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Figure 1

Association of secreted phosphoprotein 1 gene (SPP1) rs11439060 and rs9138 risk-allele combination and rheumatoid arthritis (RA).

(A) Anti-citrullinated protein antibody (ACPA)-negative RA, (B) ACPA-positive RA and (C) overall RA. Data are proportion of SPP1 risk-allele
combination, ORs, 95% Cls and p values. Forest plot shows ORs with symbol size proportional to case sample size. Results for several samples are

shown in bold, with diamond widths indicating 95% Cls.

was not associated with s-OPN serum level, whereas rs9138
slightly modulated s-OPN serum level (see online supplemen-
tary figure S2).

Correlation between s-OPN and ACPA serum level

Because our genetic data demonstrated that SPP1 had a differen-
tial effect on risk of ACPA-negative and ACPA-positive RA and
the risk-allele combination was associated with low SPP1 expres-
sion and serum s-OPN level, we wondered whether s-OPN
serum level was associated with ACPA production. We found a
positive correlation between anti-CCP2 and s-OPN serum levels
in 37 anti-CCP2-positive RA patients with no biologic therapy
(ESPOIR cohort) (p=0.005, r=0.483; figure 4).

DISCUSSION
We provide the first evidence of a distinct genetic contribution
of SPP1 to risk of RA by ACPA status. Previous studies of RA
have suggested that associated loci predispose to specific subsets
of the disease characterised by ACPA status.'? 41 42
Furthermore, non-genetic data suggested that ACPA-positive
disease behaves differently from ACPA-negative disease.*’
Therefore, these theoretically different forms of RA should be
analysed separately. Our results indicate that the combination of
3 frequent alleles of two SPP1 variants, rs11439060 and
rs9138, is associated mainly with ACPA-negative disease
(p=1.29%x10%%) and less with ACPA-positive disease as

compared with healthy controls (p=0.0148). The ORs between
these subgroups (ie, ACPA-positive and ACPA-negative) signifi-
cantly differed (p=7.33x10>%), which provides evidence for a
distinct contribution of SPP1 to risk of both ACPA-negative and
ACPA-positive RA.

Of interest, in both our discovery sample (ie, French
Caucasian population) and the combined sample, the best-fit
model, provided by the AIC, was the recessive model with
allelic heterogeneity, which led to the hypothesis of a true syner-
gism of rs11439060 and rs9138 in RA susceptibility. This
hypothesis is consistent with a growing number of other obser-
vations.** In our study, as in the 1000 Genome Project Phase I,
the SPP1 rs11439060-rs9138 haplotype structure differed for
European and East Asian populations (table 2). Even with a dif-
ferent haplotype structure, rs11439060 and rs9138 showed a
similar contribution, with an association of comparable magni-
tude and direction. Therefore, accounting for allelic combina-
tions may be necessary to identify genetic effects that may
otherwise be missed (see online supplementary table S3).
Indeed, the univariate approach considering only a single
marker at a time, commonly used in GWAS, could overlook the
complex interactions that often occur in biological systems.**

Multiple genetic association studies have found an association
of SPP1 and several autoimmune disorders, reporting an effect
of the rs9138 variant opposite to that observed in RA, the C
rare allele being the autoimmune risk allele.** 2*728 31 These
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Figure 2 Association of SPPT risk-allele combination and SPPT expression
in macrophages of 599 subjects from the Cardiogenics Transcriptomic Study.
Top box plot shows results of SPPT ILMN_1651354 probe in macrophages.
Bottom box plot shows results of SPPT ILMN_2374449 probe in
macrophages. Genotypes of rs11439060 and rs9138 were imputed.
Best-called genotypes were used to stratify subjects for box plots (n=599; in
red, n=247 subjects without the risk-allele combination; in green, n=352
subjects with the combination). p Values were derived from the probabilities
of having the SPP1 risk-allele combination.

findings support that common genetic factors in autoimmune
diseases may be associated with a given marker but differ in the
direction of the association.*® *" We identified no predicted
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Figure 4  Correlation between secreted osteopontin (s-OPN) and anti-
citrullinated protein antibody (ACPA) serum level. The line is the best-fit
regression line. Each dot represents the anti-CCP2 serum level for one
anti-CCP2-positive rheumatoid arthritis patient according to s-OPN
serum level. In red, n=10 subjects without the risk allele combination;
in green, n=27 subjects with the combination. The r values were
evaluated by Pearson correlation analysis.

functional exonic variant in subjects carrying the SPP1 risk-allele
combination (see online supplementary text), so, in addition to
the functional data, both rs11439060 and rs9138 polymorph-
isms may indeed be the causal variants. Of note, the G insertion
at position —156 generates a RUNX-2 binding site, which was
found to increase SPP1 transcriptional activity.>® As well,
rs9138, which is located in the 3’ UTR, was found to be signifi-
cantly associated with OPN serum levels in controls*” *® and
males with SLE.?’ However, direct re-sequencing of the SPP1
exons would be necessary to definitely exclude the existence of
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Figure 3 Association of SPP1 risk-allele combination and secreted osteopontin (s-OPN) serum level. (A) s-OPN serum level in systemic lupus
erythematous (SLE) patients (n=32), rheumatoid arthritis (RA) patients (n=60) and controls (n=29). SLE and controls were considered positive and
negative controls. Both SLE patients and controls were not genotyped for SPP1. (B) s-OPN serum level in RA patients stratified by presence of the
SPP1 risk-allele combination: in red, 20 RA patients without the combination; in green, 40 RA patients with the combination. Each dot represents
the s-OPN serum level for one patient. Lines and outer bars are mean=SD. p Values were calculated by non-parametric Mann—-Whitney U test.
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a very rare coding variant. Of interest, a recent large genetic
association study of 25 genes from 20 GWAS-identified risk loci
showing overlap among six common autoimmune disorders
found little support for a significant impact of rare coding var-
iants in known risk genes for the autoimmune phenotypes
investigated.*’

In addition to the novel finding of SPP1 as an RA risk gene,
our study suggests that the SPP1 risk-allele combination has a
functional consequence. The risk-allele combination was asso-
ciated with decreased SPP1 expression in macrophages in a large
sample. However, at this step, we could not establish a definitive
association of the SPP1 risk-allele combination because the data
were from imputed genotypes, which is a limitation of our
study. We next provide clear evidence of an association between
the SPP1 risk-allele combination and low s-OPN serum level.
Our results are consistent with a reported effect of rs9138 on
s-OPN serum level.”> 27 2 Conversely, no association of
1511439060 and s-OPN serum levels has been detected.?* %’
The rs11439060 variant may have a synergistic effect in regulat-
ing both s-OPN and i-OPN production: by regulating SPP1
expression, rs11439060, located in the promoter, may cooper-
ate with rs9138, located in the 3’ UTR, to regulate s-OPN
serum level by altering its mRNA polyadenylation or stability. In
agreement with (1) the greater effect of SPP1 on ACPA-negative
than ACPA-positive RA and (2) the association of the SPP1
risk-allele combination and low serum s-OPN levels, we
observed a weak correlation between ACPA levels and s-OPN
serum levels. Thus, OPN may have an important role in regulat-
ing ACPA production.

Through the properties of both its isoforms, OPN has mul-
tiple contributions to the humoral immune response: in T cells,
OPN potentiates proliferation, IFN-y production and CD40 L
expression, which in turn favours B-cell proliferation and anti-
body production.>® In plasmacytoid dendritic cells, i-OPN pro-
motes type I IFN production, which may also enhance antibody
responses.’’ In several RA samples, the presence of a type I [FN
signature in peripheral blood mononuclear cells was associated
with the presence and titres of autoantibodies, which is similar
to findings in other autoantibody-associated diseases.'* 327*
The type I IFN signature was also identified in a subset of arth-
ralgia patients positive for autoantibodies in whom RA devel-
oped later.’ In addition to our findings, several lines of
evidence support the hypothesis of a pivotal role of OPN in
autoantibody production: rs11730582, a SPP1 promoter variant
in high LD with rs11439060, was found to be associated with
autoantibody-mediated cytopenia in SLE,*® and serum OPN
level was associated with IgG serum level in DALD patients.”
Finally, rs9138, which modulates s-OPN serum level, was also
reported to affect IFN-o, serum activity in SLE.*’

In conclusion, our study, involving a large number of samples,
demonstrates a significant contribution of SPP1 to risk of RA,
the magnitude of the association most important in
ACPA-negative RA. The SPP1 risk-allele combination of
rs11439060 and rs9138 was associated with decreased expres-
sion of s-OPN serum level, which was correlated with ACPA
production. Our study illustrates that accounting for allelic com-
binations could be of interest to identify genetic effects that may
otherwise be ignored and could contribute to a better under-
standing of the genetic architecture and pathogenesis of
complex diseases such as RA.
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