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Functional Genomic Analysis of a RUNX3 Polymorphism
Associated With Ankylosing Spondylitis

Matteo Vecellio,' ™' Liye Chen,' Carla J. Cohen,' Adrian Cortes,” Yan Li,*> Sarah Bonham,* Carlo Selmi,
Matthew A. Brown,® Roman Fischer,” Julian C. Knight,” and B. Paul Wordsworth'

Objective. To investigate the functional consequences of the single-nucleotide polymorphism rs4648889 in a
putative enhancer upstream of the RUNX3 promoter associated with susceptibility to ankylosing spondylitis (AS).

Methods. Using nuclear extracts from Jurkat cells and primary human CD8+ T cells, the effects of rs4648889
on allele-specific transcription factor (TF) binding were investigated by DNA pull-down assay and quantitative mass
spectrometry (QMS), with validation by electrophoretic mobility shift assay (EMSA), Western blotting of the pulled-
down eluates, and chromatin immunoprecipitation (ChlP)-quantitative polymerase chain reaction (QPCR) analysis.
Further functional effects were tested by small interfering RNA knockdown of the gene for interferon regulatory factor
5 (IRF5), followed by reverse transcription—-qPCR (RT-gPCR) and enzyme-linked immunosorbent assay (ELISA) to
measure the levels of IFNy messenger RNA (MRNA) and protein, respectively.

Results. In nuclear extracts from CD8+ T cells, results of gMS showed that relative TF binding to the AS-risk A allele
of rs4648889 was increased 3.7-fold (P < 0.03) for lkaros family zinc-finger protein 3 (IKZF3; Aiolos) and components
of the NuRD complex, including chromodomain helicase DNA binding protein 4 (CHD4) (3.6-fold increase; P < 0.05)
and retinoblastoma binding protein 4 (RBBP4) (4.1-fold increase; P < 0.03). In contrast, IRF5 bound significantly
more to the AS-protective G allele compared to the AS-risk A allele (fold change 8.2; P = 0.003). Validation with
Western blotting, EMSA, and ChIP-gPCR confirmed the differential allelic binding of IKZF3, CHD4, RBBP4, and IRF5.
Silencing of IRF5 in CD8+ T cells increased the levels of IFNy mRNA as measured by RT-gPCR (P = 0.03) and IFNy
protein as measured by ELISA (P = 0.02).

Conclusion. These findings suggest that the association of rs4648889 with AS reflects allele-specific binding of
this enhancer-like region to certain TFs, including IRF5, IKZF3, and members of the NURD complex. IRF5 may have
crucial influences on the functions of CD8+ lymphocytes, a finding that could reveal new therapeutic targets for the

management of AS.
INTRODUCTION

Ankylosing spondylitis (AS) is a form of spondyloarthrop-
athy that is characterized by prominent axial skeletal enthesitis,
spinal fusion, and deformity. It is highly heritable, but its genetic
etiology is complex; even its strong association with the major
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histocompatibility complex (MHC) reflects its association not just
with HLA-B27 but also with numerous additional MHC class |
and class Il immune-response genes (1). Outside the MHC, more
than 100 genetic influences have been identified in genome-wide
association studies (GWAS) (2,3), but only a few of the associ-
ated single-nucleotide polymorphisms (SNPs) actually produce
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amino acid substitutions with functional effects. For example,
rs11209026 in IL23R results in impaired signaling through the
interleukin-23 (IL-23) receptor, which is protective against AS
(4). Moreover, rs30187 in ERAP1 alters the trimming of peptide
antigens by endoplasmic reticulum aminopeptidase 1 (ERAP-1),
which functions synergistically with HLA-B27 in the MHC class
| antigen presentation pathway to influence susceptibility to AS
(5,6). In contrast, most disease-associated SNPs are believed to
operate through their effects on gene expression, which involves
cell type—specific epigenetic mechanisms such as the differential
binding of transcription factors (TFs) or microRNAs (7).

We and others have previously reported strong associations
between AS and a cluster of SNPs upstream of the RUNX3 gene
(encoding RUNX family transcription factor 3) close to a putative
regulatory element with “enhancer-like” characteristics (5,8). We
have shown that the AS-protective rs4648889 G allele was asso-
ciated with higher RUNX3 expression in CD8+ T cells than the
disease-associated A allele. In vitro, the binding of TFs from nuclear
extracts was influenced by rs4648889, and one member of the
interferon regulatory factor (IRF) family of TFs, IRF4, appeared to
be involved (8). IRF5, which is another closely related member of
this family, shares similar DNA binding characteristics with IRF4,
and has also been previously implicated in several autoimmune/
inflamsmatory diseases (9,10). IRF5 plays a key role in macrophage
function and its polarization toward the M1 (inflammatory) phe-
notype (11), but the potential activity of IRF5 in T cells is less well
described. RUNXS is itself also a TF, and plays a key regulatory
role in several lineage-specific developmental pathways, including
T cells. Itis involved in the pathophysiology of infections, immunity,
and cancer (12,13).

As the regulatory effects of TFs are frequently mediated
through complexes containing multiple components, rather than
a single TF, we decided to investigate the effects of rs4648889
on protein-DNA complex formation using a hypothesis-free
approach. We used DNA pull-down assays combined with quan-
titative mass spectrometry (QMS) to define the full range of inter-
acting TF partners binding at rs4648889 (8,14). Our results reveal
the involvement of IRF5, and demonstrate that silencing /RF5 in
CD8+ T cells may have important functional consequences. We
also demonstrate significant differential binding at rs4648889 for
IKZF3 (the Ikaros family zinc-finger protein also known as Aiolos),
which plays a major role in lymphocyte differentiation and function
(15), and also binding of several factors of the NuRD complex,
which is often physically associated with Aiolos and involved in
chromatin remodeling (16).

MATERIALS AND METHODS

Cell culture, isolation of CD8+ T cells, and prepa-
ration of nuclear extracts. Jurkat cells were cultured in
RPMI medium supplemented with 10% fetal bovine serum, pen-
icillin/streptomycin, and L-glutamine. CD8+ T cells were isolated

from human peripheral blood mononuclear cells obtained from
buffy coat, using a CD8+ T cell isolation kit (catalog no. 130-096-
495; Miltenyi, UK); subjects provided informed consent for use of
these blood samples (obtained from NHS Blood and Transplant,
Oxford University Hospitals NHS Foundation Trust). CD8+ T cells
were resuspended at 1 x 10%ml in prewarmed RPMI medium
supplemented with 10% fetal bovine serum, penicillin/strepto-
mycin, and L-glutamine. The cells were harvested after 4 hours
in resting conditions. Nuclear extract was prepared using an
NE-PER Nuclear reagent and cytoplasmatic extraction reagents
(catalog no. 78833; ThermoFisher Scientific), in accordance with
the manufacturer’s instructions.

DNA-affinity capture. An overview of the experimental
approach used for DNA-affinity capture assay is shown in Figure 1
The 50-bp sense and antisense oligonucleotides centered around
the A or G allele of rs4648889 were obtained from Eurofins
Genomics (sequences of the oligonucleotides are listed in Supple-
mentary Table 1, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract).
In these experiments, 100 nM antisense single-stranded oligonu-
cleotides (50 bp) were 3"-end biotinylated, mixed, and annealed at
room temperature (RT) for 1 hour with the sense oligonucleotide.
Streptavidin-coated magnetic beads (Dynabeads M-280, cata-
log no. 11205D; ThermoFisher Scientific) were equilibrated by 6
washes with wash buffer (10.0 mM Tris HCI, pH 7.4, 2.0M NaCl,
1 mM EDTA). Biotin-labeled DNA was incubated with streptavidin-
coated beads for 1 hour at RT, on a rotary wheel. Three succes-
sive washes were performed to eliminate the unbound biotinylated
DNA. Nuclear extract (500 pg) from CD8+ T cells was preincu-
bated on ice for 20 minutes in electrophoretic mobility shift assay
(EMSA) binding buffer (100 mM Tris, 500 mM KCI, 10 mM dithio-
threitol [pH 7.5]) and then incubated with beads for 1 hour at 21°C
on a rotary wheel. The beads were then stringently washed 6
times: once with 500 pl of EMSA binding buffer, 3 times with wash
buffer plus 0.1% Tween 20, and twice with 50 mM NH,HCO,.
Beads were then resuspended in sample buffer containing 10 mM
EDTA, 1% sodium dodecy! sulfate (SDS), and benzonase (1 unit)
for 60 minutes at RT on a rotary wheel. Magnetic separation was
used to separate the DNA—protein complexes from the beads.

Mass spectrometry analyses. Protein samples were
prepared for liquid chromatography tandem mass spectrometry
(LC-MS/MS) analysis using tryptic digestion, as described previ-
ously (17). Briefly, proteins were reduced and alkylated (with 1-4
dithiothreitol/iodoacetamide) before digestion with trypsin (Pro-
mega) and desalting of peptides using C18 material (Sola; Ther-
moFisher). Thereafter, the peptides were analyzed on a nano
LC-MS/MS platform consisting of a Q-Exactive mass spectrom-
eter and nano ultra-performance LC mass spectrometer (both
from ThermoFisher) (18). Chromatographic separation of pep-
tides was achieved on Easyspray columns (75 pm x 500 mm)
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Figure 1. |dentification of proteins bound to the rs4648889 locus in nuclear extracts from CD8+ T cells, using DNA-affinity capture assay/

quantitative mass spectrometry (QMS). A, Workflow diagram of the experimental approach. B, Principal components analysis of variance in
protein levels in 3 replicated experiments, assessing binding to the ankylosing spondylitis (AS)—protective G allele versus the AS-risk A allele.
C, Volcano plot showing the complete set of 658 proteins identified as showing differential binding in 3 different gMS experiments. Orange

dots represent the proteins showing statistically significant variance at a fa

Ise discovery rate (FDR) of <0.05. D, Reactome pathway analysis of

the functional pathways associated with statistically significant proteins. E, Unsupervised hierarchical clustering of the statistically significant
proteins (FDR <0.05) showing differential binding between the AS-protective and AS-risk alleles. RBBP4 = retinoblastoma binding protein 4;

CHD4 = chromodomain helicase DNA binding protein 4; IKZF3 = Ikaros fai

using a gradient spanning from 5% DMSO in 0.1% formic acid
in 5% acetonitrile to 5% DMSO in 0.1% formic acid in 35% ace-
tonotrile. The MS parameters used have been described previ-
ously (18).

Quantitative data were derived from the number of MS/MS
spectra per peptide (spectral counting) or the integrated peak
area of the ion chromatogram of a specific peptide as reported

mily zinc-fingerprotein 3; IRF5 = interferon regulatory factor 5.

by ProgenesisQl (Waters, version 2.0) using default parame-
ters. Identification of proteins was generated with the use of the
Mascot search engine based on a false discovery rate (FDR) of
1% and peptide score cutoff of 20, checked against the UniProt
human protein database. All proteomics data are publicly available
through the Proteomics Identification Database (PRIDE consor-
tium; https://www.ebi.ac.uk/pride/archive/) (19).
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Visualization and analysis of proteomics data. Pro-
teomics data were visualized using a Qlucore Omics Explorer
(version 3.7) in order to carry out principal components analysis
and unsupervised hierarchical clustering. The Reactome data-
base (20) was used to investigate the functional pathways (i.e.,
Gene Ontology [GO] categories). The R package was used to
create volcano plots. The Search Tool for the Retrieval of Interact-
ing Genes/Proteins (STRING; version 11.0), a database of known
and predicted protein—protein interactions, was used to define the
protein—protein interactions among the 38 differentially abundant
proteins identified by DNA pull-down assay/gMS analysis.

Epigenetic database interrogation. Epigenetic data
from Roadmap Epigenomics Projects (http://epigenomegateway.
wustl.edu) (21) was used to analyze the region encompassing
SNP rs4648889, in particular the chromatin immunoprecipitation—
sequencing (ChiP-seq) peaks for the TFs IKZF and chromodomain
helicase DNA binding protein 4 (CHD4) on lymphoblastoid cell lines.

EMSA. EMSA were performed as previously described (8).
Briefly, the DNA probes were mixed and annealed at RT for 1 hour.
For supershift assays, 5 pg of nuclear extract obtained from Jurkat
cells was first incubated (for 20 minutes) with a specific antibody,
and then the nuclear extract-antibody complex was incubated (for
20 minutes) with biotinylated DNA and run on retardation gels. The
full list of antibodies and DNA probes is provided in Supplementary
Tables 1 and 2 (available on the Arthritis & Rheurnatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract).

Western blot assay. Eluted samples from the gMS
experiments were separated by SDS—polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose membranes (Bio-Rad),
and incubated overnight at 4°C with various primary antibodies
against IKZF3, CHD4, retinoblastoma binding protein 4 (RBBP4),
and IRF5 (see Supplementary Table 2 [http://onlinelibrary.wiley.
com/doi/10.1002/art.41628/abstract]). An appropriate horse-
radish peroxidase—conjugated secondary antibody was used,
and signals were detected using the enhanced chemilumines-
cence method (ThermoFisher Scientific). Image quantitation was
performed using ImageJ.

ChIP-quantitative polymerase chain reaction (qPCR)
analysis. Chromatin was sonicated with Bioruptor Pico (Diagen-
ode) and fragment sizes were analyzed on a 2% agarose gel. ChiP
samples were prepared using the iDeal ChIP-seq kit for Transcrip-
tion Factors (catalog no. C01010055; Diagenode). For each ChIP
sample, 2.5 x 10° CD8+ T cells were used. Three independent
gPCR experiments were performed using allele-specific primers
for rs4648889 (see ref. 8 for specific primer sequences). We used
CD8+ T cells (n = 3 samples) of known genotype (heterozygous for
rs4648889) from buffy coat blood cones to compare the impact of
the AS-risk and AS-protective alleles on relative enrichment. We

normalized all of our ChIP-gPCR data against a 1% input control,
in accordance with the manufacturer’s instructions.

Data were visualized with Prism version 8.0.2. The following
ChlIP-grade antibodies were used: anti-RBBP4 (ab79416; Abcam),
anti-CHD4 (14173-1-AP; Proteintech Europe), anti-IKZF3 (alb139408;
Abcam), anti-IRF5 (E1N9G, rabbit monoclonal antibody 13496; Cell
Signaling Technology), and an IgG antibody (K02041008; Diagenode).

IRF5 silencing. Primary human CD8+ T cells were trans-
fected with small interfering RNA (siRNA) targeting /RF5 or with a
scrambled control siRNA (both from Dharmacon), using the Neon
transfection system (ThermoFisher Scientific). The cells were then
stimulated with anti-CD2/anti-CD3/anti-CD28 beads (Miltenyi,
UK) and a proinflammatory cytokine cocktail (consisting of inter-
leukin-2 [IL-2], IL-1[3, IL-6, and IL-23; all from PeproTech). Three
days after transfection, the supernatant was collected for enzyme-
linked immunosorbent assay (ELISA) analysis of interferon-y (IFNy),
and cells were lysed in TRIzol for RNA isolation and gPCR analysis
of RUNX3, IRF5, and IFNy messenger RNA (mMRNA) expression,
using a TagMan gene expression assay.

Statistical analysis. Statistical analysis for the volcano plot
and hierarchical clustering data was performed using base R. Stu-
dent’s 2-tailed t-test was used to determine statistically significant
differences between groups, calculated using GraphPad Prism
software (version 8.01).

RESULTS

SNP-based capture of TFs and identification of dif-
ferentially bound proteins by label-free MS. \We hypoth-
esized that the effects of rs4648889 on disease association and
differential gene expression can be attributed to allele-specific TF
binding in CD8+ T cells. We first sought to identify which TFs have
the capacity to bind in an allele-specific manner, using a highly
sensitive DNA pull-down approach with analysis using label-free
MS. Nuclear proteins from freshly isolated CD8+ T cells were incu-
bated with rs4648889-centered DNA oligonucleotide baits cor-
responding to the 2 naturally occurring alleles, followed by gMS
analysis in 3 independent experiments (Figure 1A).

Principal components analysis demonstrated that there
were clear clusters of proteins preferentially binding the different
rs4648889 alleles (Figure 1B). There was significant differen-
tial binding for 38 proteins (FDR <0.05) between the AS-risk A
allele and the AS-protective G allele, as shown in the volcano plot
(Figure 1C and Supplementary Table 3, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41628/abstract). Reactome pathway analysis revealed
significant enrichment for proteins involved in immunity, chroma-
tin remodeling/histone deacetylation, RNA polymerase Il tran-
scription initiation, and regulation of RUNX3 expression and
activity (Figure 1D). Unsupervised hierarchical clustering analysis
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demonstrated distinct DNA-protein “interactome” profiles for the
2 rs4648889 alleles (Figure 1E).

Identification of IKZF3 and NuRD cofactors by qMS
analysis. We then prioritized TFs for validation among those
showing differential binding. We reasoned that as a regulatory
complex of TFs, protein—protein interactions would be important.
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We therefore performed protein association network analysis
(using the STRING database, version 11.0; www.string-db.org)
and found several significant protein—protein interactions among
the 38 factors identified (Figure 2A), with significant GO terms for
regulation of IFN production (FDR 0.04) and NuRD complex (FDR
0.02). These analyses provided evidence of interactions involving
IRF5, IKZF3 (the zinc-finger protein Aiolos), RBBP4, and CHD4
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Figure 2. Identification of IKZF3, CHD4, and NuRD complex factors in binding the genomic region spanning rs4648889. A, Protein—protein
interaction analysis of the 38 factors identified as significant by DNA pull-down/gMS and related Gene Ontology (GO) analysis. B, lllustration
showing the binding of IKZF3 (Aiolos) and NuRD complex factors to DNA. €, DNA binding motifs of IKZF3 and CHD4 (verified in the ENCODE
Factorbook [21]) that overlap the rs4648889-encompassing locus. D, Chromatin immunoprecipitation—-sequencing peak signals for CHD4 and
IKZF proteins on GM12878 cell lines, as revealed by interrogation of the Epigenome database. Purple vertical line indicates the location of the
rs4648889 genetic variant. E, Label-free quantitation of IKZF3, NUuRD complex factors, and IRF5 identified by gMS. The heatmap represents
the differential binding of each protein, quantified as fold change in expression. pro = protective; HDAC1/2 = histone deacetylase 1/2; MTA2 =
metastasis-associated protein 2; MECP2 = methyl-CpG binding protein 2; LSD1 = lysine-specific demethylase 1 (see Figure 1 for other definitions).
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Figure 3. Validation of the NuRD factors identified. A, Representative Western blot (3 samples analyzed) of the pulled-down eluates used in gMS
experiments shows the differential binding of IKZF3, CHD4, and RBBP4 to the AS-protective (pro) G allele versus the AS-risk A allele. Silver staining
was used for equal loading. Numbers above the bands show the quantification of binding, measured with Imaged. B, Representative findings from
electrophoretic mobility shift assay (EMSA) (2 samples analyzed) show differential nuclear extract (N.E.) binding after addition of Jurkat cell lysates
(lanes 2 and 7). A 100-fold excess of unlabeled probes was used as competitor (Comp) (lanes 3 and 8). The involvement of IKZF3 and CHD4 was
assessed by adding the corresponding antibody (lanes 4, 5, 9, and 10). Numbers below the bands represent the pixel intensity, measured with Imaged.
C, Representative findings from EMSA (2 samples analyzed) show differential nuclear extract binding of RBBP4 after addition of the RBBP4 antibody
(lanes 4 and 8). In B and C, the asterisk indicates the presence of a supershifted complex (arrow). D, The relative enrichment of CHD4, IKZF3, and
RBBP4 was assessed with chromatin immunoprecipitation—quantitative polymerase chain reaction (ChIP-gPCR) (3 samples analyzed) on CD8+ T cells
heterozygous for rs4648889 (from buffy coat blood cones). Data were normalized against a 1% input control, with IgG set at 1.0. Symbols represent
individual samples; bars show the mean + SD. P values were determined by Student’s t-test. See Figure 1 for other definitions.

(Figure 2A). Crucially, we were able to identify all of the previ- To investigate this further, we analyzed DNA binding motifs
ously described members of the NURD repressor complex in our spanning rs4648889. We found evidence of specific motifs for
pull-down experiments (Figure 2B and Supplementary Table 4, IKZF3 and CHD4 overlapping the disease-associated A allele

available on the Arthritis & Rheumatology website at http://online at rs4648889 (Figure 2C). We interrogated publicly available
library.wiley.com/doi/10.1002/art.41628/abstract) (22). ENCODE ChlIP-seq data (https://genome.ucsc.edu/ENCODE/) and
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found evidence of binding of both IKZF and CHD4 at or near these
sites in lymphoblastoid cell lines (Figure 2D). Our label-free gMS
experiment showed that IKZF3 was significantly more abundant
from pull-down with the AS-risk A allele than with the protective
G allele (8.7-fold increase; P < 0.03) (Figure 2E and Supplemen-
tary Table 4 [http://onlinelibrary.wiley.com/doi/10.1002/art.41628/
abstract]). Binding to the A allele was also significantly increased
for several components of the NuRD complex, including CHD4
(8.6-fold increase; P < 0.05), RBBP4 (4.1-fold increase; P < 0.03),
and methyl-CpG binding protein 2 (MECP2) (1.5-fold increase;
P = 0.05). Although not statistically significant, this trend of
increased binding to the A allele continued for other NuRD pro-
teins, including lysine-specific histone demethylase 1 (KDM1A)
and the histone deacetylases HDAC1 and HDAC?2 (increase in
preferential binding to the A allele of 2.4-fold, 16.1-fold, and 16.2-
fold, respectively) (Figure 2E and Supplementary Table 4).

Validation of differential binding for IKZF3, CHD4,
and RBBP4. \We then sought to validate our gMS results further.
First, we used Western blots to analyze the pulled-down eluates
from the gMS experiments. We demonstrated increased amounts
of IKZF3, CHD4, and RBBP4 in eluates pulled down with probes
containing the AS-risk A allele (Figure 3A).

We then determined the impact of rs4648889 on TF bind-
ing by analyzing nuclear extracts from Jurkat T cells using EMSA.
While the overall binding intensity of the DNA-nuclear extract
complex was less with the A allele than with the G allele (units of
intensity, mean + SD 21.3 + 3.7 with the A allele versus 68.1 = 1.5
with the G allele [n = 3]; P = 0.002), incubation with antibodies
against IKZF3, CHD4, and RBBP4 resulted in supershifted bands,
which was more evident with the A allele (Figures 3B and C; see
also Supplementary Figure 1A, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41628/abstract). These findings confirm the interaction of
these TFs with the 50-bp sequence encompassing rs4648889,
and demonstrate increased binding of these TFs to the AS-risk
A allele.

We also performed allele-specific ChIP-gPCR to assess the
relative abundance of these 3 specific factors. Freshly isolated
CD8+ T cells from healthy donors who were heterozygous for
rs4648889 showed enhanced relative enrichment of binding to
the AS-risk A allele for CHD4, IKZF3, and RBBP4 (in 3 indepen-
dent experiments) (P = 0.04, P = 0.07, and P = 0.06, respectively)
(Figure 3D).

Preferential binding of IRF5 to the G allele at
rs4648889. Similar experimental approaches were used to vali-
date IRF5 binding. Expression of IRF5 was evaluated by Western
blotting in Jurkat T cells and CD8+ T cells (see Supplementary
Figure 2, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41628/abstract).
There was a markedly increased amount of IRF5 in eluates pulled

down with probes containing the AS-protective G allele compared
to those containing the AS-risk A allele (Figure 4A). Among the 38
proteins displaying significant differential allelic binding by gMS,
IRF5 was significantly enriched in the fraction pulled down with the
oligonucleotide containing the AS-protective G allele (fold change
8.2; P=0.003).

Similar to the above findings, EMSA revealed markedly greater
binding of nuclear extracts from Jurkat T cells to the G allele, which
was significantly reduced by preincubating the nuclear extracts
with 2 independently validated anti-IRF5 antibodies (Figures 4B
and G; quantification of the Western blot findings is shown in Sup-
plementary Figure 1B [http://onlinelibrary.wiley.com/doi/10.1002/
art.41628/abstract]), although no supershift was seen in this case.
Furthermore, EMSA analysis of nuclear extracts from CD8+ T cells
confirmed this result, as shown in Figure 4D. These findings are
consistent with the notion that IRF5 is involved in the DNA-protein
complex. ChIP-gPCR analysis of freshly isolated CD8+ T cells
from healthy donors heterozygous for rs4648889 also showed a
trend toward enhanced enrichment of IRF5 for the protective G
allele (P = 0.08) (Figure 4E). These findings suggest that an allelic
imbalance occurs in these cells.

Impact of IRF5 silencing on CD8+ T cells. We then
investigated the potential functional significance of differential
IRF5 binding in CD8+ T cells. We used siRNA to knock down
IRF5 expression in primary CD8+ T cells activated with anti-CD2/
anti-CD3/anti-CD28 beads. Transfection of CD8+ T cells with
siRNA targeting IRF5 resulted in a significant reduction (up to 91%)
in IRF5 expression compared to the effects of a scrambled control
siRNA (Figure 5A). We initially observed a small, but nonsignifi-
cant, increase in RUNX3 expression following IRF5 knockdown
(Figure 5B). In addition, we observed a significant increase in the
levels of both IFNG mRNA (P = 0.08) and IFNy protein (P = 0.02)
following IRF5 knockdown in CD8+ T cells (Figures 5C and D).

DISCUSSION

Converting knowledge obtained from GWAS for complex
traits into a mechanistic understanding of the underlying patho-
logic processes represents a truly formidable challenge (23). In
the present study we have shown the power of gMS to address
this challenge, by using this approach to identify a complex net-
work of TFs and chromatin regulatory proteins (24,25) interact-
ing with a putative cis-regulatory (enhancer) element upstream
of the distal RUNX3 promoter, which has previously been impli-
cated in the etiology of AS when investigated in GWAS and fine-
mapping studies (2,5,8). We find that many of these TFs exhibit
differential allelic binding in vitro to a short DNA sequence flank-
ing rs4648889. In particular, one member of the Ikaros family of
closely related TFs known as Aiolos (IZKF3), a global regulator of
chromatin architecture (26), binds preferentially to the AS-risk A
allele. The lkaros family of TFs (including Aiolos) plays important
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Figure 4. Validation of IRF5. A, Representative Western blot (3 samples analyzed) of the pulled-down eluates used in gMS experiments shows
the differential binding of IRF5 to the AS-protective (pro) G allele versus AS-risk A allele. Silver staining was used for equal loading. Numbers
above the bands show the quantification of binding, measured with Imaged. B, Representative findings from electrophoretic mobility shift assay
(EMSA) (2 samples analyzed) show differential Jurkat cell nuclear extract (N.E.) binding for IRF5, after the addition of IRF5 antibody 13496
(lanes 4 and 8). In this case, inhibition of the complex was detected. C and D, Representative findings from EMSA (38 samples analyzed) show
differential Jurkat cell (C) and CD8+ T cell (D) nuclear extract binding for IRF5, after addition of IRF5 antibody 21689 (lanes 4 and 8). Inhibition
of the complex (arrow) is confirmed. E, The relative enrichment of IRF5 was assessed with allele-specific chromatin immunoprecipitation—
quantitative polymerase chain reaction (ChIP-gPCR) on CD8+ T cells heterozygous for rs4648889 (3 samples analyzed). Data were normalized
against a 1% input control, with IgG set at 1.0. Symbols represent individual samples; bars show the mean + SD. P values were determined by

Student’s t-test. See Figure 1 for other definitions.

roles in lymphocyte biology, and Aiolos has been incriminated in B
cell disorders (hyperproliferative states, autoantibody production,
and lymphomas), T cell proliferation, Th17 cell differentiation, and
innate immune cell plasticity (27-29).

Aiolos is often physically associated with the NuRD complex,
an ATP-dependent chromatin-remodeling complex involved in

transcriptional repression (30,31). We identified most of the com-
ponents of the NURD complex active at this locus (CHD4, MECP2,
RBBP4, HDAC1, HDAC2, and KDM1A), all of which exhibit some
degree of preferential binding to the A allele. These findings were
consistent with our results from Western blotting, EMSA, and
ChIP-gPCR and suggest that the NuRD complex is recruited more
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Figure 5. Functional validation of the role of interferon regulatory
factor 5 (IRF5) using gene silencing. A, The efficiency of IRF5 silencing
was evaluated with reverse transcription—quantitative polymerase
chain reaction (RT-gPCR) on CD8+ T cells transfected with IRF5
small interfering RNA (siRNA). A scrambled siRNA was used as
control (Ctr-siRNA). Results are shown as the normalized transcript
levels after IRF5 knockdown (KD) relative to control. B, Results of RT-
gPCR show the effect on RUNX3 mRNA expression in CD8+ T cells
after IRF5 silencing (n = 4). C, Results of RT-gPCR show the effect
on expression of the interferon-y (IFNy) gene after IRF5 silencing in
CD8+ T cells (n = 4). D, Results of enzyme-linked immunosorbent
assay (ELISA) show the effect on IFNy protein levels in CD8+ T cells
after IRF5 knockdown (n = 4). Values in B-D are shown as box plots,
where lines inside the box represent the median, the boxes show the
interquartile range, and the lines outside the boxes show the 10th
and 90th percentiles. * = P = 0.002 by Student’s t-test.

efficiently to the AS-associated A allele of rs4648889 in the regu-
latory sequence upstream of RUNX3. This could account for our
previous findings of the transcriptional repression of RUNX3 by
the A allele of rs4648889 (8). CHD4 and the NURD complex are
pivotal in early T cell development, specifically during the transition
from double-negative to double-positive (CD4+CD8+) T cell pre-
cursors (32-34). Moreover, CHD4 and the NuRD complex work
together with IKZF family members in modifying CD8a transcrip-
tion and expression (35). Of passing interest to rheumatologists,

CHD4 is one of the target antigens for anti-Mi2 autoantibodies,
which are found in ~20% of patients with dermatomyositis (36).
However, the relevance of these antibodies to the pathogenesis
of myositis or the malignancies commonly associated with der-
matomyositis is unclear.

The presence of IRF5 among the 38 factors exhibiting signif-
icant differential allelic binding to this region is intriguing, particu-
larly since its binding was significantly higher to the protective G
allele—in contrast to Aiolos and the NuRD complex, which bound
preferentially to the A allele (as described above). Our hypothesis-
free DNA pull-down approach clearly demonstrated the differential
binding of IRF5 to the risk and protective alleles of rs4648889. The
detection of a unique peptide (LITVQVVPVAAR) in all 3 replicated
pull-down experiments with the protective allele demonstrates cat-
egorically the presence of IRF5, as has also recently been shown
by others (37). These results were also independently supported
by the observed changes in IRF5 expression levels evaluated on
the pull-down eluates from Western blotting and as analyzed with
in vitro supershift assays performed with Jurkat and CD8+ T cells.

We corroborated our findings by using 2 different IRF5-specific
antibodies. IRF5 is one of the closely related members of the IRF
family that play critical roles in cell differentiation, development,
and proliferation. It is constitutively expressed in monocytes, mac-
rophages, B cells, and dendritic cells (38) and is a key factor in
promoting polarization toward the inflammatory (M1) macrophage
phenotype, which subsequently enhances the development of
Th1-Th17 cell responses (39). It plays a central role in the induc-
tion of inflammatory cytokines (40) and in determining macrophage
responses to stimulation by IFNy and granulocyte-macrophage
colony-stimulating factor, which appears to be a key factor in the
pathogenesis of AS (41). Stimulation by Toll-like receptor and Fcy
receptor are both required for IRF5 phosphorylation, activation,
and nuclear translocation, which are essential for its transcription
(42). The role of IRF5 in T cells has been explored relatively rarely,
in contrast to its well-defined actions in monocytes/macrophages.
Recently, a possible role for IRF5 in the differentiation and migra-
tion of CD4+ and CD8+ T cells, and their production of cytokines,
has been described (43). IRF5 is up-regulated in mouse splenic
T cells during chronic infection with Leishmania donovani (44)
and has also been strongly associated genetically with several
immune-mediated diseases (9,45).

The increased production of IFNy by CD8+ lymphocytes
that we observed after IRF5 silencing was particularly interesting,
in view of another recent study relating to chronic visceral leish-
maniasis in mice. In these animals, IFNy-producing CD4+ T cells
were more abundant in the spleen of an if5”~ mouse, in which
increased IRF5 expression was triggered through Toll-like receptor
7, and CD4+ T cells were sensitized to cell death by increased
expression of death receptor 5, indicating a possible mechanism
for the maintenance of chronic infection (46). However, it is not
known whether IRF5 might have a similar role in CD8+ T cells.
Since the enhancer region that was studied herein lies closest to
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RUNX3, we assumed that it is most likely to influence expres-
sion of this gene. However, although we demonstrated a small
increase in RUNX3 expression following IRF5 knockdown, this
was not conclusive and a statistically significant change was not
observed. It is possible that any regulatory effects involving IRF5 at
this locus might also involve other TFs; this will need further evalu-
ation. However, in mice, irf5 has been showed to have a regulatory
effect on Runx3 transcription in CD11+ intestinal macrophages,
although data from T cells are so far lacking (47).

The therapeutic possibilities with regard to modulation of
IRF5 expression, its posttranslational modification, and/or func-
tional interactions with its protein partners have been extensively
discussed elsewhere (39,48). For example, AAAG-rich oligode-
oxynucleotides that compete with IRF5 for the consensus DNA
binding site in regulatory elements associated with inflammatory
genes have been used successfully to ameliorate bacterial septic
peritonitis and influenza-induced acute lung injury and to reduce
the levels of IL-6, tumor necrosis factor, and type 2 nitric oxide
synthase in mouse models (49,50).

The experiments described herein represent a continuation
of our approach to discover the pathogenic mechanisms underly-
ing the strong genetic association of AS with RUNXS. In this study
and in our previous work (8), we have demonstrated the impact
of AS-associated SNPs on TF binding to the enhancer-like region
upstream of RUNX3 and on RUNX3 expression in CD8+ T cells
(8). Further clarification of the involved pathways is needed, but
these results suggest that RUNX3- and IRF5-related pathways
represent important potential therapeutic targets for the treatment
of AS and support the role of CD8 lymphocytes in its pathology.
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