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Objective: Multiple sclerosis (MS) is a complex neurological disease. Genetic linkage analysis and genotyping of
candidate genes in families with 4 or more affected individuals more heavily loaded for susceptibility genes has not
fully explained familial disease clustering.
Methods: We performed whole exome sequencing to further understand the heightened prevalence of MS in these
families.
Results: Forty-three individuals with MS (1 from each family) were sequenced to find rare variants in candidate MS
susceptibility genes. On average, >58,000 variants were identified in each individual. A rare variant in the CYP27B1
gene causing complete loss of gene function was identified in 1 individual. Homozygosity for this mutation results in
vitamin D-dependent rickets I (VDDR1), whereas heterozygosity results in lower calcitriol levels. This variant showed
significant heterozygous association in 3,046 parent-affected child trios (p ¼ 1 � 10�5). Further genotyping in
>12,500 individuals showed that other rare loss of function CYP27B1 variants also conferred significant risk of MS,
Peto odds ratio ¼ 4.7 (95% confidence interval, 2.3–9.4; p ¼ 5 � 10�7). Four known VDDR1 mutations were
identified, all overtransmitted. Heterozygous parents transmitted these alleles to MS offspring 35 of 35� (p ¼ 3 �
10�9).
Interpretation: A causative role for CYP27B1 in MS is supported; the mutations identified are known to alter
function having been shown in vivo to result in rickets when 2 copies are present. CYP27B1 encodes the vitamin D-
activating 1-alpha hydroxylase enzyme, and thus a role for vitamin D in MS pathogenesis is strongly implicated.
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Multiple sclerosis (MS) is an inflammatory disease of

the central nervous system characterized by myelin

loss, varying degrees of axonal pathology, and progressive

neurological dysfunction.1 Although the cause of MS is

not yet conclusively known, both genetic and environ-

mental factors and their interactions are important.1

Despite a strong genetic component, with at least a

15-fold increased risk to first-degree relatives,1 it is rare

to find families with 4 or more individuals with MS.

The population-based Canadian Collaborative Study

Group has ascertained a large cohort of such families.2,3

Genome-wide linkage screens of these families showed

no evidence of linkage.3 The major heritable component

of MS is found in the human leukocyte antigen (HLA)

class II region.4 The HLA class II as well as non-HLA

loci of modest effect identified by genome-wide associa-

tion (GWA) studies5 showed greater liability in these

familial patients compared with sporadic cases2; however,
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a full explanation for the strong familial aggregation

observed was not uncovered. Although more common

variants may exist that together may explain the increased

familial aggregation, attention must also turn to rarer

variants (minor allele frequencies of <1%) as possibly

explaining disease clustering, although shared familial

environments cannot be ignored.

One strategy to identify rare variants might be to

resequence associated genomic regions identified by

GWA studies. There is some evidence to support the use

of this approach having been recently applied successfully

to Crohn disease6; however, it was thought that rare cod-

ing variants in positional candidates did not make a large

contribution to inherited predisposition to Crohn dis-

ease.6 The challenges for rare variant association differ

from those faced by common variant GWA studies.7

Using families with many affected individuals may be

more powerful and fruitful in finding rare causal

variants.7

Whole-exome sequencing (ie, sequencing of all pro-

tein-coding regions of the genome) has been responsible

for the identification of several autosomal recessive and

dominant genes in Mendelian disease.8 Given the rela-

tively high penetrance observed in our multiplex MS

families, we applied whole-exome sequencing technology

to 43 randomly selected individuals with MS from these

families (1 individual from each family) to identify any

rare coding variants involved in MS etiology.

Subjects and Methods

Ascertainment of the families has been described elsewhere.3 In

brief, families were ascertained by the Canadian Collaborative

Project on the Genetic Susceptibility to Multiple Sclerosis

(CCPGSMS).9 More than 30,000 families have been ascer-

tained, of which 82 (0.2%) had 4 or more individuals with

MS. For this study, a subset of 43 multicase families were

selected based upon having 4 or more individuals affected with

MS, with affected individuals present in >1 generation. In

51% of the families, all affected individuals were first-degree

relatives. Informed consent was obtained from all subjects, and

the experiments performed for this study comply with current

guidelines and ethics.

DNA was extracted by standard methods. Exome capture

was performed with the SureSelect Human All Exon kit (Agi-

lent Technologies, Santa Clara, CA). Exon-enriched DNA was

sequenced by the Illumina Genome Analyzer II platform fol-

lowing the manufacturer’s instructions (Illumina, San Diego,

CA). Raw image files were processed by the Illumina pipeline

(version 1.3.4) for base calling with default parameters. The

sequencing reads were aligned to the National Center for Bio-

technology Information (NCBI) human reference genome

(NCBI36.3) using Bowtie 0.12.710 (options ‘‘-a –best �strata’’).

Single nucleotide polymorphisms (SNPs) were subsequently

called using SAMTools (v0.1.8, r613)11 with the following

quality criteria: ��20 coverage, a Phred-like12 consensus qual-

ity of �30, and an SNP quality score of �100. Variants were

defined as heterozygous when �25% of all nucleotides at the

position showed nonreference bases and as homozygous accord-

ing to the initial SAMTools classification (using default parame-

ters). We used PolyPhen2 to assess nonsynonymous variants for

a likely functional impact13; both the HumDiv and HumVar

data sets were screened.

Reads for which Bowtie was unsuccessful in identifying

an ungapped alignment were mapped to the human reference

genome with Burrows–Wheeler Aligner,14 using default parame-

ters. Insertion–deletion polymorphisms (indels) of up to 4 bases

were subsequently called using SAMTools (v0.1.8, r613)11 with

the following quality criteria: ��20 coverage, a Phred-like12

consensus quality of �50, and an SNP quality score of �100.

Variants were defined as heterozygous when �25% of all nucle-

otides at the position showed nonreference bases and as homo-

zygous according to the initial SAMTools classification (using

default parameters).

Additional cohorts of 3,046 parent-affected child trios,

422 parent-affected sibling pairs, and 1,873 healthy individuals

(in total 12,579 people) from the CCPGSMS (Table 1) were

available for validation studies. Genotyping of additional fami-

lies was performed using TaqMan (Applied Biosystems, Foster

City, CA) assays. Genotyping was performed blinded to affec-

tion status. The first pass genotyping success rate was >99%.

To obtain a 100% genotyping success rate, many samples were

genotyped in duplicate (>3,000); the genotyping concordance

rate was >99.9%. Serum calcitriol measurement was performed

as described.15 Sequencing of CYP27B1 was performed as

described.16

Results

One affected individual from each of the 43 families was

selected at random. In total, 25 females and 18 males

were sequenced. All individuals had clinically definite

MS as defined by the Poser criteria, and all had the

relapsing–remitting subtype at disease onset. The average

TABLE 1: Patient Demographics

Group Sex
Ratio
(F:M)

Relapsing–
Remitting
MS at
Onset, %

Mean
Age at
Onset,
yr (SD)

43 probands 1.4:1 100 29.8 (5.9)

3,046 trios 2.3:1 73 30.4 (10.7)

844 affected
sib pairs

2.5:1 74 31.4 (11.1)

F ¼ female; M ¼ male; MS ¼ multiple sclerosis;
SD ¼ standard deviation.
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age of MS onset of these individuals was 29.8 (standard

deviation, 5.9) years (see Table 1).

Paired, 76bp reads from postenrichment shotgun

libraries were aligned to the reference genome (Supple-

mentary Table 1). On average, 3.7 gigabases of mapped

sequence were generated per individual. The average

coverage of each exome was 70-fold. On average,

58,400 SNPs were called per individual (range, 45,689–

73,486), of which 58% were already annotated in a

public database (dbSNP v131). On average, 5,060

indels were identified per sample, of which 14% had

been previously reported. A predicted loss of function

gene (a missense mutation predicted by PolyPhen to be

damaging or frameshift indel; either the same variant or

different variants in the same gene) was not present in

any of the 43 individuals. The distribution of all prob-

ably damaging variants is shown in the Figure. No 2

individuals had any probably damaging variants in com-

mon that were novel or had a dbSNP reported allele

frequency of <5%.

A recent genome-wide association study provided

evidence for modest association of 57 genetic regions

with MS, in total implicating >340 candidate genes.17

By looking for variants that were either (1) novel or pres-

ent in the 1000 Genomes project but not in the Hap-

Map study and predicted by Polyphen to be damaging

or (2) had HapMap allele minor allele frequencies of 5%

or less and that were predicted by PolyPhen to be dam-

aging in these candidate genes, we identified 3 variants

in CBLB, IL7R, and CYP27B1 (Table 2), each present in

a different family. No exonic indels were identified in

any of these genes. To assess the effect of the variants

identified in patients with MS in general, we genotyped

the 3 variants in 3,046 parents–affected child trios. This

cohort had >99% power to find a fully penetrant domi-

nant acting variant with a frequency of 1%, conferring

an odds ratio of 2. We used the transmission disequili-

brium test (TDT) to assess significance; the TDT meas-

ures the overtransmission of an allele from heterozygous

parents to affected offspring.18

Only rs118204009 showed evidence of association

in the larger MS cohort (see Table 2), and genotyping

the variant in the original multiplex family showed that

it was present in 100% of affected family members (4 of

4; an affected sib pair and their affected aunt and

affected cousin) and in 33% of genotyped unaffected

family members (1 of 3; variant present in unaffected

mother of the sib pair), highlighting that rs118204009 is

an incompletely penetrant variant.

The variant was further genotyped in 1,873 ethnic-

ity-matched healthy individuals and 422 parent-affected

sib pairs. rs118204009 was not found in healthy con-

trols, HapMap samples, or the 1000 Genomes project,

and was transmitted from 4 heterozygous parents to 4

affected sib pairs (sib TDT, p ¼ 0.046).19 rs118204009

has been identified in patients with the rare autosomal

recessive disorder vitamin D-dependent rickets type 1

(VDDR1).20 The mutation causes an arginine to histi-

dine change at position 389 of the protein (R389H).

CYP27B1 encodes the 1-alpha-hydroxylase enzyme,

FIGURE : Frequency of probably damaging variants in
sequenced individuals.

TABLE 2: Candidate Variants from Exome Sequencing Further Genotyped in Additional Samples

SNP ID or hg19
Coordinate

Gene Reported in
1,000 Genomes

HapMap Minor
Allele Frequency

MS TDT (transmitted:
not transmitted)

p

rs2229232 IL7R Yes 0.9% 27:30 0.23

rs118204009 CYP27B1 No N/A 19:0 1 � 10�5

chr3:105464791 CBLB No N/A 2:4 0.41

MS ¼ multiple sclerosis; N/A ¼ not applicable; SNP ¼ single nucleotide polymorphism; TDT ¼ transmission disequilibrium
test.
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which converts 25-hydroxyvitamin D to 1,25-dihydroxy-

vitamin D, the biologically active form of vitamin D. In

vitro studies have shown that the R389H mutation leads

to complete loss of enzyme activity of CYP27B1 and

lower levels of activated vitamin D (calcitriol).16,20 None

of the individuals with MS who had the R389H muta-

tion had a clinical history of VDDR1; this is likely due

to VDDR1 resulting from compound mutations in

CYP27B1.
VDDR1 has a higher prevalence in French Cana-

dians,20 and thus it may be that the results we observed

a merely a reflection of population stratification. How-

ever, the families in which we observed the R389H

mutation did not have French Canadian backgrounds

(based on 4 grandparental ethnicities), and our analyses

were based on transmissions within families, suggesting a

causative role of CYP27B1 mutations in MS. To see if

any other loss of function mutations in CYP27B1 influ-

ence MS risk, we genotyped 9 other nonsynonymous

polymorphisms (Supplementary Table 2) causing loss of

function of CYP27B1 in the larger MS cohort of trios

and sib pairs as well as controls. Two variants were

found, rs118204012 (transmitted 3�, not transmitted

0� in trios) and rs118204011 (transmitted 2�, not

transmitted 0� in trios). Again, these trios were also all

not French Canadian. rs118204012 causes a change from

glutamate to glycine at position 189 and rs118204011 a

change from leucine to phenylalanine at position 343,

and both lead to partial loss of function of CYP27B1.20

Serum was available from 1 individual carrying the

rs118204009 mutation, and this person had a calcitriol

level of 38pmol/l (normal range, 50–160pmol/l). As part

of ongoing investigations examining vitamin D levels in

patients with MS and their relatives,15 we selected 96

individuals with MS (not included in the above genotyp-

ing studies) with persistently low levels of calcitriol when

measured on 2 occasions (both values <40pmol/l) for

CYP27B1 sequencing. Sequencing of all 9 exons in these

96 individuals identified 1 individual carrying the

R389H mutation, a novel mutation in 1 individual caus-

ing an arginine to cysteine amino acid change at position

252, and another VDDR1-associated mutation causing a

tyrosine to cysteine amino acid change at position 413.

The R252C change is predicted to be loss of function by

PolyPhen. These findings connect heterozygote loss of

function CYP27B1 mutations with low serum calcitriol.

R252C was transmitted once and not transmitted 0� in

the trios, and Y413C was transmitted twice and not

transmitted 0� in the trios. These variants were not

present in the 1,873 control samples (Table 3).

Pooled transmission of the 5 variants identified in

the trios and sib pairs was highly significant (transmitted,

35; not transmitted, 0; p ¼ 3 � 10�9). Combining all var-

iants identified in unrelated MS patients (34 of 3,564; fre-

quency, 0.95%) and comparing to controls (0 of 1,873)

provided a Peto odds ratio of 4.7 (95% confidence inter-

val, 2.3–9.4; p ¼ 5 � 10�7). There appeared to be a

strong trend for CYP27B1 variants to be transmitted from

the mother as compared to the father (maternal: transmit-

ted, 24; not transmitted, 0; paternal: transmitted, 11; not

transmitted, 0; comparison p ¼ 0.09).

Discussion

For this study, we reasoned that families with 4 or more

affected members in different generations would be more

likely than sporadic or sib pair cases to carry variants

conferring a greater risk for MS. Initially, we sequenced

1 individual from each family to see if any rare variants

were in common between these families. This was not

the case, and we therefore investigated candidate MS

genes from associated regions in GWA studies. After rep-

lication studies, we obtained convincing evidence to

TABLE 3: CYP27B1 Mutations Identified

Mutation (allelesa) Frequency
in MS Patients,
n ¼ 3,564

Frequency
in Controls,
n ¼ 1,873

Amino
Acid
Change

Loss of Function

rs118204009 (C/T) 0.67% 0 R389H In vitro confirmed, associated with VDDR120

rs118204012 (T/C) 0.08% 0 E189G In vitro confirmed, associated with VDDR127

rs118204011 (G/A) 0.05% 0 L343F In vitro confirmed, associated with VDDR127

chr12:58157573 (C/T) 0.05% 0 Y413C Associated with VDDR128

chr12:58158828 (G/A) 0.05% 0 R252C PolyPhen predicted
aRisk allele in bold.
MS ¼ multiple sclerosis; VDDR1 ¼ vitamin D-dependent rickets type 1.
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support a role for rare variants in the CYP27B1 gene in

MS. We show here the potential power of using multi-

plex families to identify the role of rare variants underly-

ing disease, but this required the entire resource of the

population-based CCPGSMS.9 Other variants that influ-

ence MS risk likely exist in these families but would not

be detected using the current approach, as they do not

lie in MS-associated regions.

CYP27B1 has been previously tentatively associated

in MS through a GWA study.17 However, the main asso-

ciated SNP (rs12368653) actually resides in a gene next

to CYP27B1, both lying in an associated region contain-

ing 25 genes, and thus the primary association remained

unclear. We identified no rare variants in the 24 genes

next to CYP27B1, and thus our data would support

CYP27B1 as being the causative gene for MS in this

region. The variants we identified have a striking trans-

mission rate (35 of 35�); however, the variant must be

incompletely penetrant, as it is being transmitted by

unaffected parents.

Compound or homozygous loss of function muta-

tions in CYP27B1 cause VDDR1. VDDR1 has a preva-

lence of approximately 1 in 500,000, whereas that for

MS is 1 in 1,000 in Northern Europe or Northern Euro-

pean-derived populations. Accordingly, the prior null ex-

pectation would be that 500,000 cases of MS or 1,000

cases of VDDR1 would need to be seen to find 1 case of

co-occurrence. In actuality, all 3 patients with VDDR1

identified in Norway had comorbid MS,21 making a spu-

rious association between CYP27B1 mutations and MS

highly improbable.

Heterozygous loss of function CYP27B1 mutations

lower circulating levels of calcitriol.16,22 Accordingly, our

approach circumvents the often difficult question of

relating gene association to function. To this end, we

sequenced MS patients who showed consistently low lev-

els of calcitriol and identified a novel putative loss of

function mutation in CYP27B1. We were unable to

access serum from all of our patient samples to show low

calcitriol levels for all variants identified. Most biological

effects of vitamin D are mediated by calcitriol acting via

the vitamin D receptor.23 We have previously shown that

vitamin D regulates >80% of MS-associated genes,23

and thus it is likely that lower levels of calcitriol as a

result of CYP27B1 mutations lead to a disruption to crit-

ical gene–environment interactions important for the

developing immune or nervous system, which then pre-

disposes to MS.

The most striking illustration of the importance of

the environment in MS has been the observation that

incidence and prevalence of MS increase with latitude of

childhood and adolescent habitation in both hemi-

spheres.1 This latitude gradient correlates inversely with

ultraviolet radiation exposure, the major determinant of

vitamin D levels, and generated the hypothesis that vita-

min D influences MS susceptibility.1 Further attention to

climate came from a long series of genetic epidemiologi-

cal studies showing that the environment acts at a broad

population level.1 The association of loss of function

CYP27B1 mutations with MS links low vitamin D levels

directly to disease susceptibility, and validates prior stud-

ies showing that MS patients are more likely to be vita-

min D deficient prior to disease onset24 and that MS

risk is increased for late spring births and decreased for

those in late autumn; in Scotland, which has the world’s

highest MS rate, risk differences for peak and nadir

births can reach an astonishing 50%.25 In summary,

therefore, recent work has made a role for vitamin D in

MS broadly unequivocal.1 Given that an estimated 1 bil-

lion people worldwide are deficient to some degree,26

studies of vitamin D supplementation for disease preven-

tion are strongly warranted.
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