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Abstract | Multiple sclerosis (MS) is a common and severe CNS disorder that is characterized by myelin 
loss, chronic inflammation, axonal and oligodendrocyte pathology, and progressive neurological dysfunction. 
Extensive epidemiological data confirm that genetic variation is an important determinant of susceptibility to 
MS, and suggest that such variation also influences the timing of symptom onset, the course of the disease, 
and the treatment response. Multicenter international collaborations have allowed large and well‑characterized 
sample collections to be assembled that, when coupled with high‑powered laboratory technologies, afford the 
opportunity to analyze the genome with increasing resolution and detail. The seven MS genome‑wide association 
screens that have been completed in the past 3 years have substantially lengthened the list of MS genetic 
risk associations. Nevertheless, our knowledge of MS genetics remains incomplete, with many risk alleles 
still to be revealed, although progress is likely to be rapid in the near future. The ensuing challenge will be to 
design effective functional studies that convincingly link genetic variation to the underlying pathophysiology 
of MS. Establishment of such connections might translate into clinically useful genetic biomarkers and reveal 
novel targets for therapy. This Review briefly summarizes well‑established concepts of MS epidemiology and 
susceptibility, and discusses new knowledge emerging from genome‑wide association studies.
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Introduction
in countries populated by europeans and their descen-
dants, multiple sclerosis (ms) is a common cause of 
neuro logical disability in young adults.1 important 
advances have been made in the clinical management 
of ms in the past three decades. nevertheless, the long-
term prognosis for individuals who develop this disease 
remains generally poor: 15 years after diagnosis, most 
patients exhibit marked functional and/or cognitive 
deficits, with many requiring assistance to walk.

ms is a disease of the Cns. the histopathology of 
the affected brain and spinal cord has several notable 
features, including chronic inflammation, myelin 
loss, gliosis, and axon and oligodendrocyte pathology. 
together, these features suggest the occurrence of two 
overlapping and connected effector arms, namely auto-
immunity and neuro degeneration.2 typically, ms starts 
out as an episodic disorder and develops over time into 
a progressive and insidious disease.3 axonal patholo gy 
and neuronal loss are believed to be ultimately respon-
sible for the persistent neurological dysfunction, but 
the debate concerning the nature of the initiating event 
continues, with new data supporting the view that 
early oligo dendrocyte loss and plaque formation are 
not directly caused by a destructive adaptive immune 
response.4 another key unresolved issue is whether ms 
is the product of a single mechanism of tissue damage or 
can arise from fundamentally distinct pathologies.5,6

interactions with infectious, climatic and/or other 
environmental variables probably have a considerable 
effect on an individual’s susceptibility to ms (Figure 1). 
the influence of migration,7–9 latitude,10–12 and month of 
birth13–15 on disease prevalence is consistent with a role 
for the environment in the determination of ms risk 
(Box 1). the observed increase in the incidence of this 
disease over the past century16 and the existence of critical 
age periods for exposure to putative disease triggers13,17,18 
represent additional epidemiological cues supporting a 
fundamental role for environmental factors in ms. in 
addition to environmental factors, ancestry and family 
history (that is, genetics) are broadly agreed to exert a 
major influence on an individual’s risk of develop ing this 
disorder.19 in this review, we examine the wealth of new 
genetic data acquired through genome-wide association 
studies (Gwas) and discuss the ensuing controversy 
on the respective roles of common versus rare genetic 
va riants in determining ms risk.

Evidence for a genetic component
the pivotal data supporting genetic influences on ms 
susceptibility emerged from early observations of disease 
aggregation in families.20–23 the extent of familial cluster-
ing is often expressed in terms of the λs para meter, which 
is derived from the ratio between the lifetime disease 
risk observed in the siblings of an affected individual 
and the risk seen in the general population.24 in north-
ern europeans, the recurrence risk of ms in affected 
indivi duals’ siblings is ≈2%, and the prevalence of this 
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disease is 1 case per 1,000 people. thus, after correcting 
for age, the λs for ms is 15–20, which is a similar range to 
that observed for type 1 diabetes and several other auto-
immune diseases.23,25 some investigators argue that both 
the recurrence risk and prevalence are difficult to quan-
tify and, in general, the latter is underestimated while 
the former is overestimated.26 Consequently, a more 
accurate value for λs has been suggested to be <10.27,28

in addition to siblings, second-degree and third-degree 
relatives of individuals with ms have an increased risk 
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Figure 1 | MS as a complex disease. MS belongs to the group of complex genetic 
diseases, which are common disorders characterized by modest disease‑risk 
heritability and multifaceted interactions between genetic and environmental 
factors. The full list of disease genes (susceptibility and modifiers) and 
environmental triggers in MS remains incomplete, while the study of epigenetic 
and other regulatory mechanisms linked to MS susceptibility is only just beginning. 
Abbreviation: MS, multiple sclerosis.

of developing this disease. this observation provides 
further support to the notion that genetic factors, dis-
tinctly to a common environmental exposure, influence 
familial susceptibility.23,25,29 the results of Canadian 
studies involving adoptees,30 half siblings31 or spouses32 of 
indivi duals with ms confirm that genetic factors are pri-
marily responsible for the co-occurrence of this disease 
in families. Concordance of some ms-related clinical 
metrics in families suggests that genes modestly influ-
ence disease trajectory and course,33–36 as well as affecting 
suscepti bility. Finally, twin studies from several dif ferent 
populations have consistently shown that a monozy-
gotic twin of an individual with ms has a higher risk 
of develop ing this disease than has a dizygotic twin.37,38 
the estimated indices of heritability that emerged from 
these studies were acknowledged, however, to have a 
broad range (25–76%).39

interestingly, the extent of disease concordance among 
monozygotic twins seems to correlate with latitude.10 
this finding exposes the complexity of the under lying 
multifactorial interactions that are associated with 
ms risk. of note, the incomplete disease concordance 
in twins cannot be completely attributed to environ-
mental triggers, and might reflect the occurrence of sto-
chastic or programmed post-genomic modifier events. 
such events include gene rearrangements in the germ-
line (leading to a large variety of alternative immune 
receptors being encoded), incorporation of retroviral 
sequences, somatic mutations, epistatic interactions and 
epigenomic fluctuations.

taken together, the familial recurrence and twin con-
cordance rates for ms do not support the presence of a 
mendelian trait. Consequently, and in line with observa-
tions for other common diseases, the ms-prone genotype 
is probably highly polygenic.

Gene discovery in multiple sclerosis
in an effort to decipher the genetic component of ms 
pathogenesis, many candidate-gene and whole-genome 
linkage analyses have been performed.40 most non-mHC 
candidate gene studies performed to date have been 
handicapped by inadequate statistical power and have 
yielded largely equivocal results, and will not be dis-
cussed here. a notable exception was the discovery that 
IL7R, which encodes the α subunit of the interleukin 
(il)-7 receptor, was a true ms susceptibility gene. the 
il-7 receptor αγc heterodimer mediates il-7 signaling, 
which is a key mediator of t cell and B cell differentiation 
and survival.41–43

the scarcity of extended multiple-case families show-
ing a clear and homogeneous mode of disease trans-
mission has prevented the full exploitation of classic 
genetic linkage approaches in ms. indeed, despite intense 
efforts, such approaches have largely proved ineffec-
tive for identifying susceptibility genes. one exception 
to this trend relates to the human leukocyte antigen 
(Hla) gene cluster on chromosome 6p21.3, which was 
discovered to be an ms susceptibility locus in the early 
1970s through use of a classic case–control association 
approach (Box 2). in the best-powered full-genome ms 
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linkage screen, which included 730 multiple-case ms 
families and 4,500 markers, the peak logarithm (base 10) 
of odds (loD) score in the HLA region reached a 
striking 11.7 (a loD score of 3 or more is generally 
believed to indicate linkage). in this study, numer ous 
regions on multi ple chromosomes revealed linkage 
signals of in terest; how ever, no other locus reached 
genome-wide significance.44 the absence of signals 
(other than the HLA region signal) meeting this thres-
hold discouraged the pursuit of large-scale follow-up  
fine-mapping efforts.

the interpretation of ms linkage data resulted in a 
new set of assumptions that has guided genetics studies 
of this disorder in recent years. the first of these 
assump tions is that a substantial component, if not all, 
of the genetic risk is determined by susceptibility alleles 
that are relatively common in the population (that is, a 
minor allele frequency of >5%), with each allele exerting 
a small to moderate effect on the overall risk. the second 
assumption states that in addition to the HLA region, 
20–100 common genetic variants—each one increasing 
risk by a factor of only 1.2–1.5—might be sufficient to 
account for the genetic risk in ms. third, the identifica-
tion of genes influencing ms development must rely pri-
marily on association-based methods and should involve 
large patient cohorts. last, candidate gene studies, even 
if they are well powered, are hampered by our incom-
plete knowledge of ms patho genesis and, hence, the dif-
ficulty of selecting the gene to investigate from among 
the many plausible candidates. remarkable progress in 
the development of laboratory and analytical approaches 
has provided the opportunity to test these assumptions, 
and has fueled the impetus for pursuing ‘agnostic’ Gwas 
in ms (Box 3).

Genome-wide association studies
Studies conducted to date
the results of seven Gwas in ms have been reported, 
including data from an early study that only genotyped 
nonsynonymous coding single nucleotide poly mor-
phisms (snPs) and recent scans of a high-risk isolate 
from Finland and a sardinian cohort.45–51 the classic 
ms risk locus HLA-DRB1 (Box 2) stood out in all 
studies with remarkably strong statistical significance 
(for example, P <1 × 10−32 [Cochran–armitage trend 
test] in one study48). the seven Gwas were followed 
by extensive efforts to replicate the top hits52–57 and a 
compre hensive replicated meta-analysis.58 together, 
these studies provided robust evidence for 12 novel 
loci affecting disease susceptibility (table 1). of note, 
these markers might not necessarily represent the 
causal disease variant themselves, explaining in part 
the very modest independent odds ratio for each allele. 
addi tional follow-up experiments refined some of the 
associ ation signals and provided early insights into  
the func tional effects of the identified gene variants. For 
exam ple, variants of IL7R and IL2RA (which encodes the 
il-2 receptor α subunit) were associated with increases 
in the soluble to membrane-bound ratios for il-2 and 
il-7 receptors, respectively,43,59,60 while a variant of CD58 

Box 1 | Environmental influences on multiple sclerosis

The suggestion that sun exposure protects against multiple sclerosis (MS) by 
increasing vitamin D3 levels has become a common explanation for the latitude 
effect on this disease.11,90 in humans, ultraviolet (Uv) radiation is the main 
catalyst of vitamin D3 synthesis. At high latitudes, people commonly exhibit low 
levels of this vitamin, particularly during the winter months when daylight hours 
are limited. vitamin D3 has a key role in T cell activation.91 Thus, a reduction 
in vitamin D3 levels might lead to immunoregulatory deficits and, hence, an 
increase in the risk of MS.92,93 interestingly, HLA-DRB1*15 susceptibility 
haplotypes harbor a conserved vitamin D response element that modulates MHC 
class ii DRβ expression.94

The vitamin D hypothesis has recently been challenged by studies using 
a controlled Uv radiation treatment protocol in a mouse model of MS, 
experimental autoimmune encephalitis (EAE).95 The clinical signs of EAE 
were largely suppressed following exposure to continuous Uv radiation. 
Treated mice, however, only exhibited a modest and transient increase in 
serum levels of 25‑hydroxycholecalciferol (a hydroxylated form of vitamin D3). 
Moreover, 25‑hydroxycholecalciferol administered through the diet of treated 
mice was unable to prevent disease progression, even at doses causing 
severe hypercalcemia.

in additional to vitamin D, many other environmental factors have been 
examined in MS,90,96 including nutritional and dietary factors, consumption of 
water from wells, contact with animals, trauma following an accident or surgery, 
pollution, temperature, chemical agents, metals, minerals, organic solvents, and 
viral and bacterial infections. The biologically plausible infectious agents that 
could have a role in MS include measles, rubella, varicella zoster and mumps,97 
although the most reliable epidemiological98 and laboratory99–101 data relate 
to the Epstein–Barr virus. As in other autoimmune diseases, cigarette smoke 
might also be a potential environmental risk factor for MS.102,103 A pertinent 
consideration, however, is that diverse environmental factors could be operating 
in this disease.

Box 2 | The 6p21–p23 chromosomal region and multiple sclerosis

The human leukocyte antigen (HLA) class ii region, which is located on 
chromosome 6p21 (6p21–p23), has been identified as the genetic factor 
with the strongest influence on the susceptibility to multiple sclerosis (MS). 
Associations between this locus and MS have been observed across virtually 
all populations that have been studied. Moreover, such links have been found in 
patients with primary progressive MS and individuals with the relapsing–remitting 
form of this disease, suggesting that HLA‑related mechanisms contribute to 
both phenotypes. A study of HLA‑DRB1 and HLA‑DQB1 alleles and haplotypes in 
an African American MS cohort showed that the effect of the HLA class ii region 
on MS was largely attributable to HLA‑DRB1.104 HLA-DRB1*1501 has a low 
frequency in Africa. in Europeans, but not in Africans, positive selection seems 
to have occurred for this allele and the extended DRB1*1501–DQB1*0602 
haplotype. The factors responsible for this selection process remain unclear, 
although an infectious pathogen might have been involved. One possible 
outcome of this process seems to have been a heightened susceptibility in 
Europeans to MS, which is almost nonexistent in Africa.

The exact mechanisms whereby DRB1 influences MS susceptibility remain 
undetermined. Such mechanisms will, however, probably be related to the 
physiological function of HLA molecules in various immunological processes, 
such as antigen binding and presentation, and T cell repertoire determination. 
Allelic heterogeneity, as well as copy number and cis–trans regulatory effects 
have been reported for HLA-DRB1.105,106 Such findings also suggest an allelic 
gradient of disease association with this gene, ranging from a genetic make‑
up of high vulnerability (DRB1*15 homozygotes and DRB1*15–DRB1*08 
heterozygotes) to one of moderate susceptibility (DRB1*03 homozygotes and 
heterozygotes) or resistance (DRB1*15–DRB1*14 heterozygotes). in the latter, 
DRB1*14 alleles would nullify the susceptibility effect of DRB1*15. Emerging 
data also suggest a modifier role for HLA-DRB5107,108 and protective influences of 
HLA class i alleles.109–113
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was associated with diminished expression of CD58 
messenger rna (mrna).59 in addition to gene identifi-
cation, Gwas have brought about a dramatic paradigm 
shift in the study of ms, by allowing the development 
of a novel, perhaps more-accurate model of the genetic 
contribution s to disease pathogenesis.61

some of the allelic variants associated with ms have 
been proposed to be involved in several other auto-
immune diseases, suggesting that common underlying 
mechanisms might exist for various autoimmune con-
ditions.56,62–64 For example, IL2RA-mediated suscepti-
bility effects are observed in ms, type 1 diabetes, Graves 
disease and rheumatoid arthritis.65 interestingly, the 
directions of the associations are not consistent across 
these diseases. indeed, while one IL2RA allele associ-
ated with susceptibility to ms seems to confer resistance 
to type 1 dia betes, a second allele of this gene confers 
suscepti bility to both diseases, and a third allele is only 
associated with susceptibility to the latter.66,67 this 
genetic modularity of human disease is not limited to 
auto immunity.68–70 For example, variants in the transcrip-
tion factor gene HNF1A seem to be involved in maturity 
onset diabetes of the young type 3 and also can cause 
hepatic adenomas, while polymorphisms in the gene 
encoding transcription factor 7-like 2 affect the risk of 
developing type 2 diabetes and colon cancer. By merging 
conventional reductionism (that is, correlations between 
distinct experimental end points and clinical pheno-
types) and the nonreductionist approach of systems 
biomedicine (that is, incorporation of network biology 
principles), new disease classifications based on coherent 
genotypes and phenotypes might be possible.62,71

taken together, the data from Gwas seem to support 
the long-held view that ms susceptibility rests on the 
action of common sequence allelic variants (that is, 
risk alleles with a frequency of >5%) in multiple genes. 
nevertheless, in spite of the expanding roster of risk loci, 
our understanding of ms genetics remains incomplete. 
For example, the sorting and classification of genomic 

Box 3 | Genome‑wide association studies

Genome‑wide associations studies (GwAS) examine single nucleotide 
variation across genomes to identify genetic factors that are associated 
with a quantifiable trait. The ‘common disease, common variant’ hypothesis 
provides the underlying rationale for such studies. Commercially available single 
nucleotide polymorphism chips or arrays typically used in GwAS contain probes 
for polymorphisms selected on the basis of frequency and linkage disequilibrium 
parameters to efficiently capture large portions of common variation across  
the genome. Thus, the selected polymorphisms acts as surrogate markers  
of the broad genomic loci putatively associated with the trait of interest. Rapid 
rises have been observed in the density of the tested polymorphisms (currently 
>106) per study and in the number of published GwAS.114,115 Given the very 
large number of simultaneous tests in each study, various P value cut‑off points 
have been used to assess the statistical significance of associations (from 
P <5 × 10–7 to P <1 × 10–10), and a number of replication strategies have been 
employed to confirm such findings.116,117 The wellcome Trust Case Control 
Consortium has proposed that GwAS for complex diseases should involve at 
least 2,000 cases and 2,000 controls, and that P values of <5 × 10–7 would be 
needed to ensure that results were probably true. Obviously, larger sample sizes 
would be required if the effect sizes were smaller to ensure the validity of this 
proposed threshold.

Despite being a very young experimental approach, GwAS have identified 
hundreds of polymorphisms that are associated with disease and other traits 
and, hence, have provided new knowledge and important biological insights. 
Most of these associated variants have conferred small increments to risk 
(1.2‑fold–1.5‑fold). An online catalog of these variants is maintained by the 
National Human Genome Research institute.118

Table 1 | Overview of published genome‑wide association studies in multiple sclerosis

Study Design Population 
origin

number of screened 
samples*

number of SnPs* Featured loci 
and/or genes

wellcome Trust 
Case–Control 
Consortium (2007)45

Cases–shared 
controls

UK 1,000 cases and 1,500 
shared controls

14,436 
(nonsynonymous 
SNPs)

IL7R

international Multiple 
Sclerosis Genetics 
Consortium (2007)46

Family  
based and 
case–control

US and UK 931 family trios 334,923 HLA, IL2R, IL7R, 
CLEC16, CD58, 
EVI5, TYK2

Comabella et al. 
(2008)47

Pooled 
case–control

Spain 242 cases and  
242 controls

500,000 HLA, 13q31.3

Gene Associations  
in Multiple Sclerosis 
Consortium (2009)48

Case–control US,  
The Netherlands 
and Switzerland

978 cases and  
883 controls

551,642 HLA, GPC5, 
PARK2, PDZRN4, 
CSMD1

Australia and New 
Zealand Genetics  
in Multiple Sclerosis 
Consortium (2009)49

Case–control Australia and 
New Zealand

1,618 cases  
and shared data  
for 3,413 controls

303,431 HLA, METTL1, 
CD40

De Jager et al.(2009)58 Meta‑analysis 
and 
case–control

US, UK, The 
Netherlands and 
Switzerland

2,624 cases and  
7,220 controls

2,557,248 (imputed) TNFRSF1A, IRF8, 
CD6, RGS1

Jakkula et al. (2010)50 isolated 
case–control

Finland 68 distantly related 
cases and 136 controls

297,343 STAT3

Sanna et al. (2010)51 Case–control Sardinia 882 cases and  
872 controls

6,600,000 (genotyped 
or imputed)

HLA, CBLB

All studies include a replication phase. *Number relates to the initial screen. Abbreviation: SNP, single nucleotide polymorphism.
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segment duplications and deletions, which generate copy 
number variants (Cnvs), lag well behind the identifica-
tion of susceptibility snPs. Cnvs are a major source 
of human genetic diversity and have been shown to 
have roles in rare genomic disorders, and to influence 
complex traits and diseases.72–74 of note, studies have 
reported associations between Cnvs and human auto-
immune diseases such as systemic lupus erythematos us, 

psoriasis, Crohn disease, rheumatoid arthritis and 
type 1 diabetes.75

if certain assumptions are made, the available data 
from Gwas explain ≈3% of the total variance in ms 
risk.76 a study of this type comprising 10,000 cases and 
high-density snP–Cnv platforms has been proposed to 
be a reasonable next step in the genetic analysis of ms. 
such an investigation would be adequately powered to 
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identify common risk alleles with odds ratios of 1.2 or 
more.19,77 at the time of writing, such a screen in ms, by 
an international megagroup consortium in collaboration 
with the wellcome trust, was nearing completion.

Pathway-based and network-based analysis
in Gwas, only a few markers are usually found for which 
the evidence of association exceeds the genome-wide  
significance threshold; markers that do not cross this 
threshold are generally neglected. inspired in part by 
analytical strategies used in gene expression analyses, 
several analytical methods have been developed that 
combine biological knowledge with data from Gwas 
in the form of gene ontologies or pathways.78–80 the 
advantage of these methods is that even if markers in 
indivi dual genes do not reach genome-wide significance, 
several modest associations in functionally related genes 
might highlight the involvement of a particular biological 
pathway in the disease process. Building on this rationale, 
we merged statistical evidence from data analyses of two 
ms Gwas with experimental evidence of protein inter-
actions from yeast two-hybrid assays and/or chromatin 
immuno precipitation studies to discover subnetworks (or 
modules) of interacting proteins associated with ms sus-
ceptibility.61 in addition to the identification of modules 
from the Hla system and immune cell communication, 
our study suggested that neural pathways such as axon 
guidance and glutamate metabolism also participate in 
the pathogenesis of ms (Figure 2).

Translational application
in spite of the success of Gwas in the identification of 
novel susceptibility loci that withstood the challenge of 
independent replication, many questions remain con-
cerning the genetic architecture of ms. to illustrate the 
complexity of ms genetics and the challenges that lie 
ahead in this field, some observers have drawn on the 
example of human height, which is a complex trait with 

high estimated heritability (≈80%). at least 40 loci have 
been associated with height; however, these loci only  
explain ≈5% of phenotypic variance of this trait.81 this 
finding might imply that using genetic information 
derived from Gwas to generate reliable diagnostic 
signatures for ms will be futile. in other words, given 
that none of the high-frequency associated alleles is suf-
ficient to cause ms or obligatory for the development 
of this disease, very few people can have their prob-
ability of developing ms accurately predicted from 
genetic testing.28 Following this rationale is simple: the 
high frequency of susceptibility variants in unaffected 
individuals, together with the probable occurrence of 
unaccountable epistatic interactions, etiological hetero-
geneity, and epigenetic and random events, suggest that 
even if a predictive algorithm included all variant risks, 
considerable uncertainties and noise would prevail when 
predicting case–control status. Conceivably, however, 
predictive modeling might be substantially improved if 
more-penetrant variants are identified, and transcrip-
tional signatures and accurate environmental exposures 
are taken into account.82,83 the translational potential 
of such modeling might extend to redefining disease 
classification, prognosticating progression (Box 4), and 
pr edicting treatment responses and/or adverse effects.

ultimately, individual or cumulative genetic variants 
might only provide discriminatory genetic profiles of 
low sensitivity and specificity. nevertheless, the impli-
cated genes and biological pathways might still be of 
importance in the development of a better understand-
ing of ms pathogenesis. the investigators who con-
ducted the first of the ms Gwas, in which a modest 
risk ratio was identified for IL2RA, noted that clinical 
efficacy had been observed in trials that had assessed 
a mono clonal antibody targeting the il-2 receptor 
α subunit, and suggested that genetic studies had the 
potential to drive drug develop ment for the manage-
ment of ms. over all, however, the potential for drug 
development programs based on new genetic para-
digms and effective ‘theranost ic’ pipelines remains to 
be proven.

Prospects in genetics research
through the integration of datasets from Gwas with 
transcriptional, proteomic and other information (for 
example, clinical, imaging, environmental exposure and/
or ancestry data), rapid progress might be made in our 
understanding of ms genetics and pathogenesis. one 
should note that most Dna variants identified in Gwas 
will probably not be causative. thus, a need exists to 
follow the discovery of each statistically associ ated poly-
morphism with fine mapping in large and informative 
sample sets, using comprehensive batteries of markers 
covering and flanking the confirmed associations. 
Furthermore, while Gwas are a valuable tool for assess-
ment of the effects of common polymorphisms, the aggre-
gate role of low-frequency rare functional gene variants in 
ms has not been properly evaluated. uncommon variants 
with relatively large effects might account for part of the 
unexplained heritability in ms. more over, some of these 

Box 4 | Genomic determinants of disease course in multiple sclerosis

Heterogeneity in clinical and paraclinical features is a well‑recognized aspect 
of multiple sclerosis (MS). Little is known about the underlying causes of this 
diversity, although family‑based studies clearly show that genetic factors have 
important roles in the determination of clinically important outcomes, such 
as age of onset, anatomical sites of involvement, and disease severity.33,35,119 
Nevertheless, whether phenotypic variation arises from etiological heterogeneity, 
modifying influences of specific genes, or a combination of the two, remains 
to be firmly established. To date, most published reports that have proposed 
specific genetic influences on MS natural history have relied largely on small 
case series, retrospective clinical assessments and/or nonvalidated phenotypic 
endpoints. Moreover, few studies have considered the confounding effects of drug 
treatments and population stratification.

An emerging body of literature now suggests that individual or aggregated 
genetic variants can be isolated that influence well‑validated pharmacological 
and clinical features of MS, including discrete MRi measures of brain disease 
activity, the rate of disability progression and the response to disease‑modifying 
drugs.36,48,120–124 Of note, one should recognize that the contribution of 
germline genetic variants to disease course might be very small. Nevertheless, 
demonstration of even a modest genetic effect could help reveal the fundamental 
pathophysiological mechanisms underlying MS and provide therapeutic targets.
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rare variants might reside in genes previously identified 
in Gwas. rare genetic vari ation is not well represented in 
current databases or commercially available fixed arrays, 
and can be only ascer tained by targeted deep sequencing 
of samples from affected individuals.84

in a thought-provoking study, Goldstein and col-
leagues used original computer simulations to analyze 
data from non-ms Gwas and proposed that rare causal 
variants of disease can create long-range (up to 10 mb) 
association signals that can mistakenly be assigned to 
com mon variants.85 if this assertion proves to be accu-
rate, the way we analyze and interpret Gwas as well as 
how we design follow-up confirmatory studies could be 
affected dramatic ally. resequencing efforts to identify 
causative gene variants might be pointless if such studies 
are limited to the individual genes that are implicated by 
the common variant association. instead, full genome 
scans would be necessary to deconstruct the genetics 
of ms. in a modest but important first step to assess 
Goldstein and colleagues’ hypothesis, we sequenced the 
entire genomes of two female ms-discordant mono-
zygotic twins, generating over one billion, high quality, 
whole-genome shotgun reads, which corresponded 
to approximately 22-fold coverage of each genome.86 
these data constitute the first reported twin, auto-
immune disease-associated genome sequences. among 
the ≈3.6 million snPs, ≈200,000 insertion– deletion poly-
morphisms (indels), 27 Cnvs and 1.1 million methylated 
CpG dinucleotides that were detected and analyzed, only 
the methylation of two cytosine residues differed between 
the twins. we also deciphered the full mrna transcrip-
tome and epigenome sequences of CD4+ lymphocytes 
from three pairs of ms-discordant monozygotic twins. 
in each of the CD4+ t cell preparations, ≈19,000 genes 
were expressed; however, no reproducible transcriptional 
differences were identified between the ms-affected and 
ms-unaffected twins. Genome sequences from many 
more ms-discordant twin pairs, patients with ms and 
healthy controls are necessary to maximize the power 
of this approach. our ms study coincided with a report 
presenting full-genome sequencing of a person affected 
with Charcot–marie–tooth disease87 and the whole-
genome sequencing of a couple, and their two children, 
each of whom had a different rare genetic disease (miller 
syndrome and primary ciliary dyskinesia).88 together, 
these studies have inaugurated the era of whole-genome 
sequencing in human disease. Given the impressive 
rate of advances in this field, the technology for whole-
genome sequencing should become sufficiently accu-
rate and cheap for large-scale application to commence 
within the next few years.

Conclusions
substantial epidemiological data confirm that genetic 
variation is an important determinant of susceptibility 
to ms. Genes within the HLA region encoding antigen-
presenting molecules account for the largest part of the 
genetic risk for ms. the strongest association signal comes 
from HLA-DRB1 in the class ii region. in addition to the 
signal from the HLA-DRB1 gene, complex hierarchi cal cis 

and trans effects can be found across the locus, includ-
ing a protective effect conferred by the telomeric class i 
region. the non-Hla risk seems to be driven by modest 
contributors (table 2), although the study of rare genetic 
variants and synergistic pathways and networks might 
require reassessment of this working model. the next few 
years will see the completion and publication of additional 
genome-wide scans that involve higher resolution tools 
and substantially larger Dna collections than have been 
used before. even when performed with exquisite resolu-
tion, however, association and epidemio logy studies are 
limited in their power to prove causation. thus, effective 
functional studies will be required that connect genetic 
variation with disease patho physiology.89 Despite the 
complexity that characterizes ms, such studies, if pursued 
in the context of robust, statistically replicated and well-
defined genetic associations, hold great promise for aiding 
the development of novel and accurate conceptual models 
of ms pathogenesis.

Table 2 | Established non‑MHC susceptibility genes and variants in MS

gene Associated 
single nucleotide 
polymorphism

location risk 
allele

estimated 
odds ratio

Protein 
function

CD58 rs2300747 1p13 A 1.18 Cell adhesion; 
immunological 
co‑stimulation 

EVI5 rs10735781 1p22.1 G 1.23 Rab GTPase 
activator;  
cell cycle

RGS1 rs2760524 1q31 G 1.13 GTPase 
activator

IL7R rs6897932 5p13 C 1.04 Cytokine 
receptor

IL2RA rs2104286 10p15–p14 T 1.18 Cytokine 
receptor

CD6 rs17824933 11q13 G 1.16 Cell adhesion

TNFRSF1A rs1800693 12p13.2 C 1.23 Cytokine 
receptor

CLEC16a rs12708716 16p13.3 A 1.17 Not determined

IRF8 rs17445836 16q24.1 G 1.33 Transcription

CD226 rs763361 18q22.3 T 1.04 Cell adhesion

TYK2 rs34536443 19p13.2 G 1.30 intracellular 
signaling 

CD40 rs6074022 20q12 G 1.22 immunological 
co‑stimulatory 
receptor

Abbreviation: MS, multiple sclerosis.

Review criteria

This Review article builds primarily on literature citations 
from the past 10 years, covering both original contributions 
and scholarly reviews that in the opinion of the authors 
represent noteworthy and influential contributions to the 
understanding of multiple sclerosis genetic epidemiology. 
This article is not intended to systematically address the 
full breadth of the genetic and epidemiological issues 
related to this complex and multifactorial disease.
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