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Abstract
Systemic lupus erythematosus (SLE) is an autoimmune disease with highly variable clinical
presentation. Patients suffer from immunological abnormalities that target T cell, B cell and accessory
cell functions. B cells are hyperactive in SLE patients. An adaptor protein expressed in B cells called
BANK1 (B-cell scaffold protein with ankyrin repeats) was reported in a previous study to be
associated with SLE in a European population. The objective of this study is to assess the BANK1
genotype-phenotype association in an independent replication sample. We genotyped 38 single
nucleotide polymorphisms (SNPs) in BANK1 on 1892 European-derived SLE patients and 2652
European-derived controls. The strongest associations with SLE and BANK1 were at rs17266594
(corrected p-value=1.97 × 10−5, OR=1.22, 95% C.I.(1.12–1.34)) and rs10516487 (corrected p-
value=2.59 × 10−5, OR=1.22, 95% C.I.(1.11–1.34)). Our findings suggest that the association is
explained by these two SNPs, confirming previous reports that these polymorphisms contribute to
the risk of developing lupus. Analysis of patient subsets enriched for hematological, immunological
and renal ACR criteria or the levels of autoantibodies, such as anti-RNP A and anti-SmRNP, uncovers
additional BANK1 associations. Our results suggest that BANK1 polymorphisms alter immune system
development and function to increase the risk for developing lupus.
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Introduction
SLE is a prototypic autoimmune disease for which genetic predisposition plays a critical role.
Over the past few decades, multiple SLE susceptibility loci have been identified by us and
others1. Prior to 2008, confirmed SLE candidate genes included variants in the HLA region,
complement component genes, Fc receptors, PDCD1, PTPN22, IRF5, STAT4, and TREX1.
Recent genome wide association studies using large numbers of SLE cases and controls have
uncovered >10 additional new genes associated with SLE2–5. These genes identified by GWA
studies, as well as other candidate genes previously described for SLE, may or may not replicate
in the ongoing flurry of genetic research in this area6–8.

Recently, Kozyrev et.al. reported that the nonsynonymous SNP rs10516487 (R61H) and
branch point–site SNP rs17266594 in BANK1 are functional disease-associated variants that
contribute to the SLE susceptibility in several European populations (Scandinavia, Argentina,
Germany, Italy and Spain)9. The BANK1 protein is an adaptor that is predominantly expressed
in B cells. The BANK1 gene spans ~284 kilobases (kb) on chromosome 4q24 and consists of
17 exons10–12. This gene encodes a 755 amino acid protein characterized by an ankyrin-repeat-
like region and a coiled-coil domain shared with phosphoinositide-3-kinase adapter protein 1
(PIK3AP1, formerly known as B cell adapter protein BCAP) and a protein essential for signal
transduction in Drosophila called Dof10–12.

B lymphocyte activation leads to tyrosine phosphorylation of Bank1, resulting in tyrosine
phosphorylation of the Type 1 inositol-1, 4, 5-triphosphate (IP(3)R) by the tyrosine kinase Lyn
and augmented calcium mobilization10. IP(3)R interacts with Bank1 at exon 2, whereas Lyn
associates with the C-terminal domain of Bank110. Bank1 deficient mice show enlarged
germinal centers (GC) and enhanced IgM production upon T-dependent (TD) antigen
stimulation in vivo, whereas this phenotype is not present in Cd40−/−, Bank1−/− knockout
mice12. Bank1 deficient B cells demonstrate enhanced proliferation and survival upon CD40
stimulation through increased Akt activation. Therefore, in mice, Bank1 attenuates CD40-
mediated proliferation and survival, thereby inhibiting B cell hyperactivity12.
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Using a candidate gene approach in a case-control genetic association study, we independently
replicate and confirm that BANK1 is associated with SLE in a European-derived population.
The primary association is with a SNP implicated in alternative splicing of BANK1; however,
additional SNPs in other parts of the gene may also be associated with lupus in particular
subsets of individuals who express disease specific clinical manifestations.

Results
Of the 38 genotyped SNPs spanning the BANK1 gene, including known potentially functional
SNPs and SNPs from predicted haplotype blocks (Table 2), we have full genotyping of 35
SNPs on 4544 subjects across this region. Genotypes for three SNPs, rs17266594, rs10516487
and rs4698977, were experimentally determined for 1447 individuals as outlined in the
methods below. We were able to impute the genotypes with 97.5% accuracy for the three SNPs
in 3097 individuals who we were unable to obtain actual genotyping data. The most significant
association was within a 138 kb region of 4q24 (102.929–103.068 Mb). Four SNPs had p-
values <10−4 in the combined European-derived group. The two strongest associations were
with rs17266594 (p=1.97 × 10−5, OR=1.22 (95% C.I.=1.12–1.34)) and rs10516487 (p=2.59 ×
10−5, OR=1.22 (95% C.I.=1.11–1.34)). These two SNPs are in very tight LD (Figure 1) and
are consistent with those reported previously9.

In total, 15 SNPs were significantly associated with SLE (p<0.05) within three peak areas: one
in the intron1/exon2 region as was previously described9, the second in the 5′ untranslated
region near rs4699258 and the third in the intron 4 region defined by SNPs rs4698977,
rs12331849 and exonic SNP rs3733197 (exon7) nearby. Each of these association peaks
represents a distinct haplotype block (Figure 1).

To determine whether each of these peaks of genetic association contributes to SLE
development, multivariable logistic regression adjusting for the effect of the other statistically
significant BANK1 variant alleles was performed (Table 3). Two SNPs are responsible for the
peak association, rs17266594 and rs10516487, and explain the entire effect observed (Table
3), whereas the other associations are a result of weaker linkage with primary SLE associated
SNPs. The primary SLE associated SNPs, rs17266594 and rs10516487 are highly correlated
(r2 = 96.6%) and are only 154 bp apart and, therefore, pair-wise conditioning of these two SNPs
provided zero degrees of freedom for analysis.

Based on the plausible link between B cell hyperactivity and autoantibody production, analyses
were performed to assess whether BANK1 polymorphisms were associated with the production
of common lupus autoantibodies. Results from a logistic regression analysis evaluating the
effect of autoantibody specificities within European-derived subjects as a covariate in the lupus
case vs. control association analysis for all 38 SNPs typed are shown in Table 4. Of the 10
lupus specific autoantibodies tested, anti-RNP A (p=0.027, OR=0.77) and anti-SmRNP
(p=0.017, OR=0.74) showed the most evidence for increased protective association with
rs3733197 when used as covariates in the analysis compared to the borderline association at
this SNP (p=0.059, OR=0.80) when no autoantibody covariates were applied. Complete
datasets for all 10 autoantibodies and all 38 SNPs are presented in Supplementary Tables 2a–
e online.

Significant association was observed when evaluating the presence of ACR clinical criteria in
European-derived lupus cases. Both BANK1 SNPs shown to be strongly associated prior to
stratification showed strongest association in 843 lupus cases who met the immunological
criteria, with p-values improving from 10−5 to 10−6 and OR showing a reduction in risk from
0.82 to 0.76. In addition, SNPs in other regions of the BANK1 gene showed associations with
immunological disorders (rs13125328, rs2850377, rs2631268, rs12649238, rs173218), renal
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involvement (rs2631268, rs7685012, rs3113676) and hematological disorders (rs3113677 &
rs173218) (Table 5 and Supplementary Tables 3a–e online). Other than the primary SLE
associated SNPs, only a few other SNPs showed overlapping subphenotype associations.

Discussion
Our study independently replicates and confirms the strong association of BANK1 variants
rs17266594 and rs10516487 with the risk of SLE in the European-derived population. In
addition to the previously reported associated SNPs9, rs4699258 (5′UTR), rs7656409 (intron
1), rs4698977 (intron 4) and rs12331849 (intron 4) also suggest a strong association with the
susceptibility to SLE in our European-derived subjects. A previous study reported sequencing
the proximal promoter regions and exons 1 and 2 in 24 SLE patients and 8 controls9; however,
no additional functional SNPs have yet been identified in this region. While there is association
at these additional SNPs, our analysis demonstrated that only the SNPs in intron 1 (rs17266594)
and exon 2 (rs10516487) drive this association and, therefore, are either the actual causal
variations, or are in very tight LD with the yet unidentified causal variant in this region. Clearly,
select polymorphisms in the 5′ untranslated region (UTR) of BANK1 demonstrate association
(rs4371620 and rs469925); however, the analysis suggests that these variations may not be
responsible for the primary genetic association, but they may be exhibiting a secondary
association due to LD. It is likely that deep resequencing of portions of BANK1 will be
necessary to uncover untyped or novel variants in this region that contribute to associations
between BANK1 and SLE.

There appears to be additional diversity in the SLE subphenotype associations compared to
those when evaluating the primary SLE phenotype. Clearly, the primary SLE associated SNPs,
rs17266594 and rs10516486, also showed strong immunological and renal involvement
subphenotype associations. However, several SNPs showed single subphenotype associations,
especially with the immunological and renal involvement subphenotypes. It is currently unclear
if there is a correlation between the subphenotype associations and the primary SLE
associations. More complete clinical data on both lupus cases and controls would be needed
to use as interaction terms in logistical regression modeling along with the primary SLE
associated SNPs to determine if the primary SLE associated SNPs are markers of the additive
effects of the subphenotype associations.

Kozyrev et.al. identified three functional disease-associated variants and elegantly speculated
that these variants alter the affinity of BANK1 for IP(3)R. These authors also demonstrated
that these SNPs affect the relative splicing efficiency of BANK1 and hypothesized that such
splicing differences could lead to B cell hyperactivity or dysregulated B-cell activation9. Our
results strongly support the association of the polymorphisms in this region. However, our
results do not rule out the possibility of other SNPs in BANK1 also being associated, perhaps
through other molecular mechanisms.

Slight changes in BANK1 protein expression or alteration of BANK1 functions, such as altered
protein-protein interactions with src-kinases or other signaling molecules, may dramatically
impact the autoantibody production and clinical phenotypes associated with SLE development
and outcomes. One would predict that decreased BANK1 functions could dampen activating
signals that mature B cells receive when signaled through the B cell antigen receptor.
Alternatively, altered association with appropriate signaling molecules could lead to aberrant
signals that might cause inappropriate B cell development and selection. An exact
understanding of the molecular interactions impacted by SLE associated polymorphisms in
BANK1 and an understanding of how signals can be attenuated, due to slight differences in
expression levels of key B cell signal transduction protein variants, such as BANK1, will be a
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prerequisite to better understanding how aberrant B cell functions contribute to development
and progression of SLE.

Methods
DNA samples

Genomic DNA samples were obtained from 1892 unrelated SLE patients and 2652 controls of
European-decent from the Lupus Family Registry and Repository (LFRR) at the Oklahoma
Medical Research Foundation (OMRF), the PROFILE Study Group coordinating center
organized through the University of Alabama Birmingham, as well as other individual
collaborators at OMRF, the Medical University of South Carolina, Feinstein Institute for
Medical Research in New York, the United Kingdom and Sweden (Table 1 and Supplemental
Table 1s online). All individuals used in this study were confirmed to be independent based
upon information provided by the contributors and had IBS sharing proportions <0.5 when
evaluating all possible pairwise comparisons at 400 SNPs with minor allele frequencies >0.4.
There is no overlap of the 83 European individuals used in this study from our collaborator
from Sweden with those used in the Kozyrev study9.

All SLE patients met at least 4 of the 11 revised SLE classification criteria of the American
College of Rheumatology (ACR)13, 14. DNA was isolated from biological specimens (blood
samples, buccal swabs or mouthwash samples) provided from each participant after obtaining
the appropriate informed consent as approved by the Institutional Review Boards or ethical
committees where the subjects were recruited.

Genotyping
Thirty-eight SNPs spanning the BANK1 gene, including known functional SNPs and SNPs
from haplotype blocks were genotyped. Genotypes from 35 of the SNPs were obtained from
the complete samples consisting of 1892 European-derived SLE patients and 2652 healthy
controls (Table 1 and Table 1s in supplementary data online). The other three SNPs
(rs17266594, rs10516487, rs4698977) were genotyped on a subset of cases and controls (891
SLE cases and 556 controls) available (LFRR, James, Merrill, Moser, Gaffney, Gilkeson and
those from the Feinstein Institute for Medical Research). For these three SNPs, any missing
experimental genotypes or untyped genotypes for the remaining 3097 samples were determined
through imputation using European-derived HapMap reference data. To assess the reliability
of the imputation, we masked the experimental genotype data from 1447 individuals (~32%)
and imputed them with HAPMAP data and then compared them with real genotype data. The
imputation predicted correct genotypes 97.5% of the time.

Quality control of genotyping
Genotype data were only used from samples with a call rate greater than 90% of the SNPs
screened (98.05% of the samples). The average call rate for all samples was 97.18%. Only
genotype data from SNPs with a call frequency greater than 90% in the samples tested and an
Illumina GeneTrain score greater than 0.7 (96.74% of all SNPs screened) were used for
analysis.

Single SNP analysis
Case-control associations and Hardy-Weinberg Proportions were calculated using PLINK15.
Only SNPs with minor allele frequencies (MAF) >0.01 and Hardy Weinberg Proportions in
the controls p>0.001 were used for the analysis. The allelic frequencies were calculated for
each SNP and case-control associations were analyzed by standard Pearson’s Chi-square test.
Principal components were calculated as outlined below and were used as covariates in the
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association analysis to correct for any residual population substructure. P values of < 0.0013
were considered statistically significant after correcting for multiple testing using the
Bonferroni method. Odds ratios (OR) and 95% confidence intervals (CIs) were also calculated
for each SNP using logistic regression.

Imputation
Using data for three SNPs (rs17266594, rs10516487 and rs4698977) genotyped on the subset
of 2269 individuals and 60 unrelated HAPMAP CEPH parents, we imputed data for these three
SNPs for any individuals missing the experimental genotypes as well as the remaining
individuals using fastPHASE16. These three SNPs had less than 5% missing data in HAPMAP
and the strands were not flipped in HAPMAP release 21 or release 22, making them good
candidates for imputation17. To assess the quality of imputation, we checked the MAF of these
three SNPs in the successfully experimentally genotyped data (1447 individuals), imputed data
(3097 individuals) and overall combined data (4544 study individuals) separately. The MAFs
for the three SNPs among the three sets were almost identical. Thus, our final data set had 35
genotyped SNPs and 3 SNPs with both genotype and imputed data.

Linkage Disequilibrium
Both the squared correlation statistic (r2) and Lewontin’s D′ statistic were used as measures of
LD strength within the BANK1 region and were calculated using Haploview.

Haplotype Analysis
Haplotype frequencies were estimated using the expectation–maximization algorithm utilized
by WHAP18. Haplotype-based association analysis and multivariate logistic regression
analysis were used to perform regression-based omnibus haplotype frequency tests and
haplotype-specific tests, also implemented in WHAP. Using the two strongest signals in the
data, rs17266594 and rs10516487, we performed a pair-wise multivariate logistic regression
adjusting for the effects of the other 18 SNPs which were significantly associated. Results are
shown in Table 3.

Population Stratification Analysis
All samples used in this study were previously used in a collaborative study where population
substructure parameters were defined using two rounds of principle component analysis (PCA)
performed on 20,506 SNPs3, 19. Four principal components were initially identified that
explained a total of ~60% of the observed genetic variation and allowed identification of
outliers from the European cluster. Before outlier removal, the estimated inflation factor (λ)
was 1.84. After removal of outliers, the inflation factor was 1.12, indicating that these cleaned
data should have a very small population substructure effect on our results. In addition, after
trimming of outliers, another round of PCA was performed and three newly calculated PCA
values were used as covariates in the association analysis to correct for any residual European
population substructure effects. No additional outliers were identified using the new PCA
values, which produced a final inflation factor of 1.15.

Logistic Regression Analysis using BioPlex 2200 Normalized Intensity Values as Covariates
The BioPlex 2200 (Bio-Rad, Hercules, CA) is a high throughput automated serological analysis
unit that utilizes multiplex bead technology for antibody detection. The BioPlex results are
reported on a scale from 0–8. This scale is set relative to calibrator positive and negative control
samples provided by the manufacturer. The defined positive cut-off value for each assay is
then set to 1.0, with Factor XIII index greater than 0.2 as serum validation control. However,
dsDNA is reported in IU/mL with a positive cut-off of 10.0 IU/mL. Ten of 13 autoantibodies
commonly associated with lupus (dsDNA, chromatin, ribosomal P, 60kD Ro (SS-A 60), 52kD
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Ro (SS-A 52), La (SS-B), Sm, Sm/RNP complex, nRNP A, and nRNP 68) were evaluated
using BioPlex 2200 in the stored serum from 341 patients and 350 controls of the independent
European cohort. Autoantibody levels above the threshold were considered positive and
denoted as 1, whereas the negatives samples were denoted as 0 in the dichotomous covariate
data set. Each autoantibody was entered individually into the logistic regression model as a
covariate. The p-value and odds ratios with 95% confidence interval of the logistic model were
calculated using PLINK15.

Association Enhancement in Lupus Disease Phenotypic Subsets Defined by ACR Criteria
To assess the potential role of BANK1 in SLE and disease etiology, cases were stratified based
on the presence of the 11 ACR clinical criteria and associations were analyzed comparing the
stratified lupus patients to all 2652 unrelated European-derived controls using PLINK15. The
ACR clinical criteria information was obtained from the Lupus Family Registry Repository
(LFRR) and individual investigators for SLE cases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Genomic organization and LD analyses of BANK1 in the European-derived population. The
upper graph summarizes the results from the association analysis within the BANK1 region.
The two most significant SNPs are rs17266594 and rs10516487. In genomic structure diagram,
rs17266594 is located in Intron 1 and rs10516487 is located in exon2. In the lower graph, it
can be seen that the two highly significant SNPs are all found in the region of strong LD
(depicted as r2 value).
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Table 1
Composition of study group

Case Control Total

Female 1708 1876 3584

Male 184 776 960

Total Sample 1892 2652 4544
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Table 4

Table 4 a). Frequency of BioPlex 2200 Autoantibodies Used in Covariate Analysis

Autoantibodies Case (n=341) Control (n=350) Chi-square

+ − + −

dsDNA 0.33 0.67 0.01 0.99 5.28E-28

Chrom 0.46 0.54 0.03 0.97 7.98E-40

Sm 0.24 0.76 0 1 3.88E-22

SmRNP 0.29 0.71 0 1 1.86E-27

RNP 68 0.14 0.86 0 1 2.22E-13

RNP A 0.25 0.75 0.02 0.98 2.49E-19

Ro 60kD/SSA-60 0.36 0.64 0.01 0.99 7.98E-40

Ro 52kD/SSA-52 0.26 0.74 0.01 0.99 1.12E-22

La/SSB 0.23 0.77 0.01 0.99 1.07E-17

Ribo P 0.16 0.84 0.01 0.99 4.31E-13

Scl 70 0.12 0.88 0.02 0.98 8.33E-08

Cent B 0.12 0.88 0.01 0.99 2.96E-10

Table 4 b) Summary results from a logistic regression analysis in 341 cases and 350 controls of the 38 SNPs in the BANK1 region with
autoantibodies as covariates.

Covariate On

No Covariate RNP A SmRNP

SNP P-Value OR (95% CI) P-Value OR (95% CI) P-Value OR (95% CI)

rs4698977 0.07106 0.81 (0.65–1.02) 0.04117 0.78 (0.62–0.99) 0.02248 0.75 (0.59–0.96)

rs12331849 0.1095 0.84 (0.67–1.04) 0.1001 0.83 (0.66–1.04) 0.04019 0.78 (0.62–0.99)

rs3733197 0.05854 0.80 (0.64–1.01) 0.02745 0.77 (0.61–0.97) 0.01714 0.74 (0.58–0.95)

rs12331595 0.0823 0.82 (0.66–1.03) 0.06426 0.81 (0.65–1.01) 0.02507 0.77 (0.61–0.97)

rs17208914 0.1692 1.16 (0.94–1.44) 0.1312 1.19 (0.95–1.48) 0.03366 1.28 (1.02–1.61)

rs2850377 0.09769 0.8332 (0.67–1.03) 0.06088 0.81 (0.65–1.01) 0.02556 0.77 (0.61–0.97)

a
Chi-square p-value comparing the differences in autoantibody positive frequency in the cases to controls.

Abbreviation: OR, Odds Ratio; 95% CI, 95% Confidence Interval.

The significant increases with covariate in analysis are shown as bold and italicized.
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