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Abstract

Systemic lupus erythematosus (SLE) is a multisystem complex autoimmune disease of uncertain

etiology (OMIM 152700). Over recent years a genetic component to SLE susceptibility has been

established1–3. Recent successes with association studies in SLE have identified genes including

IRF5 (refs. 4,5) and FCGR3B6. Two tumor necrosis factor (TNF) superfamily members located

within intervals showing genetic linkage with SLE are TNFSF4 (also known as OX40L; 1q25),

which is expressed on activated antigen-presenting cells (APCs)7,8 and vascular endothelial cells9,

and also its unique receptor, TNFRSF4 (also known as OX40; 1p36), which is primarily expressed

on activated CD4+ T cells10. TNFSF4 produces a potent co-stimulatory signal for activated CD4+

T cells after engagement of TNFRSF4 (ref. 11). Using both a family-based and a case-control

study design, we show that the upstream region of TNFSF4 contains a single risk haplotype for

SLE, which is correlated with increased expression of both cell-surface TNFSF4 and the TNFSF4

transcript. We hypothesize that increased expression of TNFSF4 predisposes to SLE either by

quantitatively augmenting T cell–APC interaction or by influencing the functional consequences

of T cell activation via TNFRSF4.

We genotyped a total of 45 SNPs across TNFSF4 and 4 SNPs across TNFRSF4 in a

collection of 472 UK nuclear families (Supplementary Table 1 online). After preliminary

genotyping, we used 36 markers across TNFSF4 and 4 markers in TNFRSF4 for analysis,

removing 9 markers because they failed quality control, as described in Methods

(Supplementary Table 2 online).

We analyzed the variants across TNFRSF4 and found that the haplotype structure consisted

of a single block across the entire gene, comprising three major haplotypes (Supplementary

Fig. 1 online). Transmission-disequilibrium test (TDT) analysis of both individual SNPs and
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haplotypes across TNFRSF4 showed that none of the SNPs (Pu > 0.05) and none of the

haplotypes reached significance (Pu > 0.05; data not shown).

We defined the boundaries of the TNFSF4 haplotype blocks across a 182-kb region

containing the entire 137-kb gene and its flanking sequence (Fig. 1). There is a bipartite

pattern of linkage disequilibrium (LD), with strong LD across haplotype blocks 1 and 2

making up the 90-kb upstream region, as indicated by an interblock D′ score exceeding

0.83. There is some breakdown of LD at the start of intron 1, between haplotype blocks 2

and 3. Pairwise r2 values between any variant from the two upstream blocks and one from

block 3 were below 0.30 (Supplementary Fig. 2 online). Both individual SNP and

haplotype-TDT analyses (discussed in more detail below) showed strong associations.

Taking the minimum of the single SNP P values and correcting for multiple testing with

100,000 permutations, we obtained a summary overall P value for the gene of 0.0020.

To seek replication of the UK association in TNFSF4, we genotyped selected variants in an

independent collection of 263 Minnesota SLE parental-affected trios. Parental allele

frequencies were similar in the UK and Minnesota populations (Supplementary Table 3

online), as was the pattern of LD across TNFSF4 between the two populations (Fig. 1b). The

overall P value for the gene in the Minnesota samples was 0.0057.

Haplotype-TDT analysis within the upstream region confirmed that there is a single

overtransmitted GCTAATCATTTGA haplotype (4) in both the UK (Pu = 0.0104) and

Minnesota datasets (Pu = 3.00 × 10−4; Table 1). This overtransmitted haplotype was tagged

by multiple overtransmitted rare alleles (SNPs rs10912580, rs12039904, rs2205960 and

rs1234317). Both populations also contain an undertransmitted ACAGTCAAGCCC

haplotype (3) in block 2, which was tagged by the rare A allele of rs844644. The

undertransmitted effect was stronger in the UK population than in the Minnesota population,

but the reverse was true for the risk haplotype.

Table 2 indicates that seven SNPs (rs10912580, rs844654, rs844648, rs2795288,

rs12039904, rs1234315 and rs1234314) showed independent association in both the UK and

Minnesota parental-affected trios (Pu < 0.05). There is some apparent heterogeneity in the

pattern of association in the two populations, as several variants (rs844654, rs844648,

rs2795288 and rs844644) showed association in the UK population but weaker signals in the

Minnesota samples, and both rs2205960 and rs1234317 showed a stronger pattern of

association in the Minnesota samples than in the UK families. However, we believe that

these differences are due to chance: testing for heterogeneity in transmission ratios showed

no significant differences (P > 0.1) after analysis with Pearson’s χ2 to compare the T:U ratio

(the ratio of informative families showing transmission of the quoted minor allele to families

not showing transmission; Supplementary Table 4 online). It therefore seemed reasonable to

carry out a joint analysis of the two datasets; this showed multiple associated individual

SNPs in the upstream region (Table 2) and associations from the upstream haplotypes (3 and

4), which remained significant after permutation analysis (Pp < 1 × 10−5; Table 1).

We sought to further corroborate the association signals from the family-based cohorts in an

independent case-control collection of 424 unrelated UK SLE cases with 642 control

samples from the British 1958 Birth Control Cohort. All the cases used were separate from

those in the family-based TDT analysis (Table 2). The variants chosen for this subsequent

analysis included haplotype-tagging SNPs and those showing association in the UK SLE

trios (Table 2). The results of this case-control analysis (Table 3) replicated the association

of variants upstream of TNFSF4 with SLE. There are significant associations from four

SNPs, including two haplotype-tagging variants, one of which tags the overtransmitted

haplotype (rs2205960 Pu = 7.00 × 10−3, odds ratio (OR) = 1.28, 95% confidence interval
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(CI) = 1.07–1.53) and the other of which tags the undertransmitted haplotype (rs844644 Pu =

6.83 × 10−5, OR = 0.710, 95% CI = 0.597–0.840).

To maximize the information available from both populations, we combined the P values in

the parental-affected trios from both populations (n = 778) with the UK case-control cohort

(424 cases, 642 controls) by using Fisher’s test (Supplementary Table 5 online). There was

evidence of a strong association from variants across the entire upstream region of TNFSF4.

The two variants with the strongest associations were the overtransmitted haplotype-tagging

variant, rs12039904 (P = 1.91 × 10−6), and rs844644, which tags the under-transmitted

haplotype (P = 6.08 × 10−7).

To further investigate the relationship between genetic variants in TNFSF4 and SLE, we

conducted a genotype association analysis using 840 cases (taken from the UK trios and

unrelated cases) and 642 unrelated controls (Table 4). A recessive model was least favored

by the data. In an attempt to dissect out the causative alleles in the upstream region, we used

conditional logistic analysis to determine which variants made the strongest contribution to

the association, using SNPs that were either significantly associated in the joint UK-

Minnesota trios after permutation analysis or that were haplotype tagging (Table 1 and Fig.

1b). The results of this conditional analysis showed that the effect of each individual SNP

disappeared when it was estimated conditional on the haplotype background and supports

the hypothesis that no single genotyped variant is responsible for the association in the

upstream region of TNFSF4 (Supplementary Table 6 online). The exception is rs844644,

which showed a moderate P value (P = 0.015) by conditional analysis. This could be

because rs844644 was the only variant tested without a unique minor allele tagging the

overtransmitted haplotype, but instead has a rare A allele tagging the undertransmitted

haplotype.

We carried out subphenotype analysis in the UK SLE families using all the SNPs tagging

the overtransmitted upstream haplotypes. We analyzed three subtypes of SLE:

antiphospholipid syndrome, Sjøgren’s syndrome and lupus nephritis. All the two-sample t-

tests for all possible SNP-phenotype combinations exceeded 0.2, indicating that the disease

susceptibility variants in TNFSF4 did not influence the lupus phenotype toward any of the

three subtypes tested.

The two variants closest to the start of exons in the upstream region of TNFSF4 are

rs12039904 (321 bp away from exon 1a) and rs1234314 (931 bp away from exon 1b).

Neither variant falls within a transcription factor binding site. However, the T allele of

rs1234317, which uniquely tags the overtransmitted haplotype, is predicted by the

Genomatix SNP analysis web tool to destroy the DNA binding site for the transcriptional

repressor E4BP4, a transcription factor with a role in the survival of early B cell

progenitors12.

To better understand how TNFSF4 may act as a disease susceptibility gene in SLE, we

asked whether the upstream haplotypes influenced TNFSF4 expression in lymphoblastoid

cell lines (LCL cells) and in peripheral blood lymphocytes (PBLs) from our UK SLE

collection. We genotyped more than 1,000 LCL cells for rs2205960, rs1234314 and

rs7514229. The LCL cells selected were homozygous for either the overtransmitted

haplotype 4 (LCL over) or the undertransmitted haplotype 3 (LCL under). Further

resequencing for SNPs rs10912580, rs12039904, rs1234317 and rs844644 confirmed

homozygosity for the haplotype-tagging SNPs in these cell lines. After activation, the LCL

cells were shown to upregulate the cell-surface expression of CD86 and TNFSF4 (Fig. 2a),

with significantly more TNFSF4-positive cells in the LCL-over cells than in the LCL-under

cells (P = 0.02; Fig. 2b). Quantification of TNFSF4 mRNA levels by qRT-PCR showed that
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the LCL-over cells had a 6.7-fold (P 0.008) increase in the level of TNFSF4 transcript

compared to the LCL-under cells (Fig. 2c). Cell-surface TNFSF4 was also upregulated after

activation of PBLs (Fig. 2d), and PBL-over cells had a greater proportion of cells with

higher TNFSF4 expression compared with PBL-under cells (Fig. 2e). This difference in

expression was consistent in eight individuals (P = 0.02; Fig. 2f).

Using both a family-based and case-control study design, we have shown that the upstream

region of TNFSF4 contains a single risk haplotype for SLE, which carries a series of

haplotype-tagging variants. There is a similar T:U for TNFSF4 (T:U = 1.61) and IRF5 (T:U

= 1.92)5, which underlines the importance of TNFSF4 as a lupus susceptibility gene. This

overtransmitted haplotype is correlated with increased expression of both cell-surface

TNFSF4 and TNFSF4 transcript. We hypothesize that variation in the upstream region of

the gene will increase the expression of TNFSF4, and, through TNFRSF4, increase co-

stimulation for CD4+ T cells and/or further activate the APCs13 that express TNFSF4. This

increased expression of TNFSF4 may act by destabilizing peripheral tolerance through

inhibiting the generation of IL-10–producing CD4+ type 1 regulatory T cells14. Notably,

TNFSF4 has also been associated with susceptibility to atherosclerosis15, and individuals

with SLE are prone to accelerated arterial disease. The role of TNFSF4 in the pathogenesis

of SLE highlights the importance of the role of the T cell–APC interaction in this disease, a

conclusion supported by the genetic influence, albeit a modest one, arising from the CTLA4-

ICOS locus16.

METHODS

UK family collection

A large collection of SLE-affected nuclear families was established in the laboratory. A

diagnosis of SLE was established by telephone interview, health questionnaire and details

from clinical notes. All probands conformed to the American College of Rheumatology

criteria for SLE17, and written consent was obtained from participants, including unaffected

relatives. Ethical approval was obtained from the Multi-Centre Research Ethics Committee

(MREC). The composition of the UK family cohort consisted of 416 European Caucasian

parental-affected trios (Table 1). There was a separate collection of 424 independent UK

SLE cases and 642 controls taken from the British 1958 Birth Control Cohort (see URLs

section below).

Non-UK family collection for corroborative genotyping

We corroborated the UK association study using a total of 263 US parental-affected trios

from the Minnesota SLE collection. These studies were approved by the Human Subject

Institutional Review Boards at the University of Minnesota, and informed consent was

obtained from all subjects.

Preparation of genomic DNA and cDNA

We isolated genomic DNA from anticoagulated whole blood by a standard phenol-

chloroform extraction. Lymphocytes were separated from anticoagulated whole blood by

centrifugation through Histopaque-1077 (Sigma-Aldrich) in Accuspin tubes (Sigma-

Aldrich) using a method based on one previously described18.

SNP identification

The majority of the polymorphisms across TNFSF4 were identified from the public

database, dbSNP. However, eight variants in TNFSF4 and all four variants in TNFRSF4

were initially identified by resequencing, in a cohort of 60 SLE probands from our total

family collection. The details of all sequencing primers are available on request.
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After initial genotyping in 416 UK trios, we excluded markers from the analysis if their

genotyping frequency was low (<85%), the number of mendelian errors identified using

pedCHECK was greater than 5%, or the Hardy-Weinberg equilibrium P value in the parental

samples was less than P = 0.05.

Genotyping

The predominant genotyping method in the UK cohort was MALDI-TOF mass spectrometry

(Sequenom)19. However, we typed TNFSF4 SNPs 171440443C<T, 171440442T<A and

171420977C<A using pyrosequencing methodology. PCR-RFLP was used to type TNFSF4

SNPs rs3861950, rs7514229 and 171417779T<G and TNFRSF4 SNPs 19FRG<A, 6FRC<G

and 9FRA<C. We used the restriction enzymes HpaI (rs3861950), DraI (rs7514229) and

AciI (417779T<G) for the polymorphisms in TNFSF4 and AluI (19FRG<A), PflmI (6FRC)

and Alw26I (11FR3A<G) for those in TNFRSF4. All PCRs were carried out on DNA

Engine Tetrads (MJ Research Inc.), in either 96-well or 384-well format. Details of

methodology and primer sequences are available on request. In the Minnesota cohort, the

variants were typed using the Sequenom platform and are listed in Supplementary Table 2.

Statistical analysis

All sample genotype and phenotype data was managed by, and analysis files generated with,

BC/GENE and BC/CLIN software (Biocomputing Platforms Ltd.). For population controls,

we counted alleles in parental samples for each SNP genotyped across TNFSF4 and

TNFRSF4. We calculated these allele frequencies for each allele as a fraction of the total

alleles for each SNP. A comparison of the parental allele frequencies between the UK and

Minnesota collections was made from χ2 analysis using a 3 × 2 contingency table with a P =

0.05 level of significance.

For SNPs in each gene, we generated haplotype patterns using the algorithm described in

Haploview20. This program constructs haplotypes based on the D′ measure of linkage

disequilibrium (LD)21, together with a LOD score as measure of significance and 95%

confidence intervals to state the accuracy of the P value. The pairwise linkage

disequilibrium (LD) for SNPs across each gene was confirmed by the r2 values22,23. Only

markers having a minor allele frequency greater than 5% were included in the haplotype

constructions, and haplotypes with a frequency greater than 2.5% were included in the LD

diagrams. The haplotype block definitions were based on confidence limits for strong LD of

0.85 (upper) and 0.70 (lower), upper confidence interval maximum for strong recombination

of 0.85, and at least 80% of strong LD in informative comparisons20.

We used several statistical tools to investigate different aspects of the genotype data. We

tested association of alleles to SLE for both individual and multiple SNPs by the

transmission disequilibrium test (TDT), which compares the observed and expected

transmission of alleles from heterozygous parents to affected offspring. This analysis was

carried out in parental-proband trios using GENEHUNTER 2.1r3beta24,25. We used PLINK

v0.99o to calculate the overall P values for the gene in both the UK and Minnesota

populations using 100,000 permutations, to perform the case-control association tests for

single SNPs, to model the genotypic associations, and to run the Breslaw-Day test of

heterogeneity in odds ratios between the UK and Minnesota populations.

We carried out haplotype-TDT analysis using Haploview. We calculated a total association

for TNFSF4 by combining the P values from the UK and Minnesota parental-affected trios

and the UK case-control collection using Fisher’s method26. To determine the variants on a

haplotype making the strongest contribution to the haplotype association, we carried out

conditional logistic regression using WHAP in samples from the UK and Minnesota
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parental-affected trios. The variants from haplotype block 2 selected for this analysis either

were significantly associated after permutation analysis in the trios or were haplotype

tagging (Table 4). This analysis tested whether there was still an effect from the haplotype

block 2 after conditioning on each constituent variant in turn.

We used the Mann-Whitney test to compare the differences between the numbers of

TNFSF4-positive cells carrying the overtransmitted upstream haplotype and those carrying

the TNFSF4-positive undertransmitted upstream haplotypes. We carried out separate

analyses for the Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines (LCL cells)

and peripheral blood lymphocytes (PBLs).

SLE phenotype analysis

In the UK SLE families, 45% of the cases had one or more phenotypes characteristic of

antiphospholipid syndrome (APL), 46% probands had one or more of the phenotypes

characteristic of Sjøgren’s syndrome and 23% of probands had renal disease. The major

phenotypes of these syndromes are the presence of thrombosis, previous miscarriage and

either IgG and/or IgM autoantibodies to cardiolipin IgG for antiphospholipid syndrome and

the evidence of sicca symptoms and autoantibodies to Ro and/or La for Sjøgren’s syndrome.

We used a calculated variable to classify the UK SLE probands into the APL or Sjøgren’s

syndrome groupings if they had one or more of these major SLE phenotypes.

To investigate whether the transmission bias was greater in individuals with a given

subphenotype, we summed score contributions from TRANSMIT analysis27 over the

families. If the genetic effect is the same in each family, then these score contributions

should be exchangeable; in particular, they should have the same mean. A two-sample t-test

was used to compare the mean contribution in families where the proband had a certain

phenotype with the test statistic in families where the proband did not have this phenotype.

Selection of samples for expression analysis

We carried out expression analysis for the upstream haplotypes, but not individual variants,

on LCL cells (see Acknowledgments) and PBLs taken from our UK SLE cohort. Both the

PBLs and the LCL cells were genotyped with SNPs rs2205960, rs1234314 and rs7514229.

We determined the phase of the upstream haplotypes for SNPs rs2205960 and rs1234314

using PHASE version 2 (ref. 28). To control for potential variation in expression at the 3′
end of TNFSF4, samples were included in the expression study only if they were also

homozygous for SNP rs7514229 in the 3′ UTR of the gene. The PBLs had been fully typed

for all the haplotype-tagging SNPs in the upstream region, but we also resequenced the

homozygous cell lines for the haplotype-tagging SNPs, rs10912580, rs12039904, rs1234317

and rs844644 (which tags the undertransmitted haplotype), to confirm homozygosity.

Therefore, both the PBLs and LCL cells used in the expression studies were homozygous for

all the tagging SNPs carried by the overtransmitted upstream haplotype 4 or those which

were homozygous for the rs844644 carried by the undertransmitted upstream haplotype 3

(LCL under).

In vitro activation of PBLs and LCL cells

Peripheral blood lymphocytes (PBLs) and EBV-transformed cell lines (LCL cells) were

suspended in complete RPMI medium, which comprised RPMI 1640 medium (Invitrogen)

supplemented with 10% fetal bovine serum (Invitrogen), 10,000 U/ml penicillin

(Invitrogen), 10,000 μg/ml streptomycin (Invitrogen), 200 mM L-glutamine supplement

(Invitrogen), and grown in suspension at a concentration of 3 × 106 cells/ml. LCL cells were

activated for 48 h in complete RPMI medium at 3 × 106 cells/ml, supplemented with 10 ng/

ml rCD40L (Axxora), 20 ng/ml CD40L enhancer (Axxora) and 2 μg/ml goat anti–human α-
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anti-IgD polyclonal antibody (Serotec). We froze 2 × 106/ml activated cells in Trizol for

RNA extraction and immediately resuspended 0.5 × 106 cells/ml in FACS staining buffer

supplemented with fluor-conjugated antibodies for FACS analysis.

FACS analysis

PBLs and LCL cells were stained in FACS staining buffer using FITC-conjugated

monoclonal antibody to human CD86 (MCA1118F, Serotec) as a marker of B cell

activation, in combination with phycoerythrin-conjugated monoclonal antibody to human

TNFSF4 (ANC10G1). Cells were size-gated and analyzed for expression of CD86 and

TNFSF4. The cells were designated TNFSF4-positive if TNFSF4 expression fell within the

background staining, compared to a mouse IgG1 negative control monoclonal antibody

(MOPC 31C, Ancell). All analyses of FACS data was carried out on the FACScalibur cell

sorter, using Cellquest software (Becton Dickinson), and cell plots were generated using

WinMDI software (J. Trotter, The Scripps Institute).

TNFSF4 total RNA quantitative RT-PCR (qRT-PCR)

PBLs and LCL cells that were homozygous for either the over- or the undertransmitted

upstream haplotypes were selected for qRT-PCR. We isolated total RNA from 1 × 106

CD40L + anti IgD treated or untreated cells using Trizol (Life Technologies), according to

the manufacturer’s instructions. We synthesized first strand cDNA from 500 ng of RNA

template using murine Moloney reverse transcriptase and oligo(dT)18 primers, which

selectively anneal to the poly(A) tail of mRNA (RevertAid, Fermentas). We quantified the

RNA using the Nanodrop ND-1000 Spectrophometer (Labtech International) and checked

its quality on an Agilent 2100 Bioanalyser (Agilent). The primers used for qRT-PCR across

TNFSF4 spanned exons E2 and E3 (primer sequences available on request).

We quantified the level of TNFSF4 transcript in each sample using qRT-PCR. Standard

thermal cycling conditions were used as described in the manufacturer’s instructions for the

ABsolute SYBR green ROX mix (AB Gene) on the AB 7500 Real Time PCR System

(Applied Biosystems 7500 Fast System with version 1.3.0 software). Direct detection of

PCR product was monitored by measuring the threshold cycle (CT) at which an exponential

increase in fluorescence was caused by SYBR green dye intercalation. We carried out

ABI7500 melting point analysis to generate a single TNFSF4, GAPD, HPRT1 or NONO-

specific melting temperature curve. A mean CT value was calculated for each sample from

three replicates. These mean CT values were used to calculate the relative expression levels

of TNFSF4 compared to the three housekeeping genes human GAPD, HPRT1 and NONO

transcripts, used as endogenous references. Amplification efficiency was determined from

trireplicated, serially diluted aliquots of GAPD, HPRT1 and NONO amplified alongside

each TNFSF4 test sample. Statistical significance after normalization was tested by a

pairwise randomization test using the relative expression software tool, REST (Corbett Life

Science).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Footnotes
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Figure 1.
Gene structure, haplotypic architecture and haplotype-TDT analysis in TNFSF4. (a) Human

TNFSF4 consists of three exons. The translated exons are illustrated as gray boxes and the

5′ and 3′ UTRs as black boxes. The four potential poly(A) signals in the 3′ UTR are

denoted by asterisks. In the diagram the SNPs used in the analysis have been recoded as

numbers from 1 to 36: SNP 1 (rs10798267), SNP 2 (rs12118748), SNP 3 (rs4916318), SNP

4 (rs10912580), SNP 5 (rs844665), SNP 6 (rs844654), SNP 7 (rs844648), SNP 8

(rs2795288), SNP 9 (rs12039904), SNP 10 (rs844644), SNP 11 (rs844643), SNP 12

(rs2205960), SNP 13 (rs1234317), SNP 14 (rs3861953), SNP 15 (rs7535152), SNP 16

(rs1234315), SNP 17 (rs1234314), SNP 18 (rs3850641), SNP 25 (rs7518045), SNP 26

(rs6661173), SNP 27 (rs4113832), SNP 28 (rs7513384), SNP 29 (rs3861950), SNP 30

(171420977C<A), SNP 31 (rs7514229) and SNP 33 (rs3900307) as in Supplementary Table

2 online. The markers that failed quality control are place-marked in the sequence by gray

lines. SNPs 4 (rs10912580), 9 (rs12039904), 12 (rs2205960) and 13 (rs1234317) are shown

in red because they have overtransmitted minor alleles that tag overtransmitted haplotypes.

(b) The haplotype block structure across TNFSF4 constructed from 413 European Caucasian

parent-proband trios in the UK study cohort and in 262 US Minnesota parent-proband trios.

There are three haplotype blocks across the gene. The haplotypes are numbered on the left

of each haplotype in brackets from 1–13, with the haplotype frequencies shown to the right

of each haplotype. Only haplotypes with a frequency of greater than 2.5% are shown. The
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SNP numbers across the top of the haplotypes correspond to those in the gene diagram. The

red-boxed haplotypes are those showing overtransmission in both populations. (c) LD D′
prime chart from Haploview that summarizes the pattern of LD in the UK SLE families as a

colored plot. Bright red represents regions of high pairwise D′, and white represents regions

of low pairwise D′. The numbers in the boxes are the pairwise D′ values.
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Figure 2.
SLE susceptibility alleles are associated with an increase in TNFSF4 expression. (a)

Histograms of CD40L anti-IgD-activated EBV-LCL cells showing expression of TNFSF4

((i), (ii) and (iii)) and CD86 ((iv), (v) and (vi)) for representative samples that were

homozygous for the either the undertransmitted susceptibility haplotype (LCL under, (i) and

(iv); shown in blue) and for the overtransmitted haplotype (LCLover, (ii) and (v); shown in

red), respectively. The geometric mean (Gmean) values of the fluorescent intensity are

shown for each marker. The data presented are from one of two independent experiments,

with similar results on the same cell lines. (b) The bar chart shows the numbers of CD40L

and anti-IgD-stimulated cells in eight different homozygous cell lines (four LCL under and

four LCL over). Each bar represents the mean of two independent replicates. (c) By carrying

out quantification by qRT-PCR of TNFSF4 mRNA in two LCL-under and three LCL-over

cell lines and pairwise analysis by REST, we generated a whisker box-plot representation of

the variation between TNFSF4 transcript levels. LCL-over samples, which carry SLE-

susceptibility alleles, were associated with a 6.7-fold increase in RNA expression (P =

0.008). TNFSF4 expression was normalized to GAPD mRNA expression in the same

sample. The bars indicate the relative TNFSF4 expression in three independent replicates for

each sample, ± s.d. (d) Overlaid histograms showing TNFSF4 expression (i and ii) and

CD86 expression (iii and iv) in CD40L/anti-IgD–stimulated and unstimulated PBLs. These

PBLs were taken from UK SLE probands that were homozygous for the undertransmitted

haplotype (shown in blue) and for the overtransmitted haplotype (shown in red). The Gmean

values presented are shown for the cell-surface markers in two individuals. (e)

Representative FACS plots of stimulated PBLs taken from probands expressing (i) the
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undertransmitted haplotype and (ii) the overtransmitted haplotype. The percentage of

CD86+TNFSF4+ cells within the activated cell population is indicated in the upper left

quadrant. Cells were designated TNFSF4-positive if TNFSF4 expression fell within

background staining compared to a mouse IgG1 negative control mAb (MOPC 31C,

Ancell). (f) The numbers of TNFSF4-positive PBLs taken from eight SLE-affected probands

(four homozygotes for each of the over- and undertransmitted haplotypes), 48 h after

CD40L- anti-IgD stimulation. Each bar represents the mean of two independent replicates.
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Table 3

Case-control analysis

Allelic association test

SNP SNP analyzed MA MAa MAu χ 2 P u

rs10798267 1 T 0.106 0.08 4.71 0.03

rs10912580 4 G 0.287 0.25 3.86 0.05

rs844665 5 T 0.115 0.0762 8.71 3.2 × 10−3

rs844654 6 T 0.493 0.444 5.36 0.02

rs844648 7 A 0.485 0.439 4.63 0.03

rs2795288 8 A 0.471 0.416 3.34 0.07

rs12039904 9 T 0.264 0.243 1.27 0.26

rs844644 10 A 0.379 0.463 15.9 6.8 × 10−5

rs2205960 12 T 0.276 0.233 7.38 7.0 × 10−3

rs1234317 13 T 0.299 0.255 4.44 0.04

rs3861953 14 T 0.0858 0.0726 1.20 0.27

rs1234315 16 T 0.438 0.480 2.28 0.13

rs1234314 17 G 0.456 0.429 1.76 0.18

171420860G<A 32 T 0.360 0.310 7.43 7.0 × 10−3

171417779T<G 35 T 0.100 0.070 6.08 0.01

An independent case-control analysis across TNFSF4 in 424 UK unrelated cases and 642 control samples taken from the 1958 British Birth Control

Cohort, using PLINK. The column marked “SNP analyzed” gives the order of analyzed SNPs shown in Figure 1. The column marked “MA” gives

the identity of the minor allele, with the frequency of this minor allele given in affected (MAa) and unaffected individuals (MAu). In the allelic

association analysis, the uncorrected P value (Pu) is quoted for each marker.
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