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(Figure 2). NMR fEITO#ER O D 2 TEOIEIIEREEDRRS SQDG TH 5
ZEMHBH LU, sz HWT NKT #lg hybridoma, <7 AR, Mg, AT
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AR O MR SNEF D R O NEho 7=, BEMN51E SQDG 2% NKT fifao v
HREMDDBERIZESN TRV, X525, BXOERNMED
T B RER IR T 2 MAEIIR OB RICEL TREPTH .

Figure 1: Structure of SQDG
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Figure 2: Thin-layer chromatography (TLC) of separated lipids. TLC were
developed with CMW (65:25:4) and stained by orcinol-sulphuric acid. Structural

analysis revealed that N3 and A1, N5 and A2, and N7 and A3 were identical.
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To clarify the molecular mechanisms underlying multiple selerosis
(MS)-promoting antoimmune process, we have investigated a compre-
hensive gene expression profile of T cell and non-T cell fractions of
peripheral blood moenonuciear cells (PBMC) isolated from 72 MS
patients and 22 age- and sex-matched healthy control (CN) subjects by
using a ¢DNA microarray. Among 1258 genes examined, 173 genes in T
cells and 50 genes in non-T cells were expressed differentially between
MS and CN groups. Downregulated genes greatly outnumbered
upregulated genes in MS. Morve than 80% of the top 30 most
significant genes were categorized into apoplosis signaling-related
genes of both proapoptetic and antiapoptotic classes. They included
upregolation in MS of orphan nuclear receptor Nurrl (NR4A2),
receptor-interacting serine/threonine kinase 2 (RIPK2), and silencer of
death domains (SODD), and downregulation in MS of TNF-related
apoptosis-inducing ligand (TRAIL), B-cell CLL/Aymphoma 2 (BCL2),
and death-associated protein 6 (DAXX). Furthermore, a set of the
genes invelved in DNA repair, replication, and chromatin remodeling
was downregubated in MS. These results suggest that MS Iymphocytes
show a complex pattern of gene regulation that represents a counter-
balance between prometing and preventing apoptosis and DNA
damage of lymphocyies.

© 2004 Elsevier Inc. All rights reserved.
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sclerosis
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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating
disease of the central nervous system (CNS) white matter.
Although the ctiology of MS remains unknown, immunological
studies have suggested that MS is an autoimmune disease mediated
by T-lymphocytes secreting proinflammatory T helper type | (Thi)
cytokines, whose development is tripgered by a complex interplay
of both genetic and environmental factors (Compston and Coles,
2002). Imcreasing cvidence indicates that the elimination of
autoreactive T cells via apoptosis, a common regulatory mecha-
nism for normal development and homcostasis of the immune
system, is impaired in MS (Zipp et al.. 1999). The mRNA levels of
Fas, Fas ligand, and TNF-related apoptosis-inducing ligand
(TRAIL) are clevated in peripheral blood mononuclear cells
(PBMCQ) of relapsing-remitting MS (RRMS) patients, while T
cell lines established from these patients show a functional defect
in the Fas sipnaling pathway (Comi et al., 2000; Gomes et al,
2003 Huang et al, 2000). The expression of B-cell CLL/
lymphoma 2 (BCL2) family proteins is dysregulated in lympho-
cytes of clinically active MS patients in a manner that promotes
resistance to apoptosis (Sharief et al., 2003). Furthermore,
apoptosis-regulatory proteins are aberrantly expressed in active
MS brain lesions (Bonetti et al, 1999: D’Souza et al., 1996).
However, the precise implication of these observations in
imnunopathogenesis of MS is fairly limited, because most of
these studies have focused on a limited range of apoptosis-
signaling regulators.

The DNA microarray technology is a novel approach that
allows us to systematically and simultaneously monitor the
expression of a great number of genes. Application of this
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technique has begun to give us new insights into the complexity
of molecular interactions involved in the MS-promoting auto-
immune process (Steinman and Zamvil, 2003). Actually, micro-
array analysis identified upregulation of a set of genes in active
MS brain lesions, whose pathological role has not been
previously predicted in MS (Lock et al, 2002). Recently, we
have studied the gene expression profile of T cells and non-T
cells derived from RRMS before and after treatment with
interferon-beta (IFNpP) (Keike et al., 2003). IFNp altered the
expression of 21 genes, including nine with IFN-responsive
promoter elements, thereby contributing to the therapeutic effects
of IFNR in MS. Supporting our observations, different studies
using distinct ¢DNA microarrays identified IFNB-responsive
genes expressed in PBMC of RRMS patients receiving IFNP
(Stiirzebecher et al., 2003; Weinstock-Guttman et al.,, 2003).
Importantly, a recent study showed that a battery of the genes
relevant to development of MS include those encoding apoptosis
regulators, although this study enrolled only four MS patients
(Maas et al.,, 2002).

Here we investipated a comprehensive gene expression profile
of CD3" T cells and CD3™ non-T cells isolated from 72 MS
patients and 22 healthy subjects by using a cDNA microamay
containing 1258 genes of various functional classes. We found that
173 genes in T cells and 50 genes in non-T cells were differentially
expressed between MS and control (CN) groups. Unexpectedly,
more than 80% of the top 30 most significant genes were
categorized into apoptosis signaling-related penes of both proa-
poptotic and antiapoptotic classes, rveflecting a counterbalance
between resistance and susceptibility of lymphocytes toward
apoptosis in MS.

Materials and methods
The study populations

The present study enrolled 72 Japanese, clinically active MS
patients and age- and sex-matched 22 Japanese healthy control
(CN) subjects. Their demographic characteristics are listed in
Table 1. The MS patients were diagnosed according to the
established criteria (McDonald et al., 2001). No patients had a

past history of treatment with interferons, glatiramer acetate, or
mitoxantrone. No patients had received corticosteroids or other

Table 1
Demographic characteristics of the study populations

immunosuppressants at least | month before blood sampling.
Written informed consent was obtained from all subjects.

RNA isolation from T cell and non-T cell fractions

Thirty milliliters of heparinized blood was taken in the
morning. Within 6 h, PBMCs were isolated by centrifugation on
a Ficoll density gradient. Immediately, they were labeled with anti-
CD3 antibody-coated magnetic microbeads and separated by
AutoMACS (Miltenyi Biotec, Auburn, CA) into a CD3" T cell
fraction and a CD3™ non-T cell fraction, the latter composed of
monocytes, B cells, and NK cells. The viability of the cells and the
purity of each fraction were verified by trypan blue dye exclusion
test and flow cytometric analysis. Total RNA was isolated fiom
each fraction by uwsing RNeasy Mini Kit {Qiagen, Valencia, CA).
Five micrograms of purified RNA was in vitro amplified within a
linear range of the amplification, and the antisense RNA (aRNA)
was processed for cDNA microarray analysis as described
previously (Koike et al., 2003).

cDNA microarray analvsis

The present study utilized a custom microarray containing
duplicate spots of 25§ ¢cDNA immobilized on a poly-L-lysine-
coated slide glass (Hitachi Life Science, Kawagoc, Saitama,
Japan). They were prepared by PCR of sequence-known genes
of various functional classes, including cytokines/growth factors
and their receptors, apoptosis regulators, oncogenes, transcription
factors, cell cycle regulators, and housekeeping genes. The
complete gene list of the microarray is available upon request
(express(als.hitachi.co.jp). Individual aRNA of MS patients and
CN subjects was labeled with a flnorescent dye Cy5 by reverse
transcriptase reaction. Pooled aRNA of three independent healthy
volunteers who were not included in the study was labeled with
Cy3 and used as a universal reference to standardize the pene
expression levels throughout the experiments as described pre-
viously (Koike et al.. 2003). The arays were hybridized at 62°C
for 10 h in the hybridization buffer containing equal amounts of
Cy3- or Cy5-labeled cDNA, and they were then scanned by the
ScanArray 5000 scanner (GS1 Lumonics, Boston, MA). The data
were analyzed by using the QuantArray software (GSI Lumonics).
The average of fluorescence intensities (F1) of duplicate spots was
obtained after global normalization between Cy3 and Cy5 signals.

Characleristics

Multiple sclerosis (MS) putients Healthy control (CN) subjects

The number of (he study population (1)

Age (averape L SD, year)

Sex (male vs. female)

Discase cowrse (RRMS vs. SPMS)

Disease sublype (conventional MS vs. non-conventional MS)
Disease duration (average X SD, year)

EDSS score (average = S, score)

Number of lesions on T2-weiphted MR] {average 1 8D, number)

Number of relupses during 2 years before blood sampling (average L 8D, number)
Day of TVMP teatment during 2 years before blood sampling (average £ 8D, day)
Day of hospitalization during 2 years hefore blood sampling (average £ 8D, day)

72 22

36.0 4103 38.6 1 123
17 vs. 55 6 vs. 16
65 vs. 7 {(-)

57 vs. 15 ()
7.7+ 54 (=)
28420 {-)
247 & 319 (-)
1.9+ 1.5 (-)
591 58 (~)
49.7 £ 70,0 (-)

Basced on the lesion distribution patiern, MS was separated into (wo subtypes, (hat s, the conventional MS that affects various regions of the CNS white matier
and non-conventiona]l MS that allects chiefly the optic nerve and the spinal cord. Abbreviations: RRMS, relapsing-remitting MS: SPMS. secondary
progressive MS; EDSS. expanded disability status scole; and TVMP, intravenous methylprednisolone pulse.
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The impact of inter-experiment variability was verified by
analyzing a scatter plot. The genes exhibiting the average Fl
smaller than the level of {000 were omitted to be processed for
further analysis. The gene expression level (GEL) was calculated
according to the formula: GEL = FI (Cy5) of the sample/FI (Cy3)
of the universal reference. Some results were expressed as box and
whisker plots.

The penes were categorized into the group of apoptosis
signaling-related genes, when their involvement in regulation of
apoptosis was identified through computerized searches in
PubMed.

Statistical analysis

The statistical significance of differences in GEL between MS
and CN samples was evaluated by a regularized 7 test (Cyber-T)
using the Bayesian inference of variance, where they were
considered as significant when the error rate of this test was
smaller than 0.05 (Baldi and Long, 2001).

Northern blot analvsis

Unfractionated PBMCs of a healthy subject were suspended at
5 x 10° cells/ml in RPMI 1640 medium containing 0% fetal
bovine serum, 2 mM L-glutamine, 55 M 2-mercaptoethanol, 100
U/ml penicillin, and 100 pg/m] streptomycin. The cells were then
incubated in a 5%C0./95% air incubator at 37°C for 6 h in
medium with inclusion of both 25 ng/ml phorbol ! 2-myristate 13-
acetate (PMA: Sigma, St. Louis, MO) and 1 pg/ml ionomycin
(1OM; Sigma), or incubated for 24 h in the plate coated with | pg/
ml mouse monoclonal antibody (mAb) against human CD3
(OKT3) or in the medium containing {00 ng/ml recombinant
human IFN-gamma (IFNw) (a specific activity of 22 x 107 units/
mg, PeproTech, London, UK). They were processed for RNA
preparation as described previously (Satoh and Kuroda, 2001).
Three micrograms of total RNA was separated on a 1.5% agarose-
Y% formaldehyde gel and transfersed onto a nylon membrane.
After prehybridization, the membranes were hybridized at 54°C
overnight with the DIG-labeled DNA probe synthesized by the
PCR DIG probe synthesis kit (Roche Diagnostics, Mannheim,
Germany) uvsing the sense and antisense primer sets listed in
Supplementary Table | online. The specific reaction was visualized
on Kodak X-OMAT AR X-ray films by the DIG chemilumines-
cence detection kit {Roche Diagnostics).

Resulfs

Microarray analvsis identified difjerentially expressed genes in
peripheral blood hmphocytes between MS and controls

Among 1258 genes examined, 173 genes in T cell fraction and
50 genes in non-T cell traction were expressed differentially
between 72 MS patients and 22 CN subjects (see Supplementary
Table 2 online for all data set). In T cell fraction, 25 genes were
upregnlated, while 148 genes were downregulated in MS. In non-T
cell fraction, 11 genes were upregulated, while 39 genes were
downregulated in MS. Thus, downregnlated penes greatly out-
numbercd upregulated genes in MS. No genes showed an opposed
pattern of regulation between T cell and non-T cell fractions. The
top 30 most significant genes are listed in Tables 2 and 3, and

among them, top 10 are expressed as box and whisker plots (Figs. |
and 2). Among top 30 genes, six genes, such as regulator of G
protein signaling 14 (RGS14), SWI/SNF-related, matrix-associated,
actin-dependent regulator of chromatin, subfamily a, member 3
(SMARCAZ), transcription factor 17 (TCF17), carbohydrate sulfo-
transferase 4 (CHST4), cytochrome ¢ oxidase assembly protein
(COXI1S5), and death-associated protein 6 (DAXX), were down-
regulated coordinately in both cell fractions.

The majority of top 30 differentially expressed genes berween MS
and controls were calegorized into apoplosis signaling-related
genes

In T cell fraction, the top 30 contained 25 genes closely related
to apoptosis signaling (Table 2). They included upregulation in MS
of nuclear receptor subfamily 4, group A, member 2 (NR4A2; No.
1), transcription factor 8 (TCF8; No. 2), and cytochrome P450
family 1, subfamily A, polypeptide 2 (CYP1A2; No. 3). They also
included downregulation in MS of RGS14 (No. 4), mitogen-
activated protein kinase 1 (MAPKI; No. 6), SMARCA3 (No. 7),
TCF17 (No. 9), heat shock 70-kD protein 1A (HSPALA; No. 10),
TRAIL (No. 12}, topoisomerase 1 {TOPI; No. 13), protein tyrosine
phosphatase, non-receptor type 6 (PITPN6: No. 14), chemokine,
CC motif, receptor 5 (CCRS; No. [5), v-erb-a erythroblastic
leukemia viral oncogene homolog 4 (ERBB4: No. [7), tran-
scription factor 21 (TCF2I; No. 18), ATPase, hydrogen-trans-
porting, lysosomal, 56/58 kDa, V1 subunit B, isoform 2
(ATPGV1B2; No. 19), cAMP responsive element-binding protein
I (CREBI; No. 20), integrin, beta | (ITGB1; No. 21), COX15 (No.
22), Myc protooncogene (MYC: No. 23), BCL2-associated
athanogene | (BAGIL: No. 24), cell division cycle 16 (CDCI6,
No. 25), DAXX (No. 27), TGFR-stimulated gene 22 (TSC22; No.
28), GA-binding protein transcription factor, beta subunit |
(GABPBI: No. 29), and poly(ADP-ribose) polymerase (PARP;
No. 30). Surprisingly, the top 30 included none of Thl-specific
marker genes except for CCRS. The concurrent downregulation of
proapoptotic and antiapoptotic genes such as TRAIL, DAXX, and
BAGI suggests that the gene expression pattern in T cells of MS
represents a counterbalance between promoting and preventing
apoptosis.

In non-T cell fiaction, the top 30 contained 27 apoptosis
signaling-related genes (Table 3). They included upregulation in
MS of cell division cycle 42 (CDC42; No. 2), receptor-interacting
scrine/threonine kinase 2 (RIPK2: No. 3), Max dimerization
protein (MAD: No. §), chemokine, CXC motif, ligand 2 (CXCL2:
No. 6), silencer of death domains (SODD; No. 7), topoisomerase 2
alpha (TOP2A: No. 8), and intercellular adheston molecule-1
(ICAMI: No. 1). ICAMI was listed as an apoptosis signaling-
related gene because it provides a costimulatory signal to protect T
cells from apoptosis by upregulation of BCL2 (Kohlmeier et al.,
2003). They also included downregulation in MS of SMARCA3
{(No. 9), RGS!14 (No. 10), COXI5 (No. |1), A-kinase anchor
protein 1 (AKAPII: No. 12), TCFI7 (No. 13), cell division cycle
25B (CDC25B; No. 14). granzyme A (GZMA: No. 15), BCL2
(No. 17), complement component receptor 2 (CR2: No. 18),
replication protein: Al (RPALL No. 19), RNA polymerase 11,
subunit § (POLR2H: No. 20), E2F transcription factor § {I32F5:
No. 21), Ras associated protein RAB7-like 1 (RAB7L.I: No. 22),
nuclear factor of activated T cells, cytoplasmic, calcineurin-
dependent 3 (NFATC3; No. 23), heat shock 70-kID protein-like |
(HSPAIL: No. 24), retinoblastoma-binding protein 4 (RBBP4: No.
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25), protein kinase, DNA-activated, catalytic subunit (PRKDC; No.
26), Ras association domain family 1 (RASSF1; No. 27), DAXX
(No. 29), and epidermal growth factor (EGF; No. 29). The
coordinate upregulation of proapoptotic and antiapoptotic genes
such as RIPK2, MAD, and SODD suggests that the gene expression
pattern in non-T cells in MS also represents a counterbalance
between inducing and suppressing apoptosis.

Upregulated genes in MS were expressed in cultured PBMC in an
activation-dependent manner

Ta identify the stimuli affecting the expression of apoptosis
signaling-related genes, PBMCs were in vitro exposed to PMA
plus IOM, anti-CD3 mAb, or IFNy. PBMC treated with PMA plus
10M or anti-CD3 mADb showed marked upregulation of CD69, a
niarker for early activation of lymphocytes, while those exposed to
IFNvy exhibited the highest level of IFN-induced 15-kDa protein
(1SG15) (Figs. 3a and c, lanes 2-4). IFN regulatory factor 1 (IRF-
1) was induced equally by all these stimuli (Fig. 3b, lanes 2-4).
These results indicated that PBMC in vitro responded efficiently to
‘PMA plus IOM, anti-CD3 mAb, and IFNvy. PBMC exposed to
PMA plus 10M showed the highest level of expression of NR4A2,
ICAMI, RIPK2, and CXCL2 (Figs. 3e, g, i, and 1, lane 2) while
those treated with anti-CD3 mAb exhibited more marked
upregulation of CDC42, SODD, and TOP2A (Figs. 3h, m, and
n, lane 3). In contrast, ILIR2 and MAD levels were reduced by
exposure to PMA plus 10M (Figs. 3j and k, lane 2). PBMC treated
with 1FN-y did not show substantial upregulation of NR4A2, TCF8,

(a) CD6Y (c) NR4A2

) IRF-1 () TCF8

IL1IR2, MAD, CXCL2, or TOP2A (Figs. 3¢, 1, j, k, 1, and n, lane
4). The expression of CYPIA2 mRNA was not detected in PBMC
incubated under any culture conditions examined (not shown).
These results suggest that the genes upregulated in MS were
mostly expressed at significant levels in PBMC in vitro in an
activation- and stimulation-dependent manner.

Discussion

In the present study, we have investigated the comprehensive
gene expression profile of T cells and non-T cells of 72 MS patients
and 22 CN subjects. Among 1258 penes on a ¢cDNA microarray,
173 genes in T cells and 50 genes in non-T cells were expressed
differentially between MS and CN groups. The great majority of
the top 30 significant genes were categorized into apoptosis
signaling-related pgenes of both proapoptotic and antiapoptotic
classes. Northern blot analysis showed that most significant genes
on microarray were actually expressed in PBMC in vitro at
substantial levels in an activation-dependent manner. Our obser-
vations suggest that the gene expression pattern in PBMC of MS
represents a counterbalance between promoting and preventing
apoptosis of lymphocytes, which are ceaselessly exposed to
exogenous and endogenous apoptosis-inducing stimuli and stresses
(Fig. 4). Because the climination of pathogenic autorcactive T cells
is a pivotal step in the homeostasis of the immune system,
dysregulation of apoptosis contributes to the autoimmune patho-
genesis of MS. Therefore, it is worthy to note how the genes

() ILIR2Z

(k) MAD

(I CXCL2

(m) SODD

(g) ICAM1
{c) ISG15
(h) CDC42
288 -
{d) rRNA
185 1 (i) RIPK2
i ) ] \ !
12 3 4 J

(n) TOP2A

Fig. 3. The genes upregulated in MS were expressed in cultured PBMC in an activation-dependent manner. Unfiuctionated PBMCs of o healthy subject were
incubated for 6 h in medium without {lane 1) or with inclusion of 25 ng/ml PMA and 1 pg/ml JOM (lane 2), or for 24 h in the plale coaled with | pg/ml anti-
CD3 mAb (fane 3) or in the medimn containing 100 ng/ml IFNy (lane 4). They were then processed for RNA preparation. Three microprams of (ofal RNA was
separated on o 1.5% aparose-6'% formaldehyde gel and transferred onto a nylon membrane, The membranes were hybridized with the DIG-labeled DNA probe
specific for CDGY (panel ), IFN regutatory factor 1 (IRT-1; pancl b), IFN-induced 15-kDa protein (ISG15: panel ¢), NRAA2 (panel ¢), transeription factor
(TCF8) (panel ), ICAMI (panel g), CDC42 (panct h). RIPK2 (panel i), 1L-1 receplor type 11 (ILIR2) (panel j). Max dimerization protein (MAD) (punel k).
chemokine, CXC motif, ligand 2 (CXCL.2) (pancl 1. silencer of death domains (SODD) (pancl m). and topoisomerase 2 alpha (TOP2A) (pancl n). The
ethidinm bromide staining of the representative gel is shown in the panel d.
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TCF8Q TCF170 TCPF210  TSC228

SMARCA30 TOP1 4 MADG  MYCQ NFATC33 CDC160 cpczgu@
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PARPD
PRKDCO RPALD - ﬁ —
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DNA repair, veplication  ¢rqpseriptional regulation ICAMIQ
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CXCL27
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chromatin remodcling
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Fig. 4. Abenunt expression of apoptosis signuling-rekied genes in MS Iymiphoeytes. More than 80% of the (op 30 differentially expressed genes hetween MS
and CN groups were categorized into apoplosis signaling-related genes of both proapopiotic and antiapoplotic classes, whose expression was either upregulated
(1. red) or downrepulated (|, blue) in MS. The expression of o subset of penes involved in DNA repair, replication, and chromatin remodeling was also
dysrepulated in MS. The {igure represents an integrated view of (he results derived from both T cell and non-T cell factions. Abbreviations: DR, death receptor;

-

TNFR, TNF receptor; D, the DR/Fas/TNFR-mediated apoptosis-signating pathway; M, the mitochondria-mediated apopiosis- sngn.\lnu, pd(hw(ly Sece Tables 2
and 3 for description of the gene symbols.

identified by microarray analysis play a role in lymphocyte
apoptosis.

The genes involved in thymic T cell development

Microarray analysis identificd an aberrant cxpression in MS of
important regulators of T cell development. NR4A2, the most
significantly upregulated gene in MS T cells, encodes an orphan
member of the steroid-thyroid hormone receptor superfamily
designated Nurrl. Importantly, Nurrl is induced in human ‘I’ cells
during apoptosis (Okabe et al.. 19935). The members of this family
positively regulate clonal deletion of self-reactive T cells in the
thymus (Zhou ct al, 1996). TCF8 uprcgulated in MS T cells
encodes a transeriptional repressor for the 11-2 gene (Williams et
al., 1991). Thymocyte development is impaired in mice expressing,
the mutant TCF& (Higashi et al.. 1997). CREB] downregulated in
MS T cells is a leucine zipper-containing transeription factor. A
homodimer of CREBI, phosphorylated by protein kinase A
(PKA), binds to the cAMP-responsive element (CRE) located in
the promoter of the genes pivotal for T cell function (Barton ot al.,
1996). Thymocytes and T cells of transgenic mice expressing, a
dominant-negative mutant CREB show a profound proliterative

defect caused by apoptotic death following activation (Barton
et al, 1996). TRAIL downrepulated in MS T cells is a type 1
membrane protein of the TNF family that induces apoptosis
preferentially in transformed cells via the death receptors DR4 and
DRS. A previous study by using RT-PCR analysis showed that
TRAIL mRNA levels are clevated in PBMC of MS (Huang ct al.,
2000). The discrepancy between this study and our observations
might be derived from differences in the study populations and the
methods employed. Supporting our findings, a recent study
showed that serum soluble TRAIL levels are reduced in RRMS
(Wandinger et al., 2003). TRAIL-deficient mice presenting with a
severe defect in thymocyte apoplosis are hypersensitive to
induction of autoimmune discases (Lamhamedi-Cherradi ¢t al.,
2003). NFATC3 downreguiated in MS non-T cells is expressed
chiefly in double-positive thymocytes during development. Devel-
opment of (D4 and CDE single positive thymocytes and peripheral
T cells is impaired in mice lacking NFATC3, accompanied by
increased apoptosis of double-positive thymocytes (Oukka et al..
1998). It remains unknown whether these observations reflect an
aberrant repulation of thymic T cell development in MS. However,
we assume that these alterations appreciably affect the homeostasis
of peripheral T cells in MS.
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The genes involved in oxidative stress in mitochondria

Microarray analysis identified an aberrant expression in MS of
key regulators of oxidative stress. CYP1A2 upregulated in MS T
cells encodes a mitochondrial enzyme of the cytochrome P450
superfamily that regulates the metabolism of drugs, toxic chemicals,
and carcinogens. It plays a role in oxidative stress-induced
apoptosis (Nebert et al., 2000). It is worthy to note that cigarctte
smoking that increases the amount of CYPIA2 in human liver
microsomes (Nakajima et al, 1999) is one of risk factors for
development of MS (Riise et al., 2003). COX15 downregulated in T
and non-T cells of MS encodes a mitochondrial inner membrane
protein that promotes the biogenesis of COX. COX is the terminal
component of the mitochondrial respiratory chain that provides an
antioxidant defense in mitochondria. GABPBI upregulated in MS
T cells repulates transcription of the COX gene. Persistent inhibition
of COX by nitric oxide induces the formation of peroxynitrite, a
potent inducer of apoptotic cell death (Moncada and Erusalimsky,
2002). These observations raise the possibility that MS lympho-
cytes are continuously exposed to oxidative stress, although the
present study has no detailed information on the history of smoking
habits, alcohol consumption, and the use of over-the-counter (OTC)
medications in MS and CN groups, all of which are potentially
involved in oxidative stress-mediated gene regulation.

The genes involved in lvmphocvie recruitment in the CNS

Microarray analysis identified an aberrant expression in MS of
several regulators of lymphocyte recruitment. ICAM-1, the most
significantly upregulated gene in MS non-T cells, is a ligand for
lymphoeyte function-associated antigens LFA-1 and Mac-1.
ICAM-], expressed on activated endothelial cells, T cells, B cells,
and monocytes, regulates lymphocyte trafficking into the CNS.
Importantly, a costimulatory signal through ICAM-1 protects T
cells from apoptosis by upregulating the expression of BCL2
(Kohlmeier et al., 2003). A previous study showed that serum-
soluble ICAM-1 levels are elevated in active MS, being consistent
with our observations {IKhoury et al., 2000). ITGB! downregulated
in MS T cells encodes a comimon beta chain of the very late
activation (VLA) protein family. The interaction of VLLA4 on T
cells with VCAM-1 on endothelial cells §s a pivotal step for the
recruitment of activated T cells into the CNS through the blood-
brain barrier in MS (Calabresi et al., 1997). Again, the activation of
ITGBI inhibits apoptosis of CD4" T cells (Stallmach et al., 2001).
CCRS downregulated in MS T cells is a receptor specific for
RANTES, MIP1o, MIPIR, MCP2, and macrophage-tropic HIV
virus. It is expressed predominantly in polarized Thl T cells
(Bonecchi et al., 1998). The interaction of CCRS with a HIV Env
protein upregulates FasL expression, Jeading to a Fas-dependent
apoptotic death of HIV-uninfected CD4" T cells (Algeciras-
Schimnich et al.. 2002). A previous study showed that the number
of CCR5™ T cells producing high levels of IFNy is increased in
progressive MS but not in RRMS, suggesting that they play a role
in the conversion of two distinct clinical phases of MS (Balashoy et
al., 1999). CXCL2 downregulated in MS non-T cells is & member
of the CXC subfamily of chemokines produced chiefly by
macrophages and monocytes. It acts as a chemotactic factor for
polymophonuclear Jeukocytes and natural killer (N T cells by
binding to CXCR2, the receptor shared with [L-8. Macrophages,
when they phagocytize apoptotic cells, produce a larpe amount of
CXCL2 (Kurosaka et al.. 2003).

Apoplosis-regulatory genes whose involvement is unpredicted

in MS

Microarray analysis highlighted scveral apoptosis regulators
whose role in MS has been previously unreported. RIPK2
upregulated in MS non-T cells is a RIP-related protein kinase
containing an N-terminal kinase domain and a C-terminal caspase
activation and recruitment domain (CARD), a homophilic
interaction motif that mediates the recruitment of caspases
(Inobara et al., 1998). RIPK2 interacts with CLARP, a caspase-
like molecule known te bind to Fas-associated protein with death
domain (FADD) and caspase-8. Overexpression of RIPK2
potentiates Fas-mediated apoptosis by activation of nuclear
factor-kB (NF-xB), Jun NHai-terminal kinase (JNK), and cas-
pase-8 (Inohara et al., 1998). Importantly, Thl differentiation and
cytokine production are severcly impaired in RIPK2-deficient
mice (Kobayashi et al., 2002). DAXX downrepulated in both T
and non-T cells of MS, by binding to the death domain (DD) of
Fas, enhances Fas-induced apoptosis following activation of
apoptosis signal-regulating kinase | (ASKI) and the JNK path-
way (Yang et al, 1997). MAD upregulated in MS non-T cells
mediates antiapoptotic activities by forming a heterodimer with
MAX, which acts as a transcriptional repressor of MYC-MAX
target penes (Zhou and Hurlin, 2001), whereas MYC down-
regulated in MS T cells enhances cell susceptibility to TNF-
mediated apoptosis following inhibition of NF-<B activation (You
et al., 2002). SODD upregulated in MS non-T cells, by binding to
the DD of TNFRI and death receptor DR3, blocks the post-
receptor signal transduction (Jiang et al., 1999). SODD has a
BAG domain that targets the heat shock protein HSP70 at the
cytoplasmic domain of TNFRI (Tschopp et al.. 1999). The
HSP70 family protects cells against apoptosis by sequestering
apoptotic protease activating tactor-1 (Apaf-1) (Beere and Green,
2001). HSP70 upregulated in MS brain lesions facilitates
processing of myelin basic protein by antigen-presenting cells
(Cwiklinska et al.. 2003). However, the expression of HSPATA
and HSPALL, two HSP70 members, was veduced in T and non-T
cells of MS.

BCL2 downregulated in MS non-T cells is an integral
mitochondrial inner membrane protein that blocks the apoptotic
cell death., BAG ! downregulated in MS T cells binds to BCL2 and
enhances the antiapoptotic activity of BCL2 (Tokayama et al,
1995). CR2 downregulated in MS non-T cells is the membrane
receptor termed CD21 specific for the C3d fragment of activated
C3. CR2 expressed mainly on B cells and follicular dendritic cells
is upregulated by NF-xB activation (Fearon and Carroll. 2000).
The CD21, CD19, and CD&1 complex enhances signaling through
B cell antigen receptor, associated with upregulation of BCL2
expression (Roberts and Snow, 1999).

The genes involved in DNA repair, replication, and chromatin
remodeling

Microarray analysis identified an aberrant expression in MS of
a battery of regulators of DNA repair, replication, and chromatin
remodeling. Most of them were downregulated in MS. DNA
topoisomerase (TOP) is a nuclear enzyme that alters the topologic
states of DNA. TOP | downregulated in MS T cells cuts and rejoins
a single-stranded DNA, while TOP2A upregulated in MS non-T
cells catalyzes a double-stranded DNA and mediates the caspase-
independent excision of DNA loop domains during apoptosis
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(Solovyan et al., 2002). SMARCAZ3 downregulated in T and non-T
cells of MS belongs to a member of the SWI/SNF family of
chromatin remodeling enzymes with DNA helicase activity
(Sheridan et al., 1995). The SWI/SNF family protein, by
interacting with MYC, facilitates transcriptional activation of
several apoptosis-regulatory genes (Idochendler-Yeivin et al,,
2002). RBBP4 downregulated in MS non-T cells is a component
of the retinoblastoma (Rb) protein-associated histone deacetylase
complex that represses transcription of E2F-responsive proapop-
totic gencs (Nicolas ct al., 2000). E2FS downregulated in MS non-
T cells acts as a Smad cofactor that transduces the TGFP receptor
signal to repress transcription of MYC (Chen et al., 2002).

PARP downregulated in MS T cells is a chromatin-associated
enzyme that modifies nuclear proteins by polyADP-ribosylation,
thereby involved in the maintenance of genomic stability. PARP is
cleaved by caspase-3 at the onset of apoptosis (Nicholson et al.,
1993). RPA] downregulated in MS non-T cells is a sinple-stranded
DNA-binding protein associated with a larpe RNA polymerase 1l
(POLR2) complex, which regulates gene transcription, DNA
replication, and repair. POLR2H encoding the T subunit of
POLR2 was downregulated in non-T cells of MS. Following
DNA damage, RPAL is phosphorylated by DNA-dependent protein
kinase (DNA-PK), a nuclear serine/threonine protein kinase
activated upon binding to double-stranded DNA brakes (Wold,
1997). DNA-PK plays a crucial role in V(D)} recombination,
maintenance of chromatin and telomere structure, regulation of
transcription, and apoptosis (Smith and Jackson, 1999). A non-
sense mutation in the PRKDC gene encoding the catalytic subunit
of DNA-PK causes the phenotype of severe combined immwuno-
deficiency (SCID) mice that are devoid of mature T and B
lymphoceytes. PRKDC was also downregulated in non-T cells of
MS. GZMA downregulated in MS non-T cells encodes a eytotoxic
T lymphocyte- and NK cell-specific serine protease that mediates
caspase-independent apoptosis of target cclls by creating single-
stranded DNA breaks, followed by cleavage of apurinic endonu-
clease-1, the rate-limiting enzyme of DNA base excision repair
(Fan et al., 2003),

Transcription factors and signal transducers involved in regulation
of apoplosis

Finally, microartay analysis identified an aberrant expression in
MS of various transcription factors and signal transducers involved
in regulation of apoptosis. MAPK ] downregulated in MS T cells is
a member of the MAP kinase family serine/threonine kinases that
play a role in protection of cells from apoptosis (Allan et al., 2003).
RGS14 downregulated in T and non-T cells of MS, a member of
GTPase-activating protein family, attenuates |L-8 receptor-medi-
ated MAPK activation (Cho et al., 2000). TCF17 downregulated in
T and non-T cells of MS is a zinc finger-containing transeriptional
repressor that induces nucleolar fragmentation in overexpressing
cells (Huang et al., 1999). TCF21 downregulated in MS T cells
encodes a member of the basic helix-loop-helix family of
transcription factors. TCF2!-deficient mice show cxtensive apop-
tosis of splenic precursor cells during development (Lu et al.,
2000). TSC22 downregulated in MS T cells is a TGFp-inducible
transcription factor. Overexpression of TSC22 induces apoptotic
death of gastric cancer cells following activation of caspase-3
(Ohta et al.,, 1997). RASSF1 downregulated in MS non-T cells 1s a
tumor suppressor pene with a Ras association domain. Over-
expression of RASSFI induces apoptotic death of TEK293 cells,

while it is frequently downregulated in lung and ovarian tumor
cells (Vos et al., 2000).

CDC42 upregulated in MS non-T cells is a central member of
the Rho subfamily of small GTPases. CDC42 regulates cell
morphology, migration, endocytosis, cell cyele progression, and
apoptosis {Aspenstrém, 1999). It scrves as a substrate for caspases
in the Fas-signaling pathway (Tu and Cerione, 2001). Rab7L1
downregulated in non-T cells of MS belongs o a family of Ras-
related small GTP-binding proteins that regulate vesicular transport
in specific intracellular compartments. Rab7 located in the late
endosome plays a role in the ingestion of apoptotic cells by
phagocytes. ATP6VIB2 downregulated in MS T cells encodes a
subunit of vacuolar H'-ATPase (V-ATPase) that mediates acid-
ification of endosomal and lysosomal compartments. Concanamy-
cin A, a specific V-ATPase inhibitor, induces apoptosis of B cells
(Akifusa et al., 1998). CDC25B downrepulated in MS non-T cells
regulates G2-M progression in the cell cycle following activation of
CDC2 protein kinase by dephosphorylation. Overexpression of
CDC25B enhances apoptosis in cancer cells (Miyata et al., 2001).
CDC16 downregulated in MS T cells is a component of the
anaphase-promoting complex, a ubiquitin ligase responsible for
cyclin A and B degradation, which is inactivated during. Fas-
induced apoptosis in Jurkat cells (Zhou et al., 1998).

PTPN6 downregulated in MS T cells encodes a cytoplasmic
protein-tyrosine phosphatase named SHP-1. 1t inactivates several
receptor and non-receptor tysosine kinases by dephosphorylation,
and plays a role in induction of apoptosis upstreams BCL2
(Thangaraju et al., 1999). AKAP!] downregulated in MS non-T
cells belongs to a family of scaffolding molecules that regulate the
spatial and temporal location of PKA. AKAPLI, by forming a
complex with the regulatory subunit of PKA and type | protein
phosphatase, inhibits glycogen synthase kinase-3p, a key enzyme
involved in regulation of apoptosis {Tanji et al., 2002). EGF
downregulated in MS non-T cells induces apoptosis of A431
epidermoid carcinoma cells following upregulation of caspase-| in
a STAT-dependent manner (Chin et al., 1997). ERBB4 down-
regulated in MS T cells encodes a member of EGF receptor-related
receptor tyrosine kinase family that interacts with neuregulins.
Newegulin signaling activates Akt in olipodendrocytes, a serine/
threonine kinase with an antiapoptotic activity (Flores et al., 2000).

Thus, microarray analysis identified an aberrant expression of a
wide range of apoptosis and DNA damage-repulatory genes in T
and non-T cells of MS. This may represent a counterbalance
between promoting and preventing apoptosis of lymphocytes in
MS.

Confounding factors that might affect the gene expression levels

Recent studies suggested that gene expression patterns in
peripheral blood lymphocytes show interindividual and intra-
individual variation (Whitney et al., 2003). Some features of this
variation are associated with differences in the cellular composition
of the blood sample, with gender, age, and the time of day at which
the sample was taken (Whitney et al., 2003). Our study included 72
MS patients and 22 age- and sex-matched healthy CN subjects, and
paid special attention to sample handling and processing. All the
blood samples were taken in the morning, and PBMCs were
isolated within 6 h after sampling. Immediately, they were
separated into a CD3' T cell fraction and 0 CD3™ non-T cell
fraction to prepare total RNA. The purity of each fraction verificd
by flow cytometric analysis usually excceded 90-95%. However,
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subclinical infection at the time of blood sampling accounting for
the variability in gene expression levels (Whitney et al., 2003)
could not be excluded in the present study.

Other important factors that potentially affect the gene
expression profile in human peripheral blood lymphocytes on
microarray include the recent use of OTC medications, smoking,
alcohol intake, and the menstrmal condition. Aspirin, one of
nonsteroid anti-inflammatory drugs (NSAIDs), affects the expres-
sion pattern of several genes related to cell growth inhibition in
human colon cancer cells (Tizaka et al., 2002). Nicotin, a major
constituent of cigarette smoke, alters the expression of genes
involved in signal transduction and transcriptional regulation in
human coronary artery endothelial cells (Zhang et al, 2001).
Microarray analysis identified an altered expression of myelin-
related genes and alcohol-responsive genes in the brain of human
alcoholics (Mayfield et al., 2002). TGstrogen treatment rapidly
upregulates the expression of a battery of estrogen-responsive
genes in human breast cancer cells (Wang et al, 2004). These
observations suggest that various confounding factors at the time
of blood sampling might affect to certain extent the gene
expression profile. Since the present study has no detailed
information on OTC medications, smoking habits, alcohol intake,
and menstrual conditions in MS and CN groups, there exist some
limitations in interpreting microarray data. Therefore, further
studies on the larger cohort of MS patients and control subjects
matched for any potential variables are required to clarify whether
the present observations are highly specific for MS, fairly universal
in various autoimmune diseases, or closely associated with MS-
unrelated confounding factors.
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