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Systematic genome-wide studies to map genomic regions associated
with human diseases are becoming more practical. Increasingly,
efforts will be focused on the identification of the specific functional
variants responsible for the disease. The challenges of identifying
causal variants include the need for complete ascertainment of
genetic variants and the need to consider the possibility of multiple
causal alleles. We recently reported that risk of systemic lupus erythematosus (SLE) is strongly associated with a common SNP in IFN
regulatory factor 5 (IRF5), and that this variant altered spicing in a way
that might provide a functional explanation for the reproducible
association to SLE risk. Here, by resequencing and genotyping in
patients with SLE, we find evidence for three functional alleles of IRF5:
the previously described exon 1B splice site variant, a 30-bp in-frame
insertion/deletion variant of exon 6 that alters a proline-, glutamic
acid-, serine- and threonine-rich domain region, and a variant in a
conserved polyAⴙ signal sequence that alters the length of the 3ⴕ UTR
and stability of IRF5 mRNAs. Haplotypes of these three variants define
at least three distinct levels of risk to SLE. Understanding how
combinations of variants influence IRF5 function may offer etiological
and therapeutic insights in SLE; more generally, IRF5 and SLE illustrates how multiple common variants of the same gene can together
influence risk of common disease.
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T

he number of loci convincingly associated with complex diseases has risen in recent years because of increasing knowledge
of the human genome and its variation, cost-effective highthroughput genotyping technologies, and improved methods for
statistical analysis. The identification of alleles reproducibly associated with disease has the potential to define genes and biological
pathways as playing a causal role in vivo in the population. Recent
illustrations include the role of the complement pathway in agerelated macular degeneration (1–3), the IL-23 pathway in inflammatory bowel disease (4), and IFN regulatory factor 5 (IRF5) in
systemic lupus erythematosus (SLE) (5, 6). For example, the type
I IFN pathway is dysregulated in SLE, with many IFN-inducible
genes overexpressed in the peripheral blood of SLE patients; the
finding of robust association to SLE of SNPs in IRF5, a transcription
factor downstream of the type I IFN and Toll-like receptors (7–10),
provided the first direct and specific evidence that variation in the
type I IFN pathway plays a causal role in SLE pathogenesis (5, 6).
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Although there is increasing progress in identifying loci convincingly associated with complex disease, in few cases have the causal
mutations responsible for the association unambiguously been
identified. Several factors make this difficult: (i) for efficiency,
initial screens survey only a subset of human variants to identify a
region; (ii) because of linkage disequilibrium, multiple variants in
each region may show equivalent signals of association; (iii) causal
variants may be noncoding, and there is no analogue to the genetic
code to identify from primary sequence data alleles impacting gene
expression, regulation, or posttranslational modifications; and (iv)
there may be multiple causal variants at a locus, with prominent
examples including multiple HLA alleles in autoimmune diseases
(11), multiple alleles of complement factor H in age-related macular degeneration (1–3), and multiple alleles at the APOE locus
influencing lipids and Alzheimer’s disease (12, 13).
These general challenges are illustrated by the association of
common variants in IRF5 to risk of SLE. We recently demonstrated
that common alleles of IRF5 are robustly associated with risk of
SLE in both family- and population-based cohorts (5, 6). The
marker most associated with risk to SLE (rs2004640) was found to
alter a consensus splice donor site and to allow expression of
isoforms bearing exon 1B (an alternative exon 1). This combination
of genetic and functional data provided a potential model to explain
the effect of IRF5 on SLE (5). However, as described below, a more
extensive assessment of common variation in IRF5 in SLE provides
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Table 1. Single-marker transmission and conditional analyses in SLE trios from the United States and United Kingdom

Marker
rs1495461
rs960633
rs729302
rs4728142
rs3807135
rs2004640
rs752637
Exon 6 indel
rs2070197
rs10954213
rs11770589
rs10954214
rs10488631
rs2280714
rs12539741
rs17166351
rs696612

Allele

T*

U

P†

P conditional on
Group 1 variants
(rs2070197)

G
T
A
A
C
T
G
A
C
A
G
T
C
A
T
C
C

260
257
270
363
298
344
297
337
205
282
338
281
223
268
222
336
153

220
209
195
257
241
233
238
294
111
226
288
232
125
219
125
290
124

0.068
0.026
5.0 ⫻ 10-4
2.1 ⫻ 10⫺5
0.0141
3.8 ⫻ 10⫺6
0.011
0.087
1.2 ⫻ 10⫺7
0.013
0.046
0.031
1.5 ⫻ 10⫺7
0.026
1.9 ⫻ 10⫺7
0.066
0.081

0.37
0.54
0.0024
0.0054
0.28
0.0019
0.28
0.25
—
0.14
0.16
0.14
1.00
0.18
1.00
0.17
0.0078

P conditional on
Group 1 (rs2070197)
and Group 2
(rs2004640) variants

P conditional on
Group 1 (rs2070197),
Group 2 (rs2004640),
and Group 3
(rs10954213) variants

0.59
0.75
0.56
0.0096
0.0008
—
0.0010
0.01
—
0.0089
0.01
0.02
NA
0.0078
NA
0.005
0.825

0.45
0.56
0.82
0.20
0.31
—
0.14
NA
—
—
NA
NA
NA
NA
NA
NA
0.29

evidence for three statistically independent signals of association to
SLE, one of which is stronger than that of the exon 1B splice site
(rs2004640).
Results
Characterization of Sequence Variation at IRF5. To more fully char-

acterize genetic variation at IRF5, we sequenced the exons and 1 kb
upstream of the IRF5 exon 1A in DNA from 136 cases of SLE; and
we sequenced each of the introns in 40 SLE cases and 8 controls
[supporting information (SI) Tables 3 and 4]. In total, 52 variants
were observed, of which 26 were previously identified (present in
dbSNP), and 32 were undescribed. Of the variants not in the
database, 13 had minor allele frequency ⬎1%. Each such variant
was genotyped in the HapMap Centre d’Etudes du Polymorphisme
Humain (CEPH) Utah residents with ancestry from northern and
western Europe (CEU) samples, allowing them to be integrated
with data from the International HapMap Project.
Although no common single-nucleotide missense variants of
IRF5 were observed, a 30-bp in-frame insertion/deletion (indel) in
exon 6 was observed. The exon 6 indel is located in a proline-,
glutamic acid-, serine- and threonine-rich domain, a motif previously shown to influence protein stability and function in the IRF
family of proteins (14). TagSNPs were selected to serve as proxies
(r2 ⬎ 0.8) for all SNPs with minor allele frequency ⬎1% in the
combined data from HapMap Phase II (15) and genotype data in
the same samples for the SNPs discovered in our sequencing effort.
Association of Common Variation in IRF5 to Risk of SLE. Each tagSNP

was individually tested for association to SLE in a combined trio and
family collection of 555 families from the U.S. and the United
Kingdom (Table 1). The strongest association with SLE was for
three highly correlated SNPs (rs2070197, rs10488631, and
rs12539741, pairwise r2 ⬎0.95). These SNPs (which we refer to as
Group 1) do not include the previously studied exon 1B splice site
variant and showed highly significant association: Transmitted/
Untransmitted (T/U) ratio ⫽ 1.8; P ⫽ 1.2 ⫻ 10⫺7. To assess whether
the Group 1 variants could explain the association to SLE, we
performed conditional logistic regression incorporating one of the
Group 1 SNPs (rs2070197). This model was rejected, because a
Graham et al.

second set of correlated SNPs (referred to as Group 2, rs729302,
rs4728142, rs2004640, and rs6966125) were independently associated with risk to SLE (P ⬍ 0.002–0.008, Table 1; see SI Table 5).
Group 2 includes the previously studied exon 1B splice site variant
(rs2004640).
To test the hypothesis that the combination of Group 1 and
Group 2 variants fully account for the association observed to SLE,
we repeated the conditional logistic regression analysis including a
Group 1 and a Group 2 variant in the model (represented by
rs2070197 and rs2004640). A third set of six highly correlated SNPs
(referred to as Group 3; rs4728142, rs3807135, rs752637,
rs10954213, rs2280714, and rs17166351) were associated with risk
of SLE (P ⬍ 0.001–0.01, Table 1; see SI Table 5).
These results indicate that three independent sets of correlated
IRF5 variants (Groups 1, 2, and 3) each provide statistically
independent evidence for association with risk of SLE. In previous
limited surveys of genetic variation (5, 6), the exon 1B splice site
(rs2004640) was most strongly associated with SLE and, given its
potential functional role in splicing, offered a potential explanation
for how IRF5 variation might influence risk. After a more extensive
assessment of IRF5 variation, however, it is clear that rs2004640 is
no longer adequate to explain all of the effect of IRF5 on risk to
SLE; indeed, it is not even the strongest contributor. We set out to
identify other putative functional alleles that might explain the
independent signals of association observed for Groups 1 and 3.
Cis-Acting Alleles Underlying Variation in IRF5 Expression. One approach to finding causal alleles is to examine other phenotypes that
might be less complex in their inheritance, providing power to
distinguish the effects of highly correlated alleles, and to offer in
vitro assays to assess function. In vitro expression levels provide one
such phenotype (16, 17). Given our previous observation that one
of the Group 3 variants (rs2280714) is associated with levels of IRF5
mRNA expression, we systematically examined the more complete
set of IRF5 variants for alleles that might be associated to levels of
IRF5 mRNA expression in lymphoblastoid cell lines.
The same set of tagSNPs genotyped in the SLE family cohort
were studied in the HapMap samples (15), allowing correlation
of genotype to mRNA expression data collected at the Sanger
PNAS 兩 April 17, 2007 兩 vol. 104 兩 no. 16 兩 6759
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*Number of transmitted (T) and untransmitted alleles (U).
†Nominal P value for association to SLE and P value for the association to SLE, under the model that the indicated markers fully explain the association to SLE,
as determined by conditional logisitic regression. NA indicates that the association to SLE cannot be calculated because it is statistically indistinguishable from
the proposed model. Only SNPs with a P value ⬍0.1 are listed in the table.

Fig. 1.
Expression levels of IRF5
mRNA are influenced by a polymorphism in a proximal 3⬘ UTR polyA⫹
signal sequence. (a) Microarray data
from 233 CEU cell lines carrying various genotypes for rs2004640 and
rs10954213 were examined for expression levels of IRF5. (b) Schematic
of the 3⬘ UTR region of IRF5. (c)
Northern blot of 500 ng of polyA⫹
RNA from cell lines carrying the indicated genotypes at rs10954213
(three cell lines from unrelated individuals for each genotype) using a
common proximal 3⬘ UTR probe.
Blots were stripped and reprobed
for GAPDH. (d) Quantitative TaqMan RT-PCR in EBV cell lines (n ⫽ 9)
and in control peripheral blood
mononuclear cells (n ⫽ 14) for levels
of IRF5 isoforms carrying the short
or long 3⬘ UTR. (e) Northern blot
using ␤-globin and GFP cDNA probes
in Tet-off 293 cells transfected with
chimeric ␤-globin:IRF5 3⬘ UTR expression plasmids for either the A or
G allele of rs10954213. GFP expression plasmids were cotransfected as
a control. ( f) Graph shows the decay
of ␤-globin:3⬘ IRF5 UTR mRNAs after
suppression of new transcription
with doxycycline. Results represent
four independent experiments. *,
P ⬍ 0.05; **, P ⬍ 0.01. (g) Western
blot for IRF5 in two cell lines for each
of the indicated genotypes at
rs10954213 by using monoclonal anti-IRF5 antibodies that recognize a C-terminal peptide sequence of IRF5. Blots were stripped and reprobed with
antibodies to GAPDH. Representative of five independent experiments.

Institute (www.sanger.ac.uk/humgen/genevar). A variant in the
3⬘ UTR (rs10954213, Group 3) showed the strongest association
with IRF5 expression: P ⫽ 3.5 ⫻ 10⫺55 (SI Table 6). This variant
and one other (rs10954214) reside in conserved elements within
the 3⬘ UTR, a region that often contains sequences that influence mRNA expression (18).
To increase power to distinguish effects of correlated SNPs,
we genotyped a subset of the associated IRF5 variants in an
independent data set of 233 CEPH samples for which microarray
gene expression data were publicly available (17) (SI Table 7).
Again, rs10954213 was the best predictor of IRF5 expression.
Specifically, rs10954213 showed stronger associations than either
the neighboring rs10954214 or the SNP we had studied previously, rs2280714 (SI Tables 7 and 8 and Fig. 1a). Formally,
rs10954213 remained strongly associated with IRF5 mRNA
levels after conditioning on rs2280714 (P ⫽ 5 ⫻ 10⫺9), whereas
conditioning on rs10954213 nearly eliminates association of
rs2280714 to IRF5 expression (P ⫽ 0.004). Finally, similar
findings were observed for expression of IRF5 in whole blood of
SLE cases (SI Fig. 3).
These results indicate that rs10954213 is the best predictor of
IRF5 expression in our survey of lymphoblastoid cell lines,
clearly distinguishable in its effect from the other SNPs with
which it is in strong linkage disequilibrium. Because rs10954213
is also a member of Group 3, it became a candidate for
explaining the association of Group 3 SNPs to SLE (above). We
note that the greater strength of the signal of association of IRF5
expression levels (P ⬍ 10⫺55) allowed us to distinguish the signal
of rs10954213 from the other members of Group 3 for IRF5
expression, whereas we were not able to clearly distinguish the
weaker signals of association to risk of SLE.
Although rs10954213 is the strongest determinant of IRF5 ex6760 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0701266104

pression in our survey of common variation at IRF5, conditioning
on this SNP did not account for all of the variance in IRF5
expression. After conditioning on rs10954213, the exon 1B splice
site (rs2004640) and other linked SNPs were the next strongest
association to IRF5 levels (SI Table 7). Specifically, the presence of
the T allele at rs2004640, which allows the expression of exon 1B
isoforms, was associated with significantly higher levels of IRF5
expression in cell lines carrying GG or AG genotype at rs10954213
(Fig. 1a). After incorporating a two-locus model of both rs10954213
and rs2004640, no other SNP has a nominally significant association
to IRF5 expression in the CEU cell lines (SI Tables 7 and 9).
Thus, a systematic search for common variation that influences
levels of IRF5 mRNA identified rs10954213, a SNP in a conserved
an element within the 3⬘ UTR and a member of Group 3, as well
as the exon 1B splice site variant (rs2004640), a member of
Group 2.
A Group 3 Variant Alters a Polyadenylation Signal and Influences IRF5
Expression. Although we previously had shown that the exon 1B

SNP influences IRF5 mRNA levels through its effect on splicing
(5), the function, if any, of rs10954213 was unknown. We
observed that the sequence surrounding rs10954213 has been
highly conserved throughout evolution (SI Fig. 4). Moreover, the
rs10954213 G allele is predicted to disrupt a polyA⫹ signal
sequence (AAUAAA3AAUGAA) located 552 bp downstream
of the stop codon of IRF5 in the 3⬘ UTR region of exon 9. The
canonical motif is a binding site for a protein complex called
cleavage and polyadenylation specificity factor (CPSF). During
RNA polymerase II transcription, CPSF binds to the AAUAAA
sequence and is part of a complex that cuts the mRNA strand
10–30 bp downstream of the polyA⫹ signal and initiates polyadenylation of the transcripts (19).
Graham et al.

Based on the location of rs10954213 in a conserved CPSF site,
we hypothesized that the different alleles of rs10954213 might
influence polyadenylation and thereby the length and stability of
the IRF5 message. Specifically, we hypothesized that the A allele
of rs10954213 might allow efficient polyadenylation ⬇12 bp
downstream, whereas the G allele favors the use of a distal
polyA⫹ site 648 bp downstream (Fig. 1b).
To directly test this hypothesis, we performed two types of
experiments: Northern blotting and quantitative PCR of IRF5
mRNA from cell lines and peripheral blood mononuclear cells of
known genotype at rs10954213 and creation of chimeric mRNAs
that attach the two alleles of the 3⬘ UTR to heterologous expression
constructs.
We isolated total and polyA⫹ enriched RNA from the
HapMap CEU population, selecting individuals based on genotype at rs10954213. Northern blotting of polyA⫹ RNA showed
that cell lines homozygous for the A allele at rs10954213,
carrying the wild-type AAUAAA on both alleles, expressed
mainly a short version of IRF5 mRNAs (Fig. 1c). In contrast, cell
lines homozygous for the G allele (AAUGAA) expressed almost
exclusively a longer mRNA that used the second downstream
polyA⫹ site (Fig. 1c). AG heterozygote cell lines showed expression of both isoforms. Identical results were obtained in
Northern blots of total RNA isolated from the cell lines (data not
shown). We further confirmed these results with TaqMan quantitative PCR assays in both EBV-transformed cell lines and
normal donor peripheral blood mononuclear cells (Fig. 1d).
These data confirmed that the allele at rs10954213 determines
the site of polyadenylation; we now refer to rs10954213 as the
polyA⫹ variant, with the A allele termed the ‘‘short’’ allele and
the G allele the ‘‘long’’ allele.
To determine whether the long allele of the 3⬘ UTR might be
unstable, we cloned the two versions of the 3⬘ UTR downstream of
the coding region of rabbit ␤-globin and transfected 293 Tet-off
kidney cells with expression plasmids driving either the chimeric
cDNAs carrying either the short or long allele. Northern blotting
48 h after transfection showed that chimeric cDNAs used the
expected polyA⫹ site (Fig. 1e), and that the long mRNAs had a
shorter half-life than short chimeric transcripts (Fig. 1f ). Estimates
for the half-life of these transcripts, based on regression curves,
were: 342 ⫾ 88 min for the short allele and 125 ⫾ 21 min for the
long allele. By comparison, the calculated half-life of ␤-globin
mRNA alone (lacking the IRF5 3⬘ UTR) was 11,631 ⫾ 1,574 min.
These experiments document that disruption of the proximal
polyA⫹ signal by rs10954213 leads to the transcription of long
and relatively unstable IRF5 mRNA transcripts. These effects on
IRF5 mRNA are reflected in levels of IRF5 protein, as shown by
Western blots of whole cell lysates from EBV cell lines carrying
the various polyA⫹ SNP genotypes: cells carrying the AA
genotype showed ⬇5-fold higher levels of immunoreactive IRF5
protein than cells carrying the GG genotype (Fig. 1g).
Exon 6 Indel and Risk of SLE. Our previously published results and

those above suggest that (i) the association of Group 2 SNPs to SLE
is likely explained by the exon 1B splice site allele (rs2004640), and
Graham et al.

(ii) the association of the Group 3 SNPs is likely because of the
polyA⫹ variant (rs10954213). In contrast, we found that none of the
Group 1 SNPs alter the coding region of IRF5, lie in evolutionarily
conserved regions, or change an annotated sequence motif. Either
the Group 1 SNPs (or an undiscovered but strongly linked mutation) have an as-yet-unrecognized effect on IRF5 function, or the
Group 1 SNPs have no functional consequence but instead tag a
combination of other functional variants in IRF5.
To assess the second model (having found no evidence for a
functional allele among the Group 1 SNPs), we performed the
conditional logistic regression analysis not in order of statistical
significance (as above) but instead starting with the two putative
functional alleles identified above (exon 1B splice site variant
and polyA⫹ variant). We observed multiple variants that showed
significant association to SLE in this analysis (SI Table 10) and
including the 30-bp in-frame indel polymorphism that we had
discovered within exon 6 (Fig. 2a). This indel is located in a
proline-, glutamic acid-, serine- and threonine-rich domain
known to influence protein stability and function in the IRF
family of proteins. Previous studies have shown that IRF5
protein isoforms, which, in part, differ by the 30-bp (10-aa) exon
6 indel (which had previously been observed in cDNA but not
recognized to be a germ-line polymorphism) have differential
ability to initiate transcription of IRF5 target genes (8, 20, 21).
We note that association of the exon 6 indel to SLE was observed
only when we conditioned on the exon 1B splice site and polyA⫹
variants but previously had been masked by the signal of the Group
1 variants in the initial analysis that proceeded in order of statistical
significance. Consistent with a model in which the three putative
functional alleles (exon 1B, polyA⫹, and exon 6 indel) are sufficient
to explain the observed association to SLE, however, a logistic
regression that includes these three variants revealed no additional
SNP with P ⬍ 0.01. That is, the effect of Group 1 SNPs is statistically
indistinguishable from their linkage disequilibrium with the three
alleles that have putative functional effects on the structure of IRF5
protein and/or its expression.
Haplotype Analysis Identifies Three Levels of SLE Risk. To better

understand the observed combinations of the three putative
functional alleles (and the Group 1 SNPs), we examined the four
marker haplotypes defined by: (i) the exon 1B splice site
(rs2004640, Group 2), (ii) the polyA⫹ variant (rs10954213,
Group 3), (iii) the exon 6 indel, and (iv) Group 1 (using
rs2070197 as a proxy; Table 2). These four variants defined five
common haplotypes, each carrying unique combinations of the
exon 1B splice site, the exon 6 indel, and the polyA⫹ variant.
We studied these haplotypes for association to SLE in a large
family-based case-control sample totaling 2,188 case and 3,596
control chromosomes (single-marker results, SI Table 11). Haplotype 1 (Table 2) was strongly associated with risk of SLE, appearing
on 19.0% of SLE chromosomes in comparison to 11.9% of control
chromosomes (P ⫽ 1.4 ⫻ 10⫺19; Table 2). In the case-control
sample, a single copy of haplotype 1 was associated with an odds
ratio (OR) of 1.46, whereas two copies were associated with an OR
of 2.96 (SI Table 12). No other IRF5 haplotypes showed positive
PNAS 兩 April 17, 2007 兩 vol. 104 兩 no. 16 兩 6761
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Fig. 2. Three functional variants in IRF5 define risk and protective haplotypes for SLE. (a) Diagram showing the location of the three common functional alleles
identified in IRF5. (b) Summary of IRF5 haplotypes and their association to SLE.

Table 2. Association of IRF5 haplotypes with SLE
Group 2

U.S. and United
Kingdom
Trio pedigrees, 555

U.S. and United
Kingdom
Cases, 1,532
Controls, 2,878
Sweden
Cases, 656
Controls, 718
Metaanalysis
Trio pedigrees, 555
Cases, 2,188
Controls, 3,596

Group 1

Group 3

Haplotype

Exon 1B
(rs2004640)

Exon 6
indel

rs2070197

polyA ⫹ signal
(rs10954213)

1

T

Insertion

C

A

181

2
3
4
5
1

T
T
G
G
T

Deletion
Insertion
Insertion
Deletion
Insertion

T
T
T
T
C

A
G
G
A
A

248
43
195
104
0.175

2
3
4
5

T
T
G
G

Deletion
Insertion
Insertion
Deletion

T
T
T
T

A
G
G
A

1
2
3
4
5

T
T
T
G
G

Insertion
Deletion
Insertion
Insertion
Deletion

C
T
T
T
T

A
A
G
G
A

1
2
3
4
5

T
T
T
G
G

Insertion
Deletion
Insertion
Insertion
Deletion

C
T
T
T
T

A
A
G
G
A

T/case
frequency*

U/control
frequency*

OR
(95% c.i.)†

2

P

1.90 (1.50–2.41)

24.2

8.5 ⫻ 10⫺7

222
50
234
165
0.114

1.12 (0.93–1.34)
0.86 (0.57–1.29)
0.83 (0.69–1.01)
0.63 (0.50–0.80)
1.66 (1.40–1.98)

1.5
0.6
3.7
13.9
32.8

0.2269
0.4384
0.0553
2.0 ⫻ 10⫺4
1.0 ⫻ 10⫺8

0.377
0.038
0.290
0.119

0.363
0.038
0.351
0.135

1.06 (0.94–1.21)
1.00 (0.72–1.38)
0.76 (0.66–0.87)
0.86 (0.71–1.04)

0.9
0.0
16.4
2.4

0.3406
0.9981
5.3 ⫻ 10⫺5
0.1233

0.226
0.372
0.046
0.219
0.137

0.131
0.349
0.047
0.296
0.177

1.94 (1.47–2.57)
1.10 (0.89–1.38)
0.97 (0.59–1.61)
0.67 (0.52–0.85)
0.73 (0.55–0.99)

21.4
0.8
0.0
10.4
4.3

3.6 ⫻ 10⫺6
0.3763
0.9176
0.0012
0.0393

99

1.78 (1.57–2.02)
1.09 (0.99–1.19)
0.95 (0.76–1.19)
0.76 (0.69–0.84)
0.76 (0.67–0.87)

1.4 ⫻ 10⫺19
0.0437
0.6743
5.0 ⫻ 10⫺8
2.8 ⫻ 10⫺5

Bold text refers to the overtransmitted allele; T, exon 1B Splice donor site, T allele shows expression of exon 1B transcripts. Insertion, in-frame insertion/deletion
of 30 bp in exon 6 of IRF5, chr7:128,181,324-54 (HG17). Signal variant, “A” allele is associated with short (561-bp) 3⬘ UTR.
*Number of transmitted (T) and untransmitted haplotypes (U) in pedigrees; frequency of haplotypes in SLE cases and controls.
†OR and 95% confidence intervals (c.i.).

association with SLE. The high-risk haplotype 1 is predicted to be
the only haplotype with the ability to express exon 1B isoforms
(because of rs2004640), carries the exon 6 insertion, and is expressed at high levels because of the polyA⫹ variant.
It has previously been shown that alternative proximal splice
acceptors for exon six, termed SS1 and SS2, which are proximate to
the exon 6 indel, influence activation of downstream genes (8, 20,
21). As shown in SI Fig. 5, both SS1 and SS2 are used regardless of
the exon 6 indel genotype.
Interestingly, although haplotypes 2 and 3 showed no evidence
for association to SLE as compared with the overall population
(OR ⫽ 1.09 and 0.95, P ⱖ 0.05, respectively), haplotypes 4 and 5
showed strong evidence for protection. Specifically, each was
associated with a ⬇25% reduction in risk (OR ⫽ 0.76) that was
statistically highly significant (P ⬍ 5 ⫻ 10⫺8 and 3 ⫻ 10⫺5,
respectively). Moreover, individuals that carry Haplotype 1 in trans
with either of the haplotypes that lack exon 1B isoform expression
(4 and 5) show a reduction in risk of SLE (SI Table 12).
In summary, the highest risk to SLE is observed for a
haplotype that is predicted to express at high levels transcripts
containing exon 1B and the exon 6 insertion. Haplotypes 2 and
3, which carry only two of the three risk-associated functional
alleles, show average risk to SLE. Haplotypes 4 and 5, which
carry only one of the three risk-associated functional alleles, and
in particular lack exon 1B isoforms, are protective for SLE.
Discussion
Our data provide three contributions regarding the relationship
between IRF5 genotype, risk of SLE, and expression of IRF5
isoforms. Specifically, we advance our previous study by showing
that (i) in addition to the association of the previously identified
exon 1B splice site, at least two independent statistical signals of
association to SLE risk can be detected at IRF5, (ii) there are at least
two additional functional variants at IRF5, namely the polyA⫹
signal variant and the 30-bp insertion at exon 6; and (iii) all
6762 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0701266104

statistical and functional data can be reconciled in a model in which
carrying particular alleles at these three variants (haplotype 1) show
strong association to SLE risk, whereas lacking expression of exon
1B isoforms (regardless of the genotype at the other sites) is
protective. Whether the three functional alleles of IRF5 interact in
an additive or epistatic manner will need to be resolved by in vitro
experiments, because all possible allelic combinations of the three
functional alleles are not observed in human populations. We also
stress that this model is statistically indistinguishable from one in
which the Group 1 SNPs are combined with the exon 1B and
poly(A)⫹ SNP and draws any additional support from the functional data derived in vitro and the published role of the exon 6
proline-, glutamic acid-, serine- and threonine-rich domain on
function in IRF family members (14).
These alterations in IRF5 protein structure and expression
levels presumably shape the IRF5 transcriptional cascade and
downstream immune responses. It has been shown that IRF5 is
activated by Toll-like receptors 7/9 and type 1 IFN signaling and
that, upon stimulation, different IRF5 protein isoforms differentially activate transcription of target proinflammatory cytokines (8, 20, 21). We therefore propose that the differential
expression of IRF5 target genes conferred by IRF5 genotype may
modify the immune response in a manner that predisposes to
SLE, perhaps in response to chromatin-containing Ig immune
complexes and type-I IFN, both of which are elevated in the
blood of SLE patients and may stimulate IRF5. Identifying the
specific nature of the altered IRF5 transcriptional response and
finding interventions that shift it toward that caused by the
low-risk exon 1B lacking isoforms (haplotypes 4 and 5) seems a
well-motivated approach to prevention and treatment of SLE.
Finally, these results have general implications for the genetic
analysis of complex traits. Candidate-gene and genome-wide analyses may identify a particular SNP as reproducibly associated to
disease, highlighting a region likely to harbor variants associated
with disease pathophysiology. By design, the initial screens are
Graham et al.

Map project (15) and 233 CEPH individuals (14 extended pedigrees, including 21 trios that are part of the HapMap CEU samples,
and 38 unrelated individuals) described by Morley et al. (17) were
genotyped for IRF5 region markers, using primers and methodology described in SI Text. The Human Genome Diversity Panel was
genotyped to assess the frequency of IRF5 alleles in world populations as described in SI Fig. 6 and SI Table 14. IRF5 was
resequenced in eight controls and 40 SLE cases collected at
Uppsala, Sweden, using 23 PCR fragments that covered 1 kb
upstream of exon 1A and all exons and introns. In addition, all exons
of IRF5 1 kb upstream of exon 1A were resequenced in 96 SLE cases
of European descent from the Minnesota SLE cohort, as described
in SI Text. Family-based and case/control association analyses,
including permutation testing, were conducted by using Haploview
v3.3 (30). Conditional logistic regression analyses of single markers
and haplotypes were performed by using the WHAP software
program. Haplotypic association results in the family-based U.S.
and United Kingdom cohort, the case-control cohort collected in
the U.S. and United Kingdom, and the Swedish case-control cohort
were combined by using the Mantel–Haenszel metaanalysis of the
ORs (31, 32).

Materials and Methods
Expression of IRF5 in whole blood and cell lines was measured
by qPCR and Northern and Western blotting, as described in SI
Text. IRF5 message stability was measured by using transient
transfection and RNA decay assays, described in detail in SI Text.
Normalized IRF5 mRNA expression levels were obtained from
data made available by the GENEVAR project at the Sanger
Centre from EBV-transformed B cells derived from the 270
HapMap samples (IRF5 exon 9 probe GI㛭38683858-A). In
addition, IRF5 expression values (probeset 205469㛭s㛭at) were
obtained from a data set of 233 CEPH EBV-transformed B cell
lines (16, 17) (GEO accession no. GSE1485). Association of
genotype to IRF5 expression levels and conditional logistic
regression analyses were conducted using WHAP (http://
pngu.mgh.harvard.edu/purcell//whap).
A collection of samples of European descent were genotyped by
using the primers and probes described in SI Table 13. The family
samples used were collected at the University of Minnesota and
Imperial College (22–25). In addition, independent populationbased samples from the University of Minnesota, Imperial College,
and the University of California, San Francisco, Lupus Genetics
Project collection (26) and 1,439 controls from the New York
Cancer Project (27) were tested. The study also included 338 SLE
patients from Sweden, 213 of them recruited at the Karolinska
Hospital in Stockholm (28) and 125 at Uppsala University Hospital
(6), and 363 healthy age- and sex-matched controls from the same
geographical regions as the SLE patients. The SLE patients fulfilled
the American College of Rheumatology revised criteria for SLE
(29). In addition, 270 samples from the International Haplotype
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incomplete assessments of variation present at a locus. A full
characterization of genetic variation at associated loci in large
samples is required to refine models of genotype-phenotype correlation. Our results make clear that (i) there may be multiple
functional variants, (ii) the most strongly associated SNP may be not
the causal variant but rather a proxy for a haplotype of multiple
variants, and (iii) related phenotypes such as gene expression may
help resolve the functional role of alleles. More generally, there is
much to learn about the genetic architecture of complex traits that
will inform the search for causes of disease.

