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Table 2 Haplotype structure and frequency in FCRL3

Frequency
Haplotype Sequence (fcrl3_3-4-5-6) Affected individuals Controls
TGGG 0.58 0.65
2 CACA 0.25 0.19
3 CGCA 0.17 0.14

Haplotypes with frequency >0.01 are shown.

P value was still significant when the most conservative Bonferroni
correction was applied (comparisons for 507 SNPs; corrected P =
0.00043). The four strongly associated SNPs were in LD with each
other, and we inferred three common haplotypes (Table 2); fcrl3_3,
ferl3_5 and ferl3_6 showed strong LD with each other (A > 0.99),
whereas fcrl3_4 showed relatively weak LD with the other three SNPs
(mean A = 0.68).

To identify causal variants in this segment on the basis of genotype
data, we carried out a forward stepwise-regression procedure with a
cut-off P value to proceed to the next step of 0.01 (ref. 29). No SNP in
FCRL genes other than FCRL3 improved the model. None of the four
SNPs in FCRL3 were preferred over the others in these data (data not
shown). This result implied that one of the SNPs in FCRL3 might
cause the disease, but the possibility remained that variants in other
genes were truly associated with the disease.

To validate the case-control association test, we evaluated the
impact of population stratification on the case-control study (830
cases, 658 controls). We selected 2,069 SNPs, each of which was
identified as a tagging SNP* in 2,069 distinct LD segments that
were previously identified by genotyping 74,842 SNPs distributed in
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autosomal chromosomes®!, We analyzed population structure®? and
the x* sum® to evaluate stratification but detected no significant
evidence of population stratification (Supplementary Fig. 1 online).
These results are suggestive of no or negligible stratification of our
samples and support the validity of the case-control association results
by removing this confounding factor from further consideration.

Regulatory effect of SNP ~169C—T on FCRL3 expression
Because none of the four SNPs in FCRL3 (fcrl3_3, ferl3_4, ferl3_5 and
fcrl3_6) produces amino-acid substitutions, we assessed potential
effects of the SNPs on transcription factor binding using TRANSFAC
software. Nuclear factor-kB (NF-kB) was predicted to bind the
sequence containing the rheumatoid arthritis-susceptibility allele
ferl3_3 (—169C) with a high score (core match 1.000, matrix match
0.957); substitution with the nonsusceptible allele T decreased the
score of NF-xB binding substantially (core match 0.760, matrix match
0.824). The other three SNPs were not predicted to bind to any
transcriptional factor with high score, and nucleotide substitution was
not predicted to affect binding at any regulatory factor. We therefore
focused on the 5 flanking region of ferl3_3 to explore the regulatory
effects on expression of FCRL3,

We carried out reporter gene analysis using the genomic sequence
of FCRL3 from nt —523 to +203. We made constructs corresponding
to the three haplotypes using SNPs at nt ~169 (C— T, fcrl3_3) and
—110 (G— A, fcrl3_4; Fig. 2a) and used them to transfect Raji cells, a
Burkitt's lymphoma cell line that expresses FCRL3 (ref. 13) and is
derived from germinal center B cells. Luciferase activity was substan-
tially greater in cells transfected with —169C —110G or —169C —110A
constructs than in cells transfected with —169T —110G constructs.
This suggests that SNP —169C—T is crucial for regulation of FCRL3
expression. To clarify, we cloned single or four tandem copies of 30-bp
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Figure 2 Correlation of FCRL3 expression with allele and genotype. (a) Promoter activity of d —1697/C +358G/C
haplotypes in FCRL3 (top) and enhancing activity of the 30-bp promoter region around @ ¢
—169C—T (middle and bottom), as evaluated by luciferase assay. Data represent mean + s.e.m. Exon 1 Exon2 Eagl
Representative data from three experiments done in quadruplicate. *P < 0.0001: **P < 0.001;
+358C/G CC GG CIG

***P < 0.01 by Student’s t-test. (b) Binding affinity of nuclear factors to the 30-bp promoter
region around —169C—T evaluated by EMSA. Allelic difference and competition experiment (left)
and supershift experiment using antibodies for NF-xB components (right). (c) Expression of
FCRL3 measured by quantitative TagMan PCR of RNA purified from CD19+* B cells obtained

from 13 healthy volunteers (C/C, n = 4; C/T, n = 5; T/T, n = 4). (d) ASTQ. FCRL3 transcripts

in B cells and genomic DNA from individuals (n = 5) with heterozygous genotypes (—169C/T
+358C/G) were amplified and quantified using an £agl restriction-fragment length polymorphism
located at position +358. The 122-bp and 85-bp bands represent transcripts of the +358C allele
and +358G allele, respectively. Transcripts from homozygous individuals (+358C/C and +358G/G)

are shown as controls for digestion.
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oligonucleotides surrounding SNP —169C—T and control oligonu-
cleotides into a vector with the SV40 promoter. Cells transfected with
a single copy of the C allele produced substantially greater luciferase
activity than cells transfected with a single copy of the T allele. More
convincingly, transfection with four tandem copies of the C allele
enhanced luciferase activity by a factor of 20 over transfection with
four tandem copies of the T allele (Fig. 2a).

To elucidate specific nuclear factors that bind the disease-susceptible
allele, we analyzed the sequence around —169C— T. These sequences
were predicted by TRANSFAC software to have binding affinity for
NF-kB, which regulates a wide variety of genes in the immune system.
The disease-susceptible sequence (including —169C) had higher
matrix similarity to the consensus NF-xB binding motif than the
nonsusceptible sequence (including —169T). We then carried out
electrophoretic mobility shift assays (EMSAs) to examine whether
differences between the susceptible —169C allele and the nonsuscept-
ible —169T allele affected binding of nuclear proteins from Raji cells.
We used the same 30-bp labeled oligonucleotides used in the luciferase
assay. These sequences contain the predicted NF-«B binding site. We
observed two main bands, I and 11, in the presence of nuclear extracts;
the intensity of band I was higher for the susceptible —169C allele than
for the nonsusceptible —169T allele (Fig. 2b). Competition assays with
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Figure 3 Expression patterns of FCRL3 in human tissues and cells.

(a) Relative expression of FCRL3 in various tissues. (b) Relative expression
of FCRL3 in fractionated leukocytes using MTC panel (Clontech).

(c) Relative expression of FCRL3 in response to stimuli (antibody to CD40,
1 ug mi~1; antibody to 1gM, 1 pg ml=1; IL-4, 10 ng mI=1; APRIL, 10 ng
mi=1; BAFF, 10 ng mi~1; LPS, 100 ng mI=1) for 4 h. Representative data
from three experiments done in triplicate. (d,e) Lymphocyte aggregates in
rheumatoid arthritis synovium. T cells and B cells in serial sections were
immunostained using antibodies to CD3 (d) and CD20 (e), respectively.
(f,g) FCRL3 mRNA expression (blue stain) in rheurnatoid arthritis synovium
as analyzed by in situ hybridization. Higher magnification views of synovium
(g) are denoted by the box in f (magnifications: d—f, x100; g, x400).
Counterstaining: d,e, hematoxylin; f,g, nuclear fast red.

unlabeled oligonucleotides indicated that these- complexes were spe-
cific for the probes. In addition, competition assays with unlabeled
probes of the C allele for T and the T allele for C showed that the C
allele was better able to compete for binding, a result consistent with
the higher binding affinity of labeled C allele probes alone. We also
carried out a supershift experiment with antibodies specific for NF-«xB
components (p50, p52, p65, RelB and cRel). We observed supershifts
in some lanes with specific antibodies for p50, p65 and cRel (Fig. 2b).
Among these, only antibody to p50 shifted band II, suggestive of the
presence of a p50-p50 homodimer. Band I had the highest intensity
and a substantial allelic difference and was supershifted by antibodies
to p50, p65 and cRel. Although these findings indicate that band I
comprises a mixture of heterodimers, the greater shifts caused
by antibodies to p50 and cRel suggest that the main component is a
p50-cRel heterodimer.

The two in vitro assays showed the potent transcriptional activity of
the disease-susceptible haplotype regulated by NF-«B, suggesting that
expression of FCRL3 is greater from the disease-susceptible —169C
allele than from the nonsusceptible —169T allele. To extend these
findings, we quantified expression of FCRL3 in peripheral blood B
cells from healthy donors using quantitative TagMan methods and
analyzed the effect of the number of susceptible copies on the
transcript level by regression model. Regression analysis identified a
significant positive correlation between number of susceptible chro-
mosomes and transcription level (R? = 0.49, P = 0.0076; Fig. 2¢).

We also carried out allele-specific transcript quantification® to
confirm the effect of the SNP on transcription. Using an Eagl
restriction-fragment length polymorphism located at position +358
in exon 2 of FCRL3 (fcrl3_5, +358C— G), we measured the relative
contribution of each haplotype to transcript production in hetero-
zygous individuals (Fig. 2d). We evaluated the transcripts of five
doubly heterozygous individuals with genotype —169C/T +358C/G;
the mean ratio (susceptible versus nonsusceptible haplotype) was 1.63,
significantly higher than that of DNA amplicons (ratio = 1.06, P < 1
x107%) from the same individuals. (The quantity of template DNA
from the two haplotypes was equal.) These results show that the

Table 3 Genotype and autoantibodies in individuals with rheumatoid arthritis

RF Antibody to CCP
Genotype w® Serum level® (1U/ml) " Positivity (%)
-169C/C 29 479.9 + 91.3¢ 17 100.08
—169C/T 75 323.7 + 47.3¢ 35 94.3¢%
—169T/T 44 216.4 + 44.09 19 73.7¢
aN = 148, PMean + s.e.m. °N = 71. dp? = 0.049, P = 0.0065 by regression analysis. P = 0.029 by Fisher’s exact test.
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NATURE GENETICS VOLUME 37 | NUMBER 5 | MAY 2005

— 137 —



© 2005 Nature Publishing Group http://www.nature.com/naturegenetics

ARTICLES

Table 4 Association of SNP —169C — T with AITD and SLE

Genotype Recessive-trait comparison
Disease n cC CcT T Allele C frequency OR (95% c.i) x? P
GD 351 72 179 100 0.46 1.79 (1.34-2.39) 15.7 0.000074
HT 158 30 74 54 0.42 1.62 (1.07-2.47) 5.2 0.022
AITD total 509 102 253 154 0.45 1.74 {1.35-2.24) 185 0.000017
SLE 564 100 259 205 0.41 1.49(1.16-1.92) 9.8 0.0017
RA* + AITD + SLE 2,437 438 1,167 832 0.42 1.52(1.29-1.79) 24.2 0.00000084
Control 2,037 257 995 785 0.37

*Rheumatoid arthritis represents sum of three sets (7 = 1,364). c.i., confidence interval; GD, Graves' disease; HT, Hashimoto's thyroiditis; OR, odds ratio; RA, rheumatoid arthritis.

expression of FCRL3 is higher in individuals with the disease-suscept-
ible haplotype and suggest that higher expression of FCRL3 is a
potential cause and component of the pathological mechanism(s)
leading to rheumatoid arthritis.

Expression of FCRL3 mRNA

We then quantified FCRL3 expression in multiple tissues using Tag-
Man methods. Expression of FCRL3 transcripts was high in the spleen
and tonsils (Fig. 3a), which are secondary lymphoid organs. We
observed lower expression in thymus and bone marrow. In human
blood fractions, CD19* cells, which represent the B-cell population,
had the greatest FCRL3 expression among peripheral blood mono-
nuclear cells. CD4* and CD8" cells had less expression (Fig. 3b). We
next examined the effect of B-cell stimulation on FCRL3 expression.
We cultured peripheral blood B cells from a healthy donor for 4 h
using known B-cell stimulants and then quantified FCRL3 mRNA
(Fig. 3c). Expression of FCRL3 was increased by antibody to CD40
and lipopolysaccharide (LPS).

We then investigated expression of FCRL3 transcripts in synovial
tissue using in situ hybridization methods. T and B cells are the key
players with regard to inflammation in synovial tissue, producing
proinflammatory cytokines and autoantibodies that might be patho-
genic!. These cells show three distinct histological patterns: diffuse
infiltration, clustering in aggregates and follicles with germinal-center
eaction®>%. We observed aggregations of T and B cells in paraffin-
embedded synovial sections from individuals with rheumatoid arthri-
tis, using immunostaining with antibodies to CD3 and CD20,
respectively (Fig. 3d,e). In situ hybridization assay with serial sections
detected FCRL3 mRNA in aggregated lymphocytes (Fig. 3fg).
Although strict differentiation between B and T cells was difficult, at
least some aggregated B cells were positive, with strong expression of
FCRL3 mRNA. Synovium from two other individuals with rheuma-
toid arthritis had similar lymphocyte aggregates and FCRL3 expres-
sion (Supplementary Fig. 2 online).

SNP association with autoantibody and HLA-DRB7 status

Because we suspected that higher FCRL3 expression led to B-cell
abnormalities in rheumatoid arthritis, we examined associations in
individuals with rheumatoid arthritis between genotype and two
rheumatoid arthritis—related autoantibodies: rtheumatoid factor (RF)
and antibody to cyclic citrullinated peptide (CCP). RF is a well-known
autoantibody for the Fc region of IgG, and titers correlate with
rheumatoid arthritis disease activity’”. Antibody to CCP recognizes
peptides containing citrulline and is detected in rheumatoid arthritis
with extremely high specificity’®®. RF titer in individuals with
rheumatoid arthritis was significantly positively correlated with the
number of susceptible alleles (R? = 0.049, P = 0.0065; Table 3). The

positive ratio of antibody to CCP in individuals with rheumatoid
arthritis also differed significantly among genotypes (P < 0.05) and
correlated with number of susceptible alleles.

Because genetic interactions between HLA and non-HLA loci have
been described in susceptibility for rheumatoid arthritis and other
antoimmune diseases®®*’, we compared genotype distributions for
SNP —169C— T among three rheumatoid arthritis subgroups strati-
fied by number of HLA-DRBI shared-epitope alleles. We previously
genotyped HLA-DRBI in our population and observed significant
associations between rheumatoid arthritis susceptibility and shared-
epitope alleles®. Allele frequency of the rheumatoid arthritis—
susceptibility allele —169C was significantly higher in the subgroup
with two copies of shared-epitope alleles (0.49, # = 113) than in the
subgroup with no shared-epitope alleles (0.39, n = 215; P < 0.05).

Replication study of association in three autoimmunities

To confirm associations between the FCRL3 variant and rheumnatoid
arthritis susceptibility, we carried out a replication study (540 indivi-
duals with rheumatoid arthritis, 636 controls). We compared allele
frequency and found a significant association between fcrl3_3
(—=169C—T) and rheumatoid arthritis susceptibility (allele frequency
was 0.40 in individuals with rheumatoid arthritis versus 0.46 in
controls; P = 0.041; Supplementary Table 2 online). We noted no
significant differences between two cohorts that consisted of the
replication samples. These results further confirmed the association
of the fcrl3_3 —169C allele with rheumatoid arthritis susceptibility in
Japanese individuals.

Because this region is associated with multiple autoimmune dis-
eases, and because several variants are involved in multiple autoim-
munities, we investigated associations between SNP —169C—T and
two other autoimmune diseases: AITD and SLE. We recruited 509
Japanese individuals with AITD (351 with Graves’ disease and 158
with Hashimoto’s thyroiditis) and 564 Japanese individuals with SLE
and compared them with 2,037 Japanese controls. In addition, we
combined AITD, SLE and rheumatoid arthritis cases as subjects with
an autoimmune phenotype and tested for associations with the SNP.
Individual diseases, as well as combination of two AITDs and
combination of AITD, SLE and rheumatoid arthritis, were signifi-
cantly associated with the SNP (odds ratio = 1.52, P = 0.00000084 in
Japanese for a recessive model between all four autoimmunities
considered in aggregate and controls; Table 4). As rheumatoid
arthritis—specific autoantibodies were correlated with the number
of susceptible alleles, antibody to DNA titer was higher in indivi-
duals with SLE with genotype —169C/C than in subjects with
other genotypes (294.1 TU ml™! versus 1455 IU ml™; n = 120;
P = 0.026 by Student’s #-test), a conclusion not further established by
regression analysis (P = 0.12).

482

VOLUME 37 | NUMBER 5 | MAY 2005 NATURE GENETICS

— 138 —



"
O
£
Q
£
Q
D
4
=3
2
©
[~
£
E
]
©
Q
s
=
E
©
&
é
=
£
£
a
3
o
£ =
(U]
o
£
=
R4
8
3
0o,
g
3
2
@
=z
0
=]
=]
«
®

DISCUSSION

LD mapping of 1q21-23 in Japanese subjects identified multiple LD
blocks in the region, and one block containing FCRL3 was associated
with rheumatoid arthritis. This association was replicated in a second
Japanese case-control set. The rheumatoid arthritis-associated allele
was also associated with increased risk of other autoimmune disorders,
such as AITD (Graves’ disease and Hashimoto’s thyroiditis) and SLE.
Recent reports on autoimmune disease-associated polymorphisms
show that some disease-susceptible variants are limited to specific
ethnic groups!? whereas others are widely dispersed but significantly
associated with disease in only specific ethnic groups*»#2, We evaluated
four-SNP haplotypes in FCRL3 in African American, European Amer-
ican and Asian (Korean and Japanese) subjects and found weaker LD
in African Americans than in other groups and substantial differences
in allelic frequency among the groups (Supplementary Table 3 online).

Although the evidence presented here for FCRL3 being an auto-
immune disease—susceptibility gene is powerful, additional autoim-
mune disease—related genes probably exist in this region. For example,
1q23 is a good candidate locus for SLE susceptibility®, particularly
involving the association of the classical FcyR genes with
SLE susceptibility in the Japanese population!®, although those
variants are not in LD with SNP —169C— T in our Japanese subjects
(A < 0.05, Fig. 1a). Multiple SLE susceptibility genes are also
homologous to human 1q23 in mouse models of SLE*3,

Further evaluation of polymorphism associations showed that a
SNP in the promoter region of FCRL3 alters expression of FCRL3
through NF-kB binding. Because higher expression of FCRL3 was
observed in individuals with susceptible alleles, and augmented auto-
antibody production was associated with the susceptible genotype,
important steps in the sequence of events leading to autoimmunity
must proceed through FCRL3. That the susceptible allele is associated
with HLA-DRBI in rheumatoid arthritis is consistent with FCRL3
functioning in the context of HLA class II restriction, which is usually
seen in the interaction between T cells and antigen-presenting cells,
including B cells. Moreover, together with the dominant expression of
FCRL3 on B cells and the importance of B cells suggested by a recent
clinical trial of B cell-depleting therapy*, the present findings might
provide a genetic basis for B-cell abnormality in autoimmunity.
Although the precise function of FCRL3 is unknown, its predicted
molecular structure suggests that it is a membranous protein that
conveys signals into cells through a cytoplasmic domain containing an
immunoreceptor-tyrosine activation motif and an immunoreceptor-
tyrosine inhibitory motif'%. An in vitro study showing the binding of
tyrosine kinases syk and ZAP70 to the immunoreceptor-tyrosine
activation motif region and of tyrosine phosphatases SHP-1 and
SHP-2 to the immunoreceptor-tyrosine inhibitory motif region'”
supports the proposed signaling function of FCRL3. In a previous
study examining in situ hybridization in human tonsil, FCRL3 was
expressed in the germinal center, with particularly high expression in
the light zone'$, suggesting that FCRL3 functions predominantly in
centrocytes. The present finding that CD40 stimulation, which is
important in germinal-center formation®’, upregulates FCRL3 expres-
sion in B cells could indicate that FCRL3 is specifically expressed in
germinal-center centrocytes under the influence of CD40 signals.
In the light zone, centrocytes undergo clonal selection and affinity
maturation regulated by positive and negative signals from antigen
receptors and coreceptors?S, High expression of FCRL3 and augmen-
ted autoantibody production in individuals with the disease-
susceptible genotype is consistent with the idea that FCRL3 influences
the fate of B cells and augments the emergence of self-reactive cells in
the germinal center.

 ARTICLES

In addition to its role in lymphoid tissues, expression of FCRL3 in
synovial tissue might explain the pathological connection between
FCRL3 variants and rheumatoid arthritis. FCRL3 is strongly expressed
in aggregated lymphocytes. Although our synovial samples showed
only T-cell-B-cell aggregates, lymphocytes in rheumatoid arthritis
synovial tissue are known to form a germinal center-like structure,
called an ectopic germinal center, where T cell-dependent antibody
production and affinity maturation occur®. Ectopic germinal-center
formation also occurs in tissues from individuals with AITD and SLE,
and FCRL3 might be involved in pathological autoimmune reaction
in these disease-specific ectopic lymphocyte aggregates.

Considering that augmented expression of FCRL3 is associated with
susceptibility to autoimmune disorders, and that FCRL3 expression is
regulated in B cells in the secondary lymphoid organ and is detected in
lymphocytes of disease-specific tissues, FCRL3 probably functions in
immunity and potentially pathogenic in autoimmune disorders.

METHODS

Subjects. We enrolled three independent cohorts of individuals with rheuma-
toid arthritis (n = 830, 217 and 323), a cohort of individuals with SLE (n =
564) and a cohort of individuals with AITD (n = 509) comprising Graves’
disease (n = 351) and Hashimoto’s thyroiditis (# = 158) through several
medical institutes in Japan. We recruited four independent cohorts of
unaffected control subjects (n = 658, 262, 374 and 752) at various sites in

-Japan. Ali subjects were Japanese. Individuals with rheumatoid arthritis (84.2%

women; age 59.0 £ 12.3 years (mean + s.d.); 75.0% RE-positive) satisfied the
revised criteria of the American Rheumatism Association for rheumatoid
arthritis?’, Individuals with SLE satisfied the criteria of the American College
of Rheumatology for SLE*, Diagnosis of AITD was established on the basis
of clinical findings and results of routine examinations for circulating
thyroid hormone and thyroid-stimulating hormone concentrations, serum
levels of antibodies against thyroglobulin, thyroid microsomes and thyroid-
stimulating hormone receptors, ultrasonography, **™TCO7 (or ['21]) uptake
and thyroid scintigraphy.

We evaluated LD at 1g21-23 in the first control cohort compared with the
first theumatoid arthritis cohort to identify the rheumatoid arthritis-associated
LD block and SNPs. The second and third rheumatoid arthritis and control
cohorts were used for replication testing of results from the first cohorts, We
tested Graves’ disease; Hashimoto's thyroiditis; SLE; the combination of the two
AITDs; and the combination of rheumatoid arthritis, SLE and the two AITDs
for associations using the total pool of controls. We enrolled control subjects
from three other ethnic groups, Korean (n = 100), African American (n = 120)
and European American (# = 120), for evaluation of FCRL3 haplotypes. We
sampled synovial tissues from individuals with rheumatoid arthritis who
underwent arthroplastic surgery. All subjects provided informed consent to
participate in the study, as approved by the ethical committee of the SNP
Research Center, RIKEN.

SNPs and genotyping. We identified SNPs in exons and 5" and 3’ flanking
regions of FCRL1, FCRL2, FCRL3 and FCRLy/4 by direct sequencing of DNA
from 24 individuals. We selected other SNPs from the JSNP and Assay-On-
Demand SNP databases (Applied Biosystems). We genotyped SNPs using
Invader and TagMan assays?! as indicated by the manufacturers. Probe sets
for the Invader assay were designed and synthesized by Third Wave Technol-
ogies, and those for the TagMan assay were obtained from Applied Biosystems.
‘When assessing the results of SNP genotyping, we generally excluded successtul
call rates <095 and values of P < 0.01 obtained by Hardy-Weinberg
equilibrium testing in control subjects. The error rate of Invader assay was
0.0023, which was estimated by 11,092 assays in two replicates using 118
randomly selected SNPs (internal control data).

Luciferase assay. We cloned the promoter fragment of three haplotypes
corresponding to nt —523 to +203 of FCRL3 into the pGL3-Basic vector
(Promega). We generated oligonucleotides using the allelic sequences of nt
—189 to —160 of FCRL3. We cloned a single copy or four tandem copies of
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these oligonucleotides into pGL3-Promoter vector (Promega). We grew Raji
cells (RCB1647; RIKEN Cell Bank) in RPMI1640 medium supplemented with
10% fetal bovine serum and antibiotics. We electroporated (230 Vand 975 pF)
1 x107 cells with 5 pmol of constructs and 1 pmol of pRL-TK vector (internal
control for transfection efficiency) in a 0.4-cm gap cuvette. After 48 h, we
collected cells and measured luciferase activity using the Dual-Luciferase
Reporter Assay System (Promega).

EMSA. We carried out EMSA and preparation of nuclear extract from Raji
cells as previously described?”. We labeled oligonucleotides —169T and —169C
with digoxigenin -11-ddUTP using the DIG gel-shift kit (Roche). We incubated
5 g of nuclear extract with 40 fmol of digoxigenin-labeled nucleotide for
25 min at room temperature. For competition experiments, we preincubated
nuclear extract with unlabeled oligonucleotide (100-fold excess) before adding
digoxigenin-labeled oligonucleotide. For supershift assays, we incubated 4 ng of
antibodies to p50, p52, p65, RelB or cRel and rabbit IgG (control antibody;
Santa Cruz Biotechnology) for 15 min at room temperature after incubation of
the labeled probe. We separated protein-DNA complexes on a nondenaturing
6% polyacrylamide gel in 0.5x Tris-Borate-EDTA buffer. We transferred the gel
to a nitrocellulose membrane and detected signals using an LAS-3000 lumino-
image analyzer (Fujifilm).

RNA extraction and ¢<DNA preparation. We collected peripheral blood from
healthy volunteers to obtain CD19* lymphocytes. We separated polymorpho-
nuclear cells by differential centrifugation using Lymphoprep resolving solution
(AXIS-FIELD). We isolated CD19* lymphocytes using the MACS system with
CD19 microbeads (Miltenyi Biotec) and confirmed that cell purity was >95%
using flow cytometry. We stimulated cells with antibodies to CD40 (Cymbus
Biotechnology) or IgM (Jackson Immunoresearch), with Il-4 (eBioscience),
with APRIL (PeproTech), with BAFE (PeproTech) or with LPS (Sigma) for
4 h. We isolated total RNA using RNeasy Mini Kit {Qiagen). We quantified
RNA in other normal tissues using Premium Total RNA (Clontech).
We reverse-transcribed total RNA using TagMan Gold RT-PCR reagents with
random hexamers (Applied Biosystems) in accordance with the instructions
of the manufacturer.

Quantification of FCRL3 expression using real-time RT-PCR. We carried out
real-time quantitative PCR using an ABI PRISM 7900 (Applied Biosystems) and
Assay-on-Demand TagMan probe and primers (Hs00364720_m1 for FCRL3) in
accordance with the manufacturer’s instructions. We generated a standard curve
from the amplification data for FCRL3 primers using a dilution series of total
RNA from Raji cells as templates and normalized data to GUS level.

STQ. We carried out ASTQ as previously described® with some modifica-
tions. We prepared cDNA from B cells as described above. We amplified both
cDNA and genomic DNA by PCR for 37 cycles using primers specific for exon
2 of FCRL3 (Supplementary Table 4 online) and for an additional cycle using
forward primer with Alexa Fluor 488 label at the 5" end. Products were directly
digested using Eagl by incubation at 37 °C for 12 h, We monitored full
digestion by the inclusion of PCR products from +358G/G homozygotes. We
then separated digested products on a 12.5% polyacrylamide gel and quantified
them using an LAS-3000 analyzer.

In situ hybridization and immunohistochemistry. We carried out in situ
hybridization as previously described®®, We obtained probes from PCR
products using the sequence of FCRL3 (nt 2052-2490, comprising the
intracellular unique region that is poorly conserved among members of this
family). An additional probe of the 5" untranslated sequence yielded similar
results. We also examined control probes, which yielded no specific hybridiza-
tion (data not shown). We used antibodies to CD3 (clone PS-1, Nichirei) and
CD20 (clone 126, Zymed) for immunohistochemistry with an ABC Elite kit
(Vector Labs) in accordance with the manufacturer’s instructions. No specific
staining was detected using mouse isotype IgG (data not shown).

Measurement of autoantibodies. We measured RF in sera of individuals with
rheumatoid arthritis using latex-enhanced immunonephelometric assay. We
measured antibody to DNA in sera of individuals with SLE by radioimmu-
noassay. Individuals with rheumatoid arthritis (n = 147, 81.1% women; age

63.9 + 10.6 years (mean =+ s.d.); 87.8% RF-positive; mean Steinbrocker
radiographic stage 3.2) or SLE (n = 120, 92.6% women; age 36.6 + 12.7 years
(mean + s.d.)) were part of the cohorts or from a single medical institute,
respectively. For each individual, we used the maximum value of RF and
antibody to DNA measured during the treatment period in the medical center
or outpatient clinic. We detected antibody to CCP at a single time point using
enzyme-linked immunosorbent assay, as previously described?8,

Statistical analysis. We calculated LD index A (ref. 28) and drew Figure la
using Excel software (Microsoft). We estimated haplotype frequencies using
HAPLOTYPER software. We applied the x? test for contingency table tests for
associations between allele-genotype distribution and phenotypes. FCRL3
expression in B cells and autoantibody production were regressed on the
number of susceptible alleles (coded 0, 1 and 2). All other statistical analyses,
unless otherwise stated, were done using STATISTICA software (StatSoft).

URLs. The JSNP database is available at http://snp.ims.u-tokyo.acjp/
index.html. TRANSFAC is available at hitp://www.gene-regulation.com/.
HAPLOTYPER is available at http://www.people.fas.harvard.edu/~junliv/
Haplo/docMain.htm,

GenBank accession number. FCRL3 mRNA, NM_052939.
Note: Supplementary information is available on the Nature Genetics website,
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Localization of peptidylarginine deiminase 4 (PADI4)
and citrullinated protein in synovial tissue of
rheumatoid arthritis
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Objectives. Peptidylarginine deiminases (PADIs) convert peptidylarginine into citrulline via post-translational modification.
Anti-citrullinated peptide antibodies are highly specific for rheumatoid arthritis (RA). Our genome-wide case—control study of
single-nucleotide polymorphisms found that the PADI4 gene polymorphism is closely associated with RA. Here, we localized
the expression of PADI4 and the citrullinated protein product in synovial RA tissue.

Methods. We used immunohistochemistry, double immunofluorescent labelling and western blotting.

Results. We found that PADI4 is extensively expressed in T cells, B cells, macrophages, neuntrophils, fibroblast-like cells and
endothelial cells in the lining and sublining areas of the RA synovium. We also found extracellular and intracellular expression
of PADI4 in fibrin deposits with loose tissue structures where apoptosis was widespread. Unlike PADI4, citrullinated protein
generally appeared in fibrin deposits that were abundant in the RA synovium. The citrullinated fibrin aggregate was
immunoreactive against immunoglobulin (Ig) A and IgM, but not IgG and IgE. Although a little PADI4 was expressed in
osteoarthritic and normal synovial tissues, significant citrullination was undetectable.

Conclusions. The results showed that PADI4 is mainly distributed in cells of various haematopoietic lineages and expressed at
high levels in the inflamed RA synovium. The co-localization of PADI4, citrullinated protein and apoptotic cells in fibrin
deposits suggests that PADI4 is responsible for fibrin citrullination and is involved in apoptosis. The immunoreactivity of
citrullinated fibrin with IgA and IgM in the RA synovium supports the notion that citrullinated fibrin is a potential antigen of

RA autoimmunity.

KEey worps: Rheumatoid arthritis, Peptidylarginine deiminase 4 (PADI4), Citrullination, Fibrin, Synovial tissue.

Rheumatoid arthritis (RA) is a widespread autoimmune disease
that is characterized by chronic joint inflammation. Serum from
patients with RA contains diverse autoantibodies that constitute
one primary outcome of disturbed immunoregulation {1]. In
addition to rheumatoid factor (RF), anti-filaggrin autoantibody
(AFA), anti-keratin antibody (AKA), anti-perinuclear factor
(APF) and anti-cyclic citrullinated peptide antibody (anti-CCP)
are highly specific for RA [2-6]. Recent studies indicate that the
primary constituent of the B-cell epitope for AFA, AKA, APF and
anti-CCP is citrulline, an amino acid metabolite of arginine [7-9}.
Because of the specific anti-citrullinated protein antibodies in
patients with RA, understanding protein citrullination, the enzy-
matic conversion of arginine to citrulline, should provide novel
insights into RA pathogenesis.

Peptidylarginine deiminases (PADI) post-translationally modify
peptidylarginine to citrulline in the presence of calcium ions and
can change the conformation and functional properties of target
proteins after citrullination [10]. To date, PADIL, PADI2, PADI3
and PADI4 have been identified in the human genome and all
of them cluster on chromosome 1p36, a candidate region for
RA susceptibility {11-13]. Our large-scale genome-wide case-
confrol study using single-nucleotide polymorphisms found that
a PADI4 polymorphism is distinctly associated with RA [14].

PADI4 was originally cloned from human myeloid leukaemia HL-
60 cells that were exposed to the granulocyte-inducing agent
retinoic acid, dimethyl sulphoxide, or the monocyte-inducing agent
1w, 25-dihydroxyvitamin D3. The 2238 base pairs of PADI4 cDNA
encode 663 amino acids that have 50-55% sequence identity with
the other three known PADIs [15]. Immunohistochemical studies
have detected PADI4 in neutrophils and eosinophils of human
peripheral blood {16-18]. To understand its role in RA pathogen-
esis, we investigated the expression of PADI4 and the citrullinated
protein in human synovial tissues and peripheral blood using
immunohistochemical means. We also discuss here the possible
pathway of PADI4 involvement in RA autoimmunity.

Methods and materials
Anti-PADI4 antibody preparation

We raised antisera against human PADI4 by immunizing rabbits
with a synthetic oligopeptide (PAKKKSTGSSTWP, the amino
acid sequence specific for the N-terminal of PADI4). The antibody
was purified by affinity chromatography through a column
containing histone-tagged recombinant PADI4,

'Laboratory for Rheumatic Discases, SNP Research Center, Institute of Physical and Chemical Research (RIKEN), Kanagawa, 2Dcpa\rtment of Allergy
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«&—— 67k Da.

1.2 3

67k Da.

FiG. 1. PADI4 expression determined by western blotting. (a) Cultured HEK293 cells were transfected with expression vector
containing coding regions of PADI4 or PADI2 or without inserts. Western blotting with anti-PADI4 antibody detected a 67-kDa band
in extracts of cells expressing PADI4 (lane 3). No signals werc detected in cells transfected with vector alone (lane 1) or with vector
expressing PADI2 (lane 2). (b) Total proteins were extracted from RA synovial tissue (lane 1), leucocyte fraction of peripheral blood
from healthy individuals (lane 2) and liver (lane 3). Western blotting shows 67-kDa PADI4 products in synovial samples but not liver

samples.

Preparation of peripheral blood

Leucocytes were separated using Monopoly Resolving Medium
(DaiNippon) according to the manufacturer’s instructions, from
samples of fresh blood obtained from 10 RA patients and nine
healthy volunteers. The cells were fixed in 4% paraformalde-
hyde for 2h at room temperatuwre and then sedimented by
centrifugation. Cell pellets were resuspended in phosphate-
buffered saline (PBS) and spotted onto Superfrost/Plus microscope
slides (Fisher).

Sample preparation of synovial and other tissues

We obtained written informed consent to collect synovial tissue
samples from 12 patients with RA and five with osteoarthritis (OA)
during arthroplasty. The tissues were fixed in 10% neutral buffered
formalin (Sigma) for 12h at room temperature, embedded in
paraffin and sectioned by standard procedures. We also used
Tissue Microarray Human Synovitis (Biocat), which includes 14
RA, 12 OA and four normal synovial tissue specimens for com-
parison. All RA patients met the American College of Rheumatoid
Arthritis revised criteria for RA.

We determined the specificity of the PADI4 rabbit antibody
and the tissue distribution of PADI4 using Vastarray (InnoGenex),
a commercial tissue array slide containing normal human liver,
lung, kidney, skin, muscle, brain thymus, spleen, lymph node and
tonsil tissues.

Immunohistochemistry

Tissue sections were deparaffinized and rehydrated using standard
procedures. Slides spotted with blood cells were processed in the
same manner except for deparaffinization.

To increase immunostaining intensity, the sections were heated
at 95°C for 20 min with DAKO Target Retricval Solution (Dako).
Sections were incubated with first antibody overnight at 4°C,
washed three times, each for Smin, with PBS, and then incubated
with SimpleStain MAX-AP Multi (Nichirei) for 30 min at room
temperature. Immunoreactive signals were visualized using the

New Fuchsin Substrate kit (Nichirei) according to the manufac-
turer’s instructions and the cell structure was defined by counter-
staining with haematoxylin.

Rabbit polyclonal anti-citrulline antibody (Upstate), mono-
clonal anti-human fibrin (Monosan), monoclonal anti-human
immunoglobulin (Ig) G Fe region, monoclonal anti-human IgM
Fc region, monoclonal anti-human IgA heavy chain and mono-
clonal anti-human IgE Fc region (all from Zymed) were obtained
commercially.

Before applying the anti-citrulline antibody, tissue sections were
treated using the modification buffer supplied with the kit and then
incubated with the first antibody according to the manufacturer’s
instructions.

Double immunofluorescent immunohistochemisiry

The tissue sections were processed as described above. Monoclonal
antibodies for various cell surface CD markers (CD3, CD15,
CD20, CD34 or CDG68) (Zymed), fibroblast-like cell marker
[proxylyl 4-hydroxylase 8 (php)} (Daiichi Fine Chemicals) or Igs
(IgG, TgM, IgA or IgM) (Zymed) were incubated together with
rabbit antibody against PADI4 or citrulline at 4°C for 12h. After
three S-min washes with PBS, sections were incubated with the
secondary antibody for 30 min at room temperature. The mono-
clonal antibody and rabbit antiserum were detected using fluor-
escein isothiocyanate-goat anti-mouse IgG (H+L) conjugate
(Zymed) and Cy™ S.goat anti-rabbit IgG (H+L) conjugate
(Zymed), respectively. Immunofluorescent signals were examined
using a confocal microscope (Leica). CD37 characterized T cells,
CD20% B cells, CD15% neutrophils and CD68% monocytes in
peripheral blood or macrophages in tissues. CD34" identified
endothelial cells or their precursors in new capillaries.

Detection of apoptosis

We detected apoptotic cells by immunohistochemistry and double
immunofluorescent labelling as described above, together with use
of the monoclonal antibody M30CytoDeath (Roche). This anti-
body can recognize a specific caspase cleavage site within
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CD3+PADI4

CD20+PADI4

CD68+PADI4

CD15+PADI4

Fic. 2. Immunostaining of PADI4 in peripheral leucocytes. Peripheral leucocytes from healthy individuals were incubated with
monoclonal antibodies against various cell surface CD marker and anti-PADI4 antibody. All CD-marked cells (green in A) expressed
PADI4 (red in B). C. merged image of A and B; D, magnification of C. Yeliow colour in merged images indicates co-localization of
two protein targets. Scale bar, 20pum in A, B and C and § pm in D.

cytokeratin 18 (CK18) that is not present in the native CKI18 of
normal cells. During the very early stage of apoptosis, caspases
cleave CK 18, an acidic cytokeratin intermediate filament protein
of 45 kDa. The ApopDETEK Assay System (Enzo) was used to
localize apoptotic cells by labelling fragmented DNA with
biotinylated 16dUTP using terminal deoxynucleotide transferase.
Biotinylated DNA was then visualized using the Horseradish
Peroxidase-DAB in siru Detection System (Enzo).

Western blotting

Cultured HEK?293 cells were transfected with the pTargetT™
mammalian expression vector (Promega) containing the complete
PADI4 or PADI2 ¢DNA coding region. After a 60-h incubation,
crude cellular protein was extracted by standard ultrasonic

disruption. The total protein of transfected cells was separated
by sodium dodecy!l sulphate-polyacrylamide gel electrophoresis,
transblotted onto nylon membranes and probed with anti-PADI4
antibody. A western blotting kit (KPL) was used to detect signals
according to the manufacturer’s instructions.

To investigate PADI4 expression in synovial tissue and
peripheral leucocytes, we purified total protein of RA synovial
tissues and leucocytes using total protein extraction kits
(Biochain). Leucocytes were prepared using Monopoly Resolving
Medium as described above. The blotted membrane was probed
using our anti-PADI4 antibody and the western blot kit. The
total protein in a commercial liver sample served as the
control (Biochain).

Written consents was obtained from all patients and healthy
volunteers according to the Declaration of Helsinki. The design of
the work has been approved by the ethical committees of the
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Fic. 3. Immunostaining of PADI4 in synovial RA tissue. (a) Extensive distribution of PADI4 in synovial RA tissue. (b) PADI4 is
significantly expressed in the lining area marked with arrows. (¢, d, e and f) Expression of PADI4 in potential lymphocytes,
macrophages, polymorphic nuclear cells and capillary endothelial cells, respectively (arrows). (g) Intracellular and extracellular
expression of PADI4 in loose tissue that was usually close to solid fibrin deposits and which contained cells with apoptotic

morphology. Original magnification: a, 40x; b, 200x; ¢, d, ¢ and f, 400x.
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CO3+PADM

Co20+-PaADI4

CD6E=PADIS

CH15-PADIE

CO34+PAT

phi=PADI

Fig. 4. Cellular distribution of PADI4 in RA synovial tissue. Synovial RA membrane was incubated with anti-PADI4 and monoclonal
antibodies against leucocyte cell surface CD markers or phg. All CD3-, CD20-, CD68-, CD15- and phg-marked cells (green in A)
cxpressed PADI4 (red in B). C is a merged image of A and B. D is magnification of C image. Yellow colour in merged images
indicates co-localization of two protein targets. Scale bar, 200 um in A, B and C, 20 um in D.
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Fic. 5. Immunostaining of fibrin, citrullinated protein, PADI4, 1gG, IgM, TgA and IgE in RA synovial tissue. (a) Citrullinated protein
is located in some RA synovial cells in the sublining. The left upper corner is a partial magnification, indicating intracellular
localization of citrullinated proteins. (b) Fibrin deposit with solid structure. (c) Citrullinated protein is located in the solid fibrin region
in a continuous section. PADI4 (d) and 1gG (e) were undetectable in the fibrin block. (f) Part of a solid fibrin deposit is lightly stained
with anti-IgM antibody. (g) Citrullinated fibrin block was stained intensely with antibody against TgA. Capillary endothelial cells are
also immunoreactive to antibody. (h) IgE was undetectable in synovial tissue. Significant IgG (i) and 1g M (j) deposits are obvious in
synovial cells in the sublining of the same tissue. Arrow indicates a solid fibrin block. Original magnification: a, 400x; all other
sections, 100x. (b), (c), (d). (e), (), () and (h) are continuous sections. The image at the corner is shown at partial magnification.
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FiG. 3. Continued.

Institute of Physical and Chemical Rescarch (RIKEN) and
conforms to standards currently applied in Japan.

Results

Western blotting with PADI4 antibody

The anti-PADI4 antibody detected a band of 67 kDa in lysates of
cultured HEK 293 cells transfected with PADI4 expression vectors,
but not in cells transfected with PADI2 or blank vector (Fig. 1a).
Using the same antibody, western blotting detected a 67-kDa band
in total proteins extracted from RA synovial tissue and in
peripheral leucocytes of both RA patients and healthy individuals,
but not in the liver of the healthy individuals (Fig. 1b). These
results confirmed the specificity of our anti-PADI4 antibody. Some
groups have identified a similarly sized PADI4 product in
stimulated HL60 cells and in isolated synovial macrophages
using an antibody against recombinant PADI4 protein [15-19].

Immmunohistochemistry of PADI4 in peripheral blood cells

Double immunofluorescent labelling using anti-PADI4 antibody
and antibodies against various cell surface CD markers showed
that all CD3% T, CD20" B cells and CDI15% granulocytes of
peripheral blood expressed nuclear PADI4. CD68% monocytes
also expressed unuclear and cytoplasmic PADI4 (Fig. 2). No
differences were evident between samples of blood from patients
with RA and healthy controls. The antibody against citrullinated
protein did not detect any signals in peripheral leucocytes (data not
shown).

Imununohistochemistry of PADI4 in RA synovial tissue

Immunohistochemistry with the anti-PADI4 antibody showed a
broad distribution of PADI4 in many types of cells in RA synovial
tissue (Fig. 3a). The lining consisted of abundant hyperplastic cells
that stained intensely for PADI4 (Fig. 3b). Small mononuclear cells
with little cytoplasm formed many clusters of nodular infiltrates.
The nuclei of these cells were significantly stained with anti-PADI4
antibody, particularly at the nuclear edge (Fig. 3¢). Large mono-
nuclear cells with abundant cytoplasm predominated in RA
synovial tissue. These macrophage-like and fibroblast-like cells
were clustered in the lining and sublining of RA synovial tissue, or
were dispersed in regions with a loose tissue structure. Both the
cytoplasm and nuclei of these cells expressed high levels of PADI4
(Fig. 3d). In addition, polymorphonuclear cells that were evenly
distributed throughout the sublining distinctly expressed nuclear
PADI4 (Fig. 3e). Extensive angiogenesis is a primary feature of RA

synovial tissue. The nuclei of endothelial cells swrrounding small
capillaries obviously expressed PADI4 peptide (Fig. 30). PADI4 was
also expressed intracellularly and extracellularly in loosely orga-
nized tissue in which the cells showed the morphology of apoptosis,
having condensed chromatin, cytosol vacuolization and being
separated from surrounding tissue [20] (Fig. 3g).

We investigated which type of cells contained PADI4 by double
immunofluorescent labelling using an antibody for PADI4 and
various CD cell markers (Fig. 4). Both CD3" T cells and CD20* B
cells surrounding small capillaries expressed nuclear PADI4. The
cytoplasm and nuclei of CD68" macrophages, which constitute
one of the key structural components of the inflamed RA synovial
membrane, expressed PADI4. CD15% cells were evenly distributed
in the tissue and their polymorphic nuclei expressed PADI4. We
identified angiogenic regions by detecting CD34* cells that were
functional endothelial cells or the active precursors of new
capillaries. The nuclei of all CD34 cells in the RA synovium
were significantly immunostained with anti-PADI4 antibody.
Besides, fibroblast-like cells marked with phg antibody also
expressed PADI4. The double immunofluorescent staining results
were consistent with those of standard immunohistochemistry.
The results were identical in all 12 of our RA samples and in 14
commercially available RA specimens.

Anti-fibrin antibody identified a significant amount of fibrin
deposition in RA synovial tissues. Based on our observations, most
of these fibrin deposits formed a solid block and some fibrin
appeared as a mesh or spongy structure with loosely organized
cells (Figs 5b and .6a). The spongiform structure, which was
usually located close to the solid fibrin block, expressed large
amounts of intracetlular and extracellular PAD14 protein (Fig. 6¢).

Immunohistochemistry of citrullinated peptides in RA
synovial tissue

We immunolocalized citruilinated protein in the RA synovium
using a polyclonal antibody agaiust citrullinated peptide. Unlike
the extensive distribution of PADI4, only a few synovial cells were
immunostained in the sublining of the tissue (Fig. 5a). Citrullinated
protein was primarily located in the solid fibrin block, which was
not stained by anti-PADI4 antibody (Fig. 5b-d).

We investigated the deposition of IgG, IgM, IgA and IgE,
which are central components of the autoimmune reaction,
in continuous sections. Although TgG and IgM were highly
immunoreactive in numerous cells at the sublining of the tissue
(Fig. 5t and j), only a little fibrin deposit was mildly stained
with the antibody against IgM (Fig. 5e and f). However, the
citrullinated fibrin blocks in 80% of tested samples stained
intensely with the antibody against IgA (Fig. 5g). IgA
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Fic. 6. Immunostaining of citrullinated protein, PADI4, apoptosis, 1gG, IgM, IgA and IgE in fibrin deposits in continuous sections of
RA synovial tissue. (a) A cell-loose region of RA synovial tissue was immunostained with anti-fibrin antibody. (b) Citrullinated
protein is present in both solid (single arrows) and spongy (double arrows) fibrin deposits on continuous sections. (c) PADI4, (d)
M30CytoDeath and fragmented DNA (e) are exclusively localized in meshed fibrin deposit. No immunosignals of 1gG (f). IgM (g) and
IgE (h) were evident in fibrin deposits. (i) The area of fibrin deposits is highly immunoreactive for IgA. (original magnification: (a—i),

100x). The inset images are shown at partial magnification.

immunoreaction was also detected in endothelial cells around
small capillaries. The RA synovium did not express IgE
immunoreactivity (Fig. 5h). These results were reproducible
using anti-Ig antibodies from another manufacturer (Biomeda).

Spongiform masses that consisted of about 10% fibrin expressed
intracellular citrullinated protein (Fig. 6a and b) that co-localized
with PADI4 and apoptotic cells (Fig. 6c—). Double immunofluor-
escent labelling also confirmed the co-localization of apoptotic
cells and citrullinated protein in some fibrin deposits (results not
shown). Most apoptotic cells were localized in the spongiform

fibrin mass with loosely organized cells. Like the solid form, the
fibrin mesh was significantly stained with antibody against TgA
rather than IgG, IgM or IgE (Fig. 6f-).

Immunohistochemisiry of PADI4 in OA synovial membrane
and other tissues

Immunohistochemistry using antibodies against various types of
leucocytes and fibrin indicated that OA synovial tissue contains
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Fic. 6. Continued.

a few CD68" macrophages but lacks lymphocyte infiltrate, a
hyperplastic structure and fibrin deposits. Macrophages of OA
synovial tissue expressed low levels of PADI4 (Fig. 7a). Because
PADI4 is mainly expressed in lymphocytes and macrophages, the
loose cell structure and absence of lymphocyte infiltrate contrib-
uted to the low density of PADI4 immunostaining in OA synovial
tissue. Like the findings in peripheral blood, citrullination was
insignificant in OA synovial tissue (Fig. 7b). The results were
similar in all 12 OA samples and in four commercially available
specimens from healthy individuals.

Immunohistochemistry using the human tissue array showed
distinct PADI4 expression in some regions of haematopoietic
tissues, including the thymus, spleen and tonsils. The expression of
PADI4 was not evident in over 30 other human tigsues, including
the lungs, stomach, kidneys, liver and brain (results not shown),
although capillary endothelial cells and some stroma celfs of these
organs were stained with the anti-PADI4 antibody. Because the
brain, skin and musclé express high levels of PADII, PADI2 or
PADI3 [13], the absence of immunostaining of PADI4 in
these tissues further confirmed the specificity of our anti-PADI4
antibody.

In all the above experiments, no immunosignals were detected
in the negative controls, which included samples with normal
serum instead of the first antibody, as well as those without first
or second antibodies.

Discussion

The present study provides evidence that PADI4 is expressed in
peripheral blood CD3" T cells, CD20" B cells, CDI5" neutrophils

and CD68" monocytes. We also identified PADI4 in the same
subtypes of leucocytes, fibroblast-like cells and capillary endothe-
lial cells in RA synovial tissue. Screening over 30 normal human
tissues showed sclective PADI4 expression in haematopoietic
tissues, including the thymus, spleen and bone marrow. Thus, we
suggest that the cells expressing PADI4 in the RA synovium
arc mainly limited to haematopoietic cells or their derivatives.
We previously detected PADI4 transcripts by northern hybridiza-
tion only in haematopoietic tissues, including the spleen, thymus,
peripheral blood leucocytes, fetal liver and bone marrow [14].
Mouse and rat PAD4, a homologue of human PADI4, is also
expressed at high levels in granulocytes and monocytes {13, 21].
The expression of PADI4 did not differ in peripheral leucocytes
from RA patients and healthy individuals. Vossenaar et al. also
obtained similar results by reverse transcription—polymerase chain
reaction and immunoblotting [19]. Moreover, we did not detect
citrulline production in blood cells. These findings imply that the
expression of PADI4 and its citrullination activity in the synovium
both play critical roles in the pathogenesis of RA. The inflamed
RA synovial membrane is formed mainly through the abnormal
profiferation of macrophages and fibroblast-like cells, as well as
by excessive infiltration of lymphocytes from the circulation [22}.
These types of cells constitute the main source of PADI4
expression according to the present results and other studies
[13, 14, 19]. Therefore, we observed extensive PADI4 expression
in RA rather than OA synovial tissue or normal synovium.
Vossenaar ef al. also suggested that inflamed RA joints contain
high levels of PADI peptide [19]. In addition, they localized PADI4
mRNA only in monocytes and showed that the PADI4 transcript
degrades after the cells differentiate into synovial macrophages,
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Fic. 7. Immunostaining of PADI4 and citrulline in OA synovial tissue. (a) Double immunofluorescent labelling shows CD68
macrophages (green in aA) and PADI4 signal (red in aB). Expression of PADI4 is relatively weak in macrophages of OA
synovial tissue. Scale bar, 40um. (b) No significant immunosignals for citrullinated peptide in OA synovial tissues. Original

magnification, 100x.

whereas the PADI4 protein level remains unchanged [19]. Because
PADI4 transcripts with single-nucleotide polymorphisms confer-
ring RA susceptibility have a longer half-life than non-susceptible
mRNA [14], we postulate that mRNA with an RA susceptible-
haplotype accumulates and becomes translated into more protein
products in the RA inflamed synovium. Therefore, the high
abundance of PADI4 in the synovial membrane is a prominent
feature of RA pathogenesis.

Excessive fibrin formation is a prominent event of the inflamed
RA joint {3, 23-25]. Amorphous fibrin deposits have been detected
in the lining and deep layer of RA synovial membrane [23]. Based
on our observations, fibrin aggregates appeared in the RA
synovium as a solid block or as a loose tissue structure, and both
forms were considerably citrullinated. However, only the loose
fibrin structure expressed intracellular and extraceliular PADI4. In
these structures, PADI4-positive cells co-located with protein that
contained citrulline, apoptotic cells that contained fragmented
DNA and CK 18 cleaved by caspase. Furthermore, most apoptotic
cells of the RA synovium were localized in the spongiform fibrin
mass. The co-localization of PADI4 and apoptotic cells in
citrullinated fibrin with a loose tissue structure supports the notion
that PADI4 plays a role in apoptosis and locally citrullinates fibrin,
possibly by initiating apoptosis as described by Vossenaar et al.
[19]. Then. the enzyme might leak from dead cells and continually
catalyse extracellular fibrin protein. As a result, the spongy fibrin
develops into a solid block after citrullination and the PADI4

enzyme is degraded extracellularly. This could explain why PADI4
expression was essentially undetectable in the solid fibrin block.
In the rabbit model of antigen-induced arthritis, Sanchez-Pernaute
et al. observed meshed fibrin at the initial stage of joint
inflammation. They postulated that citrullination facilitates pro-
teolytic fibrin cleavage and that fibrin after structural transforma-
tion activates the autoimmune reaction of RA {5, 25].

In most of the RA synovial tissue samples we tested, an antibody
against IgA rather than other immunoglobulins recognized
citrullinated fibrin, although some fibrin clots were also mildly
immunostained with anti-IgM antibody. The [gA autoantibody
has been broadly identified in rheumatoid disease. Among diverse
types of RF, IgA RF is more frequently detected than IgM RF or
1gG RF in the sera of individuals before a diagnosis of RA [26].
Berthelot et al. found the IgA class of APF in RA sera. though
IgA APF was less sensitive than its classical IgG isotype [27].
Therefore, RA patients might develop an IgA class of anti-
citrullinated protein antibody in response to a high concentration
of citrullinated fibrin protein in the synovium. In fact, Masson-
Bessiere ef al. have reported that some fibrin in the RA synovial
membrane is citrullinated and that the « and 8 chains of fibrin
are the major targets of AFA [23]. The present study supports
the notion that citrullinated fibrin triggers citrulline-specific
B-cell maturation and thereby leads to RA autoimmunity [5, 23],

Although PADI4 was widely distributed in the lining and
sublining of the RA synovial membrane, only a few cells of the
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tissue expressed citrullinated protein. Baeten et al. obtained similar
results using two commercially available anti-citrulline antibodies
(Upstate and Biogenesis) [28]. This observation implies that the
PADI4 enzyme is inactive in most RA synovial cells as well as
in peripheral blood. The activation of PADI requires a high
concentration of Ca** (107" mol/l) [29). Under normal physio-
logical conditions, the cytosolic and nucleoplasmic Ca* concen-
tration of 107" mol/l is too low to trigger PADI enzymatic activity
[19, 29]. Vossenaar ef al. recently found that a high concentration
of calcium ions induced by lonomycin could stimulate PADI
and the subsequent citrullination of intracetlular protein in RA
synovial macrophages [19;. Tonomycin is a calcium ionophore that
facilitates a sustained Ca®* influx [30]. Thus, an altered level of
calcium ions should explain the disparate expression of PADI4
enzyme and citrullinated peptides. However, exactly how Ca®*
leads to apoptosis involving PADI4 and subsequent fibrin
citrullination remains unknown.

In suramary. we demonstrated extensive PADI4 expression in
diverse leucocyte subtypes of RA synovial tissue. We also observed
significant citrullination of fibrin, as well as the co-location of
PADIA4, citrullinated protein and apoptosis in some fibrin deposits
of the tissue. These findings might be helpful in understanding
the close association of the PADI4 haplotype with RA and the
important role of PADI4 in RA pathogenesis.

The authors have declared no conflicts of interest.
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CUL1, a component of E3 ubiquitin ligase, alters
lymphocyte signal transduction with possible effect on
rheumatoid arthritis

R Kawaida'? R Yamada’, K Kobayashi', S Tokuhiro'?, A Suzuki', Y Kochi'?, X Chang?, A Sekine?,

T Tsunoda?, T Sawada?, H Furukawa?® Y Nakamura® and K Yamamoto!2
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Ubiquitination affects various immune processes and E3 ubiquitin ligases (E3) play an imporiant role in determining substrate
specificity. We identified 11 human E3 ligase genes of potential importance in pathogenesis of autoimmune diseases by search
of public databases and screened them for candidacy of biological investigation with case~control linkage disequilibrium tests
on multiple SNPs in the genes using rheumatoid arthritis (RA) as a model! of autoimmune diseases. Significant association with
RA was observed in an SNP in intron 3 of Cullin 1 (CUL1) that affected transcriptional efficiency of the promoter activity in
lymphocytic cell lines. Quantitative expression analysis revealed that CUL1 mRNA was highly detected in lymphoid tissues
including spleen and tonsil, and was specifically expressed in T and B lymphocytes in fractionated peripheral leukocytes.
Histological evaluation of tonsils indicated that CUL1 protein expression was relatively specific for maturing germinal centers.
Suppression of CULT expression had influence on the phenotype of T-cell line, that is, it inhibited IL-8 induction, which is known
to play an important role in the migration of inflammatory cells into the affected area seen in RA. Our data suggest that the
regulation of CUL1 expression in immunological tissues may affect the susceptibility of RA via altering lymphocyte signal

transduction.
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Introduction

The ubiquitin system contributes to many aspects of
cellular activities. The length of the ubiquitin chain is
generally related to different processes. Whereas at least
four units of the ubiquitin chain seem necessary for
proteasomal degradation,' mono-ubiquitination is in-
volved in endocytosis.> The ubiquitin—proteasome sys-
tem degrades polyubiquitinated proteins via the 265
protein complex, the proteasome. The machinery con-
tributes to a variety of cellular processes, including cell-
cycle control, signal transduction, transcriptional regula-
tion, DNA repair, antigen presentation and apoptosis.® In
addition to physiologically normal proteins, misfolded
proteins could be substrates in the cellular stress
response, through which E3s constitute a protein quality
control system.* However, other regulatory roles such as
internalization of the receptor protein,®” transcription
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stimulation®? and protein processing'®"' via ubiquitina-
tion have recently been suggested.

Ubiquitin is a small peptide of 76 amino acids that is
highly conserved in all eukaryotes. The ubiquitin path-
way proceeds through a three-step enzymatic cascade
involving ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2) and ubiquitin ligase (E3). While
there are only dozens of E2s, E3s are highly hetero-
geneous. This feature allows these enzymes to determine
specific ubiquitin interactions with its target proteins'
that control cell processes such as activation, prolifera-
tion and differentiation.

The ubiquitination system is also involved in many
aspects of the immune system. For example, antigens
processed by polyubiquitination are presented on the
surfaces of antigen-presenting cells (APCs) that are
recognized by MHC class I molecules of cytotoxic T
cells. Proteasome and tripeptidyl aminopeptidase II
(TPPID) might cooperate to produce peptides bound by
MHC class I proteins.'>'*

E3 ubiquitin ligases are also involved in the NF-«xB
signaling pathway that regulates the expression of
various genes during inflammation, immunity, differ-
entiation and apoptosis. The activation cascade is
also modulated by the multiple ubiquitination system
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executed by E3s. In response to proinflammatory
cytokines, TRAF6 modified by polyubiquitin chains is
essential for TAK1 kinase activation, which leads to IxB
kinase (IKK) phosphorylation.’>¢ The activation of IKK
causes the phosphorylation and degradation of IxBe,
followed by NF-xB activation. The SCF (Skpl-Cullinl-
Fbox)»™* E3 complex participates in IkBo degrada-
tion."”'* Furthermore, another ubiquitin ligase might
execute the proteolysis of NF-kB pl05 into active
subunits to translocate into the nucleus and regulate
target gene transcription.’® Recently it has been found
that adaptor protein Bcl10, which is essential for NF-xB
activation by T- and B-cell receptors, promotes NF-«xB
activation through the paracaspase- and UBC13-depen-
dent ubiquitination of NEMO (IKK-y).?

Some E3s play regulatory roles in T-cell anergy. For
example, GRAIL suppresses and limits activation-in-
duced IL-2 and IL-4 production in T-cell hybridomas.>!
The constitutive expression of GRAIL renders naive
CDAT cells anergic.? T cells derived from E3 Itch~/~ mice
are activated and their proliferation is enhanced, which
results in severe immune and inflammatory disorders
and constant itching of the skin.?? Furthermore, c-Cbl and
Cbl-b negatively regulate T-cell activation by promoting
the clearance of engaged TCR from the cell surface by
ubiquitination,> and Cbl-b negatively regulates BCR
signaling by targeting Syk for ubiquitination.?s

As shown above, E3s are involved in immune
processes. We identified CUL1 among E3s as a candidate
of autoimmunity-related gene by screening association
between SNPs and rheumatoid arthritis (RA). RA is a
widespread autoimmune disease that affects 0.5-1.0% of
the worldwide population. It is characterized by chronic
inflammation of the synovial joints due to the infiltration
of lymphocytes, macrophages and plasma cells, accom-
panied by hyperplasia of the synovial fibroblasts. The
pathology of RA is generally defined by the activities of
many inflammatory cytokines. The ubiquitin system
might be involved in RA because the overexpression of
the E3 ubiquitin ligase, Synoviolin/Hrd1, causes the
excessive growth of synoviocytes in mice, which leads to
spontaneous arthropathy.?® One risk factor for RA is
genetic contribution. The susceptibility of siblings of
affected individuals and of monozygotic twins is higher
than that of the general population. Genetic studies of
RA using SNPs have revealed RA-susceptible SNPs such
as PADI4?” RUNX1 and SLC22A4,%® and PTPN22.%®
Therefore, to identify the E3s involved in autoimmune
diseases, we performed a case—control linkage disequili-
brium study of the Japanese RA population. We
discovered an SNP associated with RA in CULI, a
component of the SCF E3 complex.

CUL1 is highly conserved from nematodes to hu-
mans,* and it is indispensable for mouse embryogen-
esis.®> CUL1 binds to the Skpl-F-box protein complex
and to ROC1 through its N- and C-terminal region,
respectively. F-box is a member of a large family of
substrate-targeting proteins that determine the specifi-
city of E3 activity. ROC1, on the other hand, recruits an
E2 enzyme and functions as a ubiquitin ligase on its
substrate.’? A structural characteristic of the E3 ligase is
the RING finger motif in ROC1.3® Besides IxBa,'”'® SCF
complex has several targets, including B-catenin,'® p27,
CyclinE1** and IFNo receptor 1.° Thus, SCF has been
studied as an inflammation or/and cell cycle modulator.

CULI as a susceptible gene in theumatoid arthritis
R Kawaida et af

Here, we analyze the expression and function of CUL1 in
the context of the immune system in autoimmunity.

Results

Analysis of RA-related SNPs in E3 ubiquitin ligase
Screening of E3 ubiquitin ligase genes for association with RA
with SNPs. A total of 11 E3 ubiquitin ligase genes were
selected as described in Materials and methods. Table 1
lists the SNPs and the genotyping results. All the SNPs
were polymorphic in Japanese population, with a minor
allele frequency more than 0.08% except for #31 in
GRAIL. Among 33 SNPs in the 11 selected genes, only
one SNP (#8) in intron 3 of the CULI gene was
significantly associated with RA, with P <0.0005 (cor-
rected P<0.05 by Bonfferoni correction). Based on these
results, we selected CUL1 for further analysis for
function and mechanism in immune system.

SNP mapping in CULI locus. To investigate the region
around CULI, we analyzed the LD and haplotype
structure with the genotype data of 40 SNPs for 94 case
samples (Figure 1). SNPs with a moderately strong LD
(A>0.5) to #8 were distributed in both CULI1 and its
neighboring gene EZH2. We then searched for SNPs in
this region using the JSNP database, which mainly
focuses on SNPs in the 5UTR, 3UTR and the coding
region.®® We also directly sequenced 2kb of the 5-
flanking region and exon 1, in 48 genomic samples from
RA patients to find functional SNPs in the promoter
region. Thus, among 40 genotyped SNPs, only intron 3 of
CULI contained SNPs with a P-value of <0.001.
Furthermore, no SNPs were associated with RA in the
CUL1 coding, or 5 and 3’ flanking regions (Figure 1).
Therefore, SNP #8 in intron 3 of CULI could affect
susceptibility to RA. We therefore examined the func-
tional differences of associated SNP #8.

Reporter assay of RA-associated SNP in CUL1. Reporter
constructs containing one, five or nine concatenated
copies of the 24 nucleotides around the associated SNP
#8 were connected to the SV40 promoter (Figure 2a). The
constructs were transiently transfected into both the
Jurkat T-cell (Figure 2b) and Raji B-cell (Figure 2¢) lines.
The susceptible C allele had more enhancer activity than
the nonsusceptible A allele i both cell lines, with
statistical significance P<0.005 for five and nine con-
catenated constructs.

Expression of CUL1

Quantitative RT-PCR. To elucidate the role of CUL1 in
inflammatory disease, we analyzed the mRNA expres-
sion level using quantitative real-time PCR. The expres-
sion levels of CLIL1 mRNA in a human tissue panel were
high in the spleen, tonsils and in whole blood, and
moderate in the brain, thymus, bone marrow and
liver. The kidneys and heart expressed low levels of
CULI1 mRNA (Figure 3a). Synovial fibroblast cells from
RA patients also expressed moderate levels of CULIL.
Mononuclear cells in the peripheral blood expressed
more CULI mRNA than polynuclear cells and lympho-
cyte-dominant expression of CUL1 was further ascer-
tained with expression evaluation of fractionated cells
stratified with cell surface markers CD4, 8, 14 and 19
(Figure 3b).
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