short Introduction 

First, we generated a library containing both risk and non-risk alleles of 132 potential fSNPs 

(see Appendix) that were highly correlated with JIA lead SNP, rs7039505 (LD, r2 >0.7). We then 

applied SNP-seq34, which employs type IIS enzyme restriction and next generation sequencing in 

an unbiased high-throughput experimental assay, to enrich the fSNPs that bind proteins from 

nuclear extract. We used nuclear extract from human monocyte-derived macrophage since the 

TRAF1-C5 risk variant has been shown to regulate the TRAF1 expression and cytokine 

production in human monocytes, but not in T cells26. The candidate fSNPs identified by SNP-seq 

were tested through electrophoretic mobility shift (EMSA) and luciferase assays to validate their 

capability in protein binding and gene regulation. To further investigate the regulatory 

mechanism by which these SNPs execute their function, FREP34, 35 was performed to identify the 

associated regulatory proteins, taking advantage of flanking restriction to eliminate the non-

specific binding protein at both end of the SNP bait sequence. As a supplementary approach, we 

performed supershift assays with antibodies against transcription factors that have been 

identified to recognize candidate variant sequences.  

2.2. Materials and Methods 

2.2.1. Human monocyte-derived macrophages 

Heparinized peripheral blood was collected from healthy donors. Peripheral blood 

mononuclear cells (PBMC) were isolated using Ficoll/Hypaque 1.077 g/ml (Sigma Chemical Co) 
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following the manufacturer’s instructions. Monocytes were isolated from PBMC by cell culture 

flask adherence method. 500×106 PBMCs per flask were seeded into T225 Flask (Corning�), 

and allowed to adhere in a 5% CO2 incubator at 37˚C for 2 hours in 50 ml of RPMI. Non-

adherent cells were removed and the adherent cells were carefully washed twice with 1× PBS 

and seeded in T225 flask in the presence of 2u/ml of hGM-CSF. After overnight incubation, non-

adherent cells were removed and replaced with fresh RPMI with 2u/ml of hGM-CSF for 

additional 2-3 days.  

2.2.2. Cell Culture 

Human THP-1 cells purchased from ATCC were grown in RPMI1640 medium (GibcoTM) 

with 10% Fetal Bovine Serum (GibcoTM) and 1% Penicillin Streptomycin (GibcoTM) in a 75cm2 

Rectangular Canted Neck Cell Culture Flask (Corning�).  

2.2.3. Nuclear Extract Preparation 

Nuclear extracts were prepared from human monocyte-derived macrophages or THP-1 cell 

lines using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher 

Scientific™) following the manufacturer’s instructions. Protein concentration was measured with 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific™), and samples were stored at −80 °C 

until use.  



10 

 

2.2.4. SNP-seq 

A SNP-seq library construct is synthesized as a 150 bp double-stranded DNA containing 

two type IIS RE (Bpm I) binding sites flanking a 31bp sequence that is homologous to the 

sequence of the target SNPs with the SNP variant itself located exactly at Bpm I cleavage site 

(Figure 2-1 A). Bpm I cleaves at a fixed distance (15 bp) from the recognition sequence. The 

sequences for the SNP-seq library oligonucleotides and the library preparation primers are listed 

in Table 3. For SNP-seq screening of TRAF1-C5 locus, 10 ng of SNP-seq library construct pool 

was amplified by PCR with Bio-MagF+G5 primer and MagR+G3 primer for 25 cycles with 

AccuPrime Taq (Thermo Fisher Scientific) at 95C for 90 s; 58C for 90 s and 72C for 40 s. After 

gel purification, 10 ng of biotinylated DNA was attached to 4 μl streptavidin-Dynabeads M-280 

(Invitrogen) according to the manufacturer’s protocol. The DNA-beads were then incubated with 

100 μg nuclear extract for 2 hr at room temperature in LightShift Chemiluminescent EMSA Kit 

reaction buffer (Thermo Fisher Scientific). After washing and separation, the DNA-beads were 

digested with 2 μl Bpm I (NEB) for 1 hour at 37C. After another wash and separation, the DNA 

was amplified again with Bio-MagF primer and MagR primers, and re-attached to the 

Dynabeads for the next SNP-seq cycle. 10 cycles were performed in total. A NGS sequencing 

library was prepared with DNA from cycles 2, 4, 6, 8, 10 according to a published protocol36. 

Briefly, the protected constructs with the sequencing primer binding site were enriched through 

PCR with L1seq and R1 primers and then the barcoded sequences were added through PCR with 

L2 and R2 primers. 
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Figure 2-1: SNP-seq.  

(A) SNP-seq construct. A 31 bp SNP sequence with the SNP centered in the middle on the type 
IIS restriction enzyme (IIS RE, here we used Bpm I) cutting site is flanked with two Bpm I 
binding sites. A next-generation sequencing (NGS) primer is included for high throughput 
sequencing. The whole construct can be amplified using 5’bio-primer and 3’primers. (B) SNPs 
that bind regulatory proteins such as transcription factors (TF) are protected after IIS RE 
cleavage (Lower) and will be enriched by PCR; otherwise the SNPs are negatively selected by 
PCR. (C) The experimental procedure for SNP-seq for the TRAF1-C5 locus. (Image modified 
from Gang Li, et al. 2018. Nature Genetics.) 
 
 

2.2.5. Electrophoretic mobility shift assays 

For biotin-labeled probe preparation, 31-bp single-stranded oligodeoxynucleotides 

containing sequences that are homologous to the sequence of the target SNPs with the intended 

SNP variant in the center was labeled with 1-3 biotinylated ribonucleotides at 3’ end using 

Biotin 3´ End DNA Labeling Kit (Thermo ScientificTM). The single-stranded 

oligodeoxynucleotides used for biotinylation (IDT) are listed in Table 3. Biotin-labeled double-

stranded DNA probes were synthesized by annealing the forward and reverse biotin-labeled 
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primer IISRE
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RE

TF
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B

10 cycles

Target enrichment
§ Attach DNA to Dynabeads
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SNP-seq library preparation

NGS library preparation
§ Enrich sequencing primer binding site
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NGS sequencing and result analysis 

C
Pooled TRAF1-C5 SNP constructs
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single-stranded DNA oligonucleotides first at 95 °C for 5 min and then at room temperature for 

at one hour. The unlabeled double-stranded probes were synthesized in the same way from the 

corresponding unlabeled single-stranded oligodeoxynucleotides. 

DNA-protein binding reactions were performed in a 20 μl mixture containing 16 μg nuclear 

protein and 1 μg poly(dI-dC) in 2.5% glycerol, 5 mM MgCl2, 0.05% NP-40, 1 mM dithiothreitol, 

50 mM KCl and 10 mM Tris using LightShift™ EMSA Optimization and Control Kit (Thermo 

ScientificTM). Nuclear extracts were incubated with 25 fmol biotin-labeled DNA probe at room 

temperature for 30 min and then loaded on a 6% polyacrylamide gel. Electrophoresis was 

performed in 0.5x TBE at 116 V. The DNA and protein were transferred to nylon membrane in 

0.5x TBE for 1 hour at 40V at 4 ℃. The biotin-labeled probes were detected by enhanced 

luminol substrate after incubation with Streptavidin-horseradish peroxidase (HRP) Conjugate 

using Chemiluminescent Nucleic Acid Detection Module Kit (Thermo ScientificTM). For 

competition assay, unlabeled 31-bp double-stranded oligonucleotides were added to the DNA-

protein binding reactions at 200-fold excess of biotin-probes (5 pmol). For antibody supershift 

experiments, nuclear extracts were incubated with 2 μl of antibody for 1 h on ice before 

adding biotin-labeled DNA probe. After the addition of labeled DNA probe, the binding reaction 

was incubated for an additional 30 min at room temperature. The antibodies used were cFos (6-

2H-2 F), GATA-2(CG2-96), Pol II Antibody (CTD 4H8), TBP (58C9), p-NFkB p50 (A-8), and 

NFkB p50 (D-6) from Santa Cruz Biotechnology; mouse IgG2a kappa, mouse IgG2b kappa from 

Biolegend, mouse IgG1 kappa from Invitrogen. 
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2.2.6. Luciferase reporter assay 

A 31-bp double-stranded oligodeoxynucleotides containing sequences that are homologous 

to the sequence of the target SNPs with the intended SNP variant in the center were flanked with 

BamHI site by PCR and then were cloned into the pGL3-Promoter vector (Promega) in sense 

orientations just downstream of the stop codon of the firefly luciferase gene at BamHI site. All 

pGL3-SNP constructs were verified by DNA sequencing (Eton Bioscience). 

THP-1 cells were transfected at roughly 80% confluence and maintained in RPMI with 10% 

FBS. The firefly luciferase constructs were co-transfected with the Renilla luciferase pRLTK 

Vector (Promega) using the TransIT-2020 transfection reagent (Muris) in the ratio 350ng : 250 

ng:1.8 ml mixed with Opti-MEM I Reduced Serum Medium (Invitrogen) for a 23 ml mix for 

each well of 48-well plates. Twenty-four hours after transfection, firefly and Renilla luciferase 

activities were measured using the Dual-Glo Luciferase Reporter Assay System (Promega) 

according to the manufacturer’s protocol.  

2.2.7. FREP 

A 5’-end biotin-labeled 82bp double-stranded DNA fragment was conjugated to 

streptavidin coated DynabeadsTM M-280 following manufacturer’s instructions (Invitrogen). This 

fragment designed to include a 31bp sequence matching the target SNP with the SNP variant in 

the center (see below, labeled as red) flanked by restriction enzyme cleavage sites with BamH I 

proximally (labeled as blue) and EcoR I distally (labeled as green). Outside these two cleavage 

sites were introduced 20bp DNA fragments for PCR amplification of the whole unit. The 
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sequences used for FREP constructs are listed in Table 3 FREP section. The bead-linked DNA 

construct was mixed with 60μg THP-1 nuclear extract in a final volume of 50ul mixture 

containing 1 μg/ul polydI-dC, 2.5% glycerol, 5 mM MgCl2, 0.05% NP-40, 1 mM dithiothreitol, 

50 mM KCl and 10 mM Tris pH 7.5. 

After magnetic selection and wash with PBS+0.05% Tween 20, DNA beads with bound 

proteins were digested with EcoR I at 37C for 30 min. The supernatant was collected as the 

EcoR I fraction. After another magnetic selection and wash, the DNA beads were digested with 

BamH I at 37C for 30 min and the supernatant was collected as the BamH I fraction. Mass 

spectrometry was performed in BIDMC using Thermohybrid Orbitrap XL high resolution MS 

(Thermo Scientific). 

The “bait” DNA fragment used for FREP was: 

/5’biosg/AATGATACGGCGACCACCGAGGATCCXXXXXXXXXXXXXXXXXXXXXXXX

XXXXXXXGAATTCTCGTATGCCGTCTTCTGCTTG 

The DNA fragments used for the competition assay were: 

AATGATACGGCGACCACCGAGGATCCXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

XXGAATTCTCGTATGCCGTCTTCTGCTTG 

 

 

 



15 

 

 

Figure 2-2: FREP. 

1. The FREP construct contains a 31 bp sequence that with BamH I (blue) and EcoR I (green) 
restriction sites flanking a 31bp sequence centered on the SNP of interest (red) and attached to a 
magnetic bead by streptavidin and biotin. Parallel procedures using the test SNP and a control 
sequence enables identification of sequence-specific protein associations. 2. Incubation with 
nuclear extract followed by extraction of constructs from unbound nuclear proteins by magnetic 
bead separation. 3. EcoR I digestion removes 3’ DNA and proteins. 4. BamH I digestion 
removes 5’ DNA, the beads and proteins and also single stranded-DNA binding proteins, which 
are not cut and therefore are extracted with the bead. 5. Protein complex identification with mass 
spectrometry. 6. Identification of associated proteins for each SNP (Image from Gang Li, et al. 
2018. Nature Genetics) 
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2.3. Results 

2.3.1. Identification of candidate functional SNPs at TRAF1-C5 locus 

A new Immunochip study that included 5,043 patients with JIA (oligoarticular and RF 

negative polyarticular JIA) and 14,390 controls of European descent showed rs7039505 at 

TRAF1-C5 locus presented suggestive association with JIA at p-value = 2.33 x 10-7 level 

(unpublished data from Thompson S. lab at Cincinatti Children´s Hospital). We identified 132 

highly correlated SNP variants (LD, r2 >0.7) with the lead SNP, rs7039505 (see Appendix), 

using the rAggr database of 100 Genomes Project Phase 3 with the following criteria: European 

population, and distance limit of 500 kb with respect to the lead SNP. 

To identify the non-coding functional SNPs, we used SNP-seq to screen a library built by 

the 132 TRAF1-C5 SNPs in linkage disequilibrium with rs7039505. SNP-seq employs type IIS 

enzyme restriction (IIS RE, e.g. Bpm I) and next generation sequencing to detect SNPs that bind 

regulatory proteins from nuclear extract. The first step is preparing the SNP-seq library using 

parallel oligonucleotide library synthesis (MYcroarray). The library consisted of 271 constructs 

corresponding to the 271 allelic SNP variants of the 132 TRAF1-C5 SNPs in LD with rs7039505, 

of which 1 SNP has 5 variants, 4 SNPs have 3 variants, and 127 SNPs have 2 variants. A 

construct is synthesized as a 150 bp double-stranded DNA containing two type IIS RE binding 

sites and 31bp sequence that are homologous to the sequence of the target SNPs with the SNP 

variant itself located exactly at the type IIS RE cleavage site. (Figure 2-1 A). The 271-construct 

pool was incubated with nuclear extract from human monocyte-derived macrophages in 

triplicate, followed by BpmI restriction enzyme digestion and PCR amplification (Figure 2-1 C). 
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In parallel, we performed the control experiments by incubating the 271-construct pool with 

ultrapure water to normalize for uneven input and for bias in cutting efficiency and PCR 

amplification. SNPs that bound a regulatory protein were protected from the restriction and 

would be enriched in the samples incubated with nuclear extract when the construct pools were 

amplified through PCR (Figure 2-1 B). PCR products at cycle 4, 6, 8, 10 from both experimental 

and control samples were sent for the barcoded next-generation-sequencing (NGS) for 

quantification. 

The resulting sequence data were analyzed as outlined (Figure 2-3 A). For quality control, 

we first selected only sequences containing both 5’ and 3’ Bpm I binding sites (5’-CTCCAC-3’), 

reflecting constructs that have been protected by Bpm I cleavage. Second, since transcription 

factors typically recognize 6 to 12 bp degenerate DNA sequences37, we selected sequences in 

which 6bp or 12 bp on either side of the target SNP variant corresponded accurately to the input 

sequences, eliminating mutants derived during PCR amplification. Third, we selected SNPs for 

which at least 2 replicate sequence data were available across cycles and at least 2 alleles with 

complete data. We thereby ended up with a collection of 68 SNPs for 6 nt matched and 47 SNPs 

for 12 nt matched. After quality control, we calculate the normalized value for each SNP variant 

at cycle 4, 6, 8, 10 by dividing the number of reads in the experiment group by the number of 

reads in control group. If the normalized value of a SNPs variants was greater than one, we 

considered it protected from the Bpm I digestion and included it in our following analysis. The 

SNPs with allele-differential protection implicated them as candidate fSNPs. We applied two 

analytic approaches to identify the SNP with allele-differential protection. The first approach 

selected the SNPs whose difference in normalized values between the two alleles were greater 
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than 20% at cycle 10. The second approach selected the SNPs that had increased allele-specific 

protection across cycle 4, 6, 8, 10. Specifically, we fitted in a linear regression model with 

respect to the log ratio of the normalized values of allele1 and allele2 and the cycle number 

(cycle 4, 6, 8, 10). The SNPs with absolute slope greater than 0.05 were collected. Using these 

two selection methods, we identified 11 SNPs that present allele-differential protection in both 

approaches as candidate fSNPs for further experimental investigation (Figure 2-3 B).  

 

Figure 2-3:High-throughput screening of fSNP. 
(A) Diagram showing the data analysis procedure for SNP-seq. (B) One point was assigned for 
either allelic specific protection in cycle 10 or increment allelic specific protection across cycles. 
The SNPs that have score higher than 2 and present allelic specific protection in both approaches 
were selected as candidate fSNPs. 
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2.3.2. Validation of the 11 candidate fSNPs at TRAF1-C5 locus 

To validate the nuclear binding capacity of the 11 candidate fSNPs, we first performed 

EMSA for all 11 candidate fSNPs to test their allele-specific nuclear protein binding capacity. 

We used 22 biotin-probes that contained 31 bp sequences surrounding the target SNPs with the 

variant itself in the center to represent the 11 candidate fSNPs for both risk and non-risk allele 

variants. We used the nuclear extract from human monocyte-derived macrophages, which was 

the same nuclear extract used in SNP-seq. The results showed 7 of the 11 candidate fSNPs had 

nuclear protein binding capacity and SNPs rs7021880, rs758959, rs7034653, rs9886724, 

rs10985073 presented allelic-differential nuclear protein binding between the risk alleles and 

non-risk alleles variants (Figure 2-4 A). THP-1 cells are human monocytic cell line that has the 

phenotypic and functional characteristics of human macrophages. We also performed these 

experiments with the nuclear extract from THP-1. It showed very similar binding capacity of the 

11 candidate fSNPs as to human macrophages (Figure 2-4 B). To determine whether the protein 

binding is specific, we performed the EMSA with competitors that are the unlabeled probes 

corresponding to the biotin-probes. The result showed the gel-shift bands are inhibited when 

including the competitors for SNPs rs7021880, rs758959, rs7034653, rs9886724, and 

rs10985073, suggesting the allele-differential binding are specific (Figure 2-4 C). For SNPs 

rs10760129 and rs1609810, whose difference in binding capacity between risk and non-risk 

allele variants were not clear, we performed the competitive EMSA using unlabeled competitors 

for both risk and non-risk allele competitors. For competitive EMSA with rs10760129, the T-

allele competitor inhibit the gel shifted band completely for both the C-allele biotin-probe and T-

allele biotin-probe, whereas the C-allele competitor only partially inhibit the gel shifted band 
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(Figure 2-4 D, left panel). This suggested that the SNP rs10760129 T-allele variant has stronger 

nuclear protein binding capacity than the C-allele variant. The competitive EMSA with 

rs1609810 suggested that the G-allele variant has stronger binding capacity than the A-allele 

variant (Figure 2-4 D, right panel). These experiments showed 7 out of the 11 candidate fNSPs 

have specific protein bound to them, and all of the 7 fSNPs present allelic-differential nuclear 

protein binding capacity between the risk alleles and non-risk alleles variants  

To validate the transcriptional regulation ability of the fSNPs, we performed the luciferase 

reporter assay for the 7 fSNPs which had differential nuclear protein binding in EMSA. We also 

included SNP rs3761847, the GWAS lead SNP associated with RA, as control. The EMSA 

experiments showed the similar nuclear protein binding pattern between human-monocyte 

derived macrophage and THP-1 cells, which suggested THP-1 cells can be used a model to study 

the transcription regulation of the TRAF1-C5 SNPs on human macrophages. The 31-bp SNP 

fragments containing the risk and non-risk allele variant in the center for the 8 SNPs were 

subcloned into the pGL3-Promoter luciferase vector distal to the stop codon of the luciferase 

gene in forward orientation. Each reporter construct was transfected into THP-1 together with the 

control Renilla luciferase vector, pRLTK. We found 3 out of the 7 fSNPs produced significantly 

allele-differential luciferase expression: SNPs rs10760129, rs7034653, rs1609810 showed a 

significant difference between the risk and non-risk alleles (Figure 2-5). The GWAS lead SNP 

rs3761847 showed no different in luciferase expression between two alleles (Figure 2-5). The 

risk alleles of SNP rs10760129 and rs7034653 has lower luciferase expression, suggesting 

negative cis-regulatory roles in TRAF1 expression. By contrast, the risk-allele of SNP rs1609810 

showed greater expression, suggesting a positive cis-regulatory   role in TRAF1 expression. 
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Figure 2-4 Binding capacity validation of the 11 candidate fSNP. 
(A) EMSA with biotin-labeled probes matching the 11 candidate fSNPs risk-allele (labeled as 
red) and non-risk allele sequences and nuclear extraction from human monocyte-derived 
macrophages. (B) EMSA with biotin-labeled probes matching the 11 candidate fSNPs risk-allele 
(labeled as red) and non-risk allele sequences and nuclear extraction from THP1 cells. (C) 
Competition assays were performed with 200-fold excess of competitor for the same allele. (D) 
Competition assays were performed with 200-fold excess of competitors for both risk and non-
risk alleles. 
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Figure 2-5: Luciferase assay of candidate fSNP. 
(A) Relative firefly luciferase expression from constructs with 31 bp sequences matching the 
candidate fSNPs sequences (below the dashed line) and GWAS lead SNP rs3761847 transfected 
into THP1 cells. The graph was representative of 6 experiments with technical duplicate. The 
data were analyzed using Wilcoxon matched-paired signed rank test (two-tailed) with GraphPad 
Prism version 7.0 graphing software. The error bars represent standard deviations (*: p<0.05).  

 

2.3.3. Identification of the regulatory protein bound on the TRAF1-C5 fSNPs 

To elucidate how the 3 fSNPs modulate the TRAF1 expression, we used two approaches to 

identify the regulatory protein bound on the fSNPs. First, we searched the HaploReg 4.1 

database38, a tool for chromatin states and regulatory motifs alteration of genetic variants, for 

functional annotation of the 3 fSNPs (Table 1, first three SNPs). It suggested that SNP 

rs9886724

rs758959

rs7021880

rs7034653

rs10985073

rs10760129

rs1609810

rs3761847
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rs10760129 could be bound with c-FOS and GATA-2, and SNP rs7034653 could be bound by 

NFkB, TBP, POL2. To test these DNA-protein binding possibilities, we performed supershift 

assay with SNP rs10760129 using c-FOS antibody and GATA-2 antibody, and with SNP 

rs7034653 using NFkB antibody, TBP antibody, and POL2 antibody. Our results showed the 

addition of the antibody did not supershift the DNA-protein complex nor inhibit the complex for 

both SNP rs10760129 and rs7034653 (Figure 2-6). Thus, conventional bioinformatic 

identification was insufficient to identify the regulatory proteins for these fSNPs.  

 

Figure 2-6: Supershift assays of rs10760129 and rs7034653. 
(A) EMSA with biotin-labeled probe matching rs10760129 risk-allele (T allele, labeled as red) 
and non-risk allele (C allele) sequences and THP-1 nuclear extraction (Lane1), in addition of 
either competitor (lane2), or isotype mIgG1 (lane3), or c-FOS antibody (lane4), or GATA-2 
antibody (lane5). (B) EMSA with biotin-labeled probe matching rs7034653 risk-allele (G allele, 
labeled as red) and non-risk allele (A allele) sequences and THP-1 nuclear extraction (lane 1), in 
addition of either competitor (lane 2), or isotype mIgG1 (lane 3), or POL2 antibody (lane 4), or 
NFkB antibody (D6) (lane 5), or isotype mIgG2a (lane 6), or NFkB antibody (A8) (lane 7), or 
isotype mIgG2b (lane8), or TBP antibody (lane9). 
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 Second, we performed FREP to pull down the DNA-binding proteins. We designed three 

5’-end biotin-labeled 82bp double-stranded DNA constructs containing a 31bp target sequence 

that matched rs10760129 C allele variant, rs7034653 A allele variant, rs1609810 G allele variant, 

respectively, and flanked by restriction enzyme cleavage sites with BamH I proximally and EcoR 

I distally, as well as 20bp sequences for PCR amplification of the whole unit (Figure 2-2). These 

constructs allow to pulldown DNA-binding proteins specific to the target sequence and also 

eliminate the non-specific proteins that bind to the both ends of construct. These constructs were 

conjugated to streptavidin coated Dynabeads. Bead-linked DNA constructs were then incubated 

with THP-1 nuclear extract. After magnetic selection and wash, bead-linked DNA construct with 

bound proteins were digested with EcoR I and the supernatant were collected as the EcoR I 

fraction. After another magnetic selection and wash, the bead-linked DNA construct were 

digested with BamH I and the supernatant was collected as the BamH I fraction. In parallel, we 

performed a control FREP in the presence of a 40-fold excess of the corresponding unlabeled 

construct as binding competitors for each experiment. The BamH I fractions were analyzed by 

mass spectrometry. Some peptides were detected exclusively in experimental groups, such as 

YBX1 and ANKRD31, however, the peptide counts were very low, around 2-4 (Table 2). These 

peptide count were even lower than the counts of keratin, which is presumed to reflect 

contamination. Thus, we considered these signals as the background noise. This FREP 
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experiment did not reveal any peptide that specifically bound on SNPs rs10760129, rs703465, 

and rs1609810. Efforts to identify the correct binding proteins continue. 

 

 

Table 1: Functional annotation of 11 candidate fSNP. 

variant 
Promoter 
histone 
marks 

Enhancer 
histone 
marks 

DNAse Proteins bound Motifs 
changed 

eQTL 
hits score 

Functional 
evidence 

EMSA Luciferase 
assay 

rs7034653 BRST, 
BLD, GI 13 tissues 9 tissues 

EBF1, POL2, 
TBP, POL24H8, 
NFKB 

7 altered motifs 52 hits 6 A>G A>G 

rs1609810 BLD BLD, THYM BLD   Hdx 55 hits 5 C>T C>T 
rs10760129     18 tissues CFOS,GATA2 STAT,ZNF263 58 hits 4 T>C C>T 

rs758959 BRN, GI 8 tissues HRT,BLD POL2 Mtf1,Myf,TCF11
::MafG 55 hits 6 C>T n.d. 

rs9886724   BLD, THYM, 
SPLN 4 tissues POL2,POL24H8 

CEBPB   55 hits 4 G>A n.d. 

rs7021880   4 tissues IPSC,BLD POL24H8,CTCF Foxo,Maf,Pax-4 48 hits 5 C>G n.d. 

rs10985073     BLD   HNF4, PU.1, 
ZNF263, p300 57 hits 3 T>C n.d. 

rs7858209 BLD 7 tissues 4 tissues TCF4 Hic1 50 hits 6 n.s. n/a 
rs6478484 BLD 10 tissues 11 tissues   Rad21 51 hits 5 n.s. n/a 

rs7875829 BLD BLD, THYM   POL24H8,POL2 Foxa,Foxj1,Foxj
2 51 hits 5 n.s. n/a 

rs3761849 23 tissues LNG, BRN, 
BLD 19 tissues POL24H8,NFKB 

POL2 
BDP1,EBF,RBP
-Jkappa 100 hits 6 n.s. n/a 

Overview of the functional annotation of the 11 candidtate fSNPs selected by SNP-seq. Risk-
allele is labeled as red. n.s.: non-specific binding. n.d.: no difference in luciferase expression 
between alleles. n/a: non-available 
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Table 2: Mass spectrometry for TRAF1-C5 FREP. 

 TRAF1 (THP-1 cells) 
rs1609810 rs7034653 rs10760129 

Protein ID bioDNA Control bioDNA Control bioDNA Control 
ALB 43 67 33 32 17 28 

PARP1 25 15 32 19 33 13 
KRT10 13 15 21 14 17 20 
KRT2 9 13 18 11 14 16 
TOP1 10 12 17 4 14 9 
KRT1 9 8 17 10 12 17 
KRT9 7 8 10 12 10 15 
YBX1 3 0 7 2 4 0 

ANKRD31 2 0 1 0 2 2 
HRNR 0 1 1 5 2 2 

SHROOM3 1 3 1 0 1 1 
PRSS1 1 1 2 2 2 1 
KRT5 4 0 6 3 4 4 
ACTB 1 2 0 1 1 2 

JMJD1C 3 2 0 1 2 0 
SERPINC1 2 1 1 0 1 1 

KRT14 6 0 5 4 7 5 
SUB1 1 0 2 0 0 0 
DSP 0 0 0 0 1 0 

KRT13 0 6 0 3 0 0 
ZGRF1 2 0 0 0 0 0 
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 Table 3: Primers used in this thesis. 

SNP-seq 
library 
preparation 

BioMagF+G5 /biosg/ 
GTCTGTGTTCCGTTGTCCGTGCTGTCCAGTCAGGTGTGATGCTC 

MagR+G3 CGCGTCGCACCCATCCTTTCGTTACGAGCTTATCGTCGTCATC 

SNP-seq library 
oligonucleotide 
 

GTTCCGTTGTCCGTGCTGTCCAGTCAGGTGTGATGCTCGGTGTGA
TGCTCGGGGATCCAGGAATTCATCTGGAGXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXCTCCAGGATGACGACGATAAGCTCGT
AACGAAAGGATGGGTGCGA 

SNP-seq 
cycle PCR 
amplification 

BioMagF /Biosg/ GTCTGTGTTCCGTTGTCCGTGCTG 

MagR CGCGTCGCACCCATCCTTTCGTTA 

NGS library 
preparation 

L1seq ACACTCTTTCCCTACACGACCCGTGCTGTCCAGTCAGG 

L2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA
CTCCAGT 

R1 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC 

R2 CAAGCAGAAGACGGCATACGAGATXXXXXXXGTGACTGGAGTT
CAGACGTGT 

11 candidate 
fSNPs 

rs7875829 /F TCAAACAATCTCTCT [A/G] AGATTGTTTGTTTTG 

rs7021880 /F CCCCAGATGTGTTTT [C/G] CTGACCACGCCTCAC 

rs10760129 /F TTACATTACTTCTCC [C/T] CTCAGAAATAACTTC 

rs10739577 /F CCTCCTGCCCCCACC [C/T] AGTACACAACCTCCC 

rs6478484 /F CATCTCAGTGCCCAG [C/T] TCAAGACCTGGCACC 

rs758959 /F ACATGACTTTGCACA [C/T] TGCTGTTCCCTTTGG 

rs7034653 /F GCCTCCTCCTTTGTC [A/G] TCATGTTTGAACTTC 

rs9886724 /F CCAGCTGGATCTGGG [A/G] TTCTGTGCTTTCTCT 

rs7858209 /F CTCCCGGTCCAGCCG[A/G] GCACGGTGGCTCATG 

rs10985073 /F GTTCTCTCTGATCCT[C/T] CTCCTTCTCAAGTCT 

rs1609810 /F CTGTTCTCCAAAATC[A/G] TTTTACCAGTTCATA 

rs3761847 /F CCTTCTCTCCCCTCC[A/G] GCCTCAATACCACCC 

FREP 
FREPbiors10760129C /F /5biosg/AATGATACGGCGACCACCGAGGATCCTTACATTACTTCTC

CCCTCAGAAATAACTTCGAATTCTCGTATGCCGTCTTCTGCTTG 
FREPbiors7034653Ａ /F 
 

/5biosg/AATGATACGGCGACCACCGAGGATCCGCCTCCTCCTTTGT
CATCATGTTTGAACTTCGAATTCTCGTATGCCGTCTTCTGCTTG 
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FREPbiors1609810Ｇ/F 
 

/5biosg/AATGATACGGCGACCACCGAGGATCCCTGTTCTCCAAAA
TCGTTTTACCAGTTCATAGAATTCTCGTATGCCGTCTTCTGCTTG 
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3. Chapter 3: Discussion and Perspectives 

It has been more than a decade since the first RA GWAS identified two risk loci associated 

with RA39. GWAS have tremendously advanced our knowledge of the genetic association with 

inflammatory arthritis since then. However, the speed of translating the GWAS finding to 

mechanistic disease pathways and eventually therapeutic targets is still slow. This comes from 

the haplotype structure of genetics and our limited understanding of the molecular mechanisms 

and physiological functions of non-coding elements23, 27, 33. In this thesis, we tackled these issues 

through the combination of SNP-seq and FREP34, 35. We triaged the potential fSNPs within 

arthritis-associated TRAF1-C5 locus using SNP-seq and identified 11 candidate fSNPs, among 

which SNPs rs10760129, rs7034653, rs1609810 were validate through EMSA and luciferase 

assay as fSNPs that could modulate gene expression.  

We compared the results with annotated data from HaploReg 4.138. We scored each of the 

11 candidate fSNPs on a scale of 0 to 6 to reflect the number of positive annotations for 

epigenetic histone modification marker of active promoter and enhancer, DNase hypersensitivity, 

predicted protein binding, predicted alteration in binding motifs, and eQTL hits. SNP rs7034653 

scored 6 (together with 3 non-fSNPs), rs1609810 scored 5 (together with 3 non-fSNPs), and 

rs10760129 scored 4 (together with 1 non-fSNP) (Table 1). The 3 fSNP ranked in the middle to 

high range of the scoring. These data also validate the SNPs rs10760129, rs7034653, rs1609810 

as non-coding fSNPs for TRAF1-C5 locus. In addition, most of the candidate fSNPs identified by 

SNP-seq scored more than 4, indicating using SNP-seq to identify fSNP is comparable to 

bioinformatics annotation. 
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3.1. Limitations 

SNP-seq is an unbiased experimental assay that include both risk and non-risk alleles for all 

highly linked SNPs at the same time, to high-throughput screen the fSNPs with protein binding 

capacity. This represents a powerful tool to address the difficulty of pinpointing fSNPs within 

haplotype blocks containing many other potential regulatory SNPs, overcoming the shortcoming 

of probability assumption and functional implication used in some bioinformatics analysis. 

Further, many eQTLs studies have shown that the correlation of the genotypes and gene 

expression are context-specific in term of cell types or stimulatory condition40. SNP-seq is 

flexible and may be performed with nuclear extract from diverse sources and/or different cell 

status and conditions.  

However, SNP-seq has some limitations. First, it can only detect a subset of fSNPs that 

affect the protein binding, but is unable to detect the fSNPs that change the amino acid sequences 

or regulate gene expression through splicing RNA or regulatory RNA, such as miRNA and long 

non-coding RNA. For instance, a long-non-coding RNA, C5T1 lncRNA, was identified in 

TRAF1-C5 locus and correlated with C5 expression in PBMC41. While SNPs within the region of 

C5T1 lncRNA have not yet been shown associated with RA or JIA, we should also consider 

them as candidate fSNP, as it could be a mechanism that fSNPs use to regulate C5 gene 

expression and predispose the disease, but undetectable by SNP-seq. Second, gene regulatory 

regions often interact physically with the regulated gene in a large distance. The constructs used 

in SNP-seq is short synthetic DNA constructs, which limit its ability in forming the 3D 

conformational chromosomal structures that enable regulatory regions to physically interact with 
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distant genes42. Further, the sequence matching rate of the NGS readout to the original sequences 

is low, around 2% for 6 nt matching method and 1.5% for 12nt matching method, which might 

undermine the robustness of SNP-seq. One explanation might be the mutation induced by the 

repeated PCR amplification. Since the cutting efficiency of Bpm I is not one hundred percent, we 

need to increase the SNP-seq cycles up to 10 cycles in order to have higher enrichment rate, 

however, the mutation rates of the construct pool is correspondingly amplified. The optimal 

cycle number for SNP-seq needs to be determined to get the best enrichment rate. The other 

cause might be the NGS sequencing primer binding site is too close to the SNP sequences in the 

SNP-seq construct since the quality of sequencing is usually not good in the sequences close to 

the sequencing primers. The sensitivity and specificity of the enrichment remained undetermined 

for this a newly developed experimental method. 

For the regulatory proteins identification, we first performed the supershift assay with the 

antibody against the transcription factors that has been described to bind with the fSNPs from 

Haploreg database38. We did not find the supershift nor inhibition of gel shift for SNP 

rs10760129 with c-FOS and GATA-2 antibody, and SNP rs7034653 with NFkB, TBP, POL2 

antibody. Most of the DNA-protein binding information in Haploreg derived from the ChIP-seq 

experiment results. The ChIP-seq signal ‘peaks’ usually can span dozens to hundreds of bases. In 

addition, the protein-DNA complex pulled down by ChIP can include direct DNA-protein 

binding or indirect binding in a large DNA-binding protein complex43. Thus, the DNA-protein 

binding prediction from ChIP-seq data might implicate non-direct DNA-protein binding, or even 

worse the sequence happened to be near the genomic location of the protein-DNA complex. 



32 

 

Another way to predict the potential target protein from annotated data is to search for the 

transcription factors of which the motif consensus is altered by the fSNPs. However, only 25–

35% of transcription factors binding events are associated with a known sequence variant within 

the corresponding TF binding conserved motif44, 45. Most non-coding fSNPs are not precisely 

located in the conserved binding motif of transcription factor, but rather affect non-canonical 

sequence determinants in nearby regions that are not well-explained by current gene regulatory 

models28. Functional SNPs outside conserved motifs may influence TF binding by altering the 

local shape of the DNA or by influencing the binding of other TFs. In addition, our previous 

study using FREP identified novel transcriptional factors bound with fSNPs in CD40 and STAT4 

locus, none of which have been described by annotated data. Predicting the binding proteins for 

fSNPs based on annotated data need discrete interpretation since some of the DNA-protein 

interaction might be missing. Thus, we seek to use the FREP to identify the binding protein.  

FREP is a modified pulldown assay to explore the DNA-binding proteins. It can decrease 

the non-specific end-binding protein by sequential digestion of either end of the bait construct 

compared to conventional pull-down assay46. It increased the efficiency and specificity in 

defining the new DNA-protein binding events. However, like other pulldown assay, FREP is 

unable to distinguish direct DNA binding from indirect binding in a larger DNA-protein 

complex. Similarly to SNP-seq, the FREP is constrained to detect the proteins that do not require 

high-order chromosomal structures to bind DNA due to the short “bait” constructs we used. In 

our FREP experiment, we still identified the end binding protein, PARP-1, in either experimental 

and control experiments. It might be due to incomplete restriction enzyme digestion of the FREP 

constructs or rebinding to the end of the digested “bait” constructs. The mass spectrometry 
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requires high quality and amount of input proteins. Nevertheless, the bead-attachment and 

washing in every digestion step of FREP procedure is vulnerable to losing proteins. We are 

trying to optimize the procedure by using the fresh nuclear extract and increase the amount of 

nuclear extract in the binding reaction in order to increase the signal to noise ratio in mass 

spectrometry analysis.  

We started out with human macrophages based on the study revealed the association of 

TRAF1-C5 risk variants with stimulation-dependent pro-inflammatory monocytes through 

regulation of TRAF1. Nevertheless, in addition to macrophages, many cell populations, like T 

cells, B cells, synovial fibroblasts, and osteoclast, also play important roles in arthritis 

pathogenesis47, 48. Further, many of TF expression levels depend on the immune stimulation. 

Therefore, extending the SNP-seq/FREP application to human synovial fibroblast, T cell from 

healthy donors or arthritis patient with or without immune stimulation is another promising 

direction to study the non-coding fSNPs in TRAF1-C5 locus. 

3.2. Future Research 

We aim to identify the regulatory proteins that bind with the fSNPs. Once the regulatory 

protein is identified, we can perform ChIP to validate the regulatory protein binding events in 

vivo. Further investigation of the biological mechanisms and functions includes study the change 

of TRAF1 expression at RNA levels and protein levels, the change of LPS-induced cytokines 

production, using RNAi to knockdown the identified TF in THP1 cells or using monocytes from 

healthy donors or JIA patients with or without risk-allele fSNP.  
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TRAF1 is considered likely to be the most relevant gene regulated by TRAF1-C5 locus. 

Nevertheless, some 3C or Hi-C studies unraveled that regulatory regions might also physically 

interact with distant genes in the context of 3D conformational chromosomal structures. We can 

further perform 3C or Hi-C experiments to confirm the interaction of TRAF1-C5 locus with 

TRAF1 gene, as well as explore other potential genes regulated by this locus. 

In addition to modulating the TF binding, fSNPs can also affect histone modifications, 

mRNA levels and DNA methylation49, 50. One explanation is that the fSNPs directly modulate 

the binding or recruitment of histone modification enzymes, like histone acetyltransferase, 

histone deacetylase, methylases, chromatin remodelers. Another cause might be that differential 

TF binding modulated by fSNPs changes the expression chromatin modification proteins, then, 

the histone modifications, DNA methylation and mRNA expression. Knowing this, we could 

further investigate the effect of fSNPs on epigenetic histone modification markers, like 

H3K4me1, H3K27ac, H3K4me3, in addition to the gene regulation. This could also be 

synergized with the bioinformatics analysis using ENCODE, the Roadmap Epigenomic Project. 
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Appendix. SNP-seq library 

Reference SNP RefSNP sequence and alleles 
rs10760119 AAAAAAAAAAAA[A/C/T]AGAAGCTCCTGG 
rs1008381 TGAGCCCCTGCA[C/T]GGGCTTGCTGCT 
rs1008382 GATCAGTGACTT[C/G]CAGGAGGCAACG 
rs1008383 CTCTTAGGGGCT[C/G]GGATAGGAGAAA 
rs10117059 CTGCTCATCACA[C/G]TTAGTGTAAGGA 
rs10118357 CTTGGGCCTCCT[A/G]GATAATCCAAGG 
rs1014529 CAGAGCTCAGGA[C/G]GTGAGCTGATAA 
rs1014530 TACTCAATTTTA[C/T]ATAATTTTCATG 
rs10435843 GGTATACACAGC[A/G]CAGACGGAGGTT 
rs10435844 CTTCATCCTGAT[G/T]CTCAGGCCTTAT 
rs10659074 GACTGACTCAGAT[-/ACAG/AGAG/GGAG]ATAGTTAATTAA 
rs10733648 TGGGATACAGTG[C/T]GGTGCAATGAAC 
rs10739576 CGCCTGTAATCC[C/T]AGCACTTTGGGA 
rs10739577 CCTGCCCCCACC[C/T]AGTACACAACCT 
rs10739578 CGGGCGTGGTGG[C/T]GGGCGCCTGTAG 
rs10739579 CCCAGAATGGTT[A/C]TCACTCCCTCAA 
rs10739580 ATTATGAATACA[C/T]GAAATTGTAGGA 
rs10739581 TCAGTCCAAGGT[C/T]CAGAAGCCTCTT 
rs10760118 AGGAACTGGCAA[C/T]CTCGTGGAGGAG 
rs10760121 TGCAGGAAAGAC[G/T]CATTCAAGATGA 
rs10760122 TGGGATTACAGG[C/T]TTGAGCCACCGC 
rs10760123 GGGATTACAGGT[A/G/T]TGAGCCACCGCG 
rs10760124 TAGTAGAGATGG[A/G]GTTTTGCCATGT 
rs10760125 CTTAGTTTCTGT[A/G]TCTTTGCCTGGA 
rs10760126 AGGGGCTAATGG[C/T]AGAATGTGATAA 
rs10760127 TCGGCCGGGCGC[C/G]ATGGCTCACGCC 
rs10760128 GGAAAGTTCCTC[C/T]CATCCTTGAACC 
rs10760129 CATTACTTCTCC[C/T]CTCAGAAATAAC 
rs10760130 CCTTAATTGCTC[A/G]GTATTCTCATGT 
rs10818480 AGCCCAGGAGTT[C/T]GAGGCCACAGTA 
rs10818481 AAGACTCTATCT[C/T]GGAAAAAAAAAA 
rs10818482 TTTGAGTGTTCC[A/G]TGACATGTGACC 
rs10818483 TCAGGCTGGTCT[C/T]GAACTCCTGACC 



40 

 

rs10818484 ATTATCTTATTC[C/T]GGCCAGGCTCGG 
rs10818485 CCCCAGTCAAGT[C/G]TGACTGGCTGTT 
rs10818486 GGAGTACAGTGG[C/T]GCGATCTCAGCT 
rs10818488 GTGGGAGTGAGG[A/G]CACAAAGTGAGG 
rs10818491 AAGAAGGCTTTC[C/T]TCAATTTAGGAA 
rs10985070 TGATCATCATCA[A/C]AGGTGGGCTTGG 
rs10985073 CTCTCTGATCCT[C/T]CTCCTTCTCAAG 
rs10985080 CTCCTGCCTCAG[C/T]CTCCCGTGTAGC 
rs10985087 ATCCGCCCGCCT[C/T]GGCCTCCCAAAT 
rs10985102 CTGCTTGCCCCT[A/G]CAGGCAATGTTT 
rs112934123 AAGAAAGAAAGA[A/G]AGAGAAAGAAAA 
rs113246674 AAAAAAAAGAAA[A/G]GAAAGAAAAGAA 
rs11331426 AACATCATAGGA[T/G]TATTTACACAAA 
rs11794516 GACATAACACAT[A/G]AAGTCACAACAC 
rs138116112 CTGAGTGTGTCAC[-/TTCT]TTCTTTCTTTTT 
rs1468671 TGACACCTTAAT[C/G]TACCCTGGCCTC 
rs1548783 CAGATGAGGCAC[A/G]GATTAGAACCCT 
rs1548784 CACCATGCCAGG[C/T]TAGTTTTTATAT 
rs1609810 TTCTCCAAAATC[A/G]TTTTACCAGTTC 
rs1860823 GATGACTTGCTT[C/T]CAAGCCCCAGCG 
rs1860824 CTAGCTTGTAGA[G/T]ACCTCCTCGCCT 
rs1930778 AATTCTTGCTCC[A/C/T]GAGACTTTAAGT 
rs1930780 TAAATCGCAAAA[C/G]TGCCGAGTATCC 
rs1930781 TGTTATTATAAG[A/G]ACTTTTGTGATT 
rs1930782 TTTACAGACAAG[C/T]GAGCTGCGGCTT 
rs1930785 GGGGCAGTTGAG[G/T]CCGGGGCGGTCT 
rs1930786 ACGCAGCCGCAC[C/G]GGCGGAAACCGG 
rs1953126 ACACGCACAACA[C/T]GTCATGTAAATA 
rs201209325 CAAATGAGCCTG[C/T]TTTTTTTTTTTT 
rs201993692 CTACCCAGTTGAA[-/TT]TTTTTTTTTCTA 
rs2072438 TTTTATCCTTCC[C/T]CAAAATGGGGAG 
rs2075049 GAGCCACCGTGC[C/T]CAGCCTGATTTA 
rs2109895 AAAAAATGGGCA[C/T]AGCCAGGCTCAG 
rs2109896 TCCTCAGCCCTC[C/T]ACCCTGCCTCCA 
rs2159778 TACCTTGTGATC[A/G]TGTGAGTCAATT 
rs2239657 CTTGTTCCGGAA[A/G]GGCCACGGCAGC 
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rs2239658 GGTCATCTAGCT[C/T]AGTGTTTGTCAG 
rs2241003 CCTAGTGGAGCC[C/G]TCTGGGTTTGCT 
rs2269060 TCCCCAGAACCT[C/T]TTAGGGGCTCGG 
rs2270231 TTCTGGAGGGTA[C/G]TGAAGGTACACA 
rs2416804 CATTAGTACAAA[C/G]GACATCCAGATG 
rs2416805 AACCATAGTGGA[C/T]AGATCTCCTTTC 
rs2416806 ATCAAAACGTGC[C/G]CAACCTGCTCTA 
rs2416807 GCCGAGGCAGGC[A/G]GATCACTTGAGT 
rs2416808 ATATAGATCTCC[A/G]AGCTCTGCTCCC 
rs2900179 TCCGCCCGTCTC[A/G]GCCTCCCAAAGT 
rs2900180 GACCACACTTTG[C/T]ATAGCATTGTTC 
rs34748466 GATTTATCGAAAT[-/A]TACTTCACGTAT 
rs34823362 CATGTTCACAGGC[-/A]AAAAATGAAGGA 
rs35517037 ACATGAAACAAA[A/G]TTTGTGTTAAGT 
rs35942002 CTATTAATACAAA[-/T]TTTTACTTATGG 
rs36185563 AACACCCTTCAA[A/T]TTCTTTCTTTCT 
rs368105816 GACTCTATCTTGG[-/AAAA]AAAAAAAAAAAA 
rs3761846 GTGGTTTCAGAT[C/T]ATGGGTTTTGAG 
rs3761847 TCTCTCCCCTCC[A/G]GCCTCAATACCA 
rs3761849 ACCCCACTCCCA[C/T]GGGAAGTCTCCG 
rs4323544 ATGCACCTGCAG[C/T]GCCAACTACTCA 
rs4836834 GGTCCTGACTTG[A/T]CTCAGGGTCTTT 
rs4837797 CACACACACACA[C/G]ACACACACACAC 
rs4837799 AAGCGGCACACC[C/T]GCCCTGCCCCAC 
rs4837804 TGCTTCCTGCTC[C/G]GCCACTAGAGCA 
rs56702064 ATCGGGGGTTTGT[-/G]TTTTTTTTTTTT 
rs57242129 TATTAAATGAATAAT[-/TAAT]CTTCCACA 
rs59482735 ACATCGGGGGTTT[-/A]GTTTTTTTTTTT 
rs60692488 CATCGGGGGTTT[A/G]TTTTTTTTTTTT 
rs6478484 CTCAGTGCCCAG[C/T]TCAAGACCTGGC 
rs6478486 GGACAATCTCAG[C/T]GCCACCTTATCA 
rs6478487 AACTCCTTAAGC[C/T]ATCCTCCCATCT 
rs6478492 TTAGTAGAGACG[C/T]GGTTTCACCGAG 
rs7019401 TGGTGAAACCCC[A/G]TCTCTCCTAAAA 
rs7021049 AACATGCATTTG[G/T]TCCTTACTCTTA 
rs7021206 GCCTCTGGTCCA[A/G]CGGTAGGGGGAT 
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rs7021880 CAGATGTGTTTT[C/G]CTGACCACGCCT 
rs7028641 TCCAGTTGCGAG[C/G]GCAGCGCTGGGA 
rs7031096 AACTTCTGATTC[C/T]TGAACCAAGAAA 
rs7031752 TTTCTTTTTTTT[G/T]TTGTTTGAGACA 
rs7033753 ACCCAGCTAATT[C/T]TTGTATTTTTAG 
rs7034390 TATGATTAAAAC[A/T]GTGTGATCATAA 
rs7034492 CAGGTTTTGGAA[A/G]GAGGGAGAGGGG 
rs7034653 TCCTCCTTTGTC[A/G]TCATGTTTGAAC 
rs7036935 ATGCACCACCAC[A/G]CCCAGCTAATTT 
rs7037140 GGTGATCCCATG[C/T]AGGGCCGGTTTT 
rs7037195 ACTCTTACTCTC[C/T]GAGGGCCTGCCG 
rs7039505 CATGCCTATAAT[A/T]TTCCTGGATTTT 
rs7046108 ATTTCAGACAGA[A/G]CATCTCAATTTG 
rs71908609 AATACCTGATTTC[T][T]TTTTTTTTGTTG 
rs73541868 GTCTCACCCCCC[A/G]GAGGCGTTCGGG 
rs758959 TGACTTTGCACA[C/T]TGCTGTTCCCTT 
rs7848332 GCATTCAGAACA[C/T]AGTCTTTTCAAA 
rs7858209 CCGGTCCAGCCG[A/G]GCACGGTGGCTC 
rs7859805 GCCGTTGGGGGC[A/G]AAAGGTGTGACT 
rs7864019 CTCTGTGGGGCC[A/T]TTCAATTCTACG 
rs7866003 GCTATCTAAAAA[A/T]TTTTTTAACTTG 
rs7868822 ATCTCAGCTCAC[C/T]GCAACCTCTGCC 
rs7875829 AACAATCTCTCT[A/G]AGATTGTTTGTT 
rs79204904 AAAGAGGAAATG[T/G]ATGAGAGCTGCT 
rs876445 CAGATAACATCC[A/T]GCCTGAGGGAAG 
rs881375 AACAGACAAACA[C/T]GTCTTTAACACA 
rs9886724 GCTGGATCTGGG[A/G]TTCTGTGCTTTC 


