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Variants within the
immunoregulatory CBLB gene are
associated with multiple sclerosis
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A genome-wide association scan of ~6.6 million genotyped or
imputed variants in 882 Sardinian individuals with multiple
sclerosis (cases) and 872 controls suggested association of CBLB
gene variants with disease, which was confirmed in 1,775
cases and 2,005 controls (rs9657904, overall P = 1.60 x 10719,
OR = 1.40). CBLB encodes a negative regulator of adaptive
immune responses, and mice lacking the ortholog are prone

to experimental autoimmune encephalomyelitis, the animal
model of multiple sclerosis.

Multiple sclerosis (MS) is a multifactorial neuroinflammatory and
autoimmune disorder. A primary cause of disability in young adults,
it results from interactions between unknown environmental factors
and alleles of many susceptibility loci across the genome. Recent inves-
tigations of the genetics of MS have resulted in important advances,
driven largely by completion of the first genome-wide association
studies (GWAS)!'=3. Thus far, the major GWAS findings have come
from analyses of northern European populations and derived popula-
tions in which MS is particularly common. Although MS has a low
incidence in geographically neighboring populations, it is common in
the founder, isolated population of Sardinia; its prevalence of 0.16%

in this population is among the highest worldwide?, despite the rarity
of the major MS-susceptibility HLA haplotype HLA-DRBI1*1501-
DQBI1*0602 (frequency = 0.014 compared to ~0.25 in Europeans)>.
Therefore, it is of particular interest to dissect the genetic basis of MS
in Sardinia. Here we report analyses that show a strong association
between MS and a specific immunoregulatory gene in Sardinians.

We first analyzed 882 MS cases and 872 controls genotyped with the
Affymetrix 6.0 chip (Supplementary Methods). To increase the spec-
trum of variants tested for association, we used genotypes at 555,335
autosomal SNPs that passed strict quality checks (see Supplementary
Table 1) to perform three rounds of imputation® using the HapMap
phase II European CEU, HapMap phase III CEU and Italian TSI
populations and the 1000 Genomes Project samples as references
(Supplementary Methods). Although imputation using HapMap
II as a reference is now a standard analysis in most GWAS®, using
HapMap phase III and 1000 Genomes Project data here allowed us to
examine evidence for association at additional sites. Overall, we were
able to test for MS association 6,607,266 markers that had been either
directly genotyped or successfully imputed. Population stratification
was evaluated and corrected for using principal component analysis,
though we observed no large-scale substructure in our samples; the
genomic control parameter was <1.057 in all three imputed datasets
(Supplementary Methods and Supplementary Fig. 1).

Several signals in the HLA region satisfied the genome-wide
significance threshold of P = 5 x 1078 . The top associated variant,
rs2040406 (P = 1.45 x 10729), is located ~45 kb from the DRBI
locus and showed a strong correlation (r? = 0.85) with the common
DRBI*0301-DQB1*0201 haplotype in a subset of 423 MS cases who
were also fully typed for HLA-DRBI and DQBI loci. This haplotype
has been previously found to be associated with MS in Sardinia®.
Notably, the best tag for the canonical HLA-DRBI1*1501 allele,
rs3135388 (see Supplementary Methods), did not show evidence
for association either in the GWAS or after conditioning for the top
SNP, rs2040406 (P = 0.69 and P = 0.045, respectively). Instead, the
conditional analysis showed the most associated marker in the region
to be 1s9267955 (P = 4.5 x 1077, frequency of allele A in cases = 0.05
and frequency in controls = 0.03), which partially correlates (r% = 0.41;
Supplementary Methods) with the HLA-DRBI1*1501 haplotype.
Altogether, these data reflect the fact that a different spectrum of HLA
variants associated with MS may exist in this population and that
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Table 1 Association results for rs9657904

DRBI*0301-DQBI*0201 haplotype, using

Study type n (cases/controls)  Freq (cases/controls) OR (95% Cl) P value rs2040406 genotypes as a proxy.

GWA samples 882/872 0.875/0.815 1.58(1.31-1.90)  1.20x 1076 CBLB was the only gene in the asso-
Independent samples 1,775/2,005 0.867/0.830 1.34(1.17-1.52)  9.34x 10°® ciated region (Fig. 1). One other variant,
Joint analysis 2,657/2,877 0.870/0.826 1.40 (1.27-1.57)  1.60 x 10710 1512487066, 325 kb upstream of CBLB and

The table summarizes results at rs9657904 in the CBLB locus using a 1 degree of freedom test. The independent
samples consist of 1,775 and 1,474 controls and 531 AFBAC controls. Frequency and odds ratio are given with

respect to the T allele.

further work is required to fine map these effects. Some previously
described markers at known non-HLA loci were also confirmed,
although they did not show genome-wide significant P values (see
Supplementary Table 2).

We then ranked non-HLA SNPs based on their level of signi-
ficance, the evidence for association at nearby SNPs, their proxi-
mity to functional candidate genes and their P values in previously
published GWA scans, prioritizing variants that were not typed or
imputed in previous GWAS or that were in loci with inconclusive evi-
dence of disease association (Supplementary Methods). We selected
nine SNPs to be validated with an independent genotyping method
(Supplementary Methods and Supplementary Table 3). De novo geno-
typing with TagMan yielded an average concordance rate of 97.5%
between inferred and directly typed genotypes. All nine of the chosen
variants were then assessed in an additional 1,264 MS cases and 1,305
unrelated controls from the sample population; the controls included
403 affected family-based pseudo controls (AFBAC) from 403 MS
trios (Supplementary Methods). Only one SNP showed evidence of
association at P < 0.05 in the replication sample set; this SNP was then
genotyped in a further 511 MS cases and 700 controls, which included
128 AFBAC individuals (Table 1 and Supplementary Table 3). In parti-
cular, rs9657904 (containing a T > C alteration), located in intron 1 of
CBLB on chromosome 3q13.11, was genotyped with the Affymetrix
chip (call rate = 93.5%) and showed an initial P =7.95 x 10" in the first
stage of the GWAS that was decreased to P = 3.19 x 107 by filling in
undetermined genotypes by imputation using HapMap III. This SNP
was then fully validated (P = 1.20 x 10~°) by direct TaqMan genotyping
and was confirmed in an additional 1,775 MS cases and 2,005 controls
(P=9.34 x 107 Table 1 and Supplementary Table 3).

Jointly analyzing all the available data from the GWAS together
with the follow-up dataset (which contained 2,657 cases and 2,877
controls), we observed convincing evidence for association, with
P =1.60 x 10710 (OR = 1.40, 95% CI 1.27-1.57 for the common
allele T and OR = 2.5, 95% CI 1.71-3.52, for the homozygous TT
genotype when compared to the baseline risk conferred by the
CC genotype, with no significant evidence for departure from the
multiplicative model; Fig. 1 and Table 1). Likewise, no significant
interaction (P = 0.31) was detected in a case-only analysis with the

Figure 1 Association and linkage disequilibrium patterns at the CBLB
locus. (a) Association of genotyped and imputed SNPs (~log;q P) around
CBLB. Comb diagrams indicate the location of successfully genotyped
SNPs in Affymetrix 6.0 (filled diamonds) and of SNPs imputed (open
circles) using haplotypes from 1000 Genomes as the reference panel.
The top SNP (rs9657904) is highlighted in blue, and other SNPs are
colored according to their degree of disequilibrium with this variant; for
color coding, see legend at the upper left corner. Recombination rate
(cM/Mb, from the CEU HapMap population) is depicted by a blue line.
The Pvalue resulting from a joint analysis of samples used in the GWA
scan and replication is annotated and indicated with a black diamond.
The CBLB transcript is indicated in the lower box, with ‘=’ indicating
the transcript’s direction. (b) The linkage disequilibrium pattern in the
Sardinian population.

independent of rs9657904 (r% = 0.2), showed
some nominal evidence of association in the
previous GWAS?3, but it was not associated
with MS (P = 0.74) in our sample.

In a conditional regression analysis performed on our GWAS data,
rs9657904 entirely explained the association at the region (that is, no
other nearby SNPs showed significant evidence for association after
adjusting for rs9657904). This marker was not included in HapMap II;
thus, we were only able to fully analyze it after imputation with
the haplotypes from the HapMap III or 1000 Genomes samples as
references. Other nearby SNPs that were included in HapMap II did
show strong evidence for association in all analyses. Indeed, several
other markers spanning the region from the gene promoter to intron 3
showed a degree of association similar to that of 1s9657904 (rs9846534
P =3.93 x 107°, rs10511246 P = 3.90 x 1075, rs6804152 P = 3.87 x
1076, rs7649466 P = 3.66 x 107° and rs9631436 P = 3.72 x 10°5;
Fig. 1). However, these polymorphisms could not be distinguished
statistically and therefore any of them, or other variants yet to be
identified, could be the causal variant(s). The SNPs with the smallest
P values, rs9657904 and rs7649466 (r2 = 1 with each other), both fall
in the 5’ region of CBLB, a gene characterized by at least 11 alternative
isoforms. As assessed in CD4" T-cell lines, this region contains a
CpG island, along with DNase I hypersensitivity sites, a combina-
torial pattern of 17 histone acetylation and methylation sites and a
DNA polymerase II binding site (Supplementary Fig. 2). All these
features indicate the presence of a regulatory core with transcriptional
activity. Furthermore, rs7649466 is predicted to affect an exonic splic-
ing enhancer for SF2 (allele G score = 2.81 and allele C score 3.42
from PupaSuite 2.0). Overall, these data suggest that rs9657904 and
1rs7649466, or other variants in close linkage disequilibrium with them,
might affect CBLB splicing and/or transcription regulation and could
provide mechanistic clues for the observed disease association.

CBLB encodes a multifunctional adaptor protein that works as a
RING-family E3 ubiquitin ligase to negatively regulate T-cell receptor
and B-cell receptor activation”:8. Furthermore, this molecule is also
critical for the induction of anergy in NKT cells, a specific class of
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T cells activated by glycolipid antigens and characterized by the cell-
surface expression of a single invariant T-cell receptor®.

Mice deficient in the ortholog Cblb are highly susceptible to
experimental autoimmune encephalomyelitis'?. Cblb may also have
a broader role in general autoimmunity, because its disruption causes
lymphocytic infiltration into many organs in another mouse genetic
background!!, and Cblb was also discovered to be a major suscepti-
bility gene in different rodent models of autoimmune disease!>!3.
Furthermore, other studies have shown that Cblb-deficient mice
spontaneously reject a variety of cancers'4. Hence, CBLB variation
appears to be critical in maintaining the delicate balance between
immunological activation and tolerance, which are anticipated to have
opposite effects in autoimmunity and cancer.

Given the versatility of CBLB as a gatekeeper in the adaptive immune
response’’!4, its involvement in MS might suggest that both T cells and
B cells cooperate in the disease process, most likely with lowered activity
leading to an exacerbated immune response in the etiology of MS. Still,
unraveling exactly how CBLB contributes to MS risk will require addi-
tional fine mapping, expression and functional experiments. Clarifying
the role of CBLB will highlight key features of disease pathogenesis and
help us to understand the overall functioning and malfunctioning of
the immune system in the central nervous system.

URLs. MACH software, http://www.sph.umich.edu/csg/abecasis/
mach/; R project, http://www.r-project.org/; HapMap project, http://
www.hapmap.org/; 1000 Genomes Project, http://www.1000genomes.
org/; 1000 Genomes Haplotypes for imputation, http://www.sph.
umich.edu/csg/yli/mach/download/1000G-Sanger-0908.html;
PupaSuite, http://pupasuite.bioinfo.cipf.es/; Ensemble, http://www.
ensemble.org/; UCSC, http://genome.ucsc.edu/.

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