From genetics to functional insights into rheumatoid arthritis
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ABSTRACT

Autoimmune diseases are caused by
multiple factors. Rheumatoid Arthritis
(RA) is one of the most common human
systemic autoimmune diseases with a
prevalence of 0.5%—1% worldwide. It
is characterised by inflammation of the
synovial tissue and formation of rheu-
matoid pannus, which erodes adjacent
cartilage and bone, causing subsequent
Jjoint destruction. RA is believed to re-
sult from a combination of genetic and
environmental factors. In addition to
the well characterised HLA locus, a
number of susceptibility genes and loci
have been identified by genome-wide
association studies (GWAS). However,
genetic information alone does not
necessarily yield insight into the under-
standing of the pathogenesis of RA.

We previously reported that Peptidylar-
ginine deiminase type 4 (PADI4) is one
such RA susceptibility gene. PADI4 ca-
talyses the conversion of peptidylargi-
nine into peptidylcitrulline, and citrul-
line-containing epitopes are the most
specific targets of many RA-specific au-
toantibodies. We established that SNPs
within the coding region of PADI4 are
associated with the development of RA
and that these RA-associated SNPs
produce allelically imbalanced gene
expression, which has pathological
consequences. However, the individual
effects of susceptibility genes are likely
to be small, and it is the combination of
alleles along with strong effects on the
specific pathways affected by these sus-
ceptibility genes that are essential for
the development of RA. To understand
the role of genetics in the pathogenesis
of RA, it is therefore important to un-
derstand the physiological significance
of each susceptibility gene in relation
to RA.

Genome-wide  association  studies
(GWAS) involving thousands of in-
dividuals have reproducibly linked
hundreds of common genetic variants
to over 17 categories of diseases, in-
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cluding autoimmune and cardiovas-

cular diseases (http://www.genome.
gov/gwastudies). Due to a dramatic

increase in sample size, recent GWAS
have intensified efforts to identify ad-
ditional variants that may more com-
prehensively explain disease heritabil-
ity. Each putative risk locus identified
has a relatively small effect on overall
disease risk [odds ratio (OR) <1.5],
explaining only a small fraction of
the heritability of common diseases.
GWAS of Rheumatoid Arthritis (RA)
have successfully linked the risk of de-
veloping the disease to numerous loci
that contain novel candidate genes,
each with a small effect size (1). Some
RA loci contain no predicted candidate
gene (1). New approaches, including
cis-expression quantitative trait loci
(cis-eQTL) analysis, are being used to
identify candidate genes within loci of
interest. However, it remains important
to determine the function of each gene
identified to establish its role in the
pathogenesis of RA.

Genetic risk factors involved

in the development of RA

There has recently been a significant
increase in our genetic understanding
of RA as a result of large-scale GWAS
that linked common SNPs to RA risk
(minor allele frequency >5%). Nu-
merous genetic risk factors have been
identified in multiple ethnic groups
(1-4). Some of these factors are shared
among different ethnic groups, where-
as others are unique to specific ethnic
groups. Approximately 30% of causa-
tive SNPs demonstrate cis-eQTL (5).
However, the function of some causa-
tive SNPs remains unclear. In common
diseases caused by multiple factors,
such as RA, non synonymous common
substitutions are rare. The functional
outcome of causative SNPs can some-
times be predicted using FuncPred
(http://snpinfo.niehs.nih.gov/snpinfo/
snpfunc.htm). However, the actual
functional outcome of SNPs and its re-
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Fig. 1. The two major haplotypes of PADI4 and its gene structure are shown (A). Haplotype frequencies are summarised in the table. Allelically imbalanced
PADI4 expression was detected using an RNA instability assay (B) and an allele-specific transcriptional quantitative (ASTQ) assay using real-time TagMan
RT-PCR (C). (B) Transient transfection experiments were performed in a K562 cell line using expression vectors containing full-length cDNA of each
PADI4 haplotype. Degradation rates were detected by real-time TagMan RT-PCR after inhibition of transcription using actinomycin D (16). (C) ASTQ was
performed using cDNA from peripheral blood leukocytes of heterozygous individuals (4). The TagMan probe for rs11203366 (G/A), which was used as a
marker, was located in exon 2 of PADI4. The mean signal intensity of genomic DNA after adjustment in a heterozygous individual was 1.00 with a standard
deviation of 0.08 and that of cDNA after adjustment was 1.18 with a standard deviation of 0.17 (p<0.05, U-test).

lationship to disease must be examined
using relevant cells or tissues. Thus, it
is difficult to understand the reasons
why certain susceptibility SNPs or
genes caused diseases. The results of
these studies suggest that many factors,
including the effects of susceptibility
genes on one or more pathways, leads
to the development of RA.

Numerous genetic risk factors with
modest effect sizes (<1.5) have been
identified through GWAS. However,
the genetic risk loci identified to date
only account for approximately half of
the total heritability of RA. Therefore,
half of the genetic contribution to RA
remains unknown (6). The remaining
genetic risk profile may involve large

numbers of common SNPs with small-
er effect sizes, as well as rare and struc-
tural variants, which are collectively
referred to as “missing heritability”
factors. Several associations between
structural variations and disease have
been identified, for example the link
between copy number variation (CNV)
and autoimmune disease (7, 8). How-
ever, the results of a recent GWAS of
CNVs using eight common diseases
and controls analysed by the Wellcome
Trust Case Control Consortium (WTC-
CC) suggest that common CNVs are
unlikely to account for a large amount
of the missing heritability (9). GWAS
analyses are still uncovering risk vari-
ants with medium effect sizes (OR =
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1.5-2) and rare variations. Identifica-
tion of these variants may help resolve
missing heritability.

Functions of causal RA-associated
variants

A number of candidate genes have been
identified by examining causal genetic
variants linked to mapped SNPs that
are located within susceptibility genes
or their functionally-regulated regions
or by identifying amino acid changes
that influence the target gene function.
For example, a large-scale linkage
disequilibrium study revealed an RA-
susceptibility variant within PADI4 in
a Japanese population (10). The num-
ber of transcripts generated from the
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Fig. 2. A developmental model of RA. Combinations of factors differ among various populations and

individuals.
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Fig. 3. Distribution of PAD4 and citrullinated peptides in synovial tissue from two patients with RA.
PAD4 and citrullinated peptides were detected by anti-PAD4 and anti-modified citrulline (anti-MC)

antibodies, respectively.

susceptibility haplotype was greater
than that from the nonsusceptibil-
ity haplotype both in vitro and in vivo
(Fig. 1) (10). A 1.2-fold change in the
transcription of PADI4 was observed
in peripheral blood leukocytes from
individuals with the susceptibility hap-

lotype. Thus, although the contribution
of each genetic factor to autoimmune
disease is small, a combination of ge-
netic factors is believed to contribute to
the development of RA (Fig. 2).

The phenotyping of susceptibility al-
leles for selected specific traits may
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reveal the molecular mechanism(s)
that underlie these diseases; however,
ultimately the functional identification
of a causal gene(s) within a disease-as-
sociated locus will be more important
for understanding the effects of SNP on
pathophysiology of RA.

Physiological functions of
susceptibility genes in RA
HLA-DRB1 gene is a well-known
genetic risk factor for RA, which rep-
resents the largest effect size of all
genetic risk factors for RA. The main
function of HLA-DRBI is to present
antigen to T-cells. The PADI4 RA sus-
ceptibility gene is a non-HLA genetic
factor that influences the development
of RA through its involvement in the
process of citrullination. It has been
reported that HLA-DR4, an RA-asso-
ciated HLA-DRBI1 subtype, undergoes
a high-affinity interaction with citrulli-
nated peptides (11). This strongly sug-
gests that PADI4 is functionally related
to HLA-DRBI1, because PADI4 pro-
duces antigens against which autoan-
tibodies that specifically recognise cit-
rullinated peptides are produced, which
are highly specific to patients with RA.
Protein citrullination is essential for
the development of RA, and it follows
that citrullinated protein-autoantibody
immune complexes play a pathogenic
role in the autoimmune inflammation
associated with RA. Citrullinated pep-
tides and PADI4 have been detected
in the synovial tissue of patients with
RA (Fig. 3). Despite the importance of
these observations, the pathophysio-
logical role of PADI4 remains obscure,
because they do not directly demon-
strate a relationship between PADI4
and the development of RA. Thus, it
is difficult to translate identification
of susceptibility gene into pathophysi-
ological disease mechanisms.

Mouse models are powerful tools that
allow the in vivo functions of genes
identified by GWAS to be tested to bet-
ter understand associations between
genes and phenotypes. Although mouse
is a good disease model, it is difficult to
estimate the effect of disease-associat-
ed SNPs in mice because the effect size
is very small. However, some knockout
and transgenic mice show varied phe-
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Fig. 4. Suppression of arthritis in CIA model of Padi4 knock-out CL57BL/6J mice.

notypes (12, 13). In addition, tissue-
specific mouse models are also impor-
tant for translating findings into useful
clinical information, allowing novel
therapeutic strategies and drug-tissue
specificity to be established (14).

We found that Padi4 knockout mice
showed reduced RA disease scores (Fig.
4), consistent with results of the eQTL
study. The effect size of PADI4 is ap-
proximately 1.1-1.2, which is also the
estimated OR (1, 15), and based on data
from Suzuki et al. (10), the population
attributable risk (PAR) can be calculated
to be 24%. This effect is too small to find
disease phenotypes using mouse mod-
els. However, mouse models that func-
tionally test disease-associated genes
can be used to identify causal genes
from GWAS by yielding functional evi-
dence. Pathophysiological mechanisms
can be more easily determined in mouse
models than in humans.

Conclusion: challenges in the
post-GWAS era

GWAS have been extensively per-
formed to identify common genetic
risk factors that are associated with RA,
leading to the discovery of novel dis-
ease genes. Unknown genetic risk fac-
tors and missing heritability are likely

to be more comprehensively character-
ised through whole genome sequenc-
ing using next-generation sequencers.
In addition, advanced bioinformatics
tools will be needed to integrate func-
tional and genomic data and to model
the pathways and gene interactions in-
volved in disease.

Most GWAS have focused on the as-
sociation of SNPs with disease suscep-
tibility, but these studies have rarely
examined the functional impact of as-
sociated risk loci. Mouse models can
be used to identify potential pharmaco-
logical targets by providing a platform
for the functional study of susceptibili-
ty genes. Elucidating the mechanism(s)
by which these genes influence the dis-
ease will have great clinical impact.
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