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Abstract

The 14-3-3 protein family consists of acidic 30-kDa proteins composed of seven isoforms in mammalian cells, expressed abundantly in neurons
and glial cells of the central nervous system (CNS). The 14-3-3 isoforms form a dimer that acts as a molecular adaptor interacting with key signaling
components involved in cell proliferation, transformation, and apoptosis. Until present, more than 300 proteins have been identified as 14-3-3-
binding partners, although most of previous studies focused on a limited range of 14-3-3-interacting proteins. Here, we studied a comprehensive
profile of 14-3-3-binding proteins by analyzing a high-density protein microarray using recombinant human 14-3-3 epsilon protein as a probe.
Among 1752 proteins immobilized on the microarray, 20 were identified as 14-3-3 interactors, most of which were previously unreported 14-3-
3-binding pariners. However, 11 known 14-3-3-binding proteins, including keratin 18 (KRT18) and mitogen-activated protein kinase-activated
protein kinase 2 (MAPKAPK?2), were not identified as a 14-3-3-binding protein. The specific binding to 14-3-3 of EAP30 subunit of ELL complex
(EAP30}, dead box polypeptide 54 (DDX54), and src homology three (SH3) and cysteine rich domain (STAC) was verified by immunoprecipitation
analysis of the recombinant proteins expressed in HEK293 cells. These results suggest that protein microarray is a powerful tool for rapid and

comprehensive profiling of 14-3-3-binding proteins.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The 14-3-3 protein family consists of evolutionarily con-
served, acidic 30-kDa proteins composed of seven isoforms
named 3,4, €, {, 11, 0, and o in mammalian cells. A homodimeric
or heterodimeric complex composed of the same or distinct iso-
forms constitutes a large cup-like structure possessing an amphi-
pathic groove with two ligand-binding capacity (Fu et al., 2000;
van Hemert et al., 2001). The dimeric complex acts as a molecu-
lar adaptor that interacts with key signaling molecules involved
in cell differentiation, proliferation, transformation, and apop-
tosis. It regulates the function of target proteins by restricting
their subcellular location, bridging them to modulate catalytic
activity, and protecting them from dephosphorylation or pro-
teolysis (Dougherty and Morrison, 2004; MacKintosh, 2004).
Although 14-3-3 is widely distributed in neural and non-neural
tissues, it is expressed most abundantly in neurons in the central

* Corresponding author. Tel.: +81 42 341 2711; fax: +81 42 346 1753.
E-mail address: satoj@ncnp.gojp (J.-i. Satoh).
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nervous system (CNS), where it represents 1% of total cytosolic
proteins (Berg et al., 2002). Aberrant expression and impaired
function of 14-3-3 in the CNS are associated with pathogenetic
mechanisms of Creutzfeldt-Jacob disease, Alzheimer disease,
Parkinson disease, spinocerebellar ataxia, amyotrophic lateral
sclerosis, and multiple sclerosis (Chen et al., 2003; Kawamoto
et al., 2002; Layfield et al., 1996; Malaspina et al., 2000; Satoh
et al., 2004; Zerr et al., 1998).

In general, the 14-3-3 protein interacts with phosphoserine-
containing motifs of the ligands such as RSXpSXP (mode
I) and RXXXpSXP (mode I) in a sequence-specific manner
(Dougherty and Morrison, 2004; MacKintosh, 2004). Previ-
ously, more than 300 proteins have been identified as being
14-3-3-binding partners. They include key signaling compo-
nents, such as Raf-1 kinase, Bcl-2 antagonist of cell death
(BAD), protein kinase C (PKC), phophatidylinositol 3-kinase
(PI3K), and cdc25 phosphatase (Fu et al., 2000; van Hemert
et al., 2001). Binding of 14-3-3 to Raf-1 is indispensable for
its kinase activity in the Ras-MAPK signaling pathway, and
the interaction of 14-3-3 with BAD, when phosphorylated by
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a serine/threonine kinase Akt, inhibits apoptosis. Recent studies
indicate that the 14-3-3 protein could interact with a set of tar-
get proteins in a phosphorylation-independent manner (Dai and
Murakami, 2003; Henriksson et al., 2002; Zhai et al., 2001).
Increasing knowledge of interactions between 14-3-3 and inter-
acting molecules would help us to understand the biological
function and pathological implication of the 14-3-3 protein net-
works.

The yeast two-hybrid (Y2H) system is a powerful approach
to identify novel protein—protein interactions. However, Y2H
screening requires a lot of time and effort, and is often criticized
for detecting the interactions unrelated to the physiological set-
ting and obtaining high rates of false positive interactors caused
by spontaneous activation of reporter genes and self-activating
bait proteins (Vidalain et al., 2004; Zhang et al., 2004). Affin-
ity purification coupled with mass spectrometry (APMS) is an
alternative approach to identify the components of protein com-
plexes on a large scale. This approach has been taken to identify
a wide variety of 14-3-3-interacting proteins involved in cell
proliferation, metabolism, and survival (Benzinger et al., 2005;
Jin et al., 2004; Meek et al., 2004; Pozuelo Rubio et al., 2004).
Although the APMS procedure detects binding partners of phys-
iological significance, it is laborious and has a difficulty in
detecting transmembrane proteins and loosely associated com-
ponents that might be lost during purification (von Mering et
al., 2002). Recently, protein microarray technology has been
established for rapid, systematic, and less expensive screening of
thousands of protein—protein, protein-lipid, and protein—nucleic
acid interactions in a high-throughput fashion. This approach has
important applications in the areas not only of basic biological
research but also of drug discovery research, including identifi-
cation of the substrates of protein kinases and the protein targets
of small molecules (Chan et al., 2004; MacBeath and Schreiber,
2000; Michaud et al., 2003; Zhu et al., 2001).

The present study was designed for the first time to identify
a comprehensive profile of human 14-3-3-binding proteins by
analyzing a high-density protein microarray.

2. Materials and methods
2.1. Preparation of a probe for microarray analysis

Human embryonic kidney cells HEK293 whose genome was
modified for the Flp-In system (Flp-In 293) were obtained from
Invitrogen, Carlsbad, CA. Flp-In 293 cells contain a single Flp
recombination target (FRT) site targeted for the site-specific
recombination, integrated in a transcriptionally active locus of
the genome, where it stably expresses the lacZ-Zeocin fusion
gene driven from the pFRT/lacZeo plasmid under the control
of SV40 early promoter. Flp-In 293 cells were maintained in
Dulbecco’s modified Eagle’s medinum (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/ml of penicillin, and
100 p.g/ml of streptomycin (feeding medium) with inclusion of
100 p.g/ml of Zeocin (Invitrogen) as described previously (Satoh
and Yamamura, 2004).

To prepare the probe for protein microarray analysis, the open
reading frame (ORF) of the human 14-3-3¢ gene (YWHAE) was

amplified from ¢cDNA of NTera2-N cells (Satoh and Kuroda,
2000) by PCR using PfuTurbo DNA polymerase (Stratagene,
La Jolla, CA, USA) and the primer sets listed in Table 1. The
PCR product was then cloned into a mammalian expression
vector pSecTag/FRT/V5-His TOPO (Invitrogen) to produce a
fusion protein with a C-terminal V5 (GKPIPNPLLGLDST) tag,
a C-terminal polyhistidine (6 x His) tag, and an N-terminal Ig k-
chain secretion signal. This vector, together with the Flp recom-
binase expression vector pOG44 (Invitrogen), was transfected
in Flp-In 293 cells by Lipofectamine 2000 reagent (Invitrogen).
A stable cell line was established after incubating the trans-
fected cells for approximately 1 month in the feeding medium
with inclusion of 100 pwg/m! of Hygromycin B (Invitrogen). It
was named 293 eV5. The recombinant protein was secreted into
the culture medium of 293 eV5 cells after the Ig k-chain secre-
tion signal sequence was processed by an endogenous signal
peptidase-mediated cleavage.

To purify the recombinant 14-3-3¢ protein, the culture super-
natant of 293 eV5 cells incubated for 48h in the serum-free
DMEM/F-12 medium was harvested and concentrated at an 1/40
volume by centrifugation on an Amicon Ultra-15 filter (Milli-
pore, Bedford, MA). It was then purified by the HIS-select spin
column (Sigma, St. Louis, MO) and concentrated at an 1/10 vol-
ume by centrifugation on a Centricon-10 filter (Millipore). The
protein concentration was determined by a Bradford assay kit
(BioRad, Hercules, CA). The purity and specificity of the probe
were verified by Western blot analysis using mouse monoclonal
anti-V5 antibody (Invitrogen) and rabbit polyclonal antibody
specific for the 14-3-3¢ isoform (IBL, Gumma, Japan).

2.2. Protein microarray analysis

ProtoArray human protein microarray (v1.0) commercially
available from Invitrogen was utilized in the present study. It
contains 1752 human proteins of various functional classes
spotted in duplicate on a nitrocellulose-coated glass slide. To
prepare target proteins immobilized on the microarray, an N-
terminal glutathione-S transferase (GST)-6x His fusion protein
derived from the genes selected from the human ultimate ORF
clone collection (Invitrogen) was expressed in Sf9 insect cells
by using the baculovirus expression system (Invitrogen). Either
the full-length or the partial fragment of recombinant proteins,
was purified under native conditions by glutathione affinity
chromatography in the presence of protease inhibitors, then pro-
cessed for spotting on the slides. The proteins were printed in
an arrangement composed of 4 x 12 subarrays equally spaced
in vertical and horizontal directions (Fig. 1a). Each subarray
included 16 x 16 spots, composed of 48 control spots (C), 80
human proteins (H), and 128 blanks (B) (Fig. 1¢). The con-
trol proteins (C) were composed of 14 positive control spots
and 34 negative control spots. The former includes four spots
of an Alexa Fluor 647-labeled antibody (rows 1, 8; columns
1, 2), six spots of a concentration gradient of a biotinlyated
anti-mouse antibody with a capacity to bind to mouse mono-
clonal anti-V5 antibody conjugated with Alexa Fluor 647 (row
8; columns 3-8), and four spots of a concentration gradientof V5
protein (row 8; columns 13-16). The latter includes six spots of
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aconcentration gradient of bovine serum albumin (BSA) (row 1;
columns 3-8), four spots of a concentration gradient of a rabbit
anti-GST antibody (row 1; columns 9-12), four spots of a con-
centration gradient of calmodulin (row 1; columns 13~16), 16
spots of a concentration gradient of GST (row 2; columns 1-16),
two spots of buffer only (row 8; columns 9,10), and two spots of
an anti-biotin antibody (row 8; columns 11,12). The complete
list of 1752 target proteins immobilized on the microarary is
shown in Supplementary Table 1 online.

Non-specific binding was blocked by incubating the microar-
ray for 90 min in the PBST blocking buffer composed of 1% BSA
and 0.1% Tween 20 in phosphate-buffered saline (PBS). Then,
it was incubated for 30 min at 4 °C with the probe described
above at a concentration of 50 pg/ml in the probing buffer
composed of 1% BSA, 5mM MgCly, 0.5mM dithiothreitol
(DTT), 0.05% Triton X-100, and 5% glycerol in PBS. The
array was washed three times with the probing buffer, fol-
lowed by incubation for 30 min at 4 °C with mouse monoclonal
anti-V5 antibody conjugated with Alexa Fluor 647 (Invitro-
gen) at a concentration of 260 ng/ml in the probing buffer. The
array was washed three times with the probing buffer, and then
scanned by the GenePix 4200A scanner (Axon Instruments,
Union City, CA) at a wavelength of 635nm. The data were
analyzed by using the ProtoArray Prospector software v2.0
(Invitrogen) following acquisition of the microarray lot-specific
information online, including inter-lot variations in protein con-
centrations (http://www.invitrogen.com/protoarray). According
to the default setting of the software, the spots showing the
background-subfracted signal intensity value greater than the
median plus three standard deviations of all the fluorescence
intensities were considered as having a significant binding.
The Z-score, an indicator for statistical evaluation of binding
specificity, was calculated as the background-subtracted sig-
nal intensity value of the target protein minus the average of
the background-subtracted signal intensity value from the neg-
ative control distribution, divided by the standard deviation of
the negative control distribution. All the procedure described
above could be accomplished within 5h. The 14-3-3-binding
consensus motif mode I (RSXpSXP) sequence located in tar-
get proteins was surveyed by the Scansite Motif Scanner, which
assesses the probability of a site matching the candidate motif
under high, medium, or low stringent conditions (Obenauer
et al., 2003). The information on known 14-3-3 interactors
was obtained from Biomolecular Interaction Network Database
(BIND; http://www.bind.ca) and PubMed database search.

modified by site-directed

mutagenesis
pcDNA4/HisMax-TOPO

pcDNA4/HisMax-TOPO
peDNA4/HisMax-TOPO

modified by site-directed
peDNA4/HisMax-TOPO

pSecTag/FRT/V5-His TOPO
pcDNA4/HisMax-TOPO
pcDNA4/HisMax-TOPO
pcDNA4/HisMax-TOPO
pcDNA4/HisMax-TOPO
pcDNA4/HisMax-TOPO
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S'cacegecgegpggtgggagctggcd
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S’atec

5'gatgatcgagaggatctgptgtacd’

S'atcectecgageagecceegegagy
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geteatte3’

GenBank accession no.
NM_006761
NM.007241
NM_024072

NM_003149

NM_003149
NM_003149
NM.003149
NM._003149
NM_003149

NM_003149

2.3. Transient expression of 14-3-3-binding proteins in
HEK293 cells

To verify the results of microarray analysis, the ORF of the
genes encoding EAP30 subunit of ELL complex (EAP30), dead
box polypeptide 54 (DDX54), and src homology three (SH3) and
cysteine rich domain (STAC) were amplified by PCR using Pfu-
Turbo DNA polymerase and the primer sets listed in Table 1.
They were then cloned into a mammalian expression vector
pcDNA4/HisMax-TOPO (Invitrogen) to produce a fusion pro-
tein with an N-terminal Xpress tag. To express the STAC mutant

src homology three and cysteine rich domain

src homology three and cysteine rich domain
(2-105, truncated form B; TR-B)

src homology three and cysteine rich domain
(2-164, truncated form A; TR-A)

src homology three and cysteine rich domain
(234-402, C-terminal half, CTF)

src homology three and cysteine rich domain
(2-233, N-terminal half; NTF)

src homology three and cysteine rich domain
(2-402 with S172A and S173A; DMT)

src homology three and cysteine rich domain
(2-402 with S172A; SMT)

EAP30 subunit of ELL complex (2-258)
(2-402, full length)

Proteins (amino acid residues)
14-3-3¢ Isoform (2-255)
Dead box polypeptide 54 (2-881)

The PCR product was cloned into a vector pSecTag/FRT/V5-His TOPO to express a fusion protein with a V5 tag or into a vector pcDNA4/HisMax-TOPO to express a fusion protein with a Xpress tag in HEK293

Primers utilized for PCR-based cloning and site-directed mutagenesis
cells.

Table 1
Genes
YWHAE
EAP30
DDX54
STAC
STAC
STAC
STAC
STAC
STAC
STAC
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Fig. 1. Protein microarray analysis. (a) Human protein microarray. The microarray contains 1752 distinct human proteins of various functional classes spotted
in duplicate on a nitrocellulose-coated glass slide. They are printed in an arrangement of 4 x 12 subarrays equally spaced in vertical and horizontal directions. A
representative subarray is indicated by an enclosed yellow line. (b) Recombinant human 14-3-3¢ protein tagged with V5. One microgram of the protein was processed
for Western blot analysis using anti-V5 antibody (lane 1) or anti-14-3-3¢ antibody (lane 2). (c) Layout of the subarray. Each subarray includes 16 x 16 spots composed
of 48 control spots (C), 80 human proteins (H), and 128 blanks (B). The positive control spots include an Alexa Fluor 647-labeled antibody (rows 1, 8; columns 1, 2;
strong signals), a concentration gradient of a biotinylated anti-mouse antibody with a capacity to bind to mouse monoclonal anti-V5 antibody conjugated with Alexa
Fluor 647 (row 8; columns 3-8; signals visible on the higher concentration), and a concentration gradient of V5 protein (row 8; columns 13-16; signals visible on
the higher concentration). (d) EAP30. (¢) DDX54. (f) STAC. The three proteins indicated by an enclosed yellow line located on different subarrays (d—f) represent
an example identified as showing significant binding to the probe.
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Fig. 2. Immunoprecipitation analysis of 14-3-3-binding proteins. (a) Binding of STAC to 14-3-3. Total protein extract of HEK293 cells expressing Xpress-tagged
recombinant STAC was processed for immunoprecipitation (IP) with rabbit polyclonal antibody reacting with all 14-3-3 isoforms (K-19) or with normal rabbit IgG.
The immunoprecipitates were then processed for Western blot analysis using mouse monoclonal antibody reacting with all 14-3-3 isoforms (H-8) (upper panel) or
mouse monoclonal anti-Xpress antibody (lower panel). Lanes (1-3) represent (1) the input control, and IP with (2) K-19 and (3) normal rabbit IgG. (b) Binding
of EAP30 and DDX54 to 14-3-3. Total protein of HEK293 cells expressing Xpress-tagged recombinant EAP30 or DDX54 extracted by using the lysis buffer with
inclusion of phosphatase inhibitors or with inclusion of protein phosphatase-1 (PP1) instead of phosphatase inhibitors (+PP1) was processed for IP with K-19 or with
normal rabbit IgG. The immunoprecipitates were then processed for Western blot analysis using anti-Xpress antibody. Lanes (1-3) represent (1) the input control, and
IP with (2) K-19 and (3) normal rabbit IgG. (c) Binding of mutant and truncated STAC to 14-3-3. Total protein was extracted from HEK293 cells expressing a panel
of Xpress-tagged recombinant STAC proteins. They include the full-length wild-type (WT) STAC, the N-terminal half (NTF), the C-terminal half (CTF), the S172A
mutant (SMT), the S172A and S173A double mutant (DMT), the truncated form lacking the 14-3-3-binding consensus motif RYYSSP (TR-A), the truncated form
lacking the cysteine-rich domain (CRD) (TR-B), and WT STAC isolated by using the lysis buffer with inclusion of PP1 instead of phosphatase inhibitors (WT + PP1).
Primers utilized for PCR-based cloning and site-directed mutagenesis are listed in Table 1. The lysate was processed for IP with K-19 or with normal rabbit IgG. The
immunoprecipitates were then processed for Western blot analysis using anti-Xpress antibody. Lanes (1-3) represent (1) the input control, and IP with (2) K-19 and
(3) normal rabbit IgG. (d) The sequence of the 14-3-3-binding consensus motif located in amino acid residues 169-174 in expression vectors of STAC. The panels
indicate WT (nucleotide sequence CGT-TAC-TAC-AGC-TCC-CCC: the corresponding amino acid sequence RYYSSP), SMT (CGT-TAC-TAC-GCC-TCC-CCC:
RYYASP), and DMT (CGT-TAC-TAC-GCC-GCC-CCC: RYYAAP).
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with a single amino acid substitution S172A (the single mutant;
SMT) or with double amino acid substitutions S172A and
S173A (the double mutant; DMT), the pcDNA4/HisMax-TOPO
vector containing the wild-type (WT) STAC gene was modified
by consecutive site-directed mutagenesis using QuikChange II
site-directed mutagenesis kit (Stratagene) and the primer sets
listed in Table 1. The mutations introduced in the vector were
verified by sequencing analysis (Fig. 2d). All these vectors were
transfected in HEK293 cells by Lipofectamine 2000 reagent.

2.4. Immunoprecipitation analysis

To prepare total protein extract, the cells were homoge-
nized and incubated at room temperature for 30 min in M-PER
lysis buffer (Pierce, Rockford, IL) supplemented with a cocktail
of protease inhibitors (Sigma), with inclusion of phosphatase
inhibitors (Sigma) to maintain the protein phosphorylation sta-
tus or with inclusion of recombinant protein phosphatase-1
(PP1) catalytic subunit a-isoform (5 U/ml; Sigma) instead of
phosphatase inhibitors to induce the protein dephosphorylation
reaction (Ichimura et al., 2005), followed by centrifugation at
12,000 rpm at 4 °C for 20min. After preclearance, the super-
natant was incubated at 4 °C for 3 h with 30 pg/m] rabbit poly-
clonal anti-14-3-3 protein antibody (K19)-conjugated agarose
(Santa Cruz Biotechnology, Santa Cruz, CA) or the same amount
of normal rabbit IgG-conjugated agarose (Santa Cruz Biotech-
nology). After several washes, the immunoprecipitates were
processed for Western blot analysis using mouse monoclonal
anti-14-3-3 protein antibody (H-8, Santa Cruz Biotechnology)
and mouse monoclonal anti-Xpress antibody (Invitrogen). K-19
and H-8 antibodies recognize all 14-3-3 isoforms. The spe-
cific reaction was visualized using a chemiluminescent substrate
(Pierce).

3. Resuits

3.1. Protein microarray analysis identified 20 distinct
14-3-3-binding partners

To analyze a high-density human protein microarray, the
recombinant 14-3-3g protein tagged with V5 was purified form
the supernatant of 293 eV5 cells secreting the recombinant pro-
tein in the culture medium. Western blot analysis verified the
purity and specificity of the probe (Fig. 1b). Among 1752 pro-
teins on the microarray, 20 were identified as the proteins show-
ing significant binding to the probe (Table 2). All of these were
previously unreported 14-3-3-binding partners by the BIND
search. Seven were hypothetical clones of uncharacterized func-
tion, derived from the mammalian genome collection (MGC) or
the full-length long Japan (FLJ). Thirteen annotated proteins
included EAP30 subunit of ELL complex (EAP30) (Fig. 1d),
lymphocyte cytosolic protein 2 (LCP2), methionine aminopep-
tidase 2 (METAP2), melanoma antigen family B, 4 MAGEB4),
chondroitin 4 sulfotransferase 11 (CHST11), nuclear interacting
partner of anaplastic lymphoma kinase (ZC3HC1), minichromo-
some maintenance deficient 10 (MCM10), DEAD box polypep-
tide 54 (DDX54) (Fig. le), heterogeneous nuclear ribonucleo-

protein C (HNPRC), fibroblast growth factor 12 (FGF12), glu-
tathione S-transferase M3 (GSTM3), src homology three (SH3)
and cysteine rich domain (STAC) (Fig. 1f), and ATPase, H+
transporting, lysosomal, 21 kDa, VO subunit C” (ATP6VOB).
The 14-3-3-binding consensus motif mode I (RSXpSXP) was
found only in STAC (pS172) and HNRPC (pS125) by the Scan-
site Motif Scanner search under the high stringent condition,
while 15 of 20 proteins have one or several motifs when a query
with the medium or low stringency was performed (Table 2).

3.2. Immunoprecipitation analysis validated the specific
binding to 14-3-3

EAP30, DDX54, and STAC were selected to verify the results
of microarray analysis, in view of their higher Z-scores. The
recombinant proteins were expressed in HEK293 cells, which
constitutively express a substantial amount of endogenous 14-
3-3 protein. Total protein was extracted by using the lysis buffer
with inclusion of phosphatase inhibitors to maintain the protein
phosphorylation status or with inclusion of recombinant protein
phosphatase-1 (PP1) instead of phosphatase inhibitors to induce
the protein dephosphorylation reaction, followed by processing
for immunoprecipitation (IP) with rabbit polyclonal antibody
reacting with all 14-3-3 isoforms (K-19) or with normal rab-
bit IgG. K19 coimmunoprecipitated 14-3-3 and STAC from the
lysate of HEK?293 cells expressing the recombinant STAC pro-
tein, whereas normal rabbit IgG did not pull down these proteins
(Fig. 2a). K-19 immunoprecipitated EAP30 and DDX54 from
the lysate of HEK293 cells expressing the recombinant EAP30
or DDX 54 protein, respectively, under both phosphorylated and
dephosphorylated conditions (Fig. 2b). These results indicate
that EAP30, DDX54, and STAC could interact with the endoge-
nous 14-3-3 protein in HEK293 cells where the corresponding
recombinant proteins were expressed.

STAC has the highly stringent 14-3-3-binding consensus
motif RYYSSP in amino acid residues 169-174 (pS172), as
suggested by the Scansite Motif Scanner (Table 2). Therefore,
a possible involvement of this motif in binding to 14-3-3 was
investigated by IP analysis of a series of mutant and truncated
STAC proteins (Table 1). K-19 immunoprecipitated the full-
length wild-type (WT) STAC comprised of amino acid residues
2-402 (Fig. 2a and c). K-19 also pulled down the S172A mutant
(SMT), and the S172A and S173A double mutant (DMT),
and the N-terminal half (NTF, amino acid residues 2-233)
from the lysate of HEK293 cells expressing the corresponding
recombinant proteins (Fig. 2¢). In contrast, K-19 did not pull
down the C-terminal half (CTF; amino acid residues 234-402)
(Fig. 2¢). These observations indicate that the RYYSSP motif is
not essential for binding of STAC to 14-3-3. This was confirmed
by the observations that K-19 immunoprecipitated the truncated
form lacking the RYYSSP sequence (TR-A; amino acid residues
2-164) and the shortest form lacking both the RY YSSP sequence
and the cysteine-rich domain (CRD) (TR-B; amino acid residues
2-105) from the lysate of HEK293 cells expressing the corre~
sponding recombinant proteins (Fig. 2¢). Finally, the full-length
WT STAC interacted with 14-3-3 under the dephosphorylated
condition (Fig. 2c). These observations indicate that the
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7.31156

41

Low

S16: GTSVRRRSLQHQEQL

Unknown

Hypothetical protein, cDNA
clone MGC:961

NM_019013

FLJ10156

18

6.94023
3.3123

Low
NA

T190: FRSPYSSTEPLCSPS

43

No sites

A 23-kDa component of vacuolar

ATPase, H+ transporting,

NM_004047

ATP6VOB

19

ATPase that mediates acidification of

intracellular organelles

lysosomal, 21 kD, VO subunit C”

3.60565
4.18864

48

NA

No sites

Unknown

Hypothetical protein, clone

MGC:33355

NM.001011541

FLIJ25758

20

4.18122

Among 1752 proteins on the microarray, 20 were identified as showing a significant interaction, based on the signal intensity value exceeding the median plus three standard deviations of all the fluorescence

intensities by analyzing with ProtoArray Prospector software. They are listed with the 14-3-3

-binding consensus motif (putative phosphoserine and phosphothreonine indicated by underline) and its stringency level
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by the Scansite Motif Scanner, the position on the array, and the Z-score calculated as described in Section 2. Abbreviations: FLJ, the full-length long Japan; MCG, mammalian gene collection; NA, not available.

14-3-3-interacting domain is located in the N-terminal segment
spanning amino acid residues 2-105 of STAC, and the interac-
tion is independent of serine/threonine-phosphorylation of the
binding domain of STAC.

4, Discussion

The present study was designed to rapidly and systematically
identify 14-3-3-binding proteins by analyzing a high-density
protein microarray. The array included 1752 proteins derived
from multiple gene families of biological importance, including
cell-signaling proteins, kinases, membrane-associated proteins,
and metabolic proteins. In general, protein microarray has its
own limitations associated with the expression and purifica-
tion of a wide variety of target proteins. In the microarray we
utilized, the target proteins were expressed in a baculovirus
expression system, purified under native conditions, and spot-
ted on the slides to ensure the preservation of native structure,
posttranslational modifications, including glycosylation and ser-
ine phophorylation (Culleré et al., 1998; Tennagels et al., 1999),
and proper functionality. Immunolabeling of the array with anti-
phosphotyrosine (pTyr) antibody indicated that approximately
10-20% of the proteins on the array are phosphorylated (the
unpublished data of Invitrogen Technical Service). When this
microarray was utilized for kinase substrate identification, most
of known kinases immobilized on the array are enzymatically
active with the capacity of some degree of autophosphorylation,
suggesting that they are certainly phosphorylated on tyrosine,
serine, and threonine residues (see the Protoarray application
note on http://www.invitrogen.com/protoarray). However, we
could not currently validate the precise levels of phosphorylation
of individual proteins, because of a lack of anti-phosphoserine
{(pSer) and anti-phosphothreonine (pThr) antibodies suitable for
detection of pSer and pThr residues of the proteins on glass slide.

The protein microarray utilized in the present study includes
11 known 14-3-3-binding proteins, such as PCTAIRE protein
kinase 1 (PCTK1) (Graeser et al., 2002), protein kinase C zeta
(PRKCZ) (van der Hoeven et al., 2000), keratin 18 (KRT18) (Ku
et al,, 1998), myosin light polypeptide kinase (M YLK) (Haydon
et al.,, 2002), v-abl Abelson murine leukemia viral oncogene
homolog 1 (ABL1) (Yoshida et al., 2005), v-akt murine thy-
moma viral oncogene homolog 1 (AKT1) (Powell et al., 2002),
epidermal growth factor receptor (EGFR) (Oksvold et al., 2004),
cell division cycle 2 (CDC2) (Chan et al,, 1999), mitogen-
activated protein kinase kinase kinase 1 (MAP3K1) (Fanger
et al., 1998), mitogen-activated protein kinase-activated protein
kinase 2 (MAPKAPK?2) (Powell et al., 2003), and stratifin (SFN)
(Benzinger et al., 2005) (Table 3). All of these were not identi-
fied as a 14-3-3-binding protein in the present study. Therefore,
the possibility could not be excluded that some 14-3-3 bind-
ing partners were not detected due to imperfect phosphorylation
of the proteins on the array or due to 14-3-3 isoform-specific
binding. Calmodulin, another known 14-3-3 interactor (Luk et
al., 1999), was included as a negative control on the array and
identified as negative in the present study, because the calcium-
dependent interaction between 14-3-3 and calmodulin could not
be detected under the calcium-free conditions we employed.
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Table 3

Eleven known 14-3-3-binding proteins immobilized on the protein microarray utilized in the present study

Gene name Database ID Reference

PCTAIRE protein kinase 1 (PCTK1), transcript variant 3 NM.033019 Graeser et al. (2002)
Protein kinase C, zeta (PRKCZ) NM_002744 van der Hoeven et al. (2000)
Keratin 18 (KRT18), transcript variant 1 NM_000224 Ku et al. (1998)
Myosin, light polypeptide kinase (MYLK), transcript variant 6 NM_005965 Haydon et al. (2002)
V-abl Abelson murine leukemia viral oncogene homolog 1 (ABL1), transcript variant a NM_005157 Yoshida et al. (2005)
V-akt murine thymoma viral oncogene homolog 1 (AKT1), transcript variant 1 NM_005163 Powell et al. (2002)
Epidermal growth factor receptor (EGFR), transcript variant 1 NM_005228 Oksvold et al. (2004)
Cell division cycle 2 (CDC2), transcript variant 1 NM._001786 Chan et al. (1999)
Mitogen-activated protein kinase kinase kinase 1 (MAP3K1) XM 042066 Fanger et al. (1998)
Mitogen-activated protein kinase-activated protein kinase 2 (MAPKAPK?), transcript variant 1 NM..004759 Powell et al. (2003)
14-3-3 Sigma, stratifin (SFN) NM_006142 Benzinger et al. (2005)

The known 14-3-3-binding proteins, which were spotted on the protein microarray but were not detected in the present study are listed. The 14-3-3-binding proteins

validated by definitive evidence are selected and shown with references.

Increasing studies indicate that 14-3-3-binding phosphorylation
sites do not exactly fit the consensus motif (Aitken et al., 2002;
Ku et al, 1998) and a second site is required to enhance a
stable 14-3-3-target interaction (MacKintosh, 2004), and show
that the 14-3-3 protein interacts with a set of target proteins
in a phosphorylation-independent manner (Dai and Murakami,
2003; Henriksson et al., 2002; Zhai et al., 2001). Supporting
the latter possibility, the present observations showed that the
interaction of 14-3-3 with target proteins is independent of
serine/threonine-phosphorylation of the binding sites of EAP30,
DDX54, and STAC. This suggests that substantial numbers of
14-3-3 binding partners identified by protein microarray anal-
ysis, if not all, employ phosphorylation-independent binding
domains.

All the procedure required for microarray analysis takes
approximately Sh. This analysis identified a set of 20 human
proteins as 14-3-3 interactors, most of which were previously
unreported except for glutathione S-transferase M3 (GSTM3)
that was found as one of binding partners by 14-3-3 affinity
purification of HeLa cell protein extracts (Pozuelo Rubio et al.,
2004). Unexpectedly, the highly stringent 14-3-3-binding con-
sensus motif was identified only in two, such as STAC and
HNPRC, by the Scansite Motif Scanner search, while 15 of
20 proteins have one or several motifs when a query with the
medium or low stringency was performed (Table 2). The specific
binding to 14-3-3 of EAP30, DDX54, and STAC was verified
by immunoprecipitation analysis of the recombinant proteins
expressed in HEK293 cells. These results indicate that pro-
tein microarray is a powerful tool for rapid identification of
protein—protein interactions, including those unpredicted by the
Database search.

Among the 14-3-3-binding partners we identified, several
proteins could be categorized as a component of multimolec-
ular complexes involved in transcriptional regulation. ELL is a
human oncogene encoding a RNA polymerase II (Pol IT) tran-
scription factor that promotes transcription elongation (Schmidt
et al., 1999). EAP30 is a 30-kDa component of the ELL com-
plex where EAP30 confers derepression of transcription by Pol
IO (Schmidt et al., 1999). A recent study showed that EAP30
could interact with the tumor susceptibility gene TSG101 prod-
uct, a cellular factor that plays a key role in packaging of HIV

virions (von Schwedler et al., 2003). DDX54 is a 97-kDa RNA
helicase (DP97) that interacts with estrogen receptor (ER) and
represses the transcription of ER-regulated genes (Rajendran et
al., 2003). A recent study by using chromatin immunoprecipita-
tion (ChIP) assay combined with promoter microarray analysis
showed that hepatocyte nuclear factor 4-alpha (HNF4a), a mas-
ter regulator of hepatocyte gene expression, interacts with the
DDX54 gene promoter, together with Pol II (Odom et al., 2004).
HNPRC is a member of heterogeneous nuclear ribonucleo-
proteins (hnRNPs) involved in pre-mRNA processing, mRNA
metabolism and transport (Nakagawa et al., 1986). Increasing
evidence indicates that the 14-3-3 protein and its targets are
widely distributed in various subcellular compartments, includ-
ing the nucleus (Dougherty and Morrison, 2004; Meek et al.,
2004).

STAC is a 47-kDa cytosolic protein that has a cysteine-rich
domain (CRD) of the protein kinase C family in the N-terminal
half (NTF), and a src homology three (SH3) domain in the
C-terminal half (CTF), suggesting its function as an adapter
on which divergent signaling pathways converge (Hardy et al.,
2005; Suzuki et al., 1996). STAC is expressed predominantly
in the brain with the distribution in a defined population of
neurons (Suzuki et al., 1996). IP analysis of mutant and trun-
cated forms argned against an active involvement of the most
stringent motif RYYSSP (pS172) of STAC in its binding to
14-3-3. The present observations indicated that the 14-3-3-
interacting domain is located in the N-terminal segment span-
ning amino acid residues 2-105 of STAC and the interaction is
serine/threonine phosphorylation-independent.

In conclusion, protein microarray is a useful tool for rapid and
comprehensive profiling of 14-3-3-binding proteins, although
the validation of the results by different methods is highly impor-
tant.
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Abstract

To clarify the molecular background underlying the heterogeneity of multiple sclerosis (MS), we characterized the gene expression profile
of peripheral blood CD3” T cells isolated from MS and healthy control (CN) subjects by using a cDNA microarray. Among 1258 cDNAs on
the array, 286 genes were expressed differentially between 72 untreated Japanese MS patients and 22 age- and sex-matched CN subjects.
When this set was used as a discriminator for hierarchical clustering analysis, it identified four distinct subgroups of MS patients and five
gene clusters differentially expressed among the subgroups. One of these gene clusters was overexpressed in MS versus CN, and particularly
enhanced in the clinically most active subgroup of MS. After 46 of the MS patients were treated with interferon-beta (IFNp-1b) for two years,
IFNB responders were clustered in two of the four MS subgroups. Furthermore, the IFNp responders differed from nonresponders in the
kinetics of IFN-responsive genes at 3 and 6 months after starting IFNp treatment. These results suggest that T-cell gene expression profiling
is valuable to identify distinct subgroups of MS associated with differential disease activity and therapeutic response to IFNB.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Gene expression profile; Hierarchical clustering analysis; IPN(3 responder; Microarray; Multiple sclerosis; T cells

1. Introduction

Multiple sclerosis (MS) is an inflammatory demyelin-
ating disease of the central nervous system (CNS) white
matter mediated by an autoimmune process whose deve-

* Corresponding author. Tel.: +81 42 346 1723; fax: +81 42 346 1753.
E-mail address: yamamura@nenp.go.jp (T. Yamamura).

0165-5728/% - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneuroim.2006.02.004

lopment is triggered by a complex interplay of both
genetic and environmental factors (Compston and Coles,
2002). Intravenous administration of interferon-gamma
(IFNw) to MS patients in a previous clinical trial provoked
acute relapses accompanied by activation of the systemic
immune response, indicating a central role of proinflam-
matory T helper type 1 (Thl) lymphocytes in the
immunopathogenesis of MS (Panitch et al., 1987). In
contrast, treatment with interferon-beta (IFNR) produced a
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beneficial effect on MS patients with a reduction of the
relapse rate by approximately 30% (The IFNB Multiple
Sclerosis Study Group, 1993; Jacobs et al., 1996; Saida et
al., 2005). Recent studies indicated that an early initiation
of IFNR delays the conversion to clinically definite MS in
the patients who experienced a first demyelinating event
(Jacobs et al., 2000).

MS exhibits a great range of phenotypic variability. It is
classified into relapsing-remitting MS (RRMS), secondary
progressive MS (SPMS), or primary progressive MS
(PPMS) with respect to the disease course, conventional
MS (CMS) or opticospinal MS (OSMS) in terms of the
lesion distribution (Saida et al., 2005), and IFN {3 responder
or nonresponder based on the therapeutic response to IFNp
(Waubant et al, 2003). MS brain lesions show a re-
markable heterogeneity in the degree of inflammation,
complement activation, antibody deposition, demyelination
and remyelination, oligodendrocyte apoptosis, and axonal
degeneration (Lucchinctti et al., 2000). These observations
suggest that MS is a kind of neurological syndrome caused
by different immunopathological mechanisms leading to
the final common pathway that provokes inflammatory
demyelination. Therefore, it is not surprising to find that
individual MS patients show highly variable responses to
IFNg treatment. Currently, very little is known about the
molecular background underlying clinical and pathological
heterogeneity of MS.

DNA microarray technology is a novel approach that
allows us to systematically monitor the expression of a large
number of genes in disease-affected tissues (Staudt, 2001).
This approach has discovered therapeutically relevant
targets and prognostic markers for cancers (Alizadeh et
al., 2000; van de Vijver et al., 2000), and has given new
insights into the complexity of molecular interactions
promoting the autoimmune process in MS (Steinman and
Zamvil, 2003). Importantly, the comprehensive gene ex-
pression profiling of MS brain tissues and peripheral blood
Iymphocytes identified a battery of genes deregulated in
MS, whose role has not been previously predicted in its
pathogenesis (Lock et al., 2002; Graumann et al., 2003;
Tajouri ct al., 2003; Stirzbecher et al., 2003; Achiron et al.,
2004). However, most of previous studies have focused on
gene expression in heterogeneous populations of unfractio-
nated lymphocytes and brain cells. Recently, by using
microarray we showed that IFN@ treatment elevates the
expression of 7 IFN-responsive genes in highly purified
peripheral blood CD3" T cells of 13 Japanese RRMS
patients (Koike et al., 2003). More recently, we found that
the majority of differentially expressed genes in CD3" T
cells between 72 untreated MS patients and 22 healthy
control (CN) subjects were categorized into apoptosis
signaling-related genes (Satoh et al., 2005).

To extend our previous studies, we conducted hierarchi-
cal clustering analysis of differentially expressed genes
between MS and CN in peripheral blood CD3" T cells. Here
we report that T-cell gene expression profiling classifies a

heterogencous population of Japanese MS into four
subgroups that differ in the disease activity and therapeutic
response to [FNPR, suggesting that this analysis could be
applied for designing tailor-made treatment of MS.

2. Subjects and methods
2.1. The study population

The Research Group for IFNp treatment of Japanese MS,
sponsored by the Ministry of Health, Labour and Welfare of
Japan, conducted the present study. It enrolled 72 clinically
active Japanese MS patients, including 65 RRMS and 7
SPMS cases composed of 55 women and 17 men with the
mean age of 36.1£10.3 years, and 22 healthy control (CN)
subjects composed of 16 women and 6 men with the mean
age of 38.6+ 12.3 years. The members of this research group
(SK, KN, KY, KO, TK, TF and TY), all of who are certified
neurologists, diagnosed individual cases according to the
established criteria (McDonald et al., 2001), and followed
up the patients for at least two years after entry. The patients
showed the mean Expanded Disability Status Scale (EDSS)
score of 2.8 4+2.0 upon entry. No patients had a history of
treatment with interferons, glatiramer acetate or mitoxan-
trone before enrollment, or received corticosteroids and
other immunosuppressants during at least one month before
blood sampling. MS patients were divided into two groups
according to their own determination upon entry: one
treated with [FNR and the other without IFNR. The IFNp-
treated group included 46 patients who started to receive an
administration of 8 million units of IFNp-1b (Betaferon,
Schering, Osaka, Japan) for two years given subcutaneously
on alternate days, while the IFNp-untreated group included
26 patients who were followed up without [FN treatment
for successive two years. From the IFNP-treated group,
blood samples were taken at three time points: before
starting IFNf treatment (designated Pre) and at 3 and 6
months afler starting the treatment. In the IFNp-untreated
group, they were collected twice: at enrollment and at 6
months after the enrollment. In case of acute relapse, the
patients in both groups were given intravenous methylpred-
nisolone pulse (IVMP) following the standard protocol,
although none received glatiramer acetate, mitoxantrone, or
other immunosuppressants. The samples obtained during
clinically obvious relapses or episodes of infection were
omitted. Written informed consent was obtained from all the
subjects. The present study was approved by the Ethics
Committee of National Center of Neurology and Psychiatry
(NCNP).

2.2, IFN f responder/nonresponder score
To evaluate the therapeutic response to IFNPR, we

monitored the following six parameters during four years
spanning two years before and after initiation of IFNf
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treatment; the number of clinical relapse, the day of IVMP
treatment, the day of hospitalization, EDSS score, the
number of lesions on T2-weighted MRI, and the patient’s
satisfaction on the treatment (Table 1). When compared
before and after IFNR treatment, these parameters have
given three ranks and scores; good (+1), intermediate (0),
and poor (—1). The total score was calculated for each
patient, ranging from the maximum value of +6 to the
minimum value of —6. The patients with the total score
equal to or greater than +3 were considered as being the
responder (R), the score from 0 to +2 as one with the
undetermined response (UD), and the score equal to or
smaller than —1 as the nonresponder (NR) (Table 1).

2.3. ¢DNA microarray analysis

The present study utilized a custom microarray containing
duplicate spots of 1258 ¢cDNA immobilized on a poly-L-
lysine-coated slide glass. They were composed of well
annotated genes of various functional classes, including
cytokines/growth factors and their receptors, apoptosis
regulators, oncogencs, transcription factors, signal trans-
ducers, cell cycle regulators and housekeeping genes (Hitachi
Life Science, Kawagoe, Saitama, Japan; http://www.hitachi.
cojp/LS). Peripheral blood mononuclear cells (PBMC) were
isolated from 30 ml of heparinized blood by centrifugation on
a Ficoll density gradient. They were labeled with anti-CD3
antibody-coated magnetic microbeads (#130-050-101, Mil-
tenyi Biotec, Aubumn, CA), and CD3" T cells were separated
by AutoMACS (Miltenyi Biotec). The remaining cells after
the positive selection of CD3* T cells were harvested as
CD3™ non-T cell fraction as described previously (Koike et

Table 1
IFN responder/nonresponder score

al., 2003; Satoh et al., 2005). Total RNA was isolated from the
cells by using RNeasy Mini Kit (Qiagen, Valencia, CA). Five
micrograms of purified RNA was in vitro amplified, and the
antisense RNA (aRNA) of MS patients and CN subjects was
labeled with a fluorescent dye Cy5, while pooled aRNA of
three independent healthy volunteers who were not included
in the present study was labeled with Cy3 for a universal
reference to standardize the gene expression levels through-
out the experiments. The arrays 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 (GSI Lumonics, Boston, MA).
The data were analyzed by using the QuantArray sofiware
(GSI Lumonics). The average of fluorescence intensities (FI)
of duplicate spots was obtained after global normalization
between Cy3 and CyS signals. The gene expression level
(GEL) was calculated according to the formula: GEL=FI
(Cy5) of the sample/FI (Cy3) of the universal reference.

2.4. Hierarchical clustering analysis, principal component
analysis, and statistical analysis

The genes whose expression was significantly different
between MS and CN groups were identified by using pierre
of the “R” statistical software system (www.cran.r-project.
org) based on a Bayesian framework for analysis of
microarray expression data (Baldi and Long, 2001). The
error rate of this test smaller than 0.25 following the
Bonferroni correction was considered as significant. Hierar-
chical clustering analysis and principal component analysis
(PCA) were performed on a set of 286 genes differentially
expressed between MS and CN groups, which were selected

Category The parameters Rank and score of the therapeutic response
Poor Intermediate Good

#1 Number of relapse after 2 years/number Z15 1.5-0.5 =05

of relapse before 2 years

Score (-1 0 (+1)
#2 Number of IVMP treatment after 2 215 1.5-0.5 =05

years/number of [IVMP treatment before 2 years

Score (-1 0 @1
#3 Day of hospitalization after 2 years/day of 215 1.5-0.5 =05

hospitalization before 2 years

Score -1 0 (+1)
#4 EDSS score before treatment-EDSS score in £ -0.5 0.5--(-0.5) =0.5

2 years afler treatment

Score (-1 0 +1)
#5 Number of lesions on T2-weighted MRI in 212 1.2-0.8 508

2 years after treatment/number of lesions on

T2-weighted MRI before treatment

Score (-1) 0 +1)
#6 Patient’s satisfaction Unsatisfied Neither satisfied nor unsatisfied Satisfied

Score (-1 0 +1)

The total responder/nonresponder score of six categories ranges from the maximum value of +6 to the minimum value of —6. The patients with the score equal
to +3 or greater than +3 were classified as responder (R), the score ranging from 0 to +2 as undetermined (UD), and the score equal to — 1 or smaller than — 1
as nonresponder (NR). Abbreviations: IVMP, intravenous methylprednisolone pulse.
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as a discriminator for a standard x standard algorithm on
GeneSpring 7.2 (Agilent Technologies, Palo Alto, CA). The
differences in clinical parameters among MS subgroups were
evaluated by multiple comparison test following the Bon-
ferroni correction.

3. Results

3.1. Microarray analysis identified 286 genes differentially
expressed in peripheral blood T cells between MS and
control subjects

Among 1258 genes on the microarray, 286 genes were
expressed differentially in peripheral blood CD3" T cells
between 72 untreated MS patients and 22 CN subjects.
Among them, 78 genes were upregulated, while 208 genes

ngelnulglmn.m: vs_pie, 80 25), ExplNcrpre5), 3td Cou

downregulated in MS versus CN (Supplementary Table 1
online for all datasets). We also conducted the microarray
analysis of CD3" non-T cells, composed of B cells,
monocytes/macrophages and NK cells, and found that 96
genes were differentially expressed in the non-T cell fraction
between MS and CN (data not shown).

3.2. Hierarchical clustering analysis identified four distinct
subgroups of MS and five gene classes

Hierarchical clustering analysis was performed on
CD3" T-cell samples of 72 untreated MS patients and
22 CN subjects, by using the set of 286 differentially
expressed genes described above as a discriminator. This
unsupervised approach, which arranged the genes and
samples with a similar expression pattern to make a
cluster in the dendrogram, identified four distinct

1
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Fig. 1. Hierarchical clustering analysis of 286 genes differentially expressed between untreated MS patients and control subjects. The gene expression profile of
peripheral blood CD3" T cells was studied in 72 unireated MS patients and 22 age- and sex-matched healthy control (CN) subjects, by using a 1258 ¢cDNA
microarray. Hierarchical clustering analysis was performed by selecting a set of 286 genes differentially expressed between MS and CN as a discriminator. The
results are expressed in a matrix format, with each row representing the gene expression level (GEL) of a single gene in all the subjects and each column
representing GEL of 286 genes in an individual sabject. The matrix is shown by a pseudo-color, with red expressing upregulation, green expressing
downregulation, and the color intensity representing the magnitude of the deviation from GEL 1.0 as shown on the upper right. Hierarchical clustering analysis
separated MS (purple) from CN (datk blue), and classified the former into four subgroups named A (green), B (light biue), € (red) and D (yellow). The 286

genes were categorized into five classes numbered #1 (pink) to #5 (light blue).
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Fig 2. Principal component analysis of 286 discriminator genes. Principal component analysis (PCA), which recuces all of the variance in the original dataset
to three dimensions accounting for a significant fraction of the variance, verified a clear separation of the CN group (dark blue) and fowr MS subgroups named
A (green), B (light blue), C (red) and D (yellow) identified by hierarchical clustering analysis.

subgroups of MS, clearly separated from the CN group
(Fig. 1). We operationally designated each subgroup of
MS as A, B, C and D, following the relative location in
the dendrogram (Fig. 1). Principal component analysis
(PCA) verified a clear discrimination of four MS
subgroups and CN group ([ig. 2). Among 94 subjects
examined, two MS patients and three CN subjects were
considered as being unclassifiable (UC). In contrast, the
clustering analysis of CD3" non-T cells did not clearly
separate MS subgroups from CN (data not shown).
Hierarchical clustering analysis categorized 281 of 286
differentially expressed genes into five distinet classes
numbered #1 to #5 (Fig. 1 and Supplementary Table 1
online for all datasets). The remaining five, including
TOP1, CHST4, SLC35Al1, STIB2, and TAF2H, were
unable to be categorized into any classes. All the class #5
genes were upregulated in MS, whereas the genes of
classes #1 to #4 were downregulated in MS, when
compared with CN (Fig. 1). Upregulation of several class
#5 genes in MS was validated by quantitative real-time
RT-PCR analysis (data not shown).

3.3. Association of MS subgroups with gene clusters

Expression of the class #5 genes were elevated in all MS
subgroups, whereas the classes #1 to #4 genes were
downregulated in all of them, although the present study
could not identify the marker genes specific for each MS
subgroup. The subgroup A showed the gene expression
pattern that is the most similar to CN. The similarity was
supported by a partial overlap between A and CN in PCA
(Fig. 2), and by the observations that one CN subject was
incorporated in A, while two MS patients of A were
included in CN (Fig. 1). Notably, the subgroup B showed
the greatest upregulation of class #5 genes and the most
prominent suppression of classes #1 to #4 genes (Fig. 1).

The class #5 genes (n=78) contain nine chemokines
(11.5%), including CCL1, CCL3, CCL13, CCL18, CCL24,
CXCL1, CXCL2, CXCL9, and CXCL14. In contrast, the
classes #1 to #4 genes (n=203) contained only two
chemokines (1.0%), such as CXCL5 and CXCL10. These
observations suggest that the class #5 gene cluster is highly
enriched in chemokine genes.

Fig. 3. Clinical characteristics of microarray-determined four MS subgroups. MS patients were classified into four distinct subgroups named A, B, C, and D by
hicrarchical clustering analysis. The bar indicates the data of individual patients. The number of relapse, the day of TVMP treatment, the day of hospitalization,
and the number of lesions on T2-weighted MRI represent the data of 2 years before entollment. Abbreviations: EDSS, Expanded Disability Status Scale; TVMP,

intravenous methylprednisolone pulse; R/NR, responder/nonresponder.
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Table 2
The therapeutic response to IFNB in microarray-determined four MS subgroups
Total A B (& D uc

IFNB-treated patients (1) 46 14 14 11 5 2
Age of IFN-treated patients (average, SD) 34.9+9.2 33.247.6 36.5£10.4 33.1+83 36.2+133 415
Male to female ratio of IFN@-treated patients 8 to 38 1to 13 3to 11 3to8 Oto 5 lTtol
IFNB responder/monresponder score (average, SD) 19+2.6 25423 2.1+26 1.3%2.1 ~0.3+4.0 3
Dropout during a follow-up (n) 1 2 0 3 2 0
[FN responder (n, %) 19 (41.3%) 8 (57.1%) 8 (57.1%) 2 (18.2%) 0 (0%) 1 (50%)
IFNB nonresponder (n) 7 2 3 1 1 0
Undetermined group (n) 13 2 3 5 2 1
The patients with IFNB-related adverse effects (n, %) 29 (63.0%) 8 (57.1%) 9 (64.3%) 7 (63.6%) 4 (80%) 1 (50%)
Increase in the number of lesions on T2-weighted 1.7£9.7 ~2.0£7.1 28+6.6 7.6+15.8 ~0.7+8.1 -35

MRI during a follow-up (average, SD)
The patients satisfied with IFNp treatment (r, %) 17 (37.0%) 8 (57.1%) 6 (42.9%) 2 (18.2%) 0 (0%) 1 (50%)
The patients neither satisfied nor unsatisfied with 21 4 7 7 2 1

IFNf treatment (1)
The patients unsatisfied with IFNf treatment (1) 8 2 1 2 3 0

Among 72 MS patients, 46 patients were treated with IFN for two years afier enrollment. The therapeutic response was evaluated by IFN@ responder/

nonresponder score shown in Table 1. Abbreviations: UC, unclassifiable.

3.4. Clinical characteristics of microarray-determined MS
subgroups

Next, we ivestigated clinical characteristics of four
MS subgroups (Supplementary Table 2 online and Fig.
3). No statistically significant differences were found
among the subgroups in the age, disease duration, EDSS
score, and the number of lesions on T2-weighted MRI at
entollment. However, there was a trend that the subgroup
D showed a greater EDSS score and had a larger number
of MRI lesions, suggestive of an advanced stage of the
disease (Supplementary Table 2 online). The female
outnumbered the male in all the subgroups. The male
to female ratio was relatively higher in C, while no male
patient was included in D. The patients with RRMS
outnumbered those with SPMS in all the subgroups,
although there was a mild bias for SPMS in B. The
number of relapse, the day of IVMP treatment, and the
day of hospitalization during preceding two years before
enrollment were the largest and longest in subgroup B,
and this difference was statistically significant, when
compared between subgroups B and C (p=0.0128,
0.0183, and 0.0329 for each parameter) (Supplementary
Table 2 online and Fig. 3). These observations indicate
that the subgroup B included the patients who were the
clinically most active before starting IFN.

In all MS subgroups, the conventional form of MS
(CMS) greatly outnumbered non-CMS, the latter was
composed of the opticospinal form (OSMS) and multifocal
recurrent myelitis without optic nerve involvement. No
obvious association was identified between a particular MS
subgroup and the spinal cord involvement. However, 5 of 6
patients having the lesions restricted to the cerebrum (CBR)
were included in subgroup C (Supplementary Table 2
online). These observations suggest that the status of T-cell
gene expression might affect the lesion distribution in this
subgroup.

3.5 IFN f responders were clustered in subgroups A and B

Based on the patient’s own determination at enrollment,
72 MS patients were separated into two groups; 46 who
started to receive IFN treatment for following two years,
and 26 who were followed up without IFNp treatment for
successive two years (Supplementary Table 3 online). All
the JFNp-treated patients were evaluated by the IFNp
responder/nonresponder score (Table 1) at the end of the
two year-treatment. They were classified into 19 IFNp
responders, 7 nonresponders, 13 undetermined subjects, and
7 dropouts (Table 2). The difference in the score among the
subgroups (A: 2.5£2.3; B: 2.1£2.6; C: 1.3£2.1; and D:
—0.3£4.3) did not reach the level of statistical significance
(Table 2). However, there existed a trend that IFNp
responders were clustered either in subgroup A or B.
Because the subgroup A contains the greatest proportion of
IFNp responders (57.1%), the patients of A were judged as
being the most IFNQ responsive (Table 2). All the
responders of A expressed a satisfaction on IFN treatment.
The patients of the subgroup B also showed a good response
equivalent to A (57.1%), although the number of satisfied
patients was smaller. In contrast, only 2 of 11 IFNp-treated
patients in subgroup C (18.2%) and none of the patients in
subgroup D were judged as IFNp responders. The patients
of C showed a trend for great increase in the number of MRI
lesions during IFNpB treatment, consistent with the poor
response to IFNR (Table 2). A battery of IFNR treatment-
related adverse effects, including skin reactions, flu-like
symptoms, leukocytopenia, depression, and amenorrhea,
were observed in more than 50% of IFNP-treated patients in
all the subgroups (Table 2). Seven patients of the IFNp-
treated group discontinued the treatment: five due to adverse
effects, one due to a severe relapse, and another by a
personal reason.

We also studied T-cell gene expression profile of IFNp-
treated MS patients at 3 or 6 months afler starting the
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treatment. Although hierarchical clustering analysis classi-
fied these patients into scveral subgroups, they did not
match with the subgroup A, B, C, or D determined at
pretreatment (data not shown). Furthermore, no significant
association was identified between these new clusters and
the response to IFNP. These observations suggest that T-cell
gene expression profiling at pretreatment is the most
valuable to predict the clinical outcome, whereas the
analysis after starting IFNp treatment is less informative.

3.6. Temporal profile of [FN-responsive gene expression in
the first six months discriminated responders and
nonresponders

Finally, we investigated the temporal expression profile
of the genes with IFN-responsive promoter elements
named IFN-responsive genes (IRGs) following IFNR
treatment. As we previously reported (Koike et al,
2003), IFNpR treatment for 6 months enhanced the
expression of a battery of IRGs in T cells (Fig. 4). A
remarkable difference was found between IFNp responders
(R) and nonresponders (NR) in the kinetics of several
IRGs, such as IFN-stimulated protein 15 (ISG15), small
inducible cytokine A2 (SCYA2, CCL2, or MCP-1), TNF
receptor subfamily member 1B (TNFRSFIB, TNFRp75),

and [FNe-inducible protein 27 (IF127) (Fig. 5). The IFNp
responders exhibited a pattern of persistent upregulation
during 6 months of the treatment. In contrast, the
nonresponders showed a seesaw pattern, i.e. higher
upregulation at 3 months than the responders, followed
by substantial downregulation at 6 months. The differences
between R and NR in the kinetics of both TNFRSF1B and
IF127 levels from 3 to 6 months were statistically
significant (p =0.0092 and 0.0307, respectively) (Fig. 5).
These observations suggest that [FN{ nonresponders also
well respond to IFNP at 3 months, but they could not
maintain the responsiveness until 6 months.

4. Discussion

To elucidate the molecular basis underlying clinicopath-
ological variability of MS, we conducted a comprehensive
study that combines T-cell gene expression profiling and
clinical characteristics of Japanese MS patients. Hierarchi-
cal clustering analysis of 286 genes differentially expressed
between 72 untreated MS patients and 22 CN subjects
classified a clinically heterogeneous population of MS into
four distinct subgroups, named A, B, C, and D, and
identified five gene classes numbered #1 to #5. The class
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Fig. 4. Induction of IFN-responsive genes in IFNP-treated MS patients. Seventy-two MS patients were divided into IFN@-treated group (IFN@+; 7 = 46) and
untreated group (IFNf - 7 26). A cluster of known IFN-responsive genes (IRGs) indicated by the star wese significantly upregulated exclusively in [FNp-

treated patients at 6 months after starting the treatment.
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