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Abstract

Vitamin D response elements (VDREs) have been found in the promoter region of the MS-associated allele HLA-DRB1*15:01,
suggesting that with low vitamin D availability VDREs are incapable of inducing *15:01 expression allowing in early life
autoreactive T-cells to escape central thymic deletion. The Italian island of Sardinia exhibits a very high frequency of MS and
high solar radiation exposure. We test the contribution of VDREs analysing the promoter region of the MS-associated DRB1
*04:05, *03:01, *13:01 and *15:01 and non-MS-associated *16:01, *01, *11, *07:01 alleles in a cohort of Sardinians (44 MS
patients and 112 healthy subjects). Sequencing of the DRB1 promoter region revealed a homozygous canonical VDRE in all
*15:01, *16:01, *11 and in 45/73 *03:01 and in heterozygous state in 28/73 *03:01 and all *01 alleles. A new mutated
homozygous VDRE was found in all *13:03, *04:05 and *07:01 alleles. Functionality of mutated and canonical VDREs was
assessed for its potential to modulate levels of DRB1 gene expression using an in vitro transactivation assay after stimulation
with active vitamin D metabolite. Vitamin D failed to increase promoter activity of the *04:05 and *03:01 alleles carrying the
new mutated VDRE, while the *16:01 and *03:01 alleles carrying the canonical VDRE sequence showed significantly
increased transcriptional activity. The ability of VDR to bind the mutant VDRE in the DRB1 promoter was evaluated by EMSA.
Efficient binding of VDR to the VDRE sequence found in the *16:01 and in the *15:01 allele reduced electrophoretic mobility
when either an anti-VDR or an anti-RXR monoclonal antibody was added. Conversely, the Sardinian mutated VDRE sample
showed very low affinity for the RXR/VDR heterodimer. These data seem to exclude a role of VDREs in the promoter region
of the DRB1 gene in susceptibility to MS carried by DRB1* alleles in Sardinian patients.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory and de-

generative disease of the central nervous system. Although the

etiology of MS remains unknown [1], it is commonly believed that

genetic susceptibility combined with exposure to environmental

factors are required for its development [2]. Data emerging from

geographical, biological and immunological studies suggest that

among the non-genetic risk factors, vitamin D may be one of the

key determinants for the development of MS [3,4]. Epidemiolog-

ical studies have demonstrated that MS incidence follows a latitude

gradient in both hemispheres, being more common in northern

regions in Europe and North America and in the southern part of

the Australia [5]. In addition to the geographical distribution of

MS prevalence, other data as influence on MS risk according to

season of birth [6–9] and differential risk in migrants [3] suggest

that alongside ethnic differences in population structure, sun-

mediated photosynthesis of vitamin D plays a role in promoting

the distribution MS gradient.

The population of Sardinia, Italy’s second largest island is

genetically characterized by a low degree of large scale genetic

heterogeneity, and by a distribution of alleles at multiple loci

different from other Europeans [10]. The incidence and preva-

lence rates of MS on the island are among the highest in the world

[11]. It has been suggested that this phenomenon may arise from

the particular genetic structure of the population [12]. A complex

multi-locus and multi-allelic disease association with the main

genetic effects encoded by variation at the HLA class II loci DRB1

and DQB1 has been found in Sardinia. In particular, the

association is carried by the DRB1*13:03-DQB1*03:01,

DRB1*04:05-DQB1*03:01, DRB1*03:01-DQB1*02:01,
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DRB1*15:01-DQB1*06:02 and DRB1*04:05-DQB1*03:02 haplo-

types [13]. Recently, the positive association with the

DRB1*13:03-DQB1*03:01, DRB1*04:05-DQB1*03:01 and

DRB1*03:01-DQB1*02:01 haplotypes has been confirmed along

with a negative (i.e., protective) association with the DRB1*1601-

DQB1*0502 haplotype [14]. The main predisposing haplotype in

Northern European populations, (DR2) DRB1*15:01-DQB1*06:02

[15], although very rare in the Sardinian population, is still

significantly positively associated with MS [13,14]. The frequen-

cies of the MS-associated haplotype DRB1*03:01-DQA1*05:01-

DQB1*02:01 and the MS protective haplotype DRB1*16:01-

DQA1*01:02-DQB1*05:02 are the highest so far reported in any

ethnic group (haplotype frequency 21.9% and 19.1%, respectively)

[16]. By contrast, the DRB1*15:01-DQA1*01:02-DQB1*06:02

haplotype, which has a high frequency in other ethnic groups, is

rare in Sardinia (haplotype frequency 1.5%) [16]. Also the HLA-

DR4 haplotypes show a peculiar distribution in Sardinians. The

*04:01 allele, which is the most common DR4 subtype in other

Caucasian populations, is absent in Sardinians. Only DR4

haplotypes bearing the *04:05, *04:02 and *04:03 alleles at the

DRB1 locus are common variants in this population [16].

Furthermore, Sardinians, in contrast to other Caucasian popula-

tions, have virtually only one DR4-DQB1*03:01 haplotype in

which the DQ-a chain is encoded by the DQA1*05:01 gene (i.e.,

the DRB1*04:05-DQA1*05:01-DQB1*03:01 haplotype) [16].

Despite the multiallelic risk profile identified in Sardinian MS

patients [13,14], genetic variation within the HLA region can only

partially explain the high propensity to the disease in Sardinians,

both in terms of content and relative contributions of the disease

associated alleles and haplotypes.

Sardinia is the second largest island in the Mediterranean Sea

with a surface of 24,090 km2; it is located between 38u 519 520 and
41u 159 420 latitude north and 8u 89 and 9u 509 east longitude.

Solar radiation levels are high with about 300 days of sunlight

a year: a median of 4–6 hours in November and the winter

months, 10 hours in spring and 11 hours in September, October

and the summer months. Because ultraviolet radiations (UVR) are

the major source of vitamin D in humans, and the demonstration

that UVR suppress experimental autoimmune encephalomyelitis

(EAE) independently of vitamin D production [17], the high

prevalence of MS on the island seems to be a paradox.

The human body has a self-regulatory system by which it

produces adequate amounts of vitamin D. Vitamin D can either

be synthesized in the skin or obtained from dietary intake [18].

Recently, the active metabolite of vitamin D the 1,25-dihydrox-

yvitamin D3 (1,25-(OH)2-D3) has been shown to be involved in

cell proliferation and differentiation, immune suppression, as well

as gene expression in different cells [19,20].

1,25-(OH)2-D3 acts as ligand for the vitamin D receptor (VDR),

a member of the nuclear receptor superfamily of transcriptional

regulators of vitamin D-dependent gene expression [21]. Binding

of 1,25-(OH)2-D3 induces conformational changes in the VDR that

promote heterodimerization of VDR with the retinoid X receptor

(RXR), followed by translocation of the complex into the nucleus.

The VDR/RXR complex binds to vitamin D responsive elements

(VDREs) in the promoter region of 1,25-(OH)2-D3 target genes

[21] which, in turn, results in regulatory function of 1,25-(OH)2-

D3. Upon binding to VDREs, the heterodimer RXR/VDR/1,25-

(OH)2-D3 activates or suppresses gene transcription, thus inducing

or repressing protein synthesis [20]. A VDRE generally consists of

two direct imperfect repeats of six nucleotides separated by a three-

nucleotide spacer. The VDR occupies the 39 half-site, while the

RXR occupies the 59 half-site. Sequence variations in the 39 half-

element, the 59 half-element and the spacer and in sequences

flanking the VDREs appear to be important in determining

receptor-binding efficiency [22]. The presence and location of

VDREs have been described only in a small proportion of genes

transcriptionally regulated by 1,25-(OH)2-D3 [23–26]. A VDRE,

identified in the proximal promoter region immediately 59 to the

transcriptional start site of HLA-DRB1, has been found to be

highly conserved in the MS-associated *15:01 allele. No VDREs

have been identified in the non-MS-associated *04, *07, and *09

haplotypes carried by populations of Northern-European descent

[27]. Transfection and flow cytometric assays have shown that the

VDRE present in the HLA-DRB1 promoter influences gene

expression and imparts 1,25-(OH)2-D3 sensitivity to the *15 allele.

This supports the interesting hypothesis that vitamin D deficiency

(by insufficient dietary intake and/or sunlight exposure) in the

uterus or during early childhood may affect expression of HLA-

DRB1 in the thymus, allowing autoreactive T cells to escape

thymic deletion [27].

Because the high UVR in Sardinia, the high prevalence of MS

and the peculiar DRB1* alleles MS- association, Sardinia appears

as an ideal setting to investigate the VDREs in the promoter

region of the DRB1 and test the above mentioned hypothesis [27].

Thus, we investigated the presence and functionality of VDREs in

the DRB1 promoter region of Sardinian MS-associated, protective

and neutral HLA-DRB1* haplotypes [13,14]. Sequencing of the

promoter region of predisposing and non-predisposing DRB1

alleles, showed functionally conserved VDREs in two of three

*03:01 alleles, the most frequent MS-associated allele in the

Sardinian population, and in the *16:01 allele, the most frequent

protective allele in the same population [13,14]. A non functional

mutated VDRE was found in the promoter region of the MS-

associated *04:05 and *13 alleles and in one of three *03:01 alleles,

as well as in all neutral *0701 allele. On the basis of these data, we

propose that in Sardinian MS population VDREs in the promoter

region of the DRB1 gene do not influence susceptibility to the

disease.

Results

In silico Identification of Putative Vitamin D Response
Elements
The presence of VDREs in the promoter region of the MS-

positively (*13:03-*03:01, *04:05-*03:01, *03:01-*02:01 and

*15:01-*06:02) and negatively (*1601) and non-associated alleles

(*11, *01 and *07) [13,14] has been studied. Like *15:01, the

*16:01 allele is a serological split of HLA-DR2, and represents the

second most frequent allele in the Sardinian healthy population

(frequency 19,1%) [16].

Sequences were scanned in silico for VDREs using JASPAR_-

CORE version 3.0 database with a profile score threshold of 80%

[28]. Analysis with these settings localised only one putative

VDRE to the proximal promoter region of HLA-DRB1.

Sequencing of the HLA-DRB1 Promoter in MS Patients
and Controls
The presence and conservation of the putative VDRE element

was examined in 156 individuals of Sardinian descent (44 MS

patients and 112 healthy controls) within four of the five major

groups of HLA-DR haplotypes, i.e. DR1 (DRB1*01), DR51

(DRB1*15, *16), DR52 (DRB1*03, *11, *13) and DR53

(DRB1*04, *07).

The DRB1 promoter was sequenced in 9 *01, 3 *15:01, 15

*16:01, 73 *03:01, 16 *11, 2 *13, 30 *04:05, and 8 *07:01

homozygous individuals, both MS affected and unaffected

(Table 1).

Vitamin D and Multiple Sclerosis in Sardinia
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The putative canonical VDRE GGGTGGAGGGGTTCA was

present in all *15:01, *16:01 and *11 bearing haplotypes, with no

variants disrupting the 15 base pair VDRE consensus sequence.

In 45 of the 73 *03:01 homozygous individuals, the putative

canonical VDRE was found in the promoter region of both

chromosomes, while the 28 remaining individuals had heterozy-

gous sequences in the promoter region, showing not only the

canonical sequence, as above, but also a new sequence

GAGTAGAGGGAGGTCA characterized by three mismatches

in the consensus sequence for the RXR/VDR heterodimer and by

a 4 nucleotide spacer between the two repeats.

This new sequence segregated in all *13, *04:05 and *07:01

carriers, while it was present in heterozygosis with the canonical

sequence in all *01 carriers (Table 2).

Figure 1 shows the proximal promoter region of *15:01, *16:01,

*03:01 and *04:05 alleles. The important regulatory elements S,

X, Y, CCAAY, TATA-BOX and VDRE are highlighted. Note

the presence of two different sequences in the VDRE region: the

canonical sequence in *15:01, *16:01 and three of four *03:01

alleles, and the 16 nucleotide variant in *04:05 and one of four

*03:01 alleles that is moreover linked with a disrupted TATA box

(TGTG).

Transactivating in vitro Activity of DRB1 Promoters
The DRB1 promoter region of five individuals, three homozy-

gous for the *03:01-*02:01 haplotype, one homozygous for the

*04:05-*03:01 haplotype and one homozygous for the *16:01-

*05:02 haplotype, was cloned using the TOPO-TA CloningH kit

(Invitrogen Corporation Carlsbad, California 92008) and then

sequenced.

Three individuals (two carrying the *03:01-*02:01 haplotype

and one carrying the *16:01-*05:02 haplotype) were homozygous

for the putative canonical GGGTGGAGGGGTTCA VDRE

sequence (sample 1910B). These findings overlap with the results

obtained for the MS-associated *15:01 allele in the Canadian

population [27]. Differently, the *04:05-*03:01 haplotype dis-

played the new non canonical VDRE sequence GAGTAGAGG-

GAGGTCA (sample 585C), described above. In the third *03:01-

*02:01 sample both sequences were found in the compound

heterozygous state.

The highly polymorphic VDRE identified in the DRB1

promoter of Sardinian MS patients was then investigated for its

potential to modulate levels of DRB1 gene expression. An in vitro

transactivation assay was developed after stimulation with active

vitamin D metabolite.

Reporter gene constructs from sample 1910B (putative canon-

ical sequence: GGGTGGAGGGGTTCA) and sample 585C,

(mutated sequence: GAGTAGAGGGAGGTCA) were designed

so that 2181 to +53 of the HLA-DRB1 gene sequence was placed

upstream of a pGL3 luciferase reporter gene.

The constructs were transfected in cell lines expressing vitamin

D receptor. A renilla luciferase reporter construct was co-

transfected to normalise luciferase activity. In order to avoid the

masking effect of endogenous hormones on vitamin D response,

cell cultures were carried out in a medium containing hormone-

free fetal bovine serum.

Table 1. Sequencing of the HLA-DRB1 promoter region in 156
subjects of Sardinian descent (112 healthy individuals and 44
multiple sclerosis affected individuals) carrying HLA-DRB1-
DQA1-DQB1 haplotypes.

HLA DRB1 haplotypes
156 homozygous
Subjects

DRB1* DQB1*

01:01 05:01 HLA-DR1 9 (5.8%)

01:02 05:01

01:03 05:01

03:01 02:01 HLA-DR52 73 (46.8%)

04:05 02:01 HLADR53 30 (19.2%)

04:05 03:02

04:05 03:01

07:01 02:01 HLA-DR53 8 (5.1%)

07:01 03:03

11:01 03:01 HLA-DR52 16 (10.3%)

11:04 03:01

15:01 06:02 HLA-DR51 3 (1.9%)

16:01 05:02 15 (9.6%)

13 HLA-DR52 2 (1.3%)

doi:10.1371/journal.pone.0041678.t001

Table 2. Distribution of VDRE sequences in the promoter region of HLA-DRB1 alleles.

GGGTGGAGGGGTTCA Canonical VDRE
GAGTAGAGGGAGGTCA
New 16 nt sequence

DRB1* Homozygous Homozygous Heterozygous

MS Healthy Tot MS Healthy Tot MS Healthy Tot

01:0 0 0 0 0 0 0 1 8 9

03:01 15 30 45 0 0 0 9 19 28

04:05 0 0 0 9 21 30 0 0 0

07:01 0 0 0 4 4 8 0 0 0

11:0 3 13 16 0 0 0 0 0 0

15:01 2 1 3 0 0 0 0 0 0

16:01 1 14 15 0 0 0 0 0 0

13:0 0 0 0 0 2 2 0 0 0

doi:10.1371/journal.pone.0041678.t002

Vitamin D and Multiple Sclerosis in Sardinia
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The promoter region of the *16:01 and *03:01 alleles carrying

the canonical VDRE sequence showed significantly increased

transcriptional activity. Also in *15:01 carriers of the Canadian

population [27], this VDRE sequence is an active regulatory

element of promoter activity.

Vitamin D treatment shows just a minor positive effect on the

promoter activity of the *04:05 and *03:01 alleles carrying the new

non canonical VDRE sequence.

Data are shown in Figure 2.

In vitro Binding of VDR to the DRB1 Vitamin D Responsive
Elements
The ability of VDR to bind the mutant VDRE in the Sardinian

HLA-DRB1 promoter, was evaluated by in vitro electrophoretic

mobility shift assay (EMSA) (Figure 3).

The two previously described VDRE sequence motifs

GGGTGGAGGGGTTCA, sample 1910B (*03:01 homozygous

allele), and GAGTAGAGGGAGGTCA, sample 585C (*04:05

homozygous allele), were included in the experiment.

A canonical consensus sequence for VDR was used as positive

control, while a totally disrupted RXR binding sequence, including

a 4-nucleotide spacer, was used as negative control.

The results of this experiment clearly demonstrated efficient

binding of RXR-VDR heterodimer to the VDRE sequence

GGGTGGAGGGGTTCA (sample 1910B) as well as to the

canonical consensus sequence (positive control). In the supershift

assay performed in Saos-2 cells and 293T transfected cells both

complexes showed reduced electrophoretic mobility when either

an anti-VDR or an anti-RXR monoclonal antibody was added

(Figure 4). Additionally, both complexes were specifically compet-

ed with 100-fold molar excess of unlabelled VDRE probe

(Figure 3).

Conversely, the probe corresponding to the Sardinian mutant

VDRE sample 585C showed very low affinity for the RXR/VDR

heterodimer, probably because of the 3 mismatches in the RXR

binding site. The weak and poorly detectable signal showed in the

figure is most likely due to binding of a VDR monomer.

Discussion

It is widely accepted that MS risk arises from a combination of

genetic and environmental factors. Among genes involved in MS

susceptibility, the HLA-DRB1 locus has been the most consistent

determinant of risk worldwide [29]. However, while in the

majority of geographically prone areas the disease is associated

with *15:01 [15,29], in Sardinia the DRB1 association is carried by

different haplotypes. The DRB1*13:03-DQB1*03:01,

DRB1*04:05-DQB1*03:01 and DRB1*03:01-DQB1*02:01 haplo-

types are positively associated whereas the DRB1*16:01-

DQB1*0:502 haplotype is negatively associated and other

haplotypes, such as *01, *11 and *07 are not associated (neutral)

[14]. Among the environmental factors, vitamin D has been

proposed to have a key role in the risk of developing MS [30].

UVR, the major source of vitamin D, decreases with increasing

latitude, leading to the long-lasting speculation that low sunlight

exposure is related to MS gradient [31]. Moreover, a recent study

reported that individuals with the highest residential and

occupational solar exposure have the lowest rate of MS incidence

Figure 1. Sequences of the proximal promoter region of DRB1*15:01, DRB1*16:01, DRB1*03:01 and DRB1*04:05 alleles. The important
regulatory elements S, X, Y, CCAAY, TATA-BOX and VDRE are highlighted. Note the presence of two different sequences in the VDRE region, the
canonical one and a 16 nucleotide variant. Stars (*) in the last row show homology and empty spaces show nucleotide substitution in one or more
samples at that particular site and dashes(2) represent gaps inserted to maximize the homology. The sequences have been aligned with reference
sequence from The IMGT/HLA Database.
doi:10.1371/journal.pone.0041678.g001
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[32]. In addition, role of vitamin D in MS is indicated by a number

of in vivo studies, demonstrating that 1,25(OH)2D3 suppress

disease induction and progression in the EAE model [33–35].

However, it is unclear if UVR, vitamin D or both are necessary for

the putative decrease in susceptibility to MS, because clinical signs

of EAE were suppressed by UVR treatment independently of

vitamin D production, likely through different mechanisms than

1,25(OH)2D3 [17].

Sardinia, where high MS prevalence [11] and high UVR

coexist, is a notable exception to the epidemiological data

correlating low sunlight exposure with high MS prevalence and

vice-versa [36]. A gene-environmental link involving poor UVR,

vitamin D and the *15:01 predisposing allele has been hypoth-

esized to explain the high prevalence of MS in population of North

European descent. Indeed, Ramagopalan et al. found a functional

VDRE in the promoter region of the *15:01 allele, the expression

of which was influenced by 1,25-(OH)2-D3, suggesting that low

levels of vitamin D (by insufficient dietary intake and/or sunlight

exposure) in the womb or early in life can impair expression of

*15:01 in the thymus, allowing autoreactive T cells to escape

thymic deletion [27].

Figure 2. Functionality of the putative VDREs (samples 1910B *03:01 and 585C *04:05) identified within the promoter region of the
HLA-DRB1 gene. Reporter gene assay was performed with extracts from SaOS-2 cells (A) and MCF-7 cells (B) that were transiently transfected with
luciferase reporter constructs each containing the promoter region of the HLA-DRB1 gene. Cells were treated for 16 h with either solvent or 100 nM
1a, 25(OH) 2D3. Columns represent means of at least three experiments performed in triplicate. Two-tailed t test were performed to determine the
significance of the increased response to calcitriol treatment (*p,0,05; **p,0,001; ***p,0,0001).
doi:10.1371/journal.pone.0041678.g002

Figure 3. In vitro binding of VDR protein to the putative binding site of the HLA-DRB1 promoter in MCF7 and SaOS-2 cells. A strong
interaction between VDR and the radiolabelled probes corresponding to both the VDRE consensus sequence (line 5) and the 1910B *03:01 sequence
(line 2), was detected by electrophoretic mobility shift assay in both MCF7 (A) and SaOS-2 (B) nuclear cell extracts. White arrows indicate RXR-VDR
(top) and VDR–VDR (bottom) complexes. Both complexes were specifically competed by a 100-fold molar excess of each sequence-specific unlabelled
probe (Lanes 3–4 and 6–7). Sample 585C *04:05 and the negative control mutant (lanes 8 and 11, respectively) did not bind to VDR.
doi:10.1371/journal.pone.0041678.g003

Vitamin D and Multiple Sclerosis in Sardinia
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Because the concomitance of the peculiar MS-DRB1* allelic

association [13,14], the high prevalence of the disease and the high

UVR in the island, we tested the above mentioned hypothesis

exploring the presence and functionality of VDREs in the

promoter region of the *DRB1 alleles conferring or not an

increased MS risk in the Sardinian population. Sequencing of

associated and non-associated alleles revealed canonical VDREs in

two of three *03:01 susceptibility alleles and in all protective

*16:01 and *11 non-associated alleles, whereas a novel mutated

VDRE was found in the promoter region of the *13 and *04:05

predisposing alleles, other than in one of three *03:01 alleles and

the *01 and *07:01 non-associated alleles. Transactivation assays

after stimulation with active vitamin D metabolite showed

significantly increased transcriptional activity of DRB1 promoters

containing the GGGTGGAGGGGTTCA putative canonical

VDRE sequence, which thus acts in the same way as the identical

responsive sequence found in *15:01 carriers of the Canadian

population [27].

On the other hand, vitamin D treatment failed to increase

promoter activity of *04:05 and *03:01 alleles carrying the new

mutated VDRE sequence. This sequence consistently differs from

the consensus sequence RGKTSANNNRGKTSA for the RXR-

VDR heterodimer, even bringing a deeply disrupted TATA box.

These results were confirmed by EMSA showing very low

affinity of the mutant VDRE in the Sardinian HLA-DRB1

promoter for the RXR/VDR heterodimer. Conversely, VDR

bound, as expected, to the putative canonical VDRE.

Autoimmune diseases are characterized by a breakdown in the

mechanisms of tolerance to self-antigens. Central self-tolerance

during T-cell differentiation in the thymus involves deletion

(negative selection) of self-reactive T-cells [37]. The currently

favoured model for cellular interactions leading to positive and

negative selection of thymocytes is the quantitative/avidity model,

where cell fate is determined by cumulative thymocyte interactions

that are in part governed by avidity [38]. According to this model,

weak interactions between the T-cell receptor (TCR) and self

peptide/MHC complexes lead to positive selection while stronger

avidity interactions lead to negative selection. Hence, the fate of

the thymocyte is determined by interactions of T-cell receptor

(TCR) with the self MHC/peptide complexes expressed on thymic

stromal cells. Thymocytes expressing high-affinity/avidity TCRs

for peptide/MHC complexes undergo apoptosis and are deleted

centrally in the thymus, whereas those bearing TCRs those bind

too weakly or not at all survive negative selection. Therefore,

among the signalling pathways mediating positive and negative

selection, the structure and expression of self-MHC molecules play

a crucial role [39–41].

Based on the presence of functional VDREs in the promoter

region of *15:01 allele, the hypothesis that in low condition of

UVR and vitamin D availability the expression of the at risk allele

can be impaired, allowing to a defective thymic T cell selection

[27], make sense. However, findings obtained in Sardinian

population seem to contradict the above mentioned hypothesis:

a mutated, not functional VDRE was found in Sardinian

predisposing *04:05, *13:03 and in two over three *03:01 alleles

as in all protective *16:01 and *11 neutral alleles, while canonical

and functional VDRE was present in one over three predisposing

*03:01 allele as in *01 and *07:01 neutral alleles. Thus, it is likely

that in Sardinia expression of DRB1* at risk alleles is independent

of VDREs and that vitamin D synthesis by UVR do not influence

the propensity to MS observed in the island. Variability in vitamin

D status and MS relapse risk has been reported in different

populations: for instance, a serum level of 95nM is associated with

relapse in Argentina [42], but with remission in Finland [43].

Threshold for vitamin D deficiency determining clinical and

immunological effect may differ according to evolutionary

selection in human populations for VDR gene and for VDREs

present in the human genome [44–45].

In the pathogenesis of another autoimmune disease, type 1

diabetes (T1D), inherited variation of vitamin D and low levels of

Figure 4. Supershift assay in SaOS-2 cells and 293T transfected cells. In SaOS-2 cells, antibody directed against VDR protein resulted in
retarded electrophoretic mobility of RXR-VDR and VDR-VDR complexes in lanes 3 and 5, corresponding to VDRE canonical consensus site (positive
control) and the 1910B *03:01 sample. White arrows indicate RXR-VDR (top) and VDR-VDR (bottom) complexes. The thin arrow indicates the
supershifted band, while the short arrow indicates the aspecific band. In 293T cells transfected with VDR and RXR constructs, the supershifted band is
observed in line 3 for VDRE canonical consensus site (positive control) and line 5 for 1910B *03:01 sample.
doi:10.1371/journal.pone.0041678.g004
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circulating vitamin D have been reported [46]. A functional

VDRE has been found in the promoter region of the at risk *03:01

allele in a population of patients from North India [47], allowing

the authors to speculate that in condition of low vitamin D levels

the expression of *03:01 is insufficient to reach the threshold of

thymic deletion, similarly to that hypothesized in MS [27].

Sardinia is also a high-risk area for T1D [48]. Interestingly,

a consistent hierarchy for the HLA class II genetic determinants of

T1D has been reported in Sardinian T1D patients: the risk of

*04:05-*03:02 carriers is more than two-fold the risk of *03:01

ones, whereas the *16:01 and, more consistently, the *15:01 alleles

have a protective effect (RR=0.8 and 0.04, respectively) [49].

There are no studies exploring the influence of VDREs on DRB1

expression of at risk alleles in Sardinian T1D patients, but it is

likely that the same mutated and not functional VDRE can be

found in the at risk 04:05 as in some *03:01 alleles, while canonical

and functional VDREs should be present in the protective *16:01

and *15:01 alleles. If this hypothesis is confirmed, it could be

a further demonstration that in Sardinian population mechanisms

driving the expression of DRB1* associated alleles in autoimmune

diseases are independent from VDRE in the promoter region of

the DRB1 gene.

In conclusion, our data suggest that MS susceptibility in the

Sardinian population is independent of VDREs in the promoter

region of the associated DRB1* alleles. Presently, there are no data

about levels of vitamin D in both healthy and MS Sardinian

individuals. The apparent paradox of MS prevalence on the

island, despite high UVR, remains unexplained. Other factors, as

conformational characteristics of predisposing and non-predispos-

ing molecules intervening in self-peptide binding, molecular

mimicry of exogenous peptides from pathogens such as Mycobac-

terium avium paratuberculosis, very common in the island and

recently involved in MS pathogenesis [50], could account for the

role of specific DRB1* alleles in conferring risk to MS in Sardinia.

Materials and Methods

Subjects
Unrelated subjects (MS patients and healthy subjects) homozy-

gous at the HLA DRB1 locus were randomly selected from the

DNAs collection of the MS Center of Cagliari. In it are stored

more than 3000 and 1500 DNAs coming respectively from MS

patients and from demographically and ethnically matched

healthy subjects (HS). All the individuals considered in the study

were born in Sardinia and were Sardinians at least from three

generations. Totally 156 subjects were included, of them 44 were

MS patients, of them 37 were female and 7 were male; all but 1

have a Relapsing remitting/secondary progressive course, the

mean age at onset was 29 SD +/29.3 years; the age at the time of

the study was 41 SD +/212.3 years. MS patients were ascertained

and followed up at the Multiple Sclerosis Centre of Cagliari

(Sardinia) and the disease was diagnosed according to the

McDonald criteria [51]. The 112 HS were 48 male and 64

female the mean actual age of HS was 42.5 SD +/213.5 years.

Moreover, they had no autoimmune diseases and any relatives

affected with MS.

The study was conducted in accordance with the Helsinki

Declaration and approved by University of Cagliari/ASL8 (Italy)

ethics committee. All subjects gave informed written consent.

HLA-DRB1 Genotyping and Sequencing
The HLA-DRB1 promoter region was sequenced in 156 subjects

of Sardinian descent (113 healthy subjects and 43 MS patients)

recruited by the Regional Center for Multiple Sclerosis in Cagliari

(Southern Sardinia). The female to male ratio was 1.35 in healthy

samples and 2.58 in MS patients. Among the 43 samples from MS

affected individuals, 19 came from trios families, whereas 24 were

independent cases. All subjects were homozygous for HLA-DRB1

alleles. HLA-DRB1 genotyping was performed as previously

described [13,14].

Two primers selected with Primer3 (v. 0.4.0) were used to

amplify a 374 bp fragment in the HLA-DRB1 promoter region.

The amplified products were sequenced to determine the VDRE

variants in the Sardinian population.

An ABI 3130xl genetic analyser was used to process sequencing

samples prepared with ABI’s BigDyeH Terminator v3.1 sequenc-

ing chemistry (Applied Biosystems, Inc., Carlsbad, California).

The sequences were then analysed by Applied Biosystems

Sequence Scanner Software v1.0.

Sequences were aligned using ClustalW2, and the presence of

a VDRE was confirmed in-silico with the JASPAR_CORE

version 3.0 database using default conditions [28].

Finally, all sequences were confirmed by dot spot hybridization

with probes complementary to the TATA box and VDREs. All

methods are available upon request.

Plasmid Constructs
The promoter region (from nt2181 to +53) of two patients, one

(1910B *03:01 homozygous allele) containing the VDRE sequence

GGGTGGAGGGGTTCA corresponding to the Canadian re-

sponsive sequence in the homozygous state and the other (585C

*04:05 homozygous allele) homozygous for the non canonical

VDRE sequence GAGTAGAGGGAGGTCA, were amplified by

PCR and cloned into XhoI/HindIII sites in the pGL3 basic vector

upstream of the luciferase gene.

Cell Culture, Transfection and Luciferase Reporter Gene
Assay
MCF7 and SaOS-2 cells were seeded into 6-well plates (10 5

cells/ml) and grown overnight in phenol red-free DMEM

supplemented with 10% charcoal-treated fetal bovine serum.

Liposome complexes were formed by incubating 1 mg of reporter

control vector phRL-TK (PROMEGA) and 4 mg of pGL3 DRB1

promoter vector with Lipofectamine 2000 reagent for 159 at room

temperature in a total volume of 100 ml [52]. After dilution with

900 ml of phenol red-free DMEM, the liposomes were added to

each of the cell cultures. Phenol red-free DMEM supplemented

with 30% charcoal-treated fetal bovine serum was added 4 h after

transfection. At the same time, 100 nM 1,25(OH)2D3 (calcitriol)

or solvent were also added. The cells were lysed 16 h after onset of

stimulation using passive lysis buffer (PROMEGA). Luciferase

assay was performed on cell lysates using the Dual-Luciferase

ReporterH, Assay kit from Promega according to the manufac-

turer’s instructions. Luminescence was measured in a Microlumat

LB96P luminometer (EG&G Berthold, Wildbad, Germany).

Luciferase activity was normalized with respect to renilla

luminescence produced by reporter control vector phRL-TK.

Induction factors were calculated as the ratio of luciferase activity

of ligand-stimulated cells to that of solvent control. The procedure

was the same for both cell lines.

The Saos-2 osteosarcoma and the MCF-7 mammary gland

breast cells were obtained by The American Type Culture

Collection (ATCC; number HTB-85 and CRL-2351 respectively).

Gel Shift and Supershift Assay
The EMSA experiments were conducted on SaOS-2, MCF7

and 293T cell cultures. The 293T cells were transfected with the
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constructs pCMV6-XL5-VDR (ORIGENE Technologies) and

pSG5-RXR (donated by professor P. Moi, University of Cagliari).

After stimulation with vitamin D, the cells were collected and the

nuclear proteins were extracted using the Nuclear extraction kit

(Active Motif). Two micrograms of each nuclear protein extract

was incubated with 1ng of the 32P-labeled VDRE consensus probe

and with each of its radiolabelled variant. Incubation was

performed in binding buffer (25 mM Hepes (K+) ph7,5,

100 mM KCl, 12,5 mM MgCl2, 1 mM DTT, 10 mM ZnSO4,

20% glicerol, 0,1% Nonidet P-40) for 20 min. at room temper-

ature. In the supershift assay, 10 ml of anti-VDR and anti RXR

antibody (Santa Cruz) were added to the mixture. In the

competition assay, 100 ng of cold probe were added. Following

incubation, the reactions were analysed as autoradiograms of 6%

no denaturing polyacrylamide gels. The 293T kidney cells were

obtained by ATCC (number CRL-11268).

Acknowledgments

We warmly thank all the patients for their kind contribution.

Author Contributions

Conceived and designed the experiments: MGM EC MRM AM MCR.

Performed the experiments: AM DC ST EF RM LS MAS GC SC IA.

Analyzed the data: MGM EC MRM AM MCR GF LL NC GM.

Contributed reagents/materials/analysis tools: AM DC ST EF RM LS

MAS GC SC IA. Wrote the paper: MGM EC AM MRM MCR.

Recruited the patients and samples: GF LL NC GM.

References

1. Compston A, Confavreux C, Lassmann H, McDonald I, Miller D, et al. (2006)

McAlpine’s Multiple Sclerosis, Churchill Livingstone, Philadelphia. 982 p.

2. Hauser SL, Oksenberg JR (2006) The neurobiology of multiple sclerosis: genes,

inflammation and neurodegeneration. Neuron 52: 61–76.

3. Ascherio A, Munger KL (2007) Environmental factors for multiple sclerosis. Part

II: noninfectious factors. Ann Neurol 61: 504–513.

4. Munger KL, Levin LI, Hollis BW, Howard NS, Ascherio A (2006) Serum 25-
hydroxyvitamin D levels and risk of multiple sclerosis. JAMA 296: 2832–2838.

5. Ebers GC, Sadovnick AD (1993) The geographic distribution of multiple
sclerosis: a review. Neuroepidemiology 12: 1–5.

6. Willer CJ, Dyment DA, Sadovnick AD, Rothwell PM, Murray TJ, et al. (2005)
Timing of birth and risk of multiple sclerosis: population based study. BMJ 330:

120.

7. Templer DI, Trent NH, Spencer DA, Trent A, Corgiat MD, et al. (1992) Season
of birth in multiple sclerosis. Acta Neurol Scand 85: 107–109.

8. Ebers G (2010) Month of birth and multiple sclerosis risk in Scotland. Eur
Neurol 63: 41–42.

9. Staples J, Ponsonby AL, Lim L (2010) Low maternal exposure to ultraviolet
radiation in pregnancy, month of birth, and risk of multiple sclerosis in offspring:

longitudinal analysis. BMJ 340: c1640.

10. Lampis R, Morelli L, Congia M, Macis MD, Mulargia A, et al. (2000) The inter-

regional distribution of HLA class II haplotypes indicates the suitability of the

Sardinian population for case-control association studies in complex diseases.
Hum Mol Genet 9: 2959–65.

11. Cocco E, Sardu C, Massa R, Mamusa E, Musu L, et al (2011) Epidemiology of
multiple sclerosis in south-western Sardinia. Mult Scler 17: 1282–1289.

12. Marrosu MG, Lai M, Cocco E, Loi V, Spinicci G, et al. (2002) Genetic factors
and the founder effect explain familial MS in Sardinia. Neurology 58: 283–288.

13. Marrosu MG, Murru R, Murru MR, Costa G, Zavattari P, et al. (2001)

Dissection of the HLA association with multiple sclerosis in the founder isolated
population of Sardinia. Hum Mol Genet 10: 2907–2916.

14. Cocco E, Sardu C, Pieroni E, Valentini M, Murru R, et al. (2012) HLA-DRB1-
DQB1 haplotypes confer susceptibility and resistance to multiple sclerosis in

Sardinia. PLoS One. 7(4):e33972. Epub 2012 Apr 11.

15. Ramagopalan SV, Ebers GC (2008) Genes for multiple sclerosis. Lancet 371:

283–285.

16. Lampis R, Morelli L, De Virgiliis S, Congia M, Cucca F (2000) The distribution

of HLA class II haplotypes reveals that the Sardinian population is genetically

differentiated from other Caucasian populations. Tissue Antigens 56: 515–521.

17. Becklund BR, Severson KS, Vang SV, DeLuca HF (2009) UV radiation

suppresses experimental autoimmune encephalomyelitis independent of vitamin
D production. Proc Natl Acad Sci U S A 107: 6418–6423.

18. Vieth R (1999) Vitamin D supplementation, 25-hydroxyvitamin D concentra-
tions, and safety. Am J Clin Nutr 69: 842–856.

19. Brown AJ, Dusso A, Slatopolsky E (1999) Vitamin D. Am J Physiol 277: 157–

155.

20. Haussler MR, Whitfield GK, Haussler CA, Hsieh J-C, Thompson PD, et al.

(1998) The nuclear vitamin D receptor: biological and molecular regulatory
properties revealed. J Bone Miner Res 13: 325–349.

21. Aranda A, Pascual A (2001) Nuclear hormon receptors and gene expression.
Physiol Rev 81: 1269–1304.

22. Koszewski NJ, Malluche HH, Russell J (2000) Vitamin D receptor interactions
with positive and negative DNA response elements: an interference footprint

comparison. J Steroid Biochem Mol Biol 72: 125–132.

23. White P, Cooke N (2000) The multifunctional properties and characteristics of
vitamin D-binding protein. Trends Endocrinol Metab 11: 320–327.

24. Colnot S, Lambert M, Blin C, Thomasset M, Perret C (1995) Identification of
DNA sequences that bind retinoid X receptor-1,25(OH)2 D3-receptor

heterodimers with high affinity. Mol Cell Endocrinol 113: 89–98.

25. Maestro B, Davila N, Carmen Carranza M, Calle C (2003) Identification of

a Vitamin D response element in the human insulin receptor gene promoter.

J Steroid Biochem Mol Biol 84: 223–230.

26. Im HJ, Craig TA, Pittelkow MR, Kumar R (2002) Characterization of a novel

hexameric repeat DNA sequence in the promoter of the immediate early gene,

IEX-1, that mediates 1a25-dihydroxyvitamin D3-associated IEX-1 gene

repression. Oncogene 21: 3706–3714.

27. Ramagopalan SV, Maugeri NJ, Handunnetthi L, Lincoln MR, Orton SM, et al.

(2009) Expression of the multiple sclerosis-associated MHC class II allele HLA-

DRB1*1501 is regulated by vitamin D. PLoS Genet 5: e1000369.

28. Sandelin A, Alkema W, Engstrom P, Wasserman WW, Lenhard B (2004)

JASPAR: an open-access database for eukaryotic transcription factor binding

profiles 10.1093/nar/gkh012. Nucleic Acids Res 32: D91–94.

29. The International Multiple Sclerosis Genetics Consortium (2011) Genetic risk

and a primary role for cell-mediated immune mechanisms in multiple sclerosis.

Nature 476: 214–219.

30. Munger KI, Levin LI, Hollis BW, Howard NS, Ascherio A (2006) Serum 25-

hydroxyvitamin D levels and risk of multiple sclerosis. JAMA 296: 2832–2838.

31. Acheson ED, Bachrach CA, Wright FM (1960) Some comments on the

relationship of the distribution of multiple sclerosis to latitude, solar radiation,

and other variables. Acta Psychiatr Scand Suppl 35: 132–147.

32. Freedman DM, Dosemeci M, Alavanja MC (2000) Mortality to multiple

sclerosis and exposure to residential and occupational solar radiation: a case-

control study based on death certificates. Occup Environ Med 57: 418–421.

33. Lemire JM, Archer DC (1991) 1,25-dihydroxyvitamin D3 prevents the in vivo

induction of murine experimental autoimmune encephalomyelitis. J Clin Invest

87: 1103–1107.

34. Cantorna MT, Hayes CE, DeLuca HF (1996) 1,25-Dihydroxyvitamin D3

reversibly bloks the progression of relapsing encephalomyelitis, a model of

multiple sclerosis. Proc Natl Acad Sci U S A 93: 7865–7864.

35. Nashold FE, Hoag KA, Goverman J, Hayes CE (2001) Rag-1-dependent cells

are necessary for 1,25-dihydroxyvitamin D(3) prevention of experimental

autoimmune encephalomyelitis. J Neuroimmunol 119: 16–29.

36. Ebers GC (2008) Environmental factors and multiple sclerosis. Lancet Neurol 7:

268–277.

37. Ohashi PS (2003) Negative selection and autoimmunity. Curr Opin Immunol

15: 668–676.

38. Ashton-Rickardt PG, Tonegawa S (1994) A differential avidity model for T-cell

selection. Immunol Today 15: 362–366.

39. Tarakhovsky A, Kanner SB, Hombach J, Ledbetter JA, Muller W, et al. (1995)

A role for CD25 in TCR-mediated signal transduction and thymocyte selection.

Science 269: 535–537.

40. Pani G, Fischer KD, Mlinaric-Rascan I, Siminovitch KA (1996) Signaling

capability of the T cell antigen receptor is negatively regulated by PTP1C

tyrosine phosphatase. J Exp Med 184: 839–857.

41. Punt JA, Havran W, Abe R, Sarin A, Singer A (1997) T cell receptor (TCR)-

induced death of immature CD4+ CD8+ thymocytes by two distinct mechanisms

differing in their requirement for CD28 costimulation: implications for negative

selection in the thymus. J Exp Med 186: 1911–1922.
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