
Interleukin 7 receptor a chain (IL7R) shows allelic and
functional association with multiple sclerosis
Simon G Gregory1,9, Silke Schmidt1,9, Puneet Seth2, Jorge R Oksenberg3, John Hart1, Angela Prokop1,
Stacy J Caillier3, Maria Ban4, An Goris5, Lisa F Barcellos6, Robin Lincoln3, Jacob L McCauley7,
Stephen J Sawcer4, D A S Compston4, Benedicte Dubois5, Stephen L Hauser3, Mariano A Garcia-Blanco2,
Margaret A Pericak-Vance8 & Jonathan L Haines7, for the Multiple Sclerosis Genetics Group

Multiple sclerosis is a demyelinating neurodegenerative disease with a strong genetic component. Previous genetic risk studies
have failed to identify consistently linked regions or genes outside of the major histocompatibility complex on chromosome 6p.
We describe allelic association of a polymorphism in the gene encoding the interleukin 7 receptor a chain (IL7R) as a significant
risk factor for multiple sclerosis in four independent family-based or case-control data sets (overall P ¼ 2.9 � 10–7). Further, the
likely causal SNP, rs6897932, located within the alternatively spliced exon 6 of IL7R, has a functional effect on gene expression.
The SNP influences the amount of soluble and membrane-bound isoforms of the protein by putatively disrupting an exonic
splicing silencer.

Multiple sclerosis is the prototypical human demyelinating disease,
and numerous epidemiological, adoption and twin studies have
provided evidence for a strong underlying genetic liability1. The
disease is most common in young adults, with more than 90% of
affected individuals diagnosed before the age of 55, and fewer than 5%
diagnosed before the age of 14. Females are two to three times more
frequently affected than males2, and the disease course can vary
substantially, with some affected individuals suffering only minor
disability several decades after their initial diagnosis, and others
reaching wheelchair dependency shortly after disease onset. The
complex etiology of the disease and the currently undefined molecular
mechanisms of multiple sclerosis suggest that moderate contributions
from multiple risk loci underlie the development and progression of
the disease.

Many different approaches, including genetic linkage, candidate
gene association and gene expression studies, have been used (sum-
marized in ref. 2) to identify the genetic basis of multiple sclerosis.
However, genetic linkage screens have failed to identify consistent
regions of linkage outside of the major histocompatibility complex
(MHC). Candidate gene studies have suggested over 100 different
associated genes, but there has not been consensus acceptance of any
such candidates. Similarly, gene expression studies have identified
hundreds of differentially expressed transcripts, with little consistency
across studies. The alternative approach of genomic convergence3,

which requires multiple sources and types of positive evidence to
implicate a candidate gene, can be used to integrate both statistical
and functional data.

Using genomic convergence3, we identified 28 genes that were
differentially expressed in at least two of nine previous expression
studies (Supplementary Table 1 online). We focused on three genes
(interleukin 7 receptor alpha chain (IL7R) [MIM: 146661], matrix
metalloproteinase 19 (MMP19) [MIM: 601807] and chemokine (C-C
motif) ligand 2 (CCL2) [MIM: 158105]) that had a previously
published or inferred functional role in multiple sclerosis and that
were not located within the MHC. Two of the three genes localize to
previous regions of genetic linkage on 17q12 (CCL2)4 and 5p13.2
(IL7R)5. We analyzed a large data set of 760 US families of European
descent, including 1,055 individuals with multiple sclerosis, and
identified a significant association with multiple sclerosis susceptibility
only for a nonsynonymous coding SNP (rs6897932) within a key
transmembrane domain of IL7R. We subsequently replicated this
initial significant association in three independent European popula-
tions or populations of European descent: 438 individuals with
multiple sclerosis and 479 unrelated controls ascertained in the United
States, 1,338 individuals with multiple sclerosis and their parents
ascertained in northern Europe (the UK and Belgium) and 1,077
individuals with multiple sclerosis and 2,725 unrelated controls also
ascertained in northern Europe. We show that rs6897932 affects
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alternative splicing of exon 6, leading to increased skipping of the
exon. This is predicted to increase production of soluble interleukin 7
receptor alpha chain (IL7Ra) for individuals carrying the risk allele at
rs6897932. Our results strongly implicate the IL7Ra-related immune
response pathway in the etiology of multiple sclerosis.

RESULTS
Initial analysis of CCL2, MMP19 and IL7R in US families
None of the SNPs genotyped in IL7R, CCL2 or MMP19 strongly
deviated from Hardy-Weinberg equilibrium in a sample of unrelated
affected (P4 0.04) or unaffected (P4 0.10) individuals (P¼ 0.05 for
rs6897932 in affected individuals). We did not find any statistically
significant evidence for association with multiple sclerosis for SNPs in

CCL2 and MMP19 (Supplementary Table 2 online), although this
does not exclude the possibility of a small effect of variants in either
gene. In the 760 US families (Table 1), the SNP having the strongest
association with multiple sclerosis was rs6897932 (P ¼ 0.0006 by the
pedigree disequilibrium test (PDT)6), a nonsynonymous coding SNP
(T244I) in exon 6 of IL7R, followed by rs11567705 (P ¼ 0.002) and
rs13188960 (P ¼ 0.002) (Table 2 and Fig. 1). The latter SNPs are in
strong linkage disequilibrium (LD) with rs6897932 (r2 ¼ 0.97 for
rs11567705, r2 ¼ 0.95 for rs13188960). The result for rs6897932 was
due to overtransmission of the major allele (C) to offspring affected
with multiple sclerosis. The risk allele frequency was similar in
individuals with multiple sclerosis who did or did not carry the
multiple sclerosis–associated alleles HLA-DRB1*1501/1503 (0.79 and
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Table 1 Clinical characteristics of the family-based and case-control multiple sclerosis data sets

US data set European data set

Affected individuals from

family-based data set Cases Controls

Affected individuals from

family-based data set Cases Controls

(n ¼ 1,055) (n ¼ 438) (n ¼ 479) (n ¼ 1,338) (n ¼ 1,077) (n ¼ 2,725)

Mean age (and range),

in years

41.6 (21–60) 44.6 (24–61)

Mean age at onset

(and range), in years

29.8 (3–63) 31.9 (11–60) 27.1 (9–53) 33.6 (10–62)

Number of females

(and percentage)

784 (74.3) 299 (68.3) 318 (66.4) 987 (74.0) 738 (68.5) 1350 (49.5)

Disease type: n (%)

Relapsing-remitting 552 (52.3) 365 (83.3) –
1,152 (86.1) 875 (81.2)

–

Secondary progressive 260 (24.6) 54 (12.3) –

Progressive-relapsing 16 (1.5) 3 (0.7) – NA NA –

Primary progressive 43 (4.1) 14 (3.2) – 80 (6.0) 146 (13.6) –

Missing 184 (17.4) 2 (0.5) – 106 (7.9) 56 (5.2) –

Mean disease duration

(and range), in years

13.6 (0–50) 9.9 (0–44) – 10.8 (0–39) 16.4 (0–57) –

Family-based US data set: 760 families (197 with multiple affected relatives (multiplex families), 563 with a single affected individual). Family-based European data set: 1,338
trios. UK affected individuals from trios: 64.8% relapsing-remitting, 27.4% secondary progressive. Unrelated UK affected individuals: 45.9% relapsing-remitting, 32.6% secondary
progressive. For Belgian affected individuals, relapsing-remitting and secondary progressive multiple sclerosis were grouped together as ‘bout-onset’.

Table 2 PDT analysis of IL7R SNPs

SNP Position (bp)

Minor/major

allele MAF Gene region Type

Amino acid

change

Overall PDT

P value

rs13188960a 35889076 T/G 0.24 Upstream 0.0023

rs7718919 35891753 T/G 0.13 Upstream 0.8707

rs1389832a 35894478 T/C 0.34 Intron 1 0.0804

rs1494558a 35896825 A/G 0.34 Exon 2 Nonsynonymous I66T 0.0249

rs11567705 35896909 G/C 0.24 Intron 2 0.0018

rs969128 35896916 G/A 0.13 Intron 2 0.9343

rs1494555a 35906947 C/T 0.33 Exon 4 Nonsynonymous V138I 0.0327

rs7737000 35907030 T/C 0.13 Exon 4 Synonymous H165H 0.6801

rs1494554a 35909629 C/A 0.29 Intron 5 0.7175

rs6897932a 35910332 T/C 0.24 Exon 6 Nonsynonymous T244I 0.0006

rs987107a 35910984 T/C 0.29 Intron 6 0.7856

rs987106a 35911350 T/A 0.47 Intron 6 0.0134

rs3194051a 35912031 G/A 0.29 Exon 8 Nonsynonymous I356V 0.7856

rs1494571 35915844 C/G 0.28 Downstream 0.9276

P values meeting the Bonferroni-corrected significance threshold and respective risk allele are shown in boldface italic. Minor allele frequency (MAF) estimated from genotyped
founders.
aSNPs genotyped by the HapMap project.
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0.78), suggesting that the IL7R effect on
multiple sclerosis susceptibility is indepen-
dent of the known HLA effect. A quantitative
transmission disequilibrium test (QTDT)
analysis7,8 showed absence of association
between genotypes at rs6897932 and age at
onset of multiple sclerosis (P ¼ 0.88) or
multiple sclerosis severity (P ¼ 0.19 for
multiple sclerosis severity scores)9,10.

The P value of 0.0006 for rs6897932 was
significant after accounting for multiple com-
parisons using a Bonferroni correction for
the effective number of independent SNPs
evaluated across the three genes11. The effec-
tive number was 4 for CCL2 (5 genotyped
SNPs), 3 for MMP19 (4 genotyped SNPs)
and 8.7 for IL7R (14 genotyped SNPs), for an
adjusted significance threshold of 0.05 / (4 +
3 + 8.7) ¼ 0.003.

LD and haplotype analysis of IL7R
IL7R is located within a block of very high
LD: all pairwise D¢ values between SNPs in
this block are Z0.98. To identify common
haplotypes and a subset of haplotype-tagging
SNPs within IL7R, we analyzed haplotypes of
all 14 genotyped SNPs for association with
multiple sclerosis susceptibility. We found
only four common haplotypes (45% esti-
mated frequency in family founders) in our
data set, and a subset of four SNPs
(rs1494555, rs6897932, rs987107, rs987106)
was sufficient to distinguish between these
four common haplotypes. We observed a
significant association with multiple sclerosis susceptibility for haplo-
types formed by these four tagging SNPs (global P value ¼ 0.0007;
Table 3). The association was due to overtransmission of haplotype
C-C-C-A to offspring affected with multiple sclerosis (haplotype-
specific P ¼ 0.006) and undertransmission of haplotype T-T-C-T
(haplotype-specific P ¼ 0.00005). These two haplotypes are distin-
guished by the common risk allele (C) at the coding SNP rs6897932
(single-locus P ¼ 0.0006), the C allele at rs1494555 (single-locus P ¼
0.03) and the T allele at rs987106 (single-locus P ¼ 0.01). An
evaluation of our four haplotype-tagging SNPs using the HapMap
data for the population of European descent (CEU) showed that the
SNPs genotyped in our study capture the majority (89%) of common
sequence variation in IL7R, with a mean r2 of 0.944. Furthermore, the

HapMap data also showed that the very strong LD block that spans
IL7R does not extend to any flanking genes, indicating that the only
functional element within the LD block is IL7R. None of the HapMap-
genotyped coding SNPs from any of the flanking genes is highly
correlated (r2 4 0.8) with the most strongly associated SNP rs6897932.

Replication of the rs6897932 effect
We genotyped an independent case-control data set of European
descent ascertained in the US (438 cases and 479 controls; Table 1)
for seven SNPs, including the four haplotype-tagging SNPs in IL7R
identified by the family-based analysis (Table 4). Analysis by logistic
regression, with adjustment for age and gender, demonstrated
statistical significance only for rs6897932 (P ¼ 0.05). In the subset
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Figure 1 Physical map and association analysis of SNPs from IL7R in US, European and combined

family-based and case-control data sets. Untranslated regions of IL7R are represented by gray filled

regions and exons by unfilled regions in the schematic below the graph. The significant SNP,

rs6897932, is outlined.

Table 3 Haplotype analysis of IL7R in 760 multiple sclerosis families of European descent, using four adjacent SNPs that distinguish all

common haplotypes

rs1494555 rs6897932 rs987107 rs987106 Freq. Global P-value

No. informative

families Z

Haplotype-specific

P-value

Haplotype 1 C C C A 0.35 0.0007 284 2.99 0.006

Haplotype 2 T C T T 0.27 264 0.05 0.96

Haplotype 3 T T C T 0.23 245 –3.98 0.00005

Haplotype 4 T C C A 0.14 180 0.79 0.43

Haplotype frequencies (freq.) were estimated from genotyped founders. The number of haplotype-specific informative families indicates how often transmission of haplotypes by
heterozygous parents could be inferred. The Z statistic, calculated by the HBAT software using the ‘hbat –e’ command, is representative of overtransmission (Z 4 0) or
undertransmission (Z o 0) of the respective haplotype.
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of 380 unrelated individuals with multiple sclerosis with available data
on carrier status for HLA-DRB1*1501/1503, risk allele frequencies at
rs6897932 were similar in carriers and noncarriers of the multiple
sclerosis–associated haplotype (0.76 versus 0.81, P ¼ 0.11).
Table 5 shows estimated joint odds ratios (ORs) for carriers of
HLA-DRB1*1501/1503 and carriers of the C/C genotype at
rs6897932, based on 380 individuals with multiple sclerosis and 428
controls with available data for both loci. In this data set,
the population-attributable risk percent (PAR%)12 was 40.1% for
HLA-DRB1*1501/1503 and 16.4% for rs6897932 at IL7R, when
adjusting for the other factor. The estimated summary PAR% for
both loci was 49.6%, which is less than the sum of the adjusted PAR
estimates, as exposures were not mutually exclusive.

Consistent with Wald w2 statistics from the logistic regression
analysis, permutation-based single-locus tests for the four haplo-
type-tagging SNPs were significant only for rs6897932 (P ¼ 0.01
with WHAP software13). In contrast to the family-based analysis, an
omnibus haplotype test based on the four common haplotypes was
not significant (P ¼ 0.17). However, the same haplotype that was
overtransmitted in the families (C-C-C-A) was more frequent in
affected individuals (35.0%) than in controls (31.6%), whereas the
undertransmitted haplotype (T-T-C-T) was less frequent in affected
individuals (21.8%) than in controls (25.8%) (Table 3). These results
suggest that rs6897932 is the strongest single-locus effect within IL7R
and is responsible for the haplotype association observed in the
family-based data set.

Given these findings, we concentrated further replication efforts
on rs6897932, which we genotyped in two independent northern
European populations ascertained in the UK and Belgium (Table 1).
The PDT analysis confirmed a significant association with multiple
sclerosis risk in 1,338 European families of individuals with multiple
sclerosis and their parents (trios) (P ¼ 0.03). Logistic regression

analysis of 1,077 independent European individuals with multiple
sclerosis and 2,725 unrelated controls also replicated the results from
the US data sets (P ¼ 0.0006). The minor allele frequencies were very
similar in US and European individuals with multiple sclerosis (21.7%
and 23.9%; Table 4) and US and European controls (26.5% and
28.3%; Table 4). A combined analysis of all 2,098 families by the PDT
(P ¼ 0.0001) and a combined logistic regression analysis of all 1,512
independent individuals with multiple sclerosis and 3,184 unrelated
controls (P¼ 0.000005 for additive SNP genotype coding, adjusted for
ascertainment site, US versus Europe) provided strong statistical
support for a genuine association of IL7R with multiple sclerosis
risk (Table 4 and Fig. 1). A combined analysis of all the family-based
and case-control data sets resulted in P ¼ 2.9 � 10–7. With T/T and
C/T genotypes coded as the reference group, the OR for C/C
genotypes was 1.29 (95% c.i., 1.14–1.46; Table 4). For this effect
size and a risk allele frequency of 0.72 in controls, a data set of
980 cases and 980 controls is needed to provide 80% power at
significance level a ¼ 0.05 for replicating the association observed
here. Although this effect was not seen in the subset of individuals
(n ¼ 185) with primary progressive multiple sclerosis (P 4 0.30), the
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Table 4 Logistic regression analysis of four haplotype-tagging IL7R SNPs in 438 individuals with multiple sclerosis and 479 controls

(US data set)

Frequency in individuals

with MS Frequency in controls

Frequency in individuals

with MS Frequency in controls
P valuea

SNP Allele US (Europe) US (Europe) Genotype US (Europe) US (Europe) US Europe

rs1494555 C 0.349 0.312 CC 0.105 0.082 0.14 –

T 0.651 0.688 CT 0.489 0.461

TT 0.406 0.457

rs6897932 T 0.217 (0.238) 0.265 (0.283) TT 0.039 (0.055) 0.065 (0.083) 0.05 0.0006

C 0.783 (0.762) 0.735 (0.717) CT 0.357 (0.368) 0.401 (0.399)

CC 0.605 (0.577) 0.534 (0.518)

rs987107 T 0.284 0.274 TT 0.105 0.069 0.94 –

C 0.716 0.726 CT 0.358 0.408

CC 0.537 0.522

rs987106 T 0.495 0.473 TT 0.257 0.220 0.32 –

A 0.505 0.527 AT 0.477 0.505

AA 0.266 0.275

Odds ratio (95% c.i.) P valueb

Genotype US Europe Combined US Europe Combined

rs6897932 TT, CT 1.0 (reference) 1.0 (reference) 1.0 (reference) – – –

CC 1.34 1.24 1.29 0.03 0.003 0.00008

(1.03–1.74) (1.08–1.44) (1.14–1.46)

Data for rs6897932 includes European affected individuals (n ¼ 1,077) and controls (n ¼ 2,725).
aAdditive coding of SNP genotypes. bRecessive coding.

Table 5 Estimated joint odds ratios and 95% confidence intervals for

carriers of HLA-DRB1*1501/1503 and CC genotypes at rs6897932

in IL7R

Genotype at rs6897932

in IL7R

Noncarrier of HLA-

DRB1*1501/1503

Carrier of HLA-

DRB1*1501/1503

TT, CT 1.0 (reference) 3.95 (2.87–5.43)

CC 1.37 (1.02–1.84) 5.42 (3.45–8.51)

Results are from US data set of 380 affected individuals and 428 controls, with
available data for both loci. Numbers in parentheses represent 95% c.i.
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power to detect the OR observed in relapsing-remitting multiple
sclerosis is only 25%.

Sequence analysis of IL7R
We sequenced genomic DNA for exons 2, 3, 4, 5, 6, 7 and 8 and an
upstream region (containing putative regulatory elements) from 16
phenotypically normal and 16 affected individuals to identify any new
SNPs within IL7R. Although we did not identify any additional new
sequence polymorphisms within the 64 chromosomes tested, we
cannot discount the possibility that a rare variant with an allele
frequency of o5% may contribute to the phenotype.

The associated T244I variation is located in an important trans-
membrane domain of IL7Ra. Multispecies sequence alignment in
Ensembl of the portion of IL7Ra encoded by exon 6 showed that the
polar threonine is conserved between chimp, macaque, dog, rabbit,
elephant, hedgehog and bull, indicating that there is a level of
evolutionary constraint in nucleotide diversity at the location of
rs6897932 in the gene (data not shown).

The effect of rs6897932 on differential splicing of IL7R
The alternative splicing of IL7R has potent consequences for the
function of the receptor, as transcripts that include exon 6 encode a
membrane-bound IL7Ra, whereas transcripts that skip exon 6 encode
a soluble form of the protein14. To test whether the alternate ‘C’
and ‘T’ alleles of rs6897932 could affect the inclusion of exon 6,
we cloned the two allelic versions of exon 6 and the surrounding
intronic sequences into the alternative splicing minigene construct

pI-11 (ref. 15). Analysis of transcripts from the two minigenes showed
that the multiple sclerosis–associated ‘C’ allele resulted in an approxi-
mately twofold increase in the skipping of exon 6 compared with
transcripts containing the ‘T’ allele (Fig. 2). The data are consistent
with at least two possible mechanisms: the multiple sclerosis–
associated ‘C’ allele weakens an exonic splicing enhancer (ESE),
or it augments an exonic splicing silencer (ESS). The latter is more
likely, as transversions at rs6897932 to either a G or an A nucleotide
substantially decreased exon skipping (for example, production of
soluble IL7Ra), and substitutions adjacent to the SNP essentially
abolished skipping (Fig. 2). Thus, our results are consistent with
the presence of a weak ESS that mediates a low level of exon 6
skipping, resulting in about 10% soluble IL7Ra. Our data suggest a
functional role for the alternative rs6897932 alleles on the splicing of
exon 6 in IL7R.

Allele-specific expression of IL7R
We analyzed peripheral blood mononuclear cells from 94 healthy
controls by quantitative real-time PCR to detect differential expression
of IL7R using one amplicon that spanned exons 6–7 and two control
amplicons spanning exons 4–5 and exons 7–8, respectively. Using
analysis of variance with Bonferroni correction, we observed signifi-
cantly lower expression of the exon 6–7 amplicon for carriers of the
multiple sclerosis–associated ‘C’ allele (P ¼ 0.015); the two control
amplicons (exons 4–5 and 7–8) did not show significantly different
expression by genotype. Consistent with our in vitro experiments, this
suggests that carriers of the ‘C’ allele at rs6897932 produce less
membrane-bound IL7Ra protein compared with carriers of the
‘T’ allele, leading to a further increase of the soluble form of IL7Ra.
This hypothesis is supported by our previous report that interleukin-7
(IL7) function and IL7Ra expression in T cells is reduced in indivi-
duals with multiple sclerosis16.

DISCUSSION
Traditional methods for identifying the genetic basis of complex
human disease have often been successful when a single, relatively
common locus contributes strongly to the phenotype17,18. HLA-DRB1
is one locus that carries such an effect in multiple sclerosis19; however,
it explains less than 50% of the total genetic basis of the disease20.
Identifying the remaining genetic effects in multiple sclerosis has been
hampered by allelic, locus and phenotypic heterogeneity. Traditionally,
genetic linkage, expression and association studies have been used
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SP6Xbal Xhol Figure 2 Transfections and splicing analysis of IL7R minigenes. (a) Splicing

construct pI-11 and insertion of IL7R genomic sequence to create

minigenes pI-11-IL7R382 and pI-11-IL7R172, which contain the ‘T’ and

‘C’ alleles of rs6897932, respectively. The location of rs6897932 is shown

by an asterisk. CMV indicates the CMV promoter; pA indicates the bovine

growth hormone polyadenylation sequence. XbaI and XhoI sites were used

for cloning. The locations of T7 and SP6 vector-specific primers are

indicated by arrows. U is the 5¢ exon of pI-11, and D is the 3¢ exon of

pI-11. Sizes of exon 6 and parts of its flanking introns are shown in

parentheses. (b) The IL7R minigenes pI-11-IL7R382 and pI-11-IL7R172

containing the ‘T’ allele and ‘C’ allele, respectively, of rs6897932, which

were stably transfected in triplicate in each of HeLa, DT3 and AT3 cells.

Mature minigene transcripts that either include or skip exon 6 produce

326-bp or 232-bp RT-PCR products. Error bars represent s.d. (c) The

percentage of exon 6 inclusion is plotted against the nucleotide found at the
rs6897932 locus. Exon 6 inclusion was also determined using a minigene
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were substituted by transversions (mut). Error bars represent s.d. of

triplicate transient transfections.
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singly to identify these additional genetic components. In this study,
we have used a potentially more powerful approach that integrates
these previous results and have identified three candidate genes
for detailed study. We have found significant association with
multiple sclerosis susceptibility only for IL7R, which has been
found to be differentially expressed in two independent multiple
sclerosis studies21,22. This gene localizes to a region of genetic
linkage on human chromosome 5p12–14 (refs. 5,23) and mouse
chromosome 15A2 (ref. 24) and is functionally relevant to the etiology
of the disease.

The common ‘C’ allele of the nonsynonymous coding SNP
rs6897932 (T244I) in exon 6 of IL7R is strongly associated with
increased multiple sclerosis risk, with consistent results in four
independent data sets, including two family-based and two case-
control studies. Although our sequencing of IL7R did not identify
any new variants, it remains a formal possibility that a rare allele in LD
with rs6897932 is the susceptibility allele. However, such a rare allele
would occur in only a small minority of individuals with the
rs6897932 risk allele and would have to have a very strong effect. In
addition, our finding that rs6897932 changes the expression of the
soluble versus membrane-bound form of the protein provides func-
tional evidence for a direct, rather than indirect, disease association,
given that the levels of these isoforms are important in regulating the
IL7 signal transduction pathway.

Two previous expression analyses have found that IL7R, among
many other genes, is overexpressed in peripheral blood mononuclear
cells of individuals with multiple sclerosis, compared with con-
trols21,22. It is unclear if these results describe expression of the
membrane-bound receptor, the soluble protein or both isoforms of
IL7Ra. However, our results suggest that these studies detected
increased levels of the soluble form of IL7Ra due to a greater
frequency of the ‘C’ allele of rs6897932 in individuals with multiple
sclerosis. The seven additional expression studies included in our
convergent approach did not report IL7Ra as being differentially
expressed. This may be due to variability in the stage, type
and number of individuals with multiple sclerosis that were sampled;
the nonreproducibility of the disease etiology in the experimental
autoimmune encephalomyelitis (EAE) model organism; the gene
content of the expression array or the protocol used for generating
the data.

Candidate gene analyses from two previous studies25,26 have sug-
gested a role for IL7Ra in multiple sclerosis. The first study25

identified a suggestive but not statistically significant effect
(P ¼ 0.1) of a promoter region haplotype in IL7R when only
DRB1*1501-positive multiple sclerosis cases were considered. The
second study26, published after initiation of this study, examined 66
candidate genes and found SNPs within IL7R to be statistically
significant in a multiple sclerosis case-control population, both by
single-locus and haplotype analysis. Our family-based analysis con-
firmed the previous result for rs987106 in intron 6 of IL7R (P ¼ 0.01
in Table 2, P ¼ 0.04 in ref. 26). However, the most significant
nonsynonymous coding SNP from ref. 26, rs3194051 in exon 8 of
IL7R, was not significant in our data set (P ¼ 0.79 in Table 2). The
most significant polymorphism from our study, rs6897932, was not
genotyped in these two previous association studies. The combination
of our genetic and molecular data thus suggests that the previously
identified association of IL7R with multiple sclerosis is driven by the
functional effect of rs6897932.

To investigate the role of membrane-bound and soluble isoforms of
IL7Ra, others27 have analyzed differential levels of IL7Ra expression
in a sample of 12 individuals with multiple sclerosis and eight controls

who had alternative alleles of a promoter-region polymorphism.
IL7Ra was significantly differentially expressed in individuals with
primary progressive multiple sclerosis, and the addition of more
individuals with multiple sclerosis improved the significance of
the associated promoter polymorphism that was suggested in
the earlier study by the same group25. However, the promoter
haplotype trended toward significance only when correlated with
levels of soluble IL7Ra.
IL7R represents a plausible candidate gene for the development of

multiple sclerosis, as it is important in B and T cell differentiation and
maintenance via IL7 and thymic stromal lymphopoietin (TSLP)
signaling pathways. IL7Ra mediates IL7 signaling by dimerizing
with the cytokine receptor common g (gc) chain to form the IL7
transmembrane receptor. The availability of membrane-bound IL7Ra
is the limiting factor in IL7 receptor formation. Alternative splicing of
exon 6, which leads to the mutually exclusive production of mem-
brane-bound IL7 receptor or a soluble form of IL7Ra, also regulates
IL7 signaling via cellular secretion of the soluble isoform and binding
to IL7 in solution14.

Functionally, IL7Ra is important in the body’s innate (immediate
but nonspecific) and adaptive (pathogen-specific ‘memorized’)
inflammatory and immunological response. IL7 signaling is critical
for T cell differentiation of CD4– CD8– thymocytes and has a role in
survival of CD4+ CD8+ cells after positive selection28,29. IL7 signaling
also modulates peripheral memory or naive T cell homeostasis (as
reviewed in ref. 30). Resting T cells express low levels of IL7Ra that
allow them to transduce the signal of trace amounts of IL7 to maintain
survival and proliferation. In this context, it is believed that IL7
signaling contributes to the maintenance of low-affinity T cells in
homeostatic peripheral expansion conditions31. Because of the very
low levels of IL7Ra expression in T cells, any further decrease in IL7Ra
expression or function may have a significant effect on IL7 signaling
and T cell regulation and maintenance. Our results suggest that the
multiple sclerosis–associated ‘C’ risk allele of IL7R would probably
decrease membrane-bound expression of IL7Ra.

IL7Ra is also important in the TSLP signaling pathway, via
dimerization with the product of the cytokine receptor–like factor 2
gene (CRLF2) to form the TSLP receptor32. TSLP is an IL-7–like
cytokine that drives immature B cell development in vitro and, in
myeloid dendritic cells, can promote naive CD4+ T cells to differ-
entiate into a T helper type 2 (Th2) phenotype and promote the
expansion of CD4+ Th2 memory cells33. TSLP is thought to trigger
dendritic cell–mediated Th2-type inflammatory responses and is
considered to be a master switch for allergic inflammation34, which
is relevant to the etiology of multiple sclerosis.

The complex role of IL7Ra in T cell development28, combined with
the hitherto undefined molecular mechanisms of multiple sclerosis,
suggests several possible means by which aberrant or suboptimal
functioning of IL7Ra may be implicated in the disease. A twofold
increase in soluble IL7Ra could have marked consequences for
immune activity, and even small changes in alternative splicing can
explain substantial phenotypic diversity35. These small changes in
IL7Ra isoform ratios may affect IL7 signaling and enhance antigenic
T cell response to myelin basic protein and myelin oligodendrocyte
glycoprotein36, both of which have been implicated in the develop-
ment of multiple sclerosis. Alternatively, individuals who carry the risk
allele might have a compromised response to infection because of
reduced B and T cell differentiation and initiation of multiple sclerosis,
as there is evidence that the disease is mediated through bacterial or
viral inflection37. As the risk allele is quite common in the general
population (with a frequency of 0.72–0.74 in individuals of European
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descent), it is plausible that additional triggers are required for the
development and progression of multiple sclerosis, which is consistent
with a complex disease model in which multiple genes and environ-
mental factors contribute to the phenotype. On the basis of our
findings, we hypothesize that additional genes involved in hematopoi-
esis, particularly genes such as the interleukin receptors, which
mediate endogenous interleukin signaling, will also be important in
the pathology of multiple sclerosis.

METHODS
US family data set. The data set consisted of 760 stringently ascertained

families with multiple sclerosis (563 single-case and 197 multiple-case families),

which included 1,055 sampled affected individuals with multiple sclerosis. All

known ancestors were non-Hispanic individuals of European descent. Diag-

nostic criteria and ascertainment protocols have been summarized else-

where38,39. All affected family members were examined or had their medical

records reviewed by one of the authors (S.L.H.); 83% could be classified by

disease subtype as having relapsing-remitting (RR), secondary progressive (SP),

progressive-relapsing (PR) or primary progressive (PP) multiple sclerosis.

SPMS was defined by six months of worsening neurological disability not

explained by relapse and measured as a deterioration of either (i) one or more

points on the expanded disability status scale (EDSS) in affected individuals

with an EDSS o6 or (ii) a one-half point or more for those with an EDSS 46.

PPMS was defined by the presence of both (i) progressive clinical worsening

for more than 12 months from symptom onset without any relapses and

(ii) abnormal cerebrospinal fluid (CSF), as defined by the presence of two or

more oligoclonal bands or an elevated IgG index in the CSF. If acute relapses

were superimposed on this steadily progressive course, individuals were

considered to have PRMS.

The family collection has been ongoing for 420 years, and disease

subtype information is not available on some of the first individuals with

multiple sclerosis collected (17%). The protocol was approved by the

Committee on Human Research at the University of California, San Francisco,

and informed consent was obtained from all participants. A clinical and

demographic description of the individuals with multiple sclerosis is shown

in Table 1.

US case-control data set. The case-control data set was ascertained through a

prospective study of phenotype-genotype-biomarker associations in a large

cohort of individuals with multiple sclerosis followed longitudinally (Table 1).

Individuals with multiple sclerosis (ages 18–65 years) who were evaluated in the

Multiple Sclerosis Center at the University of California, San Francisco between

July 2004 and September 2005 were invited to participate. This study prefer-

entially recruited individuals with a recent onset of multiple sclerosis, although

individuals with all clinical subtypes (RRMS, SPMS, PRMS and PPMS)

participated. Therefore, there are more individuals with RRMS in the

case-control data set, whereas many individuals with RRMS in the family-

based data set have progressed to SPMS since the time at which they were

first collected. Affected individuals were asked to invite a healthy control of the

same sex and ancestry and similar age range to participate in the study.

The protocol was approved by the Committee on Human Research at the

University of California, San Francisco, and informed consent was obtained

from all participants.

European family and case-control data sets. In the UK, trios (an affected

individual and both parents) and unrelated affected individuals were recruited

from across the country as part of an ongoing study of genetic susceptibility to

multiple sclerosis. In Belgium, trios and unrelated cases were recruited from

the region of Flanders. Diagnostic criteria were identical to those used in the

US, except that progressive-relapsing multiple sclerosis was not distinguished

from secondary progressive multiple sclerosis. In Belgium, relapsing-remitting

and secondary progressive multiple sclerosis were grouped together as ‘bout-

onset’. All individuals gave written informed consent, and the study was

approved by the Thames Valley Multicentre Research Ethics Committee

(UK) and the ethics committee of the University Hospital Gasthuisberg in

Leuven (Belgium), respectively. Unrelated UK control samples were obtained

from two sources: the Human Random Control (HRC) DNA panel (derived

from blood donors) supplied by the European Collection of Cell Cultures

(479 individuals) and the British 1958 Birth Cohort (2,047 individuals). Belgian

controls (n ¼ 199) were hospital staff and individuals with noninflammatory

neurological conditions.

Candidate gene and SNP selection. We compiled a list of 323 genes that were

differentially expressed in nine previously published gene expression ana-

lyses21,22. Twenty-eight genes were differentially expressed in at least two of

the nine studies (Supplementary Table 1), with three of these genes, matrix

metalloproteinase 19 (MMP19) [MIM 601807], chemokine (C-C motif) ligand

2 (CCL2) [MIM 158105] and interleukin receptor 7 alpha chain (IL7R) [MIM

146661] having a previously published25,26,40,41 or inferred functional role in

multiple sclerosis. Two of the genes also localized to previous regions of genetic

linkage: CCL2 (17q12)4 and IL7R (5p12–14)5,23. SNPselector42, which incor-

porates genotype data and LD structure from the HapMap project, was used to

identify SNPs within exons, untranslated regions and conserved (putative

regulatory) regions within these genes.

Genomic DNA was extracted from whole blood using standard procedures.

We genotyped five common SNPs within MMP19, four SNPs within CCL2 and

fourteen SNPs within IL7R, including all significant SNPs in IL7R from a

previous study26. All SNP genotypes were generated by the TaqMan allelic

discrimination assay on an ABI7900HT genotyping platform, using the Assay-

on-Demand or Assay-by-Design service from Applied Biosystems. Duplicate

quality control samples were placed both within and across plates, and

matching genotypes were required for the genotype data to be included in

the analysis. Laboratory personnel were unaware of pedigree structure, affection

status and location of quality control samples. All SNPs were required to have

at least 95% genotyping efficiency, and SNP rs6897932 had 97% efficiency.

Statistical methods. A small number of SNP genotypes causing unresolvable

mendelian inconsistencies, as identified by the program PEDCHECK43, and

those implying greater-than-expected recombination rates given the small

physical distances between SNPs, as identified by the MERLIN program44,

were eliminated from the analysis. From these data, we estimate that our

residual error rate is o0.3%. All SNPs were tested for Hardy-Weinberg

equilibrium in separate samples of unrelated affected and unaffected indivi-

duals, using an exact test implemented in the GDA program45. Measures of LD

were calculated with the GOLD software46.

To compare our genotyped SNPs with the currently known common

sequence variation in IL7R, we downloaded all SNP genotypes generated by

the HapMap project on the CEU population, requiring a minor allele frequency

Z10% and genotyping efficiency Z90%. The algorithm implemented in

Tagger software47 indicated that our four haplotype-tagging SNPs were

individually, or in combinations of up to three SNPs, highly correlated with

32 of the 36 variant alleles (89%) identified by the HapMap project, with a

mean r2 of 0.944. This suggests that these four SNPs captured the majority of

common sequence variation in IL7R. Of the 36 variant alleles identified by the

HapMap project, four were untaggable with these four SNPs, two were

captured with r2 ¼ 0.65, one was captured with r2 ¼ 0.54, one was captured

with r2 ¼ 0.38 and the other 28 were perfectly correlated with r2 ¼ 1.0.

For the family-based data sets, we used the PDT6 for single-locus association

testing, and the HBAT module of the FBAT package48 for haplotype analysis

(using the ‘hbat –e’ command line option). The SNP-specific maximum

number of informative discordant sibling pairs in the US data set was 807

(395 from multiplex and 412 from singleton families), and the maximum

number of informative parent-offspring trios in the US data set was 479 (151

from multiplex and 328 from singleton families). Multiple sclerosis severity

scores (MSSS) were calculated as described previously10. Age of onset and

MSSS were analyzed with the QTDT package8, using the Monks-Kaplan test7.

The case-control data sets were analyzed by logistic regression (SAS), using an

additive allele coding of genotypes (0 for homozygous carriers of the major

allele, 1 for heterozygous genotypes, 2 for homozygous carriers of the minor

allele) as a screening test for all SNPs. The genotype frequencies in multiple

sclerosis cases and controls suggested a recessive model for SNP rs6897932 at

IL7Ra, which was used for the joint analysis of the US and European data sets

(Table 4), for the combined analysis of HLA and IL7R (Table 5) and for the
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power calculations performed with QUANTO49. The P values from the logistic

regression model were very similar with and without adjustment for age

(continuous) and gender (categorical). Permutation-based association testing

and haplotype analysis were performed with the WHAP program13. The

method implemented in WHAP uses a weighted maximum-likelihood

approach to allow for ambiguity in statistically inferred haplotypes.

SNP detection by exon resequencing. We carried out de novo SNP identifica-

tion by sequencing exons 2, 3, 4, 5, 6, 7 and 8 of IL7R in 16 affected individuals

(14 RR, 1 PP and 1 PR), 5 unaffected sibs and 11 parents using an Applied

Biosystems 3730 sequencer and manufacturer-recommended sequencing pro-

tocols. Using Primer3 software, we designed primers to completely incorporate

the exons, intron boundaries and intronic sequence adjacent to each exon.

Primer sequences are presented in Supplementary Table 3 online.

Analysis of exon 6 inclusion in cell culture. To amplify exon 6 of IL7R via

PCR, we used genomic DNA from two phenotypically normal individuals who

were homozygous for the ‘C’ or ‘T’ alleles of rs6897932. The last 614

nucleotides of intron 5, the entire exon 6 and the first 573 nucleotides of

intron 6 of IL7R were amplified and cloned between the XbaI and XhoI sites in

the splicing reporter minigene pI-11 (ref. 15), to create splicing reporters pI-11-

IL7R172 and pI-11-IL7R382.

We created mutants of the minigenes with either A or G at rs6897932 and

also created a version of pI-11-IL7R382 in which 3 nt upstream and 3 nt

downstream of this locus were mutated (TAA[T]CAT - GCC[T]ACG). All

constructs and subclones were sequenced. The sequences of these constructs

and subclones and the oligonucleotides used in their construction are available

upon request.

Rat DT3 and AT3 cells were cultured in low-glucose DMEM (Gibco) with

10% FBS. HeLa cells were cultured in high-glucose DMEM with 10% FBS.

Stable transfections (Fig. 2b) were as described in ref. 50. Transient transfec-

tions (Fig. 2c) used the same stable transfection protocol, except that 100 ng of

DNA was transfected in cells, and cells were harvested 48 h post-transfection

without any selection. All transfections were performed in triplicate for

each construct.

Total RNA was extracted from stable cells using Trizol reagent (Invitrogen)

according to the manufacturer’s protocol, and exon 6 inclusion was determined

by RT-PCR analysis as previously described15,50. PCR products were loaded

directly on a 5% polyacrylamide nondenaturing gel, electrophoresed at 100 V

for 3–4 h and exposed to Amersham Hyperfilm-MP or Molecular Dynamics

phosphorimager screens. Quantification of PCR products was performed with

ImageQuant software (Molecular Dynamics). In each case, RT-PCR products

were normalized for molar equivalence.

Stable minigene transfection. Rat DT3 cells were cultured in low-glucose

DMEM (Gibco) with 10% FBS. Stable transfections were as described in

ref. 50. All transfections were performed in triplicate for each construct, as

described above.

Allele-specific IL7R isoform expression in healthy controls. Real-time PCR

was carried out in 94 control individuals using Applied Biosystems TaqMan

one-step real-time PCR master mix reagents kit under the manufacturer’s

recommended conditions on an ABI 7900HT Sequence Detection System using

SDS 2.0 software. Positive and negative controls, as well as a calibration curve

spanning five orders of magnitude constructed with an in vitro–transcribed

clone of GAPDH, all in triplicate, were also included in each reaction plate.

Amplification values are expressed as 1012/2ct. Three different gene expression

TaqMan assays were tested: Hs00233682_m1, which covers the IL7R exon 4/5

boundary, Hs00904814_m1, which covers the exon 6/7 boundary, and

Hs00902338_g1, which covers the exon 7/8 boundary.

Data access. Access to summary and primary data may be requested through

the International Multiple Sclerosis Genetics Consortium website.

URLs. HapMap: http://www.hapmap.org; Ensembl: http://www.ensembl.org;

European Collection of Cell Cultures (ECACC): http://www.ecacc.org.uk;

British 1958 Birth Cohort: http://www.b58cgene.sgul.ac.uk; Primer3: http://

fokker.wi.mit.edu/primer3/; International Multiple Sclerosis Genetics Consor-

tium website: http://imsgc.org.

Note: Supplementary information is available on the Nature Genetics website.
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