Results

Microarray analysis identified differentially expressed genes in peripheral blood
lymphocytes between MS and the conirols

~ Among 1,258 genes examined, 173 genes in T cell fraction and 50 genes in non-T
cell fraction were expressed differentially between 72 MS patients and 22 CN subjects
(see the supplemental table for all of these genes). In T cell fraction, 25 genes were
upreéulat_ed, while 148 genes were downregulated in MS. In non-T cell fraction, 11
genes were upregulated, while 39 genes were downregulated in MS. Thus,
downregulated genes greatly outnumbered 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 the corresponding box and
whisker plots are shown in Figs. 1 and 2. Among them, six genes, such as regulator of G
protein signaling 14 (RGS14), SWI/SNF-related, matrix-associated, actih-dependent _
regulator of chromatin, subfamily a, member 3 (SMARCA3), transcription factor 17
(TCF17), carbohydrate sulfotransferase 4 (CHST4), cytochrome c oxidase assembly
protein (COX15), and death-associated protein 6 (DAXX) were downregulated

coordinately in both cell fractions.

The majority of top 30 differentially expressed genes between MS and the controls

were categorized into apoptosis signaling-related genes

In T cell fraction, the top 30 contained 25 genes closély related to apoptosis
signaling (Table 2}. They included upregulation in MS of nucléar receptor subfamily 4,
group A, member 2 (NR4A2; No. 1, Table 2), transcription factor 8 (TCF8; No. 2}, and
cytochrome P430 family 1, subfamily A, polypeptide 2 (CYP1A2; No. 3). They also
included downregulation in MS of RGS14 (No. 4}, mitogen-activated protein kinase 1
(MAPK1; No. 6), SMARCA3 (No. 7), TCF17 (No. 9}, heat shock 70-kD protein 1A



(HSPA 1A No. 10), TRAIL (No. 12), topoisomerase 1 (TOP1; No. 13}, protein tyrosine
phosphatase, non-receptor type 6 (PTPN6; No. 14), chemokine, CC .motif, receptor 5
(CCRS5; No. 15), v-erb-a erythroblastic leukg:mia viral oncogene homolog 4 (ERBB4;
No. 17), transcription factor 21 (TCF21;, No. 18), ATPase, hydrogen-transporting,
lysosomal, 56/58kD, V1 subunit B, isoform 2 (ATP6V1B2; No. 19), cAMP responsive
element-binding protein 1 (CREB1I; No. 20), integrin, beta 1 (ITGB1; No. 21), COX15
(No. 22), Myc protooncogene (MY C; No. 23), BCL2-associated athanogene 1 (BAGI,
No. 24), cell division cycle 16 (CDC16, No. 25), DAXX (No. 27), TGFB-stimulated
gene 22 (TSC22, No. 28), GA-binding protein transcription factor, beta subunit 1
(GABPBI; No. 29), and poly(ADP-ribose) polymerase (PARP; No. 30). Surprisingly,
the top 30 included none of Thi-specific marker genes except for CCRS. The
concurrent downregulation of proapoptotic and antiapoptotic genes, such as TRAIL,
DAXX, and BAG1, suggests that T cells of MS show the gene expression pattern which
represents a counterbalance between promoting and preventing apoptosis.

In non-T cell fraction, the top 30 included 27 apoptosis signaling-related genes
(Table 3). They inciuded upregulation in MS of intercellular adhesion molecule-1
(ICAM1; No. 1, Table 3), cell division cycle 42 (CDC42; No. 2}, receptor-interacting
serine/threonine kinase 2 (RIPK2; No. 3), Max dimerization protein (MAD; No. 5),
chemokine, CXC motif, ligand 2 (CXCL2; No. 6), silencer of death domains (SODD,
No. 7), and topoisomerase 2 alpha (TOP2A; No. 8). They also included downreguiation
in MS of SMARCA3 (No. 9), RGS14 (No. 10), COX15 (No. 11), A-kinase anchor
protein 11 (AKAPI1; No. 12), TCF17 (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 A1 (RPA1; No. 19), RNA polymerase II, subunit H
(POLRZH; No. 20}, E2F transcription factor 5 (E2F5; No. 21), Ras associated protein
RAB7-like 1 (RAB7LI; No. 22), nuclear factor of activated T cells, cytoplasmic,
calcineurin-dependent 3 (NFATC3; No. 23), heat shock 70-kD protein-like 1 (HSPAIL,;
No. 24), retinoblastoma-binding protein 4 (RBBP4; No. 25), protein kinase, DNA-

activated, cétalytic subunit (PRKDC; No. 26), Ras association domain family 1



(RASSF1; No. 27), DAXX (No. 29), and epidermal growth factor (EGF; No. 29). The
simultaneous upregulation of proapoptotic and antiapoptotic genes, such as RIPK2,
MAD and SODD, suggests that non-T cells in MS also show the gene expression

pattern which represents a counterbalance between inducing and suppressing apoptosis.

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

dependent manner

To identify the stimuli that regulate the expression of apoptosis signaling-related
genes in lymphocytes, PBMC were in vitro exposed to three different stimuli, such as
PMA plus IOM, anti-CD3 mAb, or IFNy. PBMC exposed to PMA plus IOM or anti-
CD3 mAb showed marked upregulation of CD69, a marker for early activation of
lymphocytes, while PBMC treated with [FNy exhibited the highest level of IFN-induced
15-kDa proteiri (ISG15) (Fig. 3a and 3c, lanes 2-4). IFN regulatory factor 1 (JRF-1)
expression was elevated following exposure of PBMC to all these stimuli, indicating
that PBMC well responded to PMA plus IOM, anti-CD3 mAb, and IFNy. (Fig. 3b, lanes
2-4). The expression of NR4A2, ICAM1, RIPK2, and CXCL2 was the highest in PBMC
exposed to PMA plus IOM (Fig. 3e, 3g, 31, and 31, lane 2). CDC42, SODD and TOP2A
were upregulated more markedly after treatment with anti-CD3 mAb (Fig. 3h, 3m and
3n, lane 3). In contrast, IL1R2, and MAD levels were reduced in PBMC after exposure
to PMA plus IOM (Fig. 3j and 3k, lane 2). NR4A2, TCFR, IL1IR2, MAD, CXCL2, and
TOP2A levels were not elevated in PBMC by treatment with IFNy (Fig. 3e, 3f, 3j, 3k, 3],
and 3n, lane 4). CYP1A2 mRNA was undetectable in PBMC incubated under any
culture conditions (not shown). These results suggest that the genes upregulated in MS
were expressed in cultured PBMC, mostly 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 1,258
genes 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 top 30 genes
were able to be categorized into apoptosis signaling-related genes of both proapoptotic
and antiapoptotic classes. The upregulated genes in MS were expressed in cultured
PBMC in an activation-dependent manner. These observations indicate that PBMC of
MS show the gene expression pattern that represents a counterbalance between
promoting and preventing apoptosis, and suggest that MS lymphocytes might be
ceaselessly exposed to exogenous and endogenous apoptosis-inducing stimuli and
stresses (Fig. 4). Because the elimination of pathogenic autoreactive T cells is pivotal
for the homeostasis of the immune system, dysregulation of apoptosis might contribute
to the autoimmune pathogenesis of MS. Furthermore, our results propose that the use of
apoptosis-modulating agents would be a promising approach to treatment of MS.
Therefore, it is important to characterize how the genes deregulated in MS are involved

in the mechanisms underlying lymphocyte apoptosis.
The genes involved in thymic T cell development

A battery of the genes we identified act as a key regulator of T cell development in
thymus. NR4A?2 designated Nurrl, identified as the most significantly upregulated gene
in MS T cells, is an orphan member of the steroid-thyroild hormone receptor
superfamily. A previous study showed that Nurrl is induced in human T cells during
apoptosis (Okabe et al., 1995). The members of this family positively regulate clonal
deletion of self-reactive T cells in thymus (Zhou et al., 1996). TCF8 upregulated in MS

T cells encodes a transcriptional repressor for the IL-2 gene (Williams et al., 1991).
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Thymocyte development is impaired in mice expressing the mutant TCF8 (Higashi et al.,
1997). CREB1 downregulated in MS T cells is a leucine zipper-containing transcription
factor. CREB1 phosphorylated by protein kinase A (PKA) binds as a homodimer to the
cAMP-responsive element (CRE) located in the promoter of various genes essential for
T cell function (Barton et al., 1996). Thymocytes and T cells of transgenic mice
expressing a dominant-negative mutant CREB show a profound proliferative defect,
accompanied by apoptotic death following activation (Barton et al., 1996). TRAIL
downregulated in MS T cells is a type Il 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 elevated in PBMC of MS (Huang et al., 2000), being apparently inconsistent with
our observations. This discrepancy might be derived from the different study
populations and methods employed. A recent study showed that serum soluble TRAIL
le\.fels are reduced in RRMS, supporting our findings (Wandinger et al., 2003). TRAIL-
deficient mice are hypersensitive to induction of autoimmune diseases, associated with
a severe defect in thymocyte apoptosis (Lamhamedi-Cherradi et al., 2003). NFATC3
downregulated in MS non-T cells is expressed chiefly in double positive thymocytes
during development. Development of CD4 and CDB8 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). All of these observations
suggest the hypothesis that thymic T cell development might be aberrantly regulated in
MS.

The genes involved in oxidative stress in mitochondria
Several genes we identified are involved in the regulation of oxidative stress in

mitochondria. CYP1A2 upregulated in MS T cells belongs to the cytochrome P430

superfamily of monooxygenases that regulate the metabolism of drugs, toxic chemicals
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and carcinogens. CYP1A2 located in mitochondria is involved in oxidative stress-
induced apoptosis (Nebert et al., 2000). Interestingly, cigarette smoking which increases
the amount of CYP1A? in human liver microsomes (Nakajima et al., 1999) is one of
risk factors for MS (Riise et al., 2003). COX15 downregulated in both T and non-T
cells of MS, located in the mitochondrial inner membrane, promotes the biogenesis of
COX. COX is the terminal component of the mitochondrial respiratory chain that
provides an antioxidant defense in mitochondria. GABPB1 upregulated in MS T cells
regulates 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 suggest that MS lymphocytes

might be continuously exposed to a certain level of oxidative stress.
The genes involved in lymphocyte recruitment in the CNS

A panel of the regulatory molecules for lymphocyte recruitment are aberrantly
expressed in MS. [CAM-1, the most significantly upregulated gene in MS non-T cells,
is a ligand for lymphocyte-function associated antigens LFA-1 and Mac-1. [CAM-1
expresssed on activated endothelial cells, T cells, B cells and monocytes regulates the
lymphocyte trafficking into the central nervous system (CNS). Furthermore, a
costimulatory signal through ICAM-1 protects T cells from apoptosis by upregulating
the expression of BCL2 (Kohlmeier et al., 2003). A previous study showing that serum
soluble ICAM-1 levels are elevated in active MS support our observations (Khoury et
al., 2000). ITGB1 downregulated in MS T cells encodes a common beta chain of the
very late activation (VLA) protein family. The interaction of VLA4 on T cells with
VCAM-1 on endothelial cells is 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 ITGB1 inhibits apoptosis of CD4" T cells (Stallmach et al., 2001). CCRS
downregulated in MS T cells is a receptor specific for RANTES, MIP1a, MIP1{,



MCP2 and macrophage-tropic HIV virus. CCRS5 is expressed predominantly in
polarized Thl T cells (Bonecchi et al., 1998). The interaction of CCR5 with a HIV Env
proteiﬁ upregulates FasL expression, leading 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 CCRS5" T cells producing high levels of [ENy is elevated in
progressive MS but not RRMS, suggesting that CCR5" T cells might be involved in the
conversion of two distinct clinical phases of MS (Balashov et al., 1999). CXCL2
downregulated in MS non-T cells is a member of the CXC subfamily of chemokines
produced chiefly by macrophages and monocytes. CXCL2 acts as a chemotactic factor
for polymophonuclear leukocytes and natural killer (NK) T cells by binding to CXCR2,
the receptor shared with IL-8. Macrophages phagocytizing apoptotic cells produce a
large amount of CXCL2 during the late stage of apoptosis (Kurosaka et al., 2003). This
raises the possibility that the apoptotic cell-phagocytotic activity of macrophages might

be reduced in MS.
Apoptosis-regulatory genes whose involvement is upredicted in MS

The microarray analysis highlighted an aberrant expression of key apoptosis
regulators in MS, including those previously unreported. RIPK2 upregulated in MS
non-T cells is a RIP-related protein kinase having an N-terminal kinase domain and a C-
terminal caspase activation and recruitment domain (CARD), a homopﬁilic interaction
motif that mediates the recruitment of caspases (Inohara et al., 1998). RIPK2 interacts
with CLARP, a caspase-like molecule known to bind to Fas-associated protein with
death domain (FADD) and caspase-8. Overexpression of RIPK2 potentiates Fas-
mediated apoptosis following activation of nuclear factor-xB (NF-xB), Jun NH,-
terminal kinase (JNK) and caspase-8 (Inohara et al., 1998). Importantly, Thl
differentiation and cytokine production are profoundly impaired in RIPK2-deficient

mice (Kobayashi et al., 2002). DAXX downregulated 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 1 (ASK1) and the JNK pathway (Yang
et al., 1997). Mad upregulated in MS non-T cells, by forming a heterodimer with Max,
acts as a transcriptional repressor that mediates antiapoptotic activities (Zhou and Hurlin,
2001), while Myc downregulated in MS T cells increases cell susceptibility to TNF-
mediated apoptosis by inhibiting NF-xB activauon (You et al., 2002). SODD
upregulated in MS non-T cells, by binding to the DD of TNFR1 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 TNFR1
(Tschopp et al., 1999). The HSP70 family proteins protect the cells against apoptosis by
sequestering apoptotic protease activating factor-1 (Apaf-l} (Beere and Green, 2001).
HSP70 induced in MS brain lesions facilitates processing of myelin basic protein by
antigen-presenting cells (Cwiklinska et al., 2003). However, we found that the
expression of two members of this family, such as HSPA1A and HSPAIL was
substantially reduced in either T cells or 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. BAG1 downregulated in MS T cells binds to BCL2 and enhances
the antiapoptotic activity of BCL2 (Takayama et al., 1995). By contrast to our findings
of reduction of the two mitochondrial antiapoptotic regulators in MS lymphocytes, a
i:)revious study showed that the ratio of proapoptotic to antiapoptotic BCL2 family
members is decreased in inonoéyte-depleted PBMC of clinically active MS patients
(Sharief et al., 2003). CR2 termed CD21 downregulated in MS non-T cells 'is the
membrane receptor specific for the C3d fragment of activated C3. CR2 is expressed
mainly on B cells and follicular dendritic cells where it is upregulated by NF-xB
activation (Fearon and Carrol, 2000). A trimolecular complex composed of CD21,
CD19 and CD81 enhances signaling through B cell antigen receptor, accompanied by

upregulation of BCL2 expression (Roberts and Snow, 1999).



The genes involved in DNA repair, replication and chromatin remodeling

The microarray analysis proposed a novel view that the expression of various
genes involved in DNA repair, replication and chromatin remodeling is aberrantly
regulated in MS. DNA topoisomerase (TOP) is a nuclear enzyme that alters the
topologic states of DNA. TOP1 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 (Solovyan et al., 2002). SMARCA3 downregulated in both T and non-
T celis 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
proteins, by interacting with Myc, facilitate transcriptional activation of several
apoptosis-regulatory genes (Kiochendler-Yeivin et al., 2002). RBBP4 downregulated in
MS non-T cells is a component of the retinoblastoma (Rb) protein-associated histone
deacetylase complex that regulates transcriptional repression of E2F-responsive
proapoptotic genes (Nicolas et al., 2000). E2F5 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 various nuclear proteins by polyADP-ribosylation, involved in
maintenance of genomic stability. PARP is cleaved by caspase-3 at the onset of
apoptosis {Nicholson et al., 1995). RPA1 downregulated in MS non-T cells is a single-
stranded DNA-binding protein associated with a large RNA polymerase Il (POLR2)
complex that regulates gene transcription, DNA replication and repair. The expression
of POLR2H, the H subunit of POLR2, was downregulatéd in non-T cells of MS. RPA1
is phosphorylated by DNA-dependent protein kinase (DNA-PK) following DNA
damage (Wold, 1997). DNA-PK is a nuclear serine/threonine protein kinase activated
upon binding to double-stranded DNA brakes. DNA-PK plays a pivotal role in the

V(D)J recombination, maintenance of chromatin and telomere structure, regulation of



transcription and apoptosis (Smith and Jackson, 1999). A nonsense mutation in the
PRKDC gene encoding the catalytic subunit of DNA-PK causes the phenotype of
severe .combined immunodeficiency (SCID) mouse devoid of mature T and B
lymphocytes. The expression of PRKDC was also downregulated in non-T cells of MS.
GZMA downregulated in MS non-T cells is a cytotoxic T lymphocyte- and NK cell-
specific serine protease that mediates caspase-independent apoptosis of target cells by
creating single-stranded DNA breakes, followed by a cleavage of apurinic
endonuclease-1, the rate-limiting enzyme of DNA base excision repair (Fan et al.,

2003).
Transcription factors and signal transducers involved in regulation of apoptosis

Finally, we found that the expression of various transcription factors and signal
transducers involved in regulation of apoptosis is dysregulated in MS. MAPKI1
downregulated in MS T cells.is a member of the MAP kinase family serine/threonine
kinases involved in cell proliferation, differentiation, and protection of the cells from
apoptosis (Allan et al., 2003). The RGS protein family is a group of GTPase-activating
proteins that downregulate signal transduction through heterotrimeric G protein-coupled
receptors. RGS14 downregulated in both T and non-T cells of MS attenuates [L-8
receptor-mediated MAPK activation (Cho et al., 2000). TCF17 downregulated in both T
and non-T cells of MS is a zinc finger-containing transcriptional repressor that induces
the nucleolar fragmentation in o_verexpressing cells (Huang et al, 1999). TCF21
downreglated in MS T cells 1s a member of the basic helix-loop-helix family
transcription factors. TCF21-deficient mice show rapid apoptosis of splenic precursor
cells during development (Lu et al., 2000). TSC22 downregulated in MS T cells is a
TGFB-inducible transcription factor. Overexpression of TSC22 in gastric cancer cells
induces apoptotic death following activation of caspase-3 (Ohta et al., 1997). RASSF1

downregulated in MS non-T cells is a tumor suppressor gene having a Ras association



domain. RASSF1 expression is frequently repressed in lung and ovanan tumor cells,
while overexpression of RASSF1 in HEK293 cells induces apoptotic death (Vos et al.,
2000). CDC42 upregulated in MS non-T cells is a central member of the small GTPase
of Rho-subfamily that regulates cell morphology, migration, endocytosis, cell cycle
progression and apoptosis (Aspenstrom, 1999). CDC42 is a substrate for caspases in the
Fas-signaling pathway (Tu and Cerione, 2001). Rab7L1 downregulated in non-T cells of
MS belongs to a family of Ras-related small GTP-binding proteins that regulate
vesicular transport in specific intracellular compartments. Rab7L1 shows sequence
similarity to Rab7 located in the late endosome that plays a role in ingestion of
apoptotic cells by phagocytes. ATP6V1B2, a subunit of vacuolar H'-ATPase (V-
ATPase) downregulated in MS T cells, mediates acidification of endosomal and
lysosomal compartments critical for protein transport and receptor-mediated
endocytosis. Concanamycin A, a specific V-ATPase inhibitor, induces apoptosis of B
cells (Akifusa et al., 1998). CDC25B downregulated in MS non-T cells regulates Gz—M.
progréssion 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 that acts as a ubiquitin ligase essential for cyclin A and B
degradation. It is inactivated during Fas-induced apoptosis in Jurkat cells (Zhou et al.,
1998). PTPN6 named SHP-1 dow_nregulated in MS T cells is a cytoplasmic protéin-
tyrosine phosphatase with two SH2 domains. PTPNG inactivates a variety of receptor
and non-receptor tyrosine kinases by dephosphorylation, and plays a role in induction of
apoptosis upstream BCL2 (Thangaraju et al., 1999). AKAP11 downregulated in MS
non-T cells belongs to a family of scaffolding molecules that regulate spatial and
temporal location of PKA. AKAP11, by forming a complex with the regulatory subunit
of PKA and type 1 protein phosphatase, inhibits glycogen synthase kinase-38, an
enzyme involved in regulation of apoptosis (Tanji et al., 2002). EGF downregulated in

MS non-T cells induces apoptosis of A431 epidermoid carcinoma cells, accompanied by



induction of caspase-1 in a STAT-dependent manner (Chin et al., 1997). ERBB4
downregulated in MS T cells is a member of EGF receptor-related receptor tyrosine
kinase family that interacts with neuregulins. The neuregulin signaling activates an
antiapoptotic serine/threonine kinase Akt in oli godendrocytes (Flores et al., 2000).

Thus, the microén'ay analysis identified an aberrant expression of various
apoptosis signaling-related genes, including those heretofore unreported, in T cells and
non-T cells of MS. These observations suggest that PBMC of MS show the complex
gene expression pattern representing a counterbalance between promoting and

preventing lymphocyte apoptosis and DNA damage.
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