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Abstract

Objective—T cells from patients with SLE express increased amounts of PP2Ac which
contribute to decreased production of IL-2. Because IL-2 is important in the regulation of several
aspects of the immune response, it has been proposed that PP2Ac contributes to the expression of
SLE. This study was designed to determine whether genetic variants of PPP2AC are linked to the
expression of SLE and specific clinical manifestations and account for the increased expression of
PP2Ac.

Methods—We conducted a trans-ethnic study consisting of 8,695 SLE cases and 7,308 controls
from four different ancestries. Eighteen single-nucleotide polymorphisms (SNPs) across the
PPP2CA were genotyped using an Illumina custom array. PPP2CA expression in SLE and control
T cells was analyzed by real-time PCR.

Results—A 32-kb haplotype comprised of multiple SNPs of PPP2CA showed significant
association with SLE in Hispanic Americans (HA), European Americans (EA) and Asians but not
in African-Americans (AA). Conditional analyses revealed that SNP rs7704116 in intron 1
showed consistently strong association with SLE across Asian, EA and HA populations
(Pmeta=3.8x10"7, OR=1.3[1.14-1.31]). In EA, the largest ethnic dataset, the risk A allele of
rs7704116 was associated with the presence of renal disease, anti-dsDNA and anti-RNP
antibodies. PPP2CA expression was approximately 2-fold higher in SLE patients carrying the
rs7704116 AG genotype than those carrying GG genotype (p = 0.008).

Conclusion—Our data provide the first evidence for an association between PPP2CA
polymorphisms and elevated PP2Ac transcript levels in T cells, which implicates a new molecular
pathway for SLE susceptibility in EA, HA and Asians.

Introduction

PP2A, a major serine/threonine phosphatase, negatively regulates NF-xB, MAPK and WNT
signal transduction pathways that are involved in many cellular processes including cell
cycle progression, DNA replication, gene transcription/translation and cell differentiation
(1-3). PP2A consists of three subunits: a scaffold-type structural subunit (A), a regulatory
subunit (B) and a catalytic subunit (C) (PP2Ac), which has serine/threonine phosphatase
activity (4;5). There are two isoforms of the PP2Ac subunit. The a isoform (PP2Aca),
encoded by PPP2CA (OMIM 176915), shares 97% sequence identity with the  isoform
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PP2Acp and is about 10 times more abundant, probably because of an approximately 10-
fold more active gene promoter (1).

T cells from patients with systemic lupus erythematosus (SLE [OMIM 152700]) exhibit
abnormally elevated mRNA, protein, and enzymatic activity of PP2Ac, which results in
decreased amounts of IL-2 via dephosphorylation (and thus inactivation) of cCAMP response
element-binding protein (CREB) (7;8). Silencing or inhibition of PP2Ac results in
normalization of IL-2 production (8). Decreased IL-2 production is present in both human
SLE patients and lupus-prone mice and has been considered to contribute to aberrant
immunoregulation, including decreased regulatory T cell (Treg) function, deficient cytotoxic
responses and activation-induced T cell death (9-12).

In the past two decades, multiple genes that predispose to SLE susceptibility have been
identified and confirmed. In particular, advances in high throughput technology have
enabled the genotyping of hundreds of thousands of single nucleotide polymorphisms (SN
Ps) in a single individual, which facilitates the mapping of complex disease loci throughout
the genome (2). Six recent genome-wide association studies (GWAS) of SLE performed in
European and Asian populations have uncovered more than 30 common SLE risk loci that
achieve genome-wide significance (p < 5x1078) (14-20). Given the design of these studies
and stringent statistical criteria used in GWAS, it is likely that many susceptibility genes
remain hidden within the statistical “noise” inherent to GWAS (21;22); thus, the candidate
gene strategy remains a useful approach to uncover genetic susceptibility to SLE (3). Here,
we conducted a trans-ethnic case-control study in a large sample size containing 8,695 cases
and 7,308 controls from HA, EA, Asian, and AA populations to examine the association of
PPP2CA variants with SLE. We report that indeed PP2ACA variants are associated with
SLE across ethnic and more importantly, a risk allele leads to increased production of
PP2Ac.

PATIENTS AND METHODS
Study subjects

Study subjects consisting of 8,695 cases and 7,308 controls were from the collaborative
Large Lupus Association Study 2 (LLAS?2) that included four populations: Hispanic-
Americans (HA) (1,508 cases and 812 controls), European-Americans (EA) (3,980 cases
and 3,546 controls), Asians (1,273 cases and 1,269 controls), and African-Americans (AA)
(1,934 cases and 1,681 controls) (Table 1). All study participants have given written
informed consent that was approved by the Institutional Review Boards at each respective
institution. Ethnicity was self-reported and verified by principal component and admixture
proportion calculations. Patients met at least four of the 11 revised 1997 American College
of Rheumatology criteria for SLE (4). Clinical data for the cases was obtained from medical
records that were reviewed at each institution. We chose to examine the 11 ACR criteria and
the presence of autoantibodies (anti-dsDNA, anti-Sm, anti-RNP, anti-SSA/Ro or anti-SSB/
La) for association analyses. SLE onset occurs during adolescence in 15-20% of patients
and early age of disease onset has been associated with a worse prognosis (5); thus, in our
analyses we used the age of 20 years old to define early and late diagnosed cases (26).

SNP Markers and Genotyping

This genotyping project was part of the Lupus Large Association Study 2 (LLAS2) that
involved multiple investigators and more than 32,000 SNPs. Genotyping was carried out
using a customized Illumina Infinium 11 platform at the Lupus Genetics Studies Unit of the
Oklahoma Medical Research Foundation. We initially genotyped 22 common SNPs
spanning PPP2CA in four independent, ethnically divergent populations of SLE patients and
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controls containing 16,003 participants. After application of quality controls, a panel of 18
SNPs spanning a 32kb region from the PPP2CA promoter to 3.2kb downstream were
genotyped in this study, including 5 EA haplotype tagging SNPs (rs10491322, rs2302599,
rs2868600, rs7704116 and rs2292283), 9 SNPs with potential regulatory functions
(rs2072494, rs7705270, rs4302636, rs254048, rs7704116, rs2300071, rs254051, rs2284317,
and rs292283), and other common SNPs with known frequencies in non-European ethnic
groups (minor allele frequency > 0.1).

Real-time PCR

Primary T cells were purified from the peripheral blood of 29 SLE patients and 17 healthy
controls using a T-rosette purification kit (StemCell Technologies), and were 98% CD3+ by
flow cytometry. RNA was extracted from 3x10° T cells using AllPrep RNA/DNA/Protein
mini kit (Qiagen). Real-time PCR was performed in triplicate for every sample with a Light-
Cycler 480 system by adding SYBR Green (Roche) to the reaction mixture. Primers used
were: PPP2AC, F, 5-TCCGAGTCCCAGGTCAAGAG-3, R, 5'-
GCTACAAGCAGTGTAACTGTTTCA-3'; and GAPDH, F, 5'-
CAACTACATGGTTTACATGTTCC-3, R, 5-GGACTGTGGTCATGAGTCCT-3'. The
average cycle threshold (CT) values of each reaction derived from the target gene,
determined with LightCycler 480 system software, were normalized to GAPDH levels. ACt
(CT of target - CT of GAPDH) was used to calculate relative mRNA expression by the
AACt relative quantification method.

Statistical analysis

RESULTS

The statistical power of the association study was estimated by power calculator CaTS.
Software Haploview was used to select tag SNPs, calculate LD values among pairs of SNPs
and define haplotype blocks. Principal component analysis (PCA) and admixture
proportions (using ADMIXMAP) for each ethnicity were computed using a total of 163
ancestry informative markers (AIMS) that passed statistical and laboratory quality controls
among the 346 AIMs genotyped (27;28). Allele frequencies were calculated for each locus
and tested for Hardy-Weinberg equilibrium (HWE) in controls. For each tested SNP, the
quality of the genotype data was assessed by predetermined quality control inclusion criteria
(MAF > 1%, SNP call rate > 90%, HWE (P > 0.001) among the controls). Case—control
associations and Hardy—Weinberg proportions were calculated using PLINK. Allelic
association tests were performed using Pearson's chi-square measures. Conditional
haplotype-based likelihood ratio test was conducted by the software PLINK (29;30).
Mantel-Haenszel analysis was performed to generate the trans-ethnic meta-analysis P value.

Identification of risk haplotype of PPP2CA for SLE in multiple ethnic groups

First, we constructed haplotypes using the genotype data from the tested 18 SNPs and
analyzed the association of the formed haplotypes with SLE in each ethnic group. A single
32kb haplotype block was constructed in Asian, EA, HA and AA datasets that extended
from the promoter of PPP2CA to downstream of the 3'UTR and which contained three
common haplotypes (H1-H3) (frequency > 0.01; Figure 1C and Table 2). The H1 haplotype
(GGCAAAACGAAAAAAAAG) that occurred with a higher frequency in SLE patients
than controls (0.188 vs. 0.152 in HA, 0.084 vs. 0.07 in EA, 0.066 vs. 0.043 in Asian and
0.123 vs. 0.119 in AA, respectively) showed significant haplotypic association with SLE
across Asian, EA and HA populations but not in AA (Pmeta = 0.03, OR=1.20 [1.11-1.29])
(Table 2). Of note, compared to the protective (H2) and the neutral (H3) haplotypes, the H1
haplotype uniquely carried both the risk “G' allele at rs10491322 and the risk "A" allele at
rs7704116.
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Identification of risk alleles of PPP2CA in SLE in multiple ethnic groups

We next analyzed the allelic association of PPP2CA with SLE in different ethnic
background populations in order to identify risk allele(s) that could capture the observed
haplotypic association signal. We found that all 18 tested SNPs exhibited nominal levels of
association to SLE at p < 0.05 in HA; 13 of 18 and 2 of 18 PPP2CA SNPs showed
significant associations with SLE in EA and Asians, respectively, whereas none of the SNPs
displayed a genetic association signal with SLE in AA (Figure 1A, Supplementary table 1).
Notably, two SNPs (rs7704116 at intronl and rs10491322 at the 3' downstream) showed
consistently strong association with SLE across Asian, EA and HA, and were in almost
complete pairwise linkage disequilibrium (LD) (r?2 = 0.98-0.99) in these ethnic groups
(Figure 1A, C). Of interest, SNP rs7704116 displayed the smallest p value both in Asians
and EA (p = 8.1x107° in Asian, p = 5.8x10™% in EA) and conferred the strongest odds ratio
(OR =1.6[1.3-2.1]) in Asians.

Given the consistent association of rs7704116 and rs10491322 with SLE observed in
multiple ethnic groups, we carried out a meta-analysis of all ethnicities containing ~ 16,003
participants to maximize the number of samples for the association analysis. Ppets fOr
rs7704116 was 3.8x10~7(OR=1.3[1.1-1.3]) and Ppyeta for rs10491322 was 3.0x10™*
(OR=1.2 [1.1-1.3]) without significant heterogeneity among populations (p = 0.82 and p =
0.58), again reinforcing the genetic association of PPP2CA with SLE (Table 3). By
haplotype-based conditional test the genetic effect of rs10491322 disappeared after
conditional on rs7704116 genotypes (Table 2). Thus, rs7704116 may be the sole
polymorphism representing the genetic association for SLE in all the tested SNPs spanning
from the promoter of PPP2CA to downstream of the 3'UTR.

Association of PPP2CA with SLE clinical features

To determine whether rs7704116 was associated with particular clinical or serological
manifestations of SLE, we first examined each subphenotype based on the presence of each
of the 11 ACR classification criteria (malar rash, discoid rash, photosensitivity, oral ulcers,
arthritis, serositis, renal disorder, neurologic disorder, hematologic disorder, immunologic
disorder and antinuclear antibodies), specific autoantibodies (anti-dsDNA, anti-Sm, anti-
RNP, anti-SSA/Ro and anti-SSB/La) and age of disease onset for association with
rs7704116. In the SLE cases stratified by the presence (SLE+) vs. the absence (SLE-)
analyses, we found that the risk A allele of rs7704116 displayed an association with the
presence of renal disease (p = 0.03, OR = 1.2[1.0-1.5]), anti-dsDNA (p = 1x1073, OR =
1.7[1.2-2.3]), and anti-RNP antibody (p = 6x10™4, OR = 1.4[1.1-1.7]; respectively) in the
largest dataset of European-derived SLE patients (Table 4). When SLE subjects where
compared to controls, in both EA and Asians the risk A allele yielded significant risk for the
presence of renal disease and anti-DNA antibody (p = 6x1074, OR = 1.3 [1.1-1.6] for renal
disorder and p = 1x1074, OR = 1.4[1.2-1.6] for anti-dSDNA antibody in EA; and p =
4x1073, OR = 1.7[1.3-2.3] for renal disorder and p = 1x10™4, OR = 1.7[1.3-2.2] for anti-
dsDNA antibody in Asians). After Bonferroni correction for multiple comparisons, the
association with anti-DNA antibody (pgonferroni = 0.0016 in EA and Asians, receptively)
remained significant in both EA and Asians; however, the association with renal was
observed in EA (Pgonferroni = 0.01) but not in Asians (Pgonferroni = 0-06). No association was
detected between the presence of the risk allele and specific clinical manifestations in HA
patients.

PPP2CA SNP rs7704116 affects PPP2CA expression level

The location of rs7704116 in intron 1 suggested its potential role in transcription regulation.
We next carried out real-time PCR assays to determine whether the rs7704116 variant would
impact on PPP2CA mRNA expression in T cells from 29 EA SLE patients (8 AG and 21
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GG genotype for rs7704116) and 17 healthy controls (8 AG and 9 GG genotype for
rs7704116). PPP2CA expression was approximately 2-fold higher in SLE patients carrying
rs7704116 AG genotype (0.07 £ 0.03) than in those carrying GG genotype (0.04 + 0.02; p =
0.008; Figure 2). No significant allelic-specific difference in PPP2CA expression was
observed among healthy controls. These results support that T cells from SLE patients
carrying the rs7704116 risk A allele of PPP2CA produce higher levels of PP2Ac mRNA
which has been shown to suppress IL-2 production by dephosphorylating CREB (7).

DISCUSSION

To our knowledge, this is the first report of genetic association between PPP2CA with SLE
in multiple ethnic groups. In our study, a novel susceptibility locus in PPP2CA (rs7704116)
accounts for association signals with SLE observed in HA, EA and Asian but not in AA
datasets (a total of 8,695 cases and 7,308 controls). Although six published GWAS in
patients with SLE have identified and replicated more than 30 risk loci, PPP2CA was not
included in any of the risk loci described thus far (14-20). A variety of factors including
modest sample size, limited genome-wide coverage of the genotyping platforms, difference
in demographics and disease subphenotypes, analytical strategies and environmental factors
might influence the detection of association in published GWAS (14-20). Our candidate
gene study has a robust sample size including four ethnically diverse populations, and dense
marker coverage. Although the results of this study did not meet a strict genome-wide
association significance level, the robust and consistent association signal of rs7704116
(Pmeta = 3.8x1077, OR = 1.3 [1.14-1.31]) presented in multiple independent and ethnically
diverse sample sets strongly implicates PPP2CA in the development of SLE.

Since SLE is a complex and heterogeneous disease with respect to organ involvement and
autoantibody production, we sought to investigate whether specific PPP2CA variants
contributed to phenotypic heterogeneity in SLE. rs7704116 showed an association with
renal disease and specific autoantibodies to dsSDNA in EA and Asians when lupus patients
were compared to control subjects that was maintained only in the EA subjects when the
patients were subset into those with and those without a specific clinical manifestation
(Table 4). Several reasons may account for our failure to detect associations between the risk
allele and clinical manifestations across ethnicities, such as insufficient statistical power or
the appearance of each manifestation at different time points during the course of the
disease. We were impressed with the absence of association between PP2Ac risk alleles and
AA SLE patients. Although it could be argued that PP2Ac risk alleles contribute to less
severe disease, the finding that they were associated with renal disease and anti-dsDNA
antibody, among all clinical manifestations, in the other patient populations, negates this
claim. In addition, previously we had noticed that both AA and other ethnic subgroups
displayed decreased IL-2 production and increased PP2Ac levels, suggesting that the levels
of PP2Ac expression in SLE T cells are determined by additional factors and not only by the
identified herein risk allele.

When investigating the consequences of the risk allele on the expression of PPP2CA, we
found that the expression of PPP2CA mRNA was increased approximately 2-fold in T cells
of EA SLE patients carrying a single copy of the risk allele of rs7704116 compared to non-
carriers. Abnormalities in the expression of PPP2CA have been linked to SLE regardless of
disease activity and treatment and in a disease-specific manner, which resulted in decreased
IL-2 production (31). IL-2 is essential for both the promotion and the suppression of the
immune response, contributing to both the generation of effector and memory T cells and
the maintenance of Tregs (32;33). Our data support the notion that PPP2CA
polymorphism(s) that upregulate the expression of PPP2CA in SLE T cells, which in turn
negatively regulates IL-2 production is a plausible molecular mechanism for how PPP2CA
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variants contribute to SLE susceptibility. The fact that in normal T cells the risk allele did
not correlate with higher expression levels of PP2Ac suggests the presence of additional
molecular modifiers in the regulation of expression of PP2Ac.

PPP2CA are composed of seven exons and six introns localized in chromosome 5q23—-q31.
SLE-associated rs7704116 is located in a region of intron 1. There is no known or obvious
functional role for this region that explains why this SLE-associated SNP would affect
PPP2CA expression. It is likely that there might be an unknown functional polymorphism
within the PPP2CA common haplotype, which is in tight linkage disequilibrium with
rs7704116. Thus, identification of the causal allele will ultimately require the resequencing
of the PPP2CA common risk haplotype region in a large number of patients with SLE,
together with functional studies. Bioinformatic searches showed rs7704116 might be located
in two putative microRNA target sites of hsv2-miR-H3 and mmu-miR-709. Although the
functions of these two microRNA have not been delineated, it is possible that the SLE-
associated SNP may modify microRNA binding sites and thus interfere with microRNA
mediated regulation.

Multiple PPP2CA SNPs showed stronger allelic association with SLE in HA subjects than
in other ethnic groups. To exclude the possibility that spurious associations were the result
of underlying population admixture in this ethnic group, we tested each SNP for association
with SLE using logistic regression including the major principal components and admixture
estimates from AIMs as covariates, respectively. Very similar results were observed using
both models, which supported the stronger association of PPP2CA with SLE in HA (data
not shown).

The risk haplotype of SLE containing rs7704116 spanned 32kb of PPP2CA. Our current
data cannot exclude other PPP2CA genetic variants or rare SNP alleles that might also
contribute to the development of SLE. Nevertheless, this study provides the first evidence
for consistent association between PPP2CA and SLE across multi-ancestral SLE cohorts. Of
importance is our finding that the PPP2CA risk allele is associated with the presence of
renal disease and anti-dsDNA antibody and dictates higher levels of PP2Ac expression in
SLE T cells. Lastly, our study indicates that GWAS may not detect all risk alleles and a
gene-oriented approach such as the one presented here is of significant value, particularly
with genes whose products have been amply demonstrated to contribute to the
immunopathology of the disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

PPP2CA gene structure with tested SNPs and haplotype blocks in HA, EA, Asian and AA
patients. A. The —logq base of allelic p value for each SNP. B. PPP2CA gene structure with
tested SNPs. Two SNPs (rs7704116 and rs10491322) that showed consistently strong
association with SLE across Asian, EA and HA are marked with frame. C. Haplotype blocks
based on 18 tested SNPs in HA, EA, Asian and AA SLE patients.
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Figure 2.

Association of PPP2CA genotypes with mRNA expression levels. Relative mRNA
expression levels of PPP2CA in isolated T cells from SLE and healthy controls (HC) with
the AG or GG genotype at rs7704116 (AG =8 vs. GG =21 in SLE and AG =8 vs. GG =9
in healthy controls) were determined by real-time PCR and normalized to GAPDH. Relative
MRNA expression levels were log 10 transformed to normalize its distribution. The results
represent the meanzSD of four independent experiments. None of the subjects were

homozygous for the minor A allele.
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