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a b s t r a c t

In this study we investigated the contribution of gender to global gene expression in peripheral blood
mononuclear cells from multiple sclerosis (MS) patients and healthy controls. We observed that, in
contrast to the conventional approach, gender-based case-control comparisons resulted in genelists with
significantly reduced heterogeneity in human populations. In addition, MS was characterized by
significant changes both in the quantity and in the quality of the sex-specific genes. Application of
stringent statistics defined gender-based signatures which classified a second independent MS pop-
ulation with high precision. The global unsupervised cluster analyses for 60 subjects showed that 29/31
female and 27/29 male samples were properly identified. Notably, MS was associated in women and in
men with distinct gene signatures which however shared several molecular functions, biological
processes and interactors. Issues regarding epigenetic control of gene expression appeared as the main
common theme for disease, with a central role for the functional modules related to histone deacetylase,
NF-kappaB and androgen receptor signaling. Moreover, in silico analyses predicted that the differential
expression in MS women and men were depending on the transcription factor SP1. Specific targeting of
this pathway by the bis-anthracycline WP631 impaired T cell responses in vitro and in vivo, and reduced
the incidence and the severity of experimental autoimmune encephalomyelitis, indicating that SP1
dependent gene transcription sustains neuroinflammation.

Thus, the gender-based approach with its reduced heterogeneity and the systems biology tools with
the identification of the molecular and functional networks successfully uncovered the differences but
also the commonalities associated to multiple sclerosis in women and men. In conclusion, we propose
gender-based systems biology as a novel tool to gain fundamental information on disease-associated
functional processes.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating disorder of
the central nervous system (CNS) characterized by the presence of
inflammatory cells and mediators within nervous tissue [1,2]. It is
a chronic disease with onset in young adulthood, prevalence of

1:500 in some geographical regions and predominance in women
(2:1 female/male ratio) with the relapsing-remitting (RR-MS) form
of disease [3]. Diagnosis of MS is difficult due to the variability of
clinical symptoms patients experience and to the resemblance with
other neurological disorders of CNS. Currently, diagnostic criteria
are mainly based on clinical and radiological examinations, as
specific laboratory tests are not yet available. Furthermore, there is
still no single biomarker that correlates accurately with clinical
activity or treatment response [4,5].

Multiple sclerosis is a complexdiseasedeterminedbybothgenetic
and environmental factors. Intriguingly, many of the susceptibility
genes play a role in immune system. For instance, classical linkage
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analysis in large familieswithMSpointed outmainly the importance
of the major histocompatibility complex locus in determining
predisposition to the disease [6]. More recently, application of high-
throughput screening techniques in genetics association studies [6]
identified additional polymorphisms in immune related genes such
as interleukin (IL) 7 receptor and IL2 receptor [7]. AlthoughMSaffects
the CNS, there are evidences of altered immunity in the periphery in
MS patients [2]. Further, the most widely used therapeutic drugs in
MS are either immunosuppressive or immunomodulatory agents
[2,8], indicating that targeting peripheral immune system is benefi-
cial to patientswith this CNS disorder. These observations sustain the
rationale for employing peripheral blood mononuclear cells (PBMC)
as aneasily accessible and informative sourceof biologicalmaterial in
transcriptome studies. Transcriptional profiling aims to comprehend
complex molecular interactions and to identify disease related
biomarker. Such informationmay lead to newhypotheses that either
would not be considered based on current knowledge or which are
too complex to be examined by conventional approaches. Here, we
performedmicroarray-based gene expressionprofiling onperipheral
bloodmononuclear cells (PBMC) derived from23MSpatients and 22
healthy controls (CTRL). To reduce variability, we included patients
with the relapsing-remitting clinical course, who were free from
immunomodulatory treatments and from any other acute or chronic
inflammatory disorder. Distinct from the conventional disease tran-
scriptomics approach, we applied a gender-based approach for
selection of differentially expressed genes (DEG) inMS and validated
them in a second independent MS population. Further, we extended
bioinformatical annotation to the systems biology level and verified
the involvement of a novel pathway in the animal model of multiple
sclerosis.

2. Materials and methods

2.1. Inclusion criteria for RR-MS patients and healthy controls

Clinical investigations have been conducted according to the
principles expressed in the Declaration of Helsinki and peripheral
blood was drawn after signing of the institutional informed
consent. Twenty-three MS patients were initially enrolled for this
study. They were Italian adult subjects comprised of 13 women
and 10 men. They had relapsing-remitting course of the disease
diagnosed according to the McDonald criteria [9] and all of them
were clinically stable at the time of blood sampling. Moreover,
they were not suffering from any acute or chronic inflammatory
diseases or other autoimmune disorders and they had not yet
started any immunomodulatory therapy for MS. Sampling was
performed at least 4 weeks after the last clinical attack or steroid
treatment. All participants had peripheral blood counts within
the reference range. A second MS population (comprised of 10
women and 8 men) was subsequently enrolled according to the
same inclusion criteria. Twenty-two healthy subjects (comprised
of 10 women and 12 men), who had no acute or chronic
inflammatory diseases or autoimmune disorders, were included
as controls for this study. All blood samplings were performed
between 9 and 12 a.m.

2.2. PBMC isolation and RNA isolation

Peripheral blood mononuclear cells (PBMC) were isolated using
a discontinuous density gradient (Lymphoprep, Nycomed, Oslo,
Norway). Viable cells were counted by Trypan Blue (SigmaeAldrich,
Milan, Italy) exclusion. Then total RNA was extracted using TriRe-
agent (Ambion, Applied Biosystems, Monza, Italy) and stored
at �80 �C.

2.3. The microarray experiment and data processing

Total RNA extracted from PBMC was used for microarray
experiments on Illumina Human_Ref-8_V2 arrays (Illumina, Son,
Netherlands). Quantification and quality analyses of RNA were
performed on a Bioanalyzer 2100 (Agilent, Milan, Italy). Reverse
transcription and biotinylated cRNA synthesis were performed
using the Illumina TotalPrep RNA Amplification Kit (Ambion),
according to the manufacturer’s protocol. Hybridization of the
cRNAs was carried out on Illumina Human_Ref-8_V2 arrays. These
arrays contain about 22,000 probes exploring the transcripts con-
tained in the Refseq database. Array hybridization, washing,
staining and scanning in the Beadstation 500 (Illumina) were per-
formed according to standard Illumina protocols. The BeadStudio
software (Illumina) was used to analyze raw data grouped by
experimental condition. The data were normalized using cubic
spline method as implemented in the software. The MIAMI
compliant microarray data have been deposited in the EBI
ArrayExpress database (Accession no. E-MTAB-380). The Bead-
studio software reports a detection p-value, which represents the
confidence that a given transcript is expressed above the back-
ground defined by negative control probes. This value clues the
“absent” or “present” status of transcripts in the array. In this study,
we considered a probe to be “present” in the array if at least 2/3 of
the samples in both control and disease phenotypes had a detection
p-value < 0.05. With this paradigm we removed the potential
unfavorable probes from the analysis and proceeded with 10,390
probe sets for the study. In addition, we identified three outlier
samples through both the principal component analysis (PCA) and
hierarchical sample clustering methods using MeV package 4.3.01
[10], and removed those samples from further analysis. There were
no significant differences in age (36.9 � 11.3 vs. 35.5 � 11.4 in
female and male controls, 36.5 � 7.5 vs. 36.3 � 7.8 in female and
male patients), disease duration (3.8 � 3.2 vs. 6.1 � 5.5 in female
and male patients), EDSS score (1.7 � 1.4 vs. 1.8 � 1.5 in female and
male patients) and annual relapse rate (1.5 � 1.6 vs. 1.0 � 0.9 in
female and male patients) between the two gender groups.

For the validation group comprising of 10 female and 8male RR-
MS samples (Age: 40.5 � 14.1 vs 36.5 � 8.6; EDSS: 1.6 � 0.7 vs.
1.0 � 1.0; Disease duration: 6.9 � 8.4 vs. 8.4 � 6.3; Annual relapse
rate: 1.1�1.2 vs. 0.8� 0.4 in female andmale patients respectively),
the experimental protocols for RNA extraction, labeling and array
hybridizations were performed as described above. In order to
reduce the technical variation due to hybridizations made at
distinct time points, batch correction was performed for the newly
recruited samples using the dChip software [11].

2.4. Analysis of differential gene expression

Toward the identification of differentially expressed genes, the
samples were divided into MS and healthy control groups, each
comprising of 21 samples. We used three parallel statistical
methods to identify the differentially expressed genes. A differen-
tially expressed genewas the one that passed at least two tests. The
first method was a two sample t-test performed on MS and healthy
controls with a p-value threshold of 0.01. The t-test was performed
withWelch approximation for unequal variances in the two groups
using the MeV package. Secondly, we used Significant Analysis of
Microarrays [12], a robust permutation based non-parametric
method that relies on variance information present in measure-
ments obtained from the probes. Unlike t-test, SAM outputs the q-
value which represents the significance of the differential expres-
sion for a given gene. In our study, the q-value cut-off was 20% and
used the SAM implementation in Stanford tools for Excel software,
version 1.1. Finally, a bayesian approach to identify differentially
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