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KLF12 as a Risk Locus for Rheumatoid Arthritis Susceptibility
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Objective. To identify new genes associated with
susceptibility to rheumatoid arthritis (RA), using a
2-stage genome-wide association study.

Methods. Following a liability-based study design,
we analyzed 317,503 single-nucleotide polymorphisms
(SNPs) in 400 patients with RA and 400 control sub-
jects. We selected a group of candidate SNPs for repli-
cation in an independent group of 410 patients with RA
and 394 control subjects. Using data from the 3 previous
genome-wide association studies in RA, we also looked
for genomic regions showing evidence of common asso-
ciation signals. Finally, we analyzed the presence of
genome-wide epistasis using the binary test imple-
mented in the PLINK program.

Results. We identified several genomic regions
showing evidence of genome-wide association (P < 1 �

10�5). In the replication analysis, we identified KLF12
SNP rs1324913 as the most strongly associated SNP (P
� 0.01). In our study, we observed that this SNP showed
higher significance than PTPN22 SNP rs2476601, in
both the genome-wide association studies and the rep-
lication analyses. Furthermore, the integration of our
data with those from previous genome-wide association
studies showed that KLF12 and PTPRT are the unique
loci that are commonly associated in 3 different studies
(P � 0.004 and P � 0.002 for KLF12 in the Wellcome
Trust Case Control Consortium study and the Brigham
and Women’s Rheumatoid Arthritis Sequential Study
genome-wide association study, respectively). The
genome-wide epistasis analysis identified several SNP
pairs close to significance after multiple test correction.

Conclusion. The present genome-wide association
study identified KLF12 as a new susceptibility gene for
RA. The joint analysis of our results and those from
previous genome-wide association studies showed
genomic regions with a higher probability of being
genuine susceptibility loci for RA.

Rheumatoid arthritis (RA) is one of the most
prevalent autoimmune diseases in the world (1). In RA,
chronic inflammation of the synovial joints leads to
progressive articular damage, which can result in major
functional disability (2). The etiology of RA is unknown,
but several family aggregation and twin studies (3,4)
clearly demonstrate a heritable component of the dis-
ease. Part of this genetic component of susceptibility has
been consistently associated with the HLA class II locus
variation. The remaining 50–75% of the genetic compo-
nent includes several other genomic regions that are
more difficult to identify due to their lower penetrance
or more complex models of action (5,6).

Linkage scans and candidate gene studies have

Supported by the Spanish Ministry of Education and Science
(Proyectos Singulares y Estratégicos, PSE-010000-2006-6) and by
Schering-Plough SA.
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successfully identified a small number of candidate genes
for RA susceptibility, ranging from the robust association
of PTPN22 (7) to the more modest association of PADI4
(8) and CTLA4 (9). Together with these important steps in
the characterization of RA genetic architecture, the candi-
date strategy has also produced a large number of genes
that have failed to show convincing association (10). Link-
age scans, an extremely powerful methodology for identi-
fying genes with simple genetic models of inheritance, have
several limitations for common diseases such as RA
(11,12). Recently, genome-wide association studies have
enabled the combination of 2 fundamental advantages of
the previous approaches: the unbiased analysis of whole
genome linkage scans and the power and resolution of
case–control studies (13).

To date, 3 genome-wide association studies in
RA have been performed, providing important advances

in the characterization of genetic susceptibility in RA.
The Wellcome Trust Case Control Consortium
(WTCCC) performed an unprecedented genome-wide
analysis of 7 common diseases in the UK population
(14). This approach enabled not only the identification
of strong candidate regions for each disease but also the
identification of common susceptibility regions between
different diseases. More recently, 2 genome-wide studies
using North American and Swedish cohorts identified
and replicated TRAF-C5 (15) and TNFAIP3 (16) as new
genetic loci strongly associated with positive anti–cyclic
citrullinated peptide antibodies in RA subtype suscepti-
bility. These important findings demonstrate the effec-
tiveness of the genome-wide association study approach
and represent important steps toward the identification
of RA genetic architecture.

Here, we report the results of a 2-stage genome-

Figure 1. Liability-based model used in the present genome-wide association study. In this model, a continuous latent risk variable is truncated to
specify affection, which in this case is a chronic inflammatory disease. Those individuals with the highest liability have a specific group of genes that
condition to a particular outcome (i.e., disease diagnostic). Those individuals with the lowest liability are resistant to inflammatory illnesses; hence,
they are “hypernormal” for these conditions. RA � rheumatoid arthritis.
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wide association study performed in the Spanish popula-
tion. In contrast to the 3 previous genome-wide studies, we
used a design based on disease liability to both RA and
chronic inflammatory diseases. We also performed a rep-
lication analysis of a selected group of new candidate
single-nucleotide polymorphisms (SNPs) in an indepen-
dent sample. In order to look for common associated
genomic regions, we contrasted our results with those of
the 3 previous genome-wide association studies. Finally, we
also analyzed more complex genetic models through a
genome-wide analysis of gene–gene interactions (i.e., ep-
istasis) associated with RA susceptibility.

PATIENTS AND METHODS

Study design. We performed a 2-stage genome-wide
association study in RA. In the first stage, 400 patients with RA
and 400 control subjects were analyzed for 317,503 genomic
SNPs. From these results, a selection of new candidate SNPs
was further genotyped in an independent group of 410 patients
with RA and 394 control subjects. In the genome-wide analysis,
both case and control groups were formed by 2 subgroups (n �
200 each) based on the liability model shown in Figure 1. This
model assumes that there is a continuous latent risk of chronic
inflammatory diseases. Those individuals with the lowest risk
of developing any type of chronic inflammatory diseases are
defined as “hypernormal” (17). In the high-risk zone, the
continuous variable is truncated to specify a chronic inflam-
matory disease. Therefore, this model integrates the increasing
evidence of shared genetic risk for common inflammatory
diseases (14,18,19) and the specific genetic variants that deter-
mine each particular condition.

Informed consent was obtained from all individuals,
according to the Declaration of Helsinki. The study was
approved by the Institut de Recerca de l’Hospital Universitari
Vall d’Hebron ethics committee.

Whole-genome association study subjects. Patients
with RA were recruited from 5 Spanish hospitals: Hospital
Universitario Central de Asturias, Hospital Universitario de
Guadalajara, Hospital Clı́nic i Provicial de Barcelona, Hospital
Universitario de La Paz (Madrid), and Hospital Universitari
Vall d’Hebron (Barcelona). All patients fulfilled the revised
American College of Rheumatology (ACR; formerly, the
American Rheumatism Association) 1987 criteria for the
classification of RA (20). Two hundred patients were selected
for having a longstanding disease with severe radiologic and
functional disability (longstanding RA). The remaining cases
were selected from among a group of patients with RA who
were attending early arthritis clinics and had been followed up
for a minimum of 2 years (early RA).

Control subjects were selected according to the liability
model described previously. In order to capture the genetic
component that is specific for RA and different from other
chronic arthritides, we selected a group of 200 patients with
non-RA inflammatory arthritis (non-RA). This group of pa-
tients and those with early RA were selected from the same
early arthritis clinics, and the non-RA group comprised spon-
dylarthritis (34%), undetermined arthritis (26%), psoriatic

arthritis (20%), connective tissue disorders (15%), and other
less common inflammatory arthropathies (5%). To increase
the efficiency of our study, we selected a group of 200
individuals with the lowest liability for RA or any other chronic
inflammatory disease, whom we here describe as hypernormal
control subjects. Using the randomized control collection of
IRCIS BioBank (Hospital San Joan de Reus, Tarragona,
Spain), we selected only those individuals whose age placed
them at risk of RA (�40 years old), were Caucasian, and had
a 3-generation Spanish origin. We reduced the genetic liability
in this group by excluding those individuals with �1 first-
degree relative with a chronic inflammatory disease (including
autoimmune diseases). All 4 subgroups had the female-to-male
sex distribution (3:1 ratio) that is characteristic of RA (21).

Replication study subjects. We collected an indepen-
dent group of 410 patients with RA (347 women and 63 men)
from the same 5 hospitals. All patients fulfilled the ACR 1987
revised criteria for the classification of RA and were Caucasian
and of Spanish origin. A control group of similar size (n � 394
[284 women and 110 men]) was obtained from the Spanish
National DNA Bank repository (Banco Nacional de ADN,
Salamanca, Spain). All control subjects were Caucasian and of
Spanish origin, were older than age 30 years, and did not have
an autoimmune disease.

Sample preparation for whole-genome and replication
genotyping. Although most samples analyzed were from local
DNA collections, �20% of them were extracted from whole
blood using the Flexigene purification system (Qiagen, Chats-
worth, CA).

More than 317,000 SNPs were genotyped in each of
the 800 individuals in the genome-wide association study, using
the HumanHap300 BeadArray system (Illumina, San Diego,
CA). The selection of highly informative markers (tagSNPs)
included in this system provides strong coverage of the whole
genome (22). Samples were amplified, labeled, and hybridized
according to the Illumina Infinium II assay. After scanning in
an Illumina BeadArray reader, fluorescence intensities were
automatically converted to genotypes using Illumina BeadStu-
dio software version 2.0.

Replication genotyping and cross-platform quality con-
trol were performed using the MassARRAY SNP genotyping
system (Sequenom, San Diego, CA) (23). Genotype calling was
performed using the automatic call system implemented in Se-
quenom Typer software. All genotyping assays were performed at
the Centro Nacional de Genotipado (Barcelona, Spain).

Whole-genome association study quality control. For
the 800 individuals analyzed, the average genotyping rate was
98.8%. To this data we subsequently applied several quality
control filters, as follows: 1) exclusion of those SNPs with more
than 10% of values missing (2.2%), 2) exclusion of individuals
with more than 10% of values missing (none), 3) uninformative
SNPs (minor allele frequency � 0.01) (0.1%), and 4) SNPs under
Hardy-Weinberg disequilibrium (P � 0.0001) (0.3%). Although
6,590 SNPs (2%) were in very high pairwise linkage disequili-
brium (r2 � 0.99), we did not exclude them from further analyses.

Population structure analysis. The presence of struc-
ture in a population can be an important confounder in genetic
association studies. In order to detect strong variability com-
ponents in our genome-wide association study samples, we
performed the principal components analysis (PCA) imple-
mented in Eigenstrat software (24). The PCA technique

GENOME-WIDE ASSOCIATION ANALYSES IN RA 2277



effectively decomposes the variability present in high-
dimensional data sets into lower dimensions. The top axes of
variation (i.e., the principal components) should reflect the

geographic trends (if such trends exist) in our sample. As a
more indirect measure of population structure, we also calcu-
lated the genomic inflation factor (�observed) (25), a measure of

Figure 2. A, Principal components (PCs) informative for ancestry. For 246 individuals in the genome-wide association study, complete
information regarding the province of birth of all 4 grandparents was available. Based on this information, individuals were divided into 6
geographic regions in Spain. The graph shows the 2 principal components informative for ancestry, demonstrating a west-to-east trend. B,
Scatter plot of P values before (x-axis) and after (y-axis) correction for structure. Correcting for geographic structure using the
ancestry-informative PCs as covariates does not show a trend with signals above and below the diagonal line.
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the “overdispersion” of the association statistic (i.e., allelic
chi-square). The closer this value is to the null value (�null �
1), the lower the probability of the presence of population
structure in the sample.

Genome-wide association analysis, SNP selection, and
replication analysis. We performed chi-square allelic tests for
the 299,918 SNPs that remained after quality control filtering
using PLINK software (26). Following the liability model
described previously, we performed 3 different analyses: a
global comparison (all patients with RA versus all control
subjects), an extreme liability comparison (patients with long-
standing RA versus hypernormal control subjects), and a
chronic arthritis liability comparison (all patients with RA and
those with non-RA inflammatory arthritis versus hypernormal
control subjects). Using Benjamini and Hochberg correction
for multiple testing, only HLA class II SNPs and a single
marker in chromosome 3 (rs11129989) were significant. Tables
showing the complete results are available online at http://
www.urr.cat.

Several criteria have been proposed for selecting SNPs
for replication that do not withstand conservative multiple test
correction methods. Some studies have used the significance
rank to select a relative arbitrary number of SNPs (27), while
others use biologic information to favor a group of candidate
SNPs (28). In our study, we observed an increased number of
non-HLA SNPs showing strong signals (P � 1 � 10�5) in the
extreme group comparison (7 SNPs) compared with the global
comparison (1 SNP). Therefore, we decided to use the infor-
mation from this comparison in 2 different selection strategies.

In one strategy, we began by genotyping a group of
highly significant HLA SNPs (n � 13) (data not shown) in the
replication group. All of these SNPs were positively replicated.
Next, we calculated a bootstrapped P value for the genome-
wide association study extreme comparison (n � 1,000 resam-
plings). From this resample-based rank, we selected all non-
HLA SNPs that had higher significance values than any of the
positively replicated HLA class II SNPs (7 SNPs). In the
second strategy, we selected those SNPs with significance of
P � 1 � 10�3 in the extreme group comparison (326 SNPs)
and that also had significance of P � 1 � 10�3 when tested in
the early RA versus hypernormal control subject data sets (27
SNPs). Both methods yielded a total number of 34 SNPs that
were genotyped and analyzed in the replication group. In order
to provide a measure of contrast of our results in the replica-
tion group, we included SNPs from known candidates for RA.
This included PTPN22 (rs2476601), CTLA4 (rs231804), and
PADI4 (rs2240340). Like the whole-genome association study
analysis, the replication association analysis was performed
using the allelic chi-square test (P � 0.05).

Genome-wide scan for epistasis. We performed the
binary test of epistasis (SNP � SNP method) implemented in
PLINK. Performing the �45 � 10�9 pairwise analyses would
take several weeks in a typical workstation. In order to make it
a feasible analysis, we modified the PLINK software so that it
could be run in MareNostrum, a supercomputer with 10.240
64-bit Myrinet-connected processors with a final calculation
capacity of 94.21 Teraflops (Barcelona Supercomputing Cen-
tre, Barcelona, Spain). Chromosome X SNPs were excluded

from the analyses. Tables showing the extended results are
available online at http://www.urr.cat.

Comparison with previous genome-wide association
studies. Using the available data from each of the 3 previous
genome-wide association studies, we looked for genomic re-
gions that share indicative association signals with our study.
For the WTCCC study, results for all 500,000 SNPs are
available (14), while in the Brigham and Women’s Rheumatoid
Arthritis Sequential Study (BRASS) (16) and North American
Rheumatoid Arthritis Consortium (NARAC) and the Swedish
Epidemiological Investigation of Rheumatoid Arthritis
(EIRA) (15) studies, only those SNPs with P values of �1 �
10�3 and �1 � 10�4, respectively, are directly accessible. In
order to perform a more informative analysis, we selected the
most significant SNPs in one study (P � 1 � 10�4) (study 1)
and searched for those neighboring SNPs in the other study
showing an indicative significance (P � 0.005) (study 2). We
considered 2 SNPs from different studies to be suggestive of a
common association if their genomic distance was �200 kb.
The results for all analyses are available online at http://
www.urr.cat.

RESULTS

Using a liability-based design, we genotyped
317,503 SNPs in 400 patients with RA and 400 control
subjects. After applying several filtering criteria, 299,918
high-quality SNPs were finally selected for subsequent
analyses.

Population structure. A dense set of SNPs cov-
ering the genome enables the robust identification of
population outliers, using multidimensional analysis
techniques (24,26). In our study, using the PCA tech-
nique, we identified and removed 41 outlier individuals
(17 patients with RA and 24 control subjects). Analyzing
the top principal components, we found that 2 of them
captured a west-to-east trend, although they were less
efficient in reflecting the north-to-south geographic vari-
ation (Figure 2A). Adding these 2 principal components
as covariates in the genome-wide association analysis did
not show a strong trend in the data (Figure 2B). This is
in agreement with the low genomic inflation factor
detected (�observed � 1.01, �null � 1). Therefore, the
results reported do not correct for structure.

Genome-wide association study findings. We
performed allelic association analyses to identify
those loci associated with RA susceptibility and with
general susceptibility to chronic inflammatory arthri-
tis. Results for the strongest signals (P � 1 � 10�5)
outside the HLA region are shown in Table 1. Except
for rs2225966, rs2002842, and rs1328132, the other 19
SNPs are intronic or located within 100 kb from the
closest gene. SNP rs11129989 in the extreme liability
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analysis is the unique non-HLA SNP that was still
significant after correction for multiple testing (cor-
rected P � 0.013). This SNP was selected for replica-
tion in the independent sample.

As expected, several HLA class II–region SNPs
showed a strong association in the global and extreme
liability analyses (P � 1 � 10�9) but were also the strongest
markers in the chronic arthritis analysis (data not shown).
In particular, SNPs rs6457617 and rs9275390 were statisti-
cally significant in all 3 analyses after correction for multi-
ple testing. Both of these SNPs are between HLA-DQA1
and HLA-DQA2, 5 kb apart from each other.

Replication study findings. Using 2 different
approaches, we selected a total group of 34 candidate
SNPs for replication in an independent cohort of 410
patients with RA and 394 control subjects. The esti-
mated genotyping error rate was extremely low (0.3%),
indicating strong reproducibility of the results.

The results for the final 38 SNPs are shown in
Table 2. Among all markers tested, only 5 SNPs showed
a nominal association (P � 0.05). Two of them
(rs10864382 and rs7006821) showed an effect opposite
to that detected in the genome-wide association study
analysis. The other 3 SNPs were the coding SNP from
PTPN22 (rs2476601; P � 0.022) and 2 intronic SNPs,

one from the third intron of SVOP (rs7313861; P �
0.043) and the other from the first intron of KLF12
(rs1324913; P � 0.013). All 3 SNPs showed a good
correlation with the size of the genetic effect detected in
the genome-wide association study analysis (for the
genome-wide association studies and the replication
studies, respectively, the odds ratios [ORs] were 1.47
and 1.49 for rs2476601, 1.33 and 1.23 for rs731861, and
0.73 and 0.77 for rs1324913).

Genome-wide epistasis. We performed a
genome-wide analysis of all SNP � SNP combinations
and their association with susceptibility to RA and
chronic arthritis. Although correction for the �45 �
10�9 tests performed determined a very high signifi-
cance threshold (P � 1.2 � 10�12), we observed
several SNP pairs that were very close to this value
(Table 3).

Genomic regions common with those in previous
genome-wide association studies. The integration of our
results with those from the previous genome-wide asso-
ciation studies identified several genomic regions show-
ing common association signals. The closest SNPs (�50
kb) are shown in Table 4. Within this group, 2 SNPs
from CSMD2 showed the most significant common
association (P � 2.99 � 10�5 for rs10914783 in WTCCC,

Table 1. SNPs showing the strongest evidence of association in the GWAS analysis*

GWAS analysis SNP Chr Gene MA MAF OR P

Global rs2002842 18 SALL3 A 0.49 1.61 5.52 � 10�6

Extreme liabilities rs11129989 3 ZNF662 G 0.08 0.32 2.47 � 10�7

Extreme liabilities rs1328132 6 OFCC1 T 0.20 0.46 3.52 � 10�6

Extreme liabilities rs11086843 20 PTPRT C 0.54 1.96 3.79 � 10�6

Extreme liabilities rs9878975 3 AGO61 C 0.11 0.41 6.71 � 10�6

Extreme liabilities rs2060396 2 CTNNA2 A 0.20 0.47 7.24 � 10�6

Extreme liabilities rs2225966 1 LPHN2 C 0.26 0.50 8.99 � 10�6

Extreme liabilities rs7968375 12 MANSC1 A 0.36 0.52 9.06 � 10�6

Chronic arthritis rs6739713 2 R3HDM1 G 0.36 0.56 1.47 � 10�6

Chronic arthritis rs946908 14 DAAM1 C 0.16 0.51 1.60 � 10�6

Chronic arthritis rs2822383 21 C21orf81 T 0.27 2.11 3.21 � 10�6

Chronic arthritis rs309137 2 DARS C 0.43 0.58 3.22 � 10�6

Chronic arthritis rs309160 2 DARS A 0.43 0.58 3.29 � 10�6

Chronic arthritis rs1108929 1 LOC127540 A 0.20 0.55 3.66 � 10�6

Chronic arthritis rs11129989 3 ZNF662 G 0.11 0.49 3.82 � 10�6

Chronic arthritis rs4314247 4 KIAA0992 G 0.45 0.58 4.44 � 10�6

Chronic arthritis rs10915577 1 AJAP1 A 0.50 1.73 5.38 � 10�6

Chronic arthritis rs4624474 21 BRWD1 T 0.48 1.74 6.28 � 10�6

Chronic arthritis rs309143 2 DARS G 0.23 0.56 6.47 � 10�6

Chronic arthritis rs1324913 13 KLF12 A 0.28 0.58 6.53 � 10�6

Chronic arthritis rs6986405 8 SGCZ A 0.35 1.83 8.86 � 10�6

Chronic arthritis rs2823580 21 C21orf34 C 0.25 2.04 9.51 � 10�6

Chronic arthritis rs2807873 1 HLX1 T 0.24 0.57 9.73 � 10�6

* Single-nucleotide polymorphisms (SNPs) from the whole-genome association study (GWAS) analyses
showing the strongest significance values (P � 1 � 10�5). Only SNPs outside the HLA region (25–35 Mb
from chromosome 6) are shown. Chr � chromosome; MA � minor allele; MAF � minor allele frequency;
OR � odds ratio.
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Table 3. Top pairwise SNP � SNP interactions identified in all 3 genome-wide comparisons*

GWAS SNP 1 Chr Gene SNP 2 Chr Gene P

Global rs9752494 2 PPM1B rs1569020 12 GPR133 1.22 � 10�12

Global rs10465885 1 GJA5 rs2302502 18 PTPRM 3.62 � 10�11

Global rs950675 2 TPO rs1569020 12 GPR133 4.84 � 10�11

Global rs12755965 1 GJA5 rs6776932 3 ACPP 5.41 � 10�11

Extreme liability rs259401 6 RAB32 rs2322140 17 DNAH9 7.73 � 10�11

Extreme liability rs2244817 8 SULF1 rs3826296 17 AKAP1 8.56 � 10�11

Extreme liability rs2244817 8 SULF1 rs998113 17 AKAP1 9.52 � 10�11

Chronic arthritis rs10171653 2 RTN4 rs7033413 9 GLIS3 5.69 � 10�12

Chronic arthritis rs2580768 2 RTN4 rs7033413 9 GLIS3 2.63 � 10�11

Chronic arthritis rs4849025 2 CNTNAP5 rs2392829 8 PXDNL 9.07 � 10�11

* The binary test implemented in PLINK was used to identify several single-nucleotide polymorphism (SNP) pairs close to the threshold for
correction for multiple testing (P � 1.11 � 10�12). Interaction association can be detected by neighboring SNPs, as can be seen for the
SULF1–AKAP1 interaction in the extreme liability analysis and the RTN4–GLIS3 interaction in the chronic arthritis analysis. GWAS � genome-wide
association study; Chr � chromosome.

Table 2. Results for selected SNPs in the replication study*

SNP Chr Gene
Selection
criteria MA MAF P, global

OR,
global OR P

rs10889271 1 INADL Bootstrap T 0.4 0.0016 0.72 1.00 0.977
rs10864382 1 SLC2A5 SC C 0.37 0.0058 1.36 0.79 0.028
rs2807873 1 HLX1 Bootstrap T 0.23 0.00028 0.65 1.17 0.162
rs524331 1 TRIM67 SC T 0.42 5.50 � 10�5 1.54 0.83 0.069
rs2240340 1 PADI4 Known A NA NA NA 1.09 0.411
rs2476601 1 PTPN22 Known A 0.12 0.029 1.47 1.49 0.022
rs10490105 2 FANCL SC A 0.21 2.99 � 10�5 0.61 1.22 0.084
rs2060396 2 CTNNA2 Bootstrap A 0.23 0.0016 0.69 1.01 0.958
rs6739713 2 R3HDM1 SC G 0.38 0.1188 0.85 1.11 0.311
rs231804 2 CTLA4 Known C 0.45 0.02059 0.79 0.83 0.060
rs7609518 2 GPC1 Bootstrap C 0.31 0.0051 1.39 0.95 0.625
rs11129989 3 ZNF662 MTS G 0.1 7.62 � 10�5 0.54 1.30 0.092
rs4677179 3 RYBP SC A 0.22 0.0032 1.48 1.11 0.436
rs6802500 3 PDZRN3 SC T 0.4 2.18 � 10�5 1.59 1.03 0.777
rs1022079 4 LOC132321 SC A 0.29 0.00097 1.48 1.12 0.366
rs306364 4 LOC132321 Bootstrap A 0.49 0.086 1.2 0.95 0.585
rs4314247 4 KIAA0992 SC G 0.45 0.0023 0.73 0.87 0.154
rs289079 4 PCDH7 SC T 0.49 0.00085 1.43 0.93 0.477
rs7725585 5 DAB2 SC A 0.45 0.0001 1.53 1.07 0.494
rs713584 5 SPOCK SC A 0.35 0.0021 0.72 1.01 0.937
rs3130299 6 NOTCH4 SC G 0.3 0.00048 0.68 0.82 0.069
rs682946 6 COL9A1 SC C 0.33 4.00 � 10�5 1.61 1.06 0.624
rs1565441 6 FRMD1 SC T 0.49 8.86 � 10�5 1.51 0.91 0.358
rs3823833 7 ICA1 SC C 0.41 0.00035 0.69 0.93 0.503
rs9656200 7 GPR85 SC A 0.12 0.0014 0.62 0.93 0.596
rs7793728 7 Sep-07 SC G 0.22 4.05 � 10�5 0.62 0.95 0.672
rs7006821 8 EYA1 SC C 0.09 0.00018 2.29 0.68 0.030
rs1241799 11 B3GAT1 SC A 0.1 0.011 1.62 0.93 0.691
rs1468796 12 TMPO SC T 0.42 3.68 � 10�5 1.56 0.84 0.091
rs7313861 12 SVOP SC T 0.42 0.0079 1.33 1.23 0.043
rs1324913 13 KLF12 SC A 0.28 0.0047 0.73 0.77 0.013
rs1886925 13 SLC10A2 SC A 0.42 0.0022 0.73 1.03 0.768
rs769426 17 OR1A1 SC G 0.3 0.597 0.94 1.08 0.489
rs2002842 18 SALL3 SC A 0.49 5.52 � 10�6 1.61 0.90 0.287
rs1329820 20 C20orf23 Bootstrap A 0.23 0.0012 1.52 1.04 0.735
rs6030267 20 PTPRT Bootstrap A 0.21 0.0021 1.52 0.94 0.646
rs2823580 21 C21orf34 SC C 0.24 0.028 1.32 0.92 0.490
rs2836982 21 BRWD1 SC C 0.5 0.0022 1.37 1.12 0.272

* Among all 38 single-nucleotide polymorphisms (SNPs) tested, 5 showed nominal significance. The 2 most associated SNPs are KLF12 rs1324913
followed by PTPN22 rs2476601. Two SNPs (SLC2A5 rs10864382 and EYA1 rs7006821) show an effect opposite to the estimated effect in the
genome-wide association study analysis. Chr � chromosome; MA � minor allele; MAF � minor allele frequency; OR � odds ratio; SC � subgroup
comparison; NA � not applicable; MTS � multiple testing significance.
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and P � 2.56 � 10�5 for rs1108929 in our study). This
association is the strongest detected, even after extend-
ing the analysis to a distance of 200 kb.

We found 2 genomic regions to be common in
both the WTCCC study and BRASS. KLF12 SNPs
rs1887346 and rs9318228 in our study were associated
with BRASS SNP rs9318225 (P � 0.002) (Table 4) and
with WTCCC SNP rs1887346 (P � 0.0049). PTPRT
intronic SNPs rs6030267 (P � 4.08 � 10�5) and
rs11086843 (P � 2.07 � 10�6) were commonly associ-
ated with BRASS SNP rs10485690 (P � 5 � 10�4) and
WTCCC SNP rs2223542 (P � 0.0015).

DISCUSSION

We performed a 2-stage genome-wide associa-
tion study for RA in the Spanish population, using 400
patients with RA and 400 control subjects. From these
results, we selected a group of candidate SNPs and

performed a replication study in an independent group
of 410 patients with RA and 394 control subjects. In our
study, we found KLF12 to have stronger significance
than previously associated non-HLA SNPs. We also
integrated our association results with those of the 3
previous genome-wide association studies in RA. KLF12
and PTPRT are the 2 unique genes that are in common
regions in our study and both the WTCCC study and
BRASS. Finally, we performed a genome-wide analysis
for epistasis and found several SNP pairs with statistical
values close to significance even after correction for
multiple testing.

In the present study, we followed a liability model
that could underlie susceptibility to chronic inflamma-
tory diseases and, thus, susceptibility to RA. Results of
several recent studies support this model. NALP1 has
been recently associated with vitiligo and several other
autoimmune diseases, including RA (18). Fc receptor–

Table 4. Genomic loci showing common signals between the present genome-wide association study and
the 3 previous genome-wide association studies*

Region
Gene in
region Study 1 Top SNP P Study 2 Top SNP P

13q22 KLF12 URR rs1887346 6.03 � 10�5 BRASS rs9318225 2.00 � 10�3

URR rs9318228 3.66 � 10�5

1p35.1–p34.3 CSMD2 URR rs1108929 2.56 � 10�5 WTCCC rs10914783 2.99 � 10�5

5p15 TAS2R1 URR rs13159275 8.92 � 10�5 WTCCC rs10513046 0.0021
11p15.1 NAV2 URR rs10833197 4.86 � 10�5 WTCCC rs2568127 0.00051
4p14-p12 ATP8A1 BRASS rs10517039 2.00 � 10�6 URR rs4370169 0.0021

URR rs6447164 0.0044
URR rs10517035 0.0009
URR rs10517038 0.0048
URR rs3811768 0.00042

10q22–q23 NRG3 BRASS rs10509440 6.00 � 10�5 URR rs12358407 0.0043
10q23.1 KIAA1128 BRASS rs10491033 1.00 � 10�7 URR rs1572430 0.00057
12q24.1 TBX5 BRASS rs10507251 4.00 � 10�5 URR rs11830449 0.00029
1p35.1–p34.3 CSMD2 WTCCC rs10914783 2.99 � 10�5 URR rs1108929 2.56 � 10�5

URR rs10799004 0.00047
URR rs10799006 0.0022

1p31.1 IFI44 WTCCC rs11162922 1.80 � 10�6 URR rs7416587 0.0038
URR rs4384179 0.0035

5q14.1 CMYA5 WTCCC rs7343 8.28 � 10�5 URR rs1129770 0.0049
6q23 EYA4 WTCCC rs2677821 2.48 � 10�13 URR rs2327358 0.00073
8q13.3 EYA1 WTCCC rs4133002 6.17 � 10�5 URR rs13274769 0.0028
8q23 OXR1 WTCCC rs16874205 9.43 � 10�10 URR rs13364828 0.0025
10p12 PTER WTCCC rs12269329 5.80 � 10�6 URR rs11253931 0.0012
15q21.3 WDR72 WTCCC rs1711029 3.61 � 10�12 URR rs1021744 0.0047
18q23 SALL3 WTCCC rs2941794 1.27 � 10�10 URR rs2002842 0.00092

URR rs2941811 0.0047
22q13.1 C1QTNF6 WTCCC rs743777 7.92 � 10�6 URR rs229527 0.0038

* The top single-nucleotide polymorphisms (SNPs) from the first study (study 1; P � 1 � 10�3) were
examined in the second study (study 2; P � 0.005) for signals within a 50-kb flanking region. No matches
with the North American Rheumatoid Arthritis Consortium and the Swedish Epidemiological Investiga-
tion of Rheumatoid Arthritis studies were found at this genomic distance. URR � Unitat de Recerca de
Rheumatologia (present study); BRASS � Brigham and Women’s Rheumatoid Arthritis Sequential
Study; WTCCC � Wellcome Trust Case Control Consortium.
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like protein (29) and STAT-4 (19) have been associated
with susceptibility to both RA and systemic lupus ery-
thematosus. PTPN22 itself was studied and associated
with RA after demonstrating its association with suscep-
tibility to type 1 diabetes mellitus (7). The WTCCC
genome-wide scan also provides several genomic regions
linking chronic inflammatory diseases such as RA, type
1 diabetes mellitus, and Crohn’s disease (14). Following
this model, we selected individuals in whom the risk of
developing chronic inflammatory disease was lowest
(hypernormal controls) and also individuals in whom a
different chronic inflammatory arthritis (non-RA) was
diagnosed. In order to increase the contrast, we also
included individuals in the RA group who had a highly
erosive phenotype. This strategy always adds substantial
power to the traditional case–control design (17), al-
though the difficulties associated with obtaining such
individuals generally limit its extended use.

Several lines of evidence support the association
of KLF12 with RA susceptibility. First, in our popula-
tion, SNP rs1324913 showed a stronger association with
RA compared with PTPN22 SNP rs2476601. This was
observed in the genome-wide and the replication analy-
ses. Although this does not imply a stronger genetic
effect (for PTPN22 and KLF12, the estimated ORs were
1.49 and 1.3, respectively), it provides further evidence
of association. The allelic association analyses per-
formed in the present study assume a multiplicative
genetic model (30) (i.e., the risk of developing the
disease multiplied by a factor for each susceptibility
allele carried). However, exploration of alternative ge-
netic models (i.e., dominant, recessive, and genotypic)
can give additional information on relevant genetic
associations. In our replication analysis, the dominant
model of rs1324913 had a significance of P � 0.005; no
other replicated SNP showed such an increase in signif-
icance (data not shown). In order to check the consis-
tency of this observation, we performed the same model
analysis in our genome-wide association study data. We
observed that the dominant model also had the strongest
association in the extreme liability analysis (PDominant �
1 � 10�5 versus PMultiplicative � 1 � 10�4) and the global
analysis (PDominant � 6 � 10�4 versus PMultiplicative � 5 �
10�3).

Other important evidence supporting KLF12 as-
sociation is that, together with PTPRT, they are the only
2 genomic regions commonly found when comparing our
study with the BRASS and WTCCC studies. In the
extreme liability analysis, 2 SNPs in the KLF12 tran-
scribed region had a significance of P � 1 � 10�4

(rs1887346 and rs9318228 with P � 6.02 � 10�5 and P �

3.66 � 10�5, respectively). Both SNPs are only 8.2 kb
apart from each other, and are only 1.7 kb and 9.9 kb,
respectively, from the SNP rs9318225 in BRASS (P � 2
� 10�3) (Table 1). When comparing our study with the
WTCCC, we found rs1184596 (same intron, 170 kb
upstream) to have an indicative association (P � 4.9 �
10�3). Although it is more distant to SNPs rs1887346
and rs9318228, it is closer to the replicated KLF12 SNP
rs1324913 (38 kb). This finding supports the replicability
of this association in different populations.

KLF12 (activator protein 2� [AP-2�] repressor)
is a member of the family of Kruppel-like transcriptional
regulatory factors (31), which play fundamental roles in
differentiation and development. KLF12 is known to
repress the transcription of AP-2� transcription factor
after binding to the general correpressor protein
C-terminal binding protein 1 (32). The expression pat-
terns of AP-2�–regulated genes, including the gene for
tumor necrosis factor � (TNF�), have been implicated in
malignant transformation and stress responses (33,34).
Thus, genetic variations could increase susceptibility to
RA through various mechanisms: either by facilitating
the transformation of local connective cells (32) or by
promoting lymphocyte survival (35). More intriguingly,
the recent characterization of AP-2–mediated TNF�
gene expression in B19 parvoviral infection could add an
alternative mechanism. This type of infection can pro-
duce a chronic inflammatory arthritis that can fulfill the
diagnostic criteria for RA. For many years, B19 has been
studied as a possible trigger for RA, although with
controversial results (36,37). The observed genetic asso-
ciation of KLF12 with RA and its direct implication in
TNF� regulation could represent a new perspective on
genetic and environmental interactions associated with
RA susceptibility.

The integration of our results with those of
previous genome-wide association studies identified sev-
eral relevant genomic regions. PTPRT and KLF12 are
the only loci associated in both the WTCCC study and
BRASS. Protein tyrosine phosphatase (PTP) receptor T,
the most frequently mutated PTP in human cancers, has
been recently characterized as a key inhibitor of STAT-3
(38). STAT-3, in turn, mediates transcriptional activa-
tion in response to several cytokines, including RA-
associated interleukin-6. The common signal at CSMD2
in our study and the WTCCC study is the strongest
association detected. CSMD2 is a recently cloned gene
(39) whose functionality still needs to be identified.
Recently, CSMD1, a gene with high structural similarity
to CSMD2, has been implicated in the inhibition of
complement activation (40), which could suggest a com-
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mon functionality. In addition, the results from our
analysis along with previous genome-wide association
studies also identified several SNPs from the newly
associated TNFAIP3 locus (rs643571 at P � 6 � 10�3

and rs6915853 at P � 2 � 10�3 in our study). This
finding confirms the power of our analysis method to
identify genomic regions that are relevant to RA suscep-
tibility.

Although the same technologic platform was
used, comparison of our study with the NARAC and
EIRA studies did not reveal evidence of association for
any of the TRAF1-C5–region SNPs. This lack of associ-
ation, which was also observed in the WTCCC study
(15), could be largely attributable to the restricted
analysis of anti-CCP antibody–positive RA patients in
the NARAC and EIRA cohorts. Therefore, an exact
comparison would have required specifically addressing
the association in anti-CCP antibody–positive patients
only. However, a more detailed analysis of the associa-
tion in this region showed additional results. We found
several indicative signals (4 SNPs at a significance level
of P � 0.01) in the 5�– and 3�–untranslated regions of
FBXW2. This gene is 109 kb from TRAF1 and encodes
for a protein that participates in the ubiquitin/
proteasome degradation system (41). Therefore, our
analysis suggests that, in this genomic region, FBXW2
seems to be associated with RA susceptibility.

There is increasing evidence that gene–gene in-
teractions (epistasis) could be of major relevance in
susceptibility to complex diseases (42,43). A recent study
demonstrated that complete genome-wide analysis has
more power to detect relevant SNP pairs than methods
that use filtering strategies, even after correction for
multiple testing (43). In the present study, we performed
an exhaustive analysis of all autosomal SNP pairs and
found several of them with significance close to the
threshold of significance for multiple testing. An impor-
tant observation is that no known main-effect SNP was
observed in this group of top SNPs. In fact, HLA class II
SNPs appear only at the level of P � 1 � 10�8 to P � 1
� 10�7. This could probably indicate that, although the
possibility of epistasis with this region cannot be dis-
carded, other regions with marginal main effects seem to
show stronger interactions associated with disease risk.
This also confirms the need to perform exhaustive
analyses in the search for epistasis. To our knowledge,
none of the top SNP pairs (P � 1 � 10�10) belong to
genes from a known common biologic pathway. Protein
phosphatase 1B, a regulator of NF-�B transcription
factor, has a strong interaction in the global analysis with
protein G–coupled receptor 133, which, to date, has no

associated biologic function. In the extreme liability
analysis, the human sulfatase 1 gene (SULF1), a heparan
sulfatase involved in tumor progression and inflamma-
tion (44), is also interacting with 2 SNPs from the A
kinase anchor protein 1 gene (AKAP1). The latter has
been associated with cAMP-mediated signal transduc-
tion and messenger RNA trafficking (45).

The present study is one of the first genome-wide
association analyses in RA. Using a liability-based de-
sign, we found several new candidate SNPs for RA and
chronic inflammatory arthritis. We performed a replica-
tion analysis in an independent subset of SNPs, from
which KLF12 emerged as a new candidate susceptibility
gene for RA. A comparison of our results with those
from the 3 previous genome-wide association studies
confirmed the relevance of the KLF12 locus and also
identified several other regions of interest for subse-
quent studies. In order to search for more complex
genetic models involved in RA susceptibility, we per-
formed a genome-wide analysis for epistasis. The results
presented here add important aspects to the continuing
definition of RA genetic architecture. Consistent repli-
cation of these results in different populations will
confirm the association of the genomic regions to RA
susceptibility.
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Naranjo, Alperi-López, Erra, Pascual-Salcedo, Marsal.
Analysis and interpretation of data. Julià, Ballina, Cañete, Tornero-
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Clinical Image: Blonde by prescription

The patient, a 25-year-old woman who worked as a farmer, was diagnosed as having discoid lupus erythematosus. Her inflammatory
skin lesions were successfully treated with hydroxychloroquine (HCQ; 400 mg/day). Four months after the initiation of therapy,
generalized and symmetric depigmentation of the patient’s scalp and body hair (so-called “acquired poliosis”) was noted. HCQ is
a Toll-like receptor 9 pathway–inhibiting antimalarial agent that is also used in the therapeutic management of autoimmune diseases
such as systemic lupus erythematosus and rheumatoid arthritis. Generalized drug-induced poliosis in patients with strawberry-
blonde hair, as well as vitiligo in African patients with dark skin, have been reported to occur during therapy with antimalarial
agents. The underlying mechanisms remain elusive. It has been suggested that binding of antimalarial agents to eumelanin and
pheomelanin disturbs melanogenesis. Discontinuation of the medication usually leads to repigmentation of the hair and skin. In our
patient, newly grown hair 3 months after cessation of the HCQ therapy exhibited her natural hair color. In those cases in which the
therapy must be continued, the use of hair dye is the preferred way to achieve cosmetic improvement.
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