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Functional haplotypes of PADI4, encoding citrullinating
enzyme peptidylarginine deiminase 4, are associated with

rheumatoid arthritis

Akari Suzukil, Ryo Yamadal, Xiaotian Changl, Shinya Tokuhiro!-2, Tetsuji Sawada?, Masakatsu Suzuki?,
Miyuki Nagasakiz, Makiko Nakayama-Hamadaz, Reimi Kawaida?, Mitsuru Ono?, Masahiko Ohtsuki?,
Hidehiko Furukawa?, Shinichi Yoshino*, Masao Yukioka®, Shigeto Tohma®, Tsukasa Matsubara’,

Shigeyuki Wakitani®, Ryota Teshima®, Yuichi Nishioka!?, Akihiro Sekine!!, Aritoshi Iida'!, Atsushi Takahashi'?,
Tatsuhiko Tsunodal?, Yusuke Nakamurall:!? & Kazuhiko Yamamoto!»3

Individuals with rheumatoid arthritis frequently have autoantibodies to citrullinated peptides, suggesting the involvement of the
peptidylarginine deiminases citrullinating enzymes (encoded by PADI genes) in rheumatoid arthritis. Previous linkage studies
have shown that a susceptibility locus for rheumatoid arthritis includes four PADI genes but did not establish which PADI gene
confers susceptibility to rheumatoid arthritis. We used a case-control linkage disequilibrium study to show that PADI type 4 is a
susceptibility locus for rheumatoid arthritis (P = 0.000008). PADI4 was expressed in hematological and rheumatoid arthritis
synovial tissues. We also identified a haplotype of PADI4 associated with susceptibility to rheumatoid arthritis that affected
stability of transcripts and was associated with levels of antibody to citrullinated peptide in sera from individuals with
rheumatoid arthritis. Our results imply that the PADI4 haplotype associated with susceptibility to rheumatoid arthritis increases
production of citrullinated peptides acting as autoantigens, resulting in heightened risk of developing the disease.

Rheumatoid arthritis is one of the most common human systemic
autoimmune diseases. It is characterized by inflammation of synovial
tissues and the formation of rheumatoid pannus, which is capable of
eroding adjacent cartilage and bone and causing subsequent joint
destruction. Previous studies have indicated that risk of the disease in
siblings of affected individuals (Ay,) is 2-17 times higher, suggesting the
importance of genetic factors in rheumatoid arthritis'. Multiple genes
are believed to contribute to rheumatoid arthritis susceptibility, but the
only locus that has been conclusively associated with the condition is the
HLA-DRB locus, which accounts for about one third of the genetic com-
ponent”™, Recently, four sibling-pair linkage studies from Europe,
North America and Japan were published>8. Although no common loci
apart from the HLA region were suggested by all the studies, some were
suggested by multiple studies. Chromosome 1p36 represents one such
locus. Cornelis et al.> reported an association between rheumatoid
arthritis and DI1S228 that identified nucleotides 363,575-363,702 on
NT_004873.12 in a study using 114 sibling pairs (P = 0.0065). Shiozawa
et al.® obtained a single-point lod score of 3.58 at D15214 that identified

nucleotides 1,089,077—108,972 on NT_028054.9 and also observed lod
scores of 3.77 as a single-point analysis and 6.13 as a multi-point analy-
sis at D1S253 that identified a region 1.5 cM telomeric from D15214
(located in GB4 map by the International RH Mapping Consortium but
not annotated in the Reference Sequence of genomic DNA by NCBI),
using 41 families. D15228 and D1S214 are located 6.7 Mb apart accord-
ing to the Reference Sequence build 33 from the National Center for
Biotechnology Information.

The gene region located 3.1 Mb and 9.8 Mb centromeric from
D15228 and D15214, respectively, contains clusters of enzymes that are
functionally associated with the production of rheumatoid
arthritis—specific autoantibodies. These enzymes are the peptidylargi-
nine deiminases (PADIs), which posttranslationally convert arginine
residues to citrulline. Citrullinated epitopes involved in a peptidic link
are the most specific targets of rheumatoid arthritis—specific autoanti-
bodies. Citrullination is related to two rheumatoid arthritis—specific
autoantibody systems: those directed against perinuclear factor/ker-
atin and against Sa®!°. Assays of antibodies to citrullinated peptide can
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be used as valuable diagnostic tools'>!2. The clinical importance of
measuring antibodies to citrullinated peptide and the specificity of
autoantibodies suggests a specific role of citrullination and PADIs in
the pathophysiology of rheumatoid arthritis. In addition, the appear-
ance of antibodies to citrullinated peptide in sera from affected indi-
viduals in the very early phase of disease manifestation implies that
citrullination is involved in the triggering phase or the acute phase of
the disease!®. The presence of citrullinated peptides in rheumatoid
arthritis synovial tissue has also been reported, suggesting the involve-
ment of PADIs in the pathomechanisms of rheumatoid arthritis!41°.

We carried out a case-control association study using single-
nucleotide polymorphisms (SNPs) discovered by the Japanese
Millennium Genome Project in the 1p36 region containing the genes
PADII, PADI2, PADI3 and PADI4. This study identified a haplotype
associated with susceptibility to rheumatoid arthritis in PADI4 but
not in neighboring PADI genes. We confirmed that PADI4 was
expressed in hematological cells by northern-blot hybridization and
in synovial tissue of individuals with rheumatoid arthritis by in situ
RT-PCR and immunohistochemistry. Moreover, the susceptibility
haplotype of PADI4 was related to levels of antibody to citrullinated

filaggrin in sera of individuals with rheuma-
toid arthritis. We also identified a difference
in mRNA stability between non-susceptibil-
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Figure 1 Gene content of NT_034367.1 in chromosome 1p36, case-control association and linkage
disequilibrium. (a) Genomic structure of genes in this region. Ptel, p telomere; Cen, centromere.

(b) Case-control association plots (—log;o(P value)) versus location in this region.

of these results were statistically significant.
We then sequenced all exons of PADI4,
including the 5" and 3" untranslated regions,
from 48 individuals with rheumatoid arthri-
Asterisk indicates the  tis to identify SNPs. We identified four new

SNP showing the strongest association in this region. (¢) Pairwise linkage disequilibrium between SNPs and genotyped them in the exons:
SNPs, as measured by A in the case and control populations in this region: upper right triangle, case padi4_89 (163G—A in exon 2), padi4_90

population; lower left triangle, control population.

(245T—Cin exon 2), padi4_92 (335G—Cin
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Table 1 Summary of association between cases and controls in PADI4
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Genotype of case

Genotype of control

Allele 1 versus allele 2 Genotype 11 versus genotype 22

SNP ID 11 12 22 Sum 11 12 22 Sum 12 Pvalue OR (95% c.i.)
padi4_92 166 416 241 823 102 307 246 655 12.36  0.00046 1.66 (1.23-2.25)
padi4_94 167 415 240 822 89 305 252 646 19.86  0.0000084 1.97 (1.44-2.69)
padi4_1042 268 355 110 733 313 358 64 735 12.67 0.00051 2.00(1.41-2.86)°
padi4_95 131 386 304 821 64 300 281 645 12.29 0.00046 1.89 (1.35-2.66)
padi4_97 304 390 131 825 283 305 64 652 12.48 0.00041 1.92(1.35-2.70)°
padi4_99 225 421 181 827 224 331 100 655 13.72  0.00021 1.82(1.33-2.44)°
padi4_100 225 418 180 823 216 332 98 646 12.00 0.00053 1.75(1.30-2.38)°
padi4_101 222 417 178 817 216 322 95 633 13.62 0.00022 1.82(1.33-2.50)°

Sum of cases > 800; P< 0.001.

aControl sample number of this SNP was 736. PFor OR >1, the inverted score is indicated.

exon 3) and padi4_104 (349T—C in exon 4; Table 1 and Fig. 2a,b).
Overall, eight SNPs in NT_034376.1 had significant associations
with rheumatoid arthritis (P < 0.001, Table 1), and all these SNPs
were in PADI4. In the case and control populations, strong linkage
disequilibrium extended only within PADI4 and not to SNPs flank-
ing PADI4 (Fig. 1c). We therefore concluded that the strong associa-
tion detected with SNPs in PADI4 originated from PADI4 itself.
Rheumatoid factor status, sex, age at disease onset and HLA-DRBI
status of affected individuals were not related to PADI4 genotype dis-
tribution (data not shown).

We next undertook full haplotype analysis for 17 SNPs in PADI4.
Only 4 of 2!7 possible haplotypes were estimated to have frequency
>0.02 in both case and control groups using the expectation-maximiza-
tion algorithm. Less frequently occurring haplotypes were not shown,
owing to concern over the accuracy of low frequency alleles in the expec-
tation-maximization algorithm. The most frequently occurring haplo-
type, haplotype 1, and the second most frequently occurring haplotype,
haplotype 2, comprised more than 85% of
total chromosomes both in case and control
groups (Table 2). Among the SNPs that segre-
gate haplotype 1 and haplotype 2, four were 4

and peripheral blood leukocytes, low levels of expression in spleen
and fetal liver and no expression in other organs (including liver
and kidney). PADI4 was thus highly expressed in the organs of the
hematological system.

We also confirmed PADI4 expression in hematological cell types.
Quantitative RT-PCR was done using RNA from CD4" and CD8* T
cells, CD19" B cells, CD14* monocytes, polymorphonuclear leuko-
cytes (PMNs), bone marrow and kidney (as a negative control).
PADI4 was highly expressed in bone marrow, CD14* monocytes and
PMNss but was not expressed in CD4" and CD8* T cells or CD19" B
cells (Fig. 3b).

Localization of PADI4 mRNA, protein and citrullinated peptide
To test whether PADI4 was expressed in rheumatoid arthritis synovial
tissues, we carried out in situ RT—PCR. We observed PADI4 mRNA in
the lining or sublining layers of synovial tissues from all seven indi-
viduals with rheumatoid arthritis that we tested (Fig. 3c).
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exonic and three of them involved amino acid
substitutions: padi4_89, padi4_90, padi4_92

and padi4_104, resulting in G55S, V82A,

Gl12A and L117L, respectively (Fig. 2c). b '
Haplotype 1 was more frequently observed in

the control group and haplotype 2 in the case
group. Haplotype 1 and its transcript and pep-
tide were therefore termed ‘non-susceptible,
and haplotype 2 and its transcript and peptide
‘susceptible’. Compositions of bases and amino
acids of transcripts and peptides for suscepti-
ble and non-susceptible types are indicated in €
Figure 2c.
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padid_88
163G—A

G555 Va2

SNP 1D 59 a0 92 104
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padid_00 padi4 92  padid_104
245T—C 336G—C M9 T—C
a112a

Susceplible (haplotype 2) G T G T
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Expression of PADI4 mRNA

o

To investigate the expression patterns of e

PADI4 in tissues, we carried out northern-
blot analysis and quantitative real-time
RT-PCR. Northern-blot analysis identified
two PADI4 transcripts, one band at 2.6 kb
and the other at 4.0 kb (Fig. 3a), as
described in a previous study??. PADI4 had
high levels of expression in bone marrow

45 T4 128

Peptide antigen

140 505 516 |
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Figure 2 Structure of PADI/4. (a) Exon-intron structure of PADI4. SNPs in PADI4 are indicated below
the gene. (b) Structure of region including exons 2-5. SNPs in this region are indicated below the gene.
The asterisk marks the same SNP that is indicated in Figure 1b. (c) Protein structure of PADI4.
Nucleotide numbering starts from start codons of genes. The bracketed region was used to generate the
peptide antibody used in immunohistochemistry.
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Table 2 Haplotype structure and frequency in PADI4

Haplotype frequency

SNP ID (as padi4_x)

Haplotype 1D Case Control 89 90 91 92 93 94 104 95 96 97 98 99 100 101 102 103 105
Haplotype 1 0.52 0.60 A C C C ¢ ¢ ¢ G T T C A T T Cc T ¢
Haplotype 2 0.32 0.25 G T T 6 A T T C C A T G C C C C ¢
Haplotype 3 0.06 0.04 G T T 6 A T T C C A T G C C T € ¢
Haplotype 4 0.06 0.04 G T T G ¢ T ¢C G T T C G C C C T ¢

We used sections of synovial tissues for immunohistochemistry with
antibodies to PADI4 and to citrulline. In each sample from an individual
with rheumatoid arthritis, PADI4 protein was detected in the sublining
(Fig. 3d). Citrullinated peptide was also detected in the sublining with a
similar pattern (Fig. 3e). These results indicate that PADI4 protein and
citrullinated peptides are localized in rheumatoid arthritis synovia.

Stability of two types of PADI4 mRNA

To investigate further the association between PADI4 alleles and
rheumatoid arthritis, we tested whether SNPs in exons affect the sta-
bility of PADI4 mRNA. RNAs from the susceptible and non-suscepti-
ble alleles (Fig. 2¢) were transcribed in vitro by modified RNase T1
selection assay?!. Briefly, we mixed RNAs produced by in vitro tran-
scription with extracts of HL-60 cells and observed the degradation of
RNA by endogenous components of the HL-60 cell. Half-lives for sus-
ceptible and non-susceptible PADI4 mRNA were 11.6 min and 2.1
min, respectively. Susceptible mRNA was therefore significantly more
stable than non-susceptible mRNA (after 5 min, P = 0.038; after 10
min, P = 0.017; Fig. 4). Based on this result, mRNA stability seems to
depend on haplotype.

Relationship between SNP and antibody to citrullinated filaggrin
Citrullination in proteins is believed to create epitopes recognized by
rheumatoid arthritis autoantibodies that not only represent the most
specific serologic markers, but also appear early?2, even before clinical
onset of rheumatoid arthritis. Citrullinated filaggrin has been used in
clinical laboratory tests as a possible candidate for citrullinated

. @
a : 5 3 g
E 8 E g .
= @ _E-ﬁ = z 2
wReDpEC Ty §E8 5%
§EsoEissE ey a3
ETWOFROY Jddao a3 ET o &
R 4.4 kh —»
S 24 kb —»
ACTB AGTH

autoantigens®>. We therefore examined the relationship between
PADI4 haplotype and the presence of antibodies to citrullinated filag-
grin in sera from individuals with rheumatoid arthritis. Individuals
homozygous with respect to the susceptible haplotype were more
likely to be positive (87%) for antibody to citrullinated filaggrin than
the other two genotypes, for whom the positive fraction rate was 50%
(Table 3). This tendency was tested using Fisher’s exact test and was
marginally significant (Table 4, P = 0.038).

DISCUSSION

A genome-wide association study to identify genes associated with
rheumatoid arthritis is in progress in Japan using a high-throughput
multiplex PCR-Invader assay'”!8. Although the project has not yet
been completed, one candidate locus has been identified in contig
NT_034376.1. Previous sibling-pair linkage studies have also shown
that this region is one of the three strongest susceptibility loci for
rheumatoid arthritis™3. This locus contains all four identified PADI
genes, which encode calcium-dependent enzymes that catalyze the
conversion of arginine to citrulline in peptides. This activity itself
suggested that PADI genes may be involved in rheumatoid arthritis,
and the antibodies are the most specific rheumatoid arthritis—specific
antibodies identified?>~2°. Although several other genes with func-
tional association to rheumatoid arthritis, including that encoding
tumor necrosis factor receptor 2 (ref. 27), have been localized to 1p36,
PADI genes were considered the most relevant for investigation owing
to the rheumatoid arthritis specificity of the autoimmune response to
citrullinated epitopes.

Relative mMRMNA expression

PIN

Baone marraw
CD&™ T cell
CO19* B cell

CD14" monocyte
GO T cell

Figure 3 Expression of PAD/4. (a) Expression of PADI4 mRNA in various normal human tissues. (h) Relative expression level of PAD/4 mRNA in normal
human tissues and cells. Values represent mean + s.d. of data from triplicate wells. (¢) Expression and distribution of PAD/4 mRNA in rheumatoid arthritis
synovial tissue as analyzed by in situ RT-PCR. PADI4 transcript (dark blue) was stained in sublining and lining. Immunohistochemistry showing expression
patterns of PADI4 (d, red stain) and citrullinated peptides (e, red stain) in rheumatoid arthritis synovium. No non-rheumatoid arthritis tissue control was

used. Scale bars: ¢, 250 um; d, e, 100 um.
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We identified eight genes in contig NT_034376.1, including four
PADI genes (Fig. 1a). We evaluated the strength of association with
rheumatoid arthritis across the region by linkage disequilibrium
mapping of 119 SNPs (Fig. 1b). The association in the region was
definitive (P = 0.000008, OR = 1.97, 95% c.i. = 1.44-2.69) and was
considered to originate in PADI4, rather than any other PADI gene
(Fig. 1c). We observed a similar pattern of linkage disequilibrium in
cases and controls, which is consistent with the association pattern
(Fig. 1c) and provides additional support for PADI4 as the origin.

An OR of 1.97 suggests that the genetic contribution of PADI4 is
not as strong as that of the HLA-DRB locus (OR = 2.60, 95% c.i. =
1.88-3.60; ref. 28) but is nonetheless considerable. The HLA-DRB
locus has been estimated to explain less than or close to half of the
total genetic contribution to rheumatoid arthritis, with the
remainder attributed to multiple non-HLA genes!. We therefore
expect that PADI4 is one of the primary non-HLA genes associated
with rheumatoid arthritis. A genotypic risk ratio for PADI4 is 1.3
(ref. 29), and its population attributable risk is 17.4% (ref. 30),
which seems reasonable for a gene associated with a complex
genetic trait like rheumatoid arthritis. Furthermore, a locus with
this degree of genetic contribution could be detectable in linkage
studies, as was the case for microsatellite markers close to PADI4 in
two linkage studies®8.

Northern-blot analysis indicated that PADI4 was highly expressed
in bone marrow and peripheral blood leukocytes. Quantitative
RT-PCR indicated that PADI4 mRNA is expressed in PMNs, which
include neutrophils and the monocyte lineage, but is not expressed in
lymphocytes. Previous reports have shown high PADI4 expression in
neutrophils, eosinophils and monocytes?®*!. PADI4 is therefore
expressed in hematological tissues and cell types, which are known to
be intimately involved in the pathogenesis of rheumatoid arthri-
tis>»33, Although the importance of antigen-specific immune
processes has been emphasized in the investigation of rheumatoid
arthritis, the finding that myeloid leukocytes, rather than lympho-
cytes, are the predominant cell types in which PADI4 is expressed
indicates that more investigation of the roles of myeloid lineages in
rheumatoid arthritis is warranted.

We examined expression of PADI4 in synovial tissues of seven indi-
viduals with rheumatoid arthritis using in situ RT-PCR and immuno-
histochemistry. Both mRNA and protein were expressed in the
sublining region, and both PADI4 protein and citrullinated peptide
were localized in the sublining region. A previous study reported cit-
rullinated o- and B-fibrin in sublining regions of fibroblast- and
macrophage-like mononuclear cells of individuals with rheumatoid
arthritis'4. Peptides in synovial tissues, including fibrins, were pro-
posed to be citrullinated by PADI4 extra- or intracellularly with subse-
quent secretion, behaving as autoantigens recognized by rheumatoid
arthritis—specific antibodies. Lining regions contained PADI4 mRNA
but no protein. The reason for this discrepancy is unclear. Collectively,
these data suggest that citrullination by
PADI4 occurs in the sublining of synovial tis-
sues and that citrullinated peptides behave as

antigens for rheumatoid arthritis—specific citrullinated filaggrin
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Figure 4 Stability of susceptible and non-susceptible transcripts of PADI4
mRNA measured as degradation rate. Differences were significant (*P <
0.05) after 5 min and 10 min of reaction time. Values represent mean + s.d.
of data from duplicate experiments.

To investigate the relationship between pathogenesis of rheuma-
toid arthritis and haplotypes comprising the four SNPs in PADI4
mRNA (Fig. 2¢), we examined whether these SNPs affect PADI4
mRNA stability. The mRNA of the susceptible haplotype was more
stable than that of the non-susceptible haplotype (Fig. 4). In previ-
ous studies, SNPs in mRNA or one-base deletions in coding regions
have been associated with transcript stability>*3>, The present result
also suggests that SNPs in mRNA contribute to mRNA stability.
Susceptible-haplotype mRNA probably accumulates to higher levels
than non-susceptible mRNA, resulting in higher levels of PADI4
protein. Stable PADI4 mRNA may increase PADI4 proteins in syn-
ovial tissues, neutrophils and monocytes, increasing production of
the citrullinated peptides that serve as autoantigens. Apart from sta-
bility of transcripts, evaluation of the effects of substitution of
amino acids on the enzyme is important and further investigation
should be directed at such analyses. Although SNPs in exons were
systematically searched and the effect of coding SNPs analyzed in
this report, involvement of other polymorphisms in non-coding
regions is possible®>. Further investigation in intron regions and
other regulatory areas is therefore desirable.

The relationship between PADI4 and rheumatoid arthritis is fur-
ther supported by the fact that the positive fraction of antibodies to
citrullinated peptides was significantly higher in individuals homozy-
gous with respect to the susceptible haplotype than in those of other
genotypes (P = 0.038, Table 4). The present study yielded statistically
significant results only in comparing susceptible homozygotes with
others and not in comparing non-susceptible homozygotes with oth-
ers. The absence of a significant difference in the latter comparison
might be due to the small number of samples or the mixture of indi-
viduals with positive results irrelevant to rheumatoid arthritis—related
PADI activity, as should be observed in healthy controls using a test
with sensitivity of 75.6%. Previous reports that antibodies to citrulli-
nated peptide are specific to rheumatoid arthritis and are detectable
in the early phases of the disease®® suggest that citrullination by

Table 3 Distribution of individuals of each genotype that were positive for antibody to

autoantibodies. Although the detection of  gNp genotype

PADI4 expression in rheumatoid arthritis

synovial tissue without comparison to non-  Antibody to citrullinated filaggrin Susceptible Heterozygotes Non-susceptible
rheumatoid arthritis controls does not imply homozygotes homozygotes
that expression and act1v1ty OfPADI4 are spe- Positive 26 (30%) 40 (45%) 22 (25%)

cific to rheumatmd‘arthrms, 1j[s presence dO.CS Negative 4(11%) 20 (57%) 11 (11%)
support other findings that link rheumatoid Positive fracti 087 0.50 0.50
arthritis and PADI4. osttive fraction i i ’
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Table 4 Association test between genotype and antibody positivity

Comparison pattern Pvalue*
Susceptible homozygotes versus others 0.038
Non-susceptible homozygotes versus others 0.468

*Pvalue was calculated by Fisher’s exact test (two-tailed).

PADI4 should be closely linked to onset of rheumatoid arthritis or
might represent a disease-triggering event in itself.

To investigate the precise role of PADI4 in rheumatoid arthritis, we
evaluated the mouse homolog of PADI4, Padi4, in a collagen-
induced arthritis (CIA) mouse model. Expression of Padi4 was
quantified (Supplementary Fig. 1 online). We induced expression of
Padi4 in inflamed synovial tissues and spleen in mice with CIA. In
humans, genotype with respect to PADI4 was associated with
rheumatoid arthritis, presence of PADI4 in affected joints was
detected and antibody to citrullinated peptide was detected in sera.
In mice, expression of Padi4 increased with appearance of CIA, but
antibody to citrullinated peptide was not detected in sera (data not
shown). The primary difference between human rheumatoid arthri-
tis and mouse CIA is that the former is characterized by breakdown
of self-tolerance and continuity of destructive arthritis with accom-
panying autoimmune phenomena to various autoantigens including
antibody to citrullinated proteins, whereas the latter shares the
inflammatory component related to immune response to collagen
type II with rheumatoid arthritis, but specificity of its immunoreac-
tion is higher and breakage of tolerance to citrullinated antigens does
not seem to be involved. Given the results of the present study, we
consider citrullination by PADI4 or Padi4 as one of the processes in
early phase arthritis, and that, in human rheumatoid arthritis,
immunological tolerance breaks down somehow with the appear-
ance of autoantibody recognizing citrullinated peptide, followed by
the autoimmune disease process characterized for rheumatoid
arthritis. In mouse CIA, however, expression of Padi4 increases with
a probable increase in citrullination of self-peptides, but tolerance to
citrullinated-antigens does not seem to break. Even with these differ-
ences in mechanisms between human rheumatoid arthritis and
mouse CIA, further investigation of PADI4 in human rheumatoid
arthritis and Padi4 in the mouse model seems warranted.

In conclusion, we identified PADI4 as a susceptibility gene for
rheumatoid arthritis using a case-control study with SNPs. The
present findings imply that the rheumatoid arthritis susceptibility
haplotype in PADI4 produces a more stable transcript and is associ-
ated with higher levels of antibody to citrullinated peptide in sera
of individuals with rheumatoid arthritis. Given the polygenic
nature of rheumatoid arthritis, this independent susceptibility gene
could have a most important role in rheumatoid arthritis patho-
genesis by increasing citrullination of proteins in rheumatoid
arthritis synovial tissues, leading, in a cytokine-rich milieu, to a
break in tolerance to citrullinated peptides processed and pre-
sented in the appropriate HLA context.

METHODS

Subjects with rheumatoid arthritis and unaffected subjects. We recruited a
total of 830 individuals affected with rheumatoid arthritis and 736 unaffected
controls for collection of genomic DNA and sera through several medical
institutes in Japan. We sampled pathological joint synovial tissues from seven
individuals with rheumatoid arthritis who underwent arthroplasty surgery.
All rheumatoid arthritis cases met the revised criteria of the American College

of Rheumatology for rheumatoid arthritis*’. The mean age of the 830 case
individuals with rheumatoid arthritis was 64.3 y (range, 28-92 y). Most case
subjects were female (83.7%), and 75% were positive for rheumatoid factor.
Control subjects comprised 736 individuals from the general population,
57.4% females, with mean age of 48.6 y (range, 3-92 y). We obtained informed
consent from each subject, with parental authority in the case of minors, as
approved by the ethical committee of the SNP Research Center of The Institute
of Physical and Chemical Research (RIKEN).

SNPs. We identified four SNPs in exons of PADI4 and 14 SNPs in LOC148695
by direct sequencing of DNA from 48 case individuals. We selected the other
101 SNPs, which were located in genes (promoter, exon and intron) in
NT_034376.1 (gi: 22043311) from the JST database.

Genotyping. We extracted genomic DNA from peripheral blood leukocytes
using standard protocols!'’. We genotyped SNPs using the Invader assay,
TaqMan assay or direct sequencing. For Invader assay, we amplified DNA
with PCR primers designed to include one or more SNPs, as previously
described!®38. Third Wave Technologies designed probe sets for each locus.
In TagMan assay, we carried out PCR using TagMan Universal Master Mix
(Applied Biosystems), 8 ng DNA, 1 uM of each primer and 200 nM of probe
in 15-pul reactions. Each 96-well plate contained 94 samples of unknown
genotype and 2 no-DNA control samples. Thermal cycle conditions were 50
°C for 2 min, 95 °C for 10 min, 50 cycles of 92 °C for 15 s and 58 °C for 1 min.
Thermal cycling was done on an ABI PRISM 7700 Sequence Detector
Systems (Applied Biosystems). We undertook direct sequencing of PCR
products using ABI3700 capillary sequencers (Applied Biosystems) accord-
ing to standard procedures.

Northern-blot hybridization. We hybridized human multiple tissue northern
(MTN) blots (Clontech) with a PADI4 probe labeled with digoxigenin. We gen-
erated digoxigenin-labeled PADI4 probes using a PCR digoxigenin probe syn-
thesis kit (Roche Diagnostics) according to the manufacturer’s instructions,
using the primers to generate a 335-bp product. Hybridization and detection
were also done according to the manufacturer’s instructions. Blots were
stripped of probe and re-hybridized with a cDNA probe for ACTB (Roche
Diagnostics) to assess RNA loading. Primer sequences are available on request.

RNA extraction and cDNA synthesis. We separated PMNs using Mono-Poly
resolving solution (Dainippon Pharmaceuticals) and extracted RNA from
PMNs using ISOGEN (Nippon Gene). We stored the resulting RNA at —80
°C until use. We quantified RNAs of other normal tissues using Premium
total RNA (Clontech). We reverse-transcribed total RNA (1 ug) using a First
Strand cDNA synthesis kit (Amersham Pharmacia) according to the manu-
facturer’s instructions.

Quantification of PADI4 expression by real-time RT-PCR. We carried out
real-time PCR on the ABI PRISM 7000 (Applied Biosystems) using
QuantiTect SYBR Green PCR (QIAGEN) according to the manufacturer’s
instructions. Each oligonucleotide primer set was added to a final concentra-
tion of 0.3-0.5 UM for ACTB (product size, 219 bp) and PADI4 (product size,
207 bp). We generated a standard curve from data of amplification of PADI4
primers using a dilution series of bone marrow mRNA as templates and nor-
malized to ACTB. Primer sequences are available on request.

In situ RT-PCR. We carried out one-step in situ RT-PCR by adding Pro STAR
HF (Stratagene), and reactions were done using an Omnislide thermal cycler
(Hybaid) as follows: (i) 42 °C for 30 min; (ii) 94 °C for 2 min, 55 °C for 45 s and
68 °C for 2 min; and (iii) 25 cycles at 94 °C for 45 s, 55 °C for 45 s and 68 °C for
2 min. Reactions were maintained at 4 °C after amplification. After PCR, we
washed slides twice with Tris-buffered saline for 5 min. Specific primers
amplified their specific target sequences, yielding a 335-bp product.

We generated digoxigenin-labeled internal probes by PCR using the PCR
digoxigenin probe synthesis kit according to the manufacturer’s specification
with minor modifications. We added primers to a final concentration of 0.34
WM. We covered slides with pre-hybridization solution at 37 °C for 1 h. After
pre-hybridization, we replaced pre-hybridization solution with hybridization
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solution containing probe. Probes were denatured at 94 °C for 5 min. We car-
ried out hybridization for 12 h at 37 °C. After washing, we visualized incorpo-
rated PCR fragments using a digoxigenin detection kit (Roche Diagnostics).

Controls included several different samples, substituting water for primer
in the PCR reaction, omitting reverse transcription in the case of mRNA and
omitting probe in hybridization solutions (X.C. ef al., manuscript in prepara-
tion). Primer sequences are available on request.

Preparation and purification of antiserum against PADI4. We synthesized
PADI4-derived peptides (Sp-PAD1: PAKKK STGSS TWP-Cys), purified and
immunized in rabbits (Kitayama-Labes, Nagano, Japan). We purified anti-
serum by affinity chromatography on a histidine-tagged PADI4 column (Bio-
Gate). We confirmed specificity of purified polyclonal antibody to PADI4 with
western blotting using a transient expression system in the HEK293 cell line
(data not shown).

Immunohistochemistry. We incubated paraffin sections of synovial tissues at
4°C for 12 h with rabbit polyclonal antibody to PADI4 or with rabbit antibody
to citrulline (Biogenesis), diluted at 1:1,000. We washed and incubated sec-
tions at room temperature with Simple Stain MAX-PO (Nichirei) for 30 min
and then added Simple Stain AEC (Nichirei). We incubated sections for 5-20
min until the reaction was obviously visible under light microscopy. All sec-
tions were counterstained with hematoxylin. In all cases, negative controls
omitted the specific antibody and used normal mouse and rabbit antiserum.

Measurement of antibody to citrullinated filaggrin. We measured levels of
antibody to citrullinated filaggrin using an ELISA kit (MBL) according to the
manufacturer’s instructions. Sensitivity was 75.6% and specificity was 83.2%
for testing subjects with and without rheumatoid arthritis n clinical settings at
a cutoff level of 9 (K. Suzuki et al., manuscript accepted).

In vitro RNA stability assay. We amplified genes encoding two PADI4 variants
by PCR from cDNAs that were synthesized using a first-strand cDNA synthesis
kit (Amersham Pharmacia) with bone marrow total RNA (Clontech). We then
cloned these genes into the pDONR201 vector (Invitrogen). We also con-
structed the cDNA into pDEST14 (Invitrogen), which has a T7 promoter, and
sequenced both strands of the resulting expression vector. Vectors were digested
using Clal, and both types of PADI4 were expressed using RiboMax Large Scale
RNA Production System-T7 (Promega) and purified according to the manu-
facturer’s instructions. To prepare whole-cell extract, we washed HL-60 cells in
phosphate-buffered saline and re-suspended them in extraction buffer (0.5%
Nonidet P-40; 20 mM HEPES buffer, pH 8.0; 20% glycerol (v/v); 400 mM NaCl,
0.5 mM dithiothreitol; 0.2 mM EDTA and 1% protease inhibitor cocktail
(Nacalai)). After incubation on ice for 30 min and microcentrifugation at 4 °C,
we transferred supernatants to new tubes and stored them at —80 °C until use.

We mixed and incubated each 5 pg of synthesized RNA and diluted whole-
cell extract (1:1,000) at room temperature. The reaction was stopped with the
addition of formamide dye, and the samples were then heated at 68 °C. After
the reaction, we detected RNA using northern-blot hybridization. We scanned
results on a DocuCentre Color 500cp (Fuji-Xerox) and measured signal inten-
sities of full-length RNAs using Adobe Photoshop 6.0.

Statistical analysis. We estimated haplotype frequencies using the expecta-
tion-maximization algorithm3®. We calculated linkage disequilibrium index, A
(ref. 40), and drew Figure 1c with an application created by our group with the
assistance of Excel (Microsoft). Associations between phenotypes were esti-
mated by ¥ test. Antibody to citrullinated filaggrin titer and genotypes were
tested using Fisher’s exact test on Statistica software (StatSoft), and mRNA sta-
bility data and quantitative RT-PCR data were tested using Student’s ¢-test.

URLs. The National Center for Biotechnology Information can be found at
http://www.ncbi.nlm.nih.gov/. The International RH Mapping Consortium can
be found at http://www.ncbi.nlm.nih.gov/genemap99/. The expectation-maxi-
mization program can be found at http://linkage.rockefeller.edu/ott/eh.htm.

GenBank accession numbers. PADI4, NM_012387; LOC148695, XM_
0889765 Padi4, NM_011061.
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