Table 1

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

GenBank accession no.

NM_006761

Antisense primers

Sense primers

Proteins (amino acid residues)
14-3-3¢ Isoform (2-255)

Genes

pSecTag/FRT/V5-His TOPO
pcDNA4/HisMax-TOPO

Cloning vector

S’ctgattttegteticcacgteetgd

§'gatgatcgagaggatctggtgtacd’
S’caccgecgegpegteggagotgge3’

§’peggecgacaagggeccggegget3’
S'atcectecgageageccecgegagy’

YWHAE
EAP30
DDX54
STAC

S’tcaggggagggcttctetggecte3’
5’tcacatectettecgeatettgeed’
S’tcagatgtittctagtacatcaag3’

NM.007241

EAP30 subunit of ELL complex (2-258)
Dead box polypeptide 54 (2-881)

pcDNA4/HisMax-TOPO

NM_024072

pcDNA4/HisMax-TOPO

NM_003149

src homology three and cysteine rich domain (2-

402. full length)

pcDNA4/HisMax-TOPO

5'gaatgagcaaggggpaggcgtagtaa-

cgeegaaacy’

Sgtttcggegttactacgecteeccctt-

geteatte3’

NM.003149

src homology three and cysteine rich domain (2~

402 with S172A: SMT)

STAC

modified by site-directed

mutagenesis

modified by site-directed

pcDNA4/HisMax-TOPO
mutagenesis

'

¥'atgaatgageaaggggpcggegt-

agtaacgeegd

getcattcat3’

5'cggcgﬁactanccgccccc!t-

NM.003149

src homology three and cysteine rich domain (2-

402 with S172A and S173A: DMT)

STAC

src homology three and cysteine rich domain (2-

233, N-terminal half: NTF)
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pcDNA4/HisMax-TOPO

S’atccetecgageageccecgegagy’ $'tcaaapatctgaagtagaggtictd’

NM_003149

STAC

pcDNA4/HisMax-TOPO

5’tcagecacctggatgeagaccaged’

src homology three and cysteine rich domain (234- NM_003149 Y gtggaggttcctgaggaagecaatd’
402. C-terminal half: CTF)

STAC

pcDNA4/HisMax-TOPO

NM_003149 5’atccetecgageageccecgegagy’ S’tcatggeagcttgeccatgoaccgd’

src homology three and cysteine rich domain (2-

164. truncated form A: TR-A)

STAC

" pcDNA4/HisMax-TOPO

§’atccetecgageageeccegegagd’ S'tcagecacctggatgeagaccage3’

NM.003149

stc homology three and cysteine rich domain (2-

105. truncated form B: TR-B)
The PCR product was cloned into a vector pSecTag/FRT/V3

STAC
cells.

-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 m HEK293

tion 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 concentration
gradient of calmodulin (row 1; columns 13-16), 16 spots of a
concentration gradient of GST (row 2; columuas 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 inthe 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-subtracted 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 miotif
under high, medivm, 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.

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 inte 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
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{a) Human protein microarray
: . (b) 14-3-3¢-V5

vertical

(c) subnrray (@) EAP30 (e) DDX54 ) STAC

vertical

subarray Lrow 7 subarray 27. row 3 subreray 39, row §
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Fig. 1. Protein microarray analysis. (a) Human protein microarray. The microarray contains 1752 distinct human proteins of various functional classes spotied
in duplicate on a nitrocellulose-coated glass slide. They are printed in an arrangement of 4 > 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-V'5 antibody (lane 1) or anti-14-3-3¢ antibody (lane 2). (c) Layout of the subarray. Each subarray includes 16 » 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, §; columins 1, 2;
strong signals), a concentration gradient of a biotinlyated 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 ali 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 blof 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 $172A 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 lysae 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 20 min. After preclearance, the super-
natant was incubated at 4 °C for 3 h with 30 pg/ml 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. Results

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

To analyze a high-density human protein microarray, the
recombinant 14-3-3¢ 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 (CHST1 1), nuclear interacting
partner of anaplastic lymphoma kinase (ZC3HC1), minichromo-
some maintenance deficient 10 (MCM10), DEAD box polypep-
tide 54 (DDX54) (Fig. le), heterogeneous nuclear ribenucleo-

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 (p5172) 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 HEK293 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 DDX54 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 HEK 293 cells where the corresponding
recombinant proteins were expressed.

STAC has the highly stringent 14-3-3-binding consensus
motif RY'YSSP in amino acid residues 169-174 (pS5172), as sug-
gested 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 HEK 293 cells expressing the corresponding recombi-
nant 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 RY'Y SSP motifis not essen-
tial for binding of STAC to 14-3-3. This was confirmed by the
observations that X-19 immunoprecipitated the truncated form
lacking the RYYSSP sequence (TR-A; amino acid residues 2-
164) and the shortest form lacking both the RY'Y SSP 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. 2¢). These observations indicate that the 14-
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o =S 3 3% 9 %é’g g 3-3-interacting domain is located in the N-terminal gegment 308
g = §\ E § § % g~ 8 spanning amino acid residues 2-105 of STAC, and the interac-  am
NS =8 R g g S tion is independent of serine/threonine-phosphorylation of the a1
- E ‘E’ S binding domain of STAC. an
£ iz
8 = e = Lg'g i 4. Discussion 312
é o ~ ~ é -15) =§ The present study was designed to rapidly and systematically st
B _§ 'g § identify 14-3-3-binding proteins by analyzing a h}gh-den.sxty au
& ] protein microarray. The array included 1752 proteins derived 15
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g ‘é £ g and metabolic proteins. In gex.leral, protein microarray hgs its s
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QE g- _E = tion of a wide variety of target proteins. In th'e microarray we
Eols & « < §% 8 utilized, the target proteins were expressed in a baculovirus sz
G| =7 = g k) expression system, purified under native conditions, and spot- s
b £ :‘j‘- %ﬂ ted on the slides to ensure the preservation of native structure, sz
g § 4 & § % posttranslational modifications, including glycosylationand ser- 21
2 =1 Q E £ 3 ine phophorylation (Culleré et al., 1998; Tennagels et al., 1999), s
2 g é E &Z and proper functionality. Inmunolabeling of the array w1‘th anti-  a%
8 4 9,1 § 98 phosphotyrosine (pTyr) antibody indicated that approximately sz
‘g g S b-:" - 10-20% of the proteins on the array are phosphorylated (th'e a2
8 (& % 9 @ - E]‘ unpublished data of Invitrogen Technical Service). When this a2
:: 2|9 s % % k- % E microarray was utilized for kinase substrate identification, most s
S E E E 2 2 g ‘E % of known kinases immobilized on the array are enzymatically s
’ % g £ active with the capacity of some degree of autophosphorylation, 2z
s £g< suggesting that they are certainly phosphorylated on tyrosine,
E é E 2 %1 sergiie, angd threonine residues (see the Protoarray application  su
g :g § §0‘§ note on htip://www.invitrogen.conV/protoarray). However, we s
é Ss e = could not currently validate the precise levels of phosphorylatl.on 3%
g 2 :f; B £ E 3 of individual proteins, because' of a lack of gntl-phospllosex‘ule 3w
= £ S E Ew g (pSer) and anti-phosphothreonine (pThr) antibodies suitable for s
Sw BEg5 - *8 detection of pSerand pThr res.ifiues .of the proteins on glgss slide.  aw
-_—-g - § 'g _g o é’ _-.E .g The protein micr‘oan.'ay ut1hz§d in the present study mcludgs 340
2 2 @ 2 g 3 BEE 11 known 14-3-3-binding proteins, such as PC.‘TA.IRE protein  aa
8 g SEE 4 w9 % kinase 1 (PCTK1) (Graeser et al., 2002), protein kinase C zeta  ax
S PR (PRKCZ) (van der Hoeven et al., 2000), keratin 18 (KRT18) (Ku s
o o0 auh Abelton s evkens vl oncogene "
5 g 9 v 2 et al., 2002), v-a elson murine 48
% E’% 5 -g Z % homolog 1 (ABL1) (Yoshida et al., 2005), v-akt murine thy- s
g S g € E § moma viral oncogene homolog 1 (AKT1) (Powell et al., 2002), s
5. 24 E $°S E epidermal growth factor receptor (EGFR) (Oksvoldetal,, 2004), e
o % & f Q —3‘ " f‘é 85 cell division cycle 2 (CDC2) (Chan et al.,, 1999), mitogen-  as
S % 3 x —'g % a 3 ?é-".;; activated protein kinase kinase kinase 1 (MAP3K1) (Fanger w0
E 3 § 8 2 ES g & § et al., 1998), mitogen-activated protein kinase-activated protein s
g2 g2 23 E &g kinase 2 (MAPKAPK?2) (Powell et al., 2003), and stratifin (SFN) a2
T 5 ‘é o (Benzinger et al., 2005) (Table 3). All of these were not identi-
g |= 5 = RS fied as a 14-3-3-binding protein in the present study. Therefore, s
g |8 g = £ £ E the possibility could not be excluded that some 14-3-3 b11'1d- a5
s 2 N 2 5§28 ing partners were not detected due to imperfect phosphorylation . s
3 8 % E E E é Z of the proteins on the array or due to 14-3-3 i.sofonn—speciﬁC a7
§ N @ e %Té % binding. Calmodulin, another known 14-3-3 interactor (Luk
'é 3 3 2 Z I g etal., 1999), was included as a negative control on the array and  ase
g (% = % o i 83 identified as negative in the present study, because the calcium- s
® 528 dependent interaction between 14-3-3 and calmodulin could not s
E 2 2 & iEr be detected under the calcium-free conditions we employed. o
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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 (AXT1), transcript variant 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 (MAPKAPK2), 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 histed. 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 5h. 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 II) 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
1T (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 (HNF4«), a mas-
ter regulator of hepatocyte gene expression, interacts with the
DDX54 gene promoter, together with Pol IT (Odom et al., 2004).
HNPRC is a member of heterogeneous nuclear ribonucieo-
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 Moarrison, 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.,
20085; 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 argued 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.

Inconclusion, protein microarray is a useful tool forrapid 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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DNA Microarray Analysis Clarifies Immunopathogenesis of Multiple Sclerosis

Jun-ichi Satoh®®

Abstract

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system (CNS) white matter
mediated by an autoimmune process whose development is triggered by a complex interplay of both genetic and envi-
ronmental factors. MS shows a great range of phenotypic variability in terms of the disease course, lesion distribution,
therapeutic response to IFNB, and pathological aspects, suggesting that MS is a kind of neurological syndrome caused
by different immunopathological mechanisms leading to the final common pathway that provokes inflammatory demyeli-
nation. DNA microarray technology is a novel approach to systematically monitoring the expression of a large number
of genes. It gives us new insights into the complexity of molecular interactions promoting the autoimmune process in
MS. By microarray analysis followed by hierarchical clustering analysis, we found that T cell gene expression profiling
is valuable to identify distinct subgroups of MS associated with differential disease activity and therapeutic response to
IFNPB. These observations sdggest that microarray analysis is highly valuable for designing personalized treatment for
heterogeneous populations of MS.

Key words : DNA microarray, gene expression profile, multiple sclerosis, personalized medicine
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% S&TEALAE (multiple sclerosis; MS) (X hiR#IERH
B HRENEBBENSRL, 2 oEERS B E
DR L THETTAHECH B, MS REMRF L5 R
EhTwignd, SROEEHERLRERTOFET
T, WMAEEEHNRC>FHERERRT Y A AR
Y oA PR & #B5 LiE (b L BORIGHE CD4* Thl
T #RfaAs, MmEEAMBAFT %588 L TR MERAKM R
ML, =707 y—ve17 02 ) 7REEML T TNFa
T EDREHBRTFOEELYHEL, BEIAEREIRD

EEZBRTWS (BTRERF) D, BEMCIHEE

1R T B, BB TEIELT 5 & BB A T4
R IBE RIS 3 L ORI M R AR B 2 BT,

EEEA KL TRBI N AEBRBERARC LD,
v A —7=nv~—2% (interferon-beta; IFNB) © MS &
FEMFIDRPIIE 2, BETHBEEBHCRIBTLE
A7 a4 VEPFAKEHIRNE S 17V, BEH IFNB
DOMBERIER - AR S 21T 5 7L, &b —#ii
BREEE LGRIRE RT3, LA L IFNR e <&
BRI IDWES S £\ 23, Tinbb MS E— Tk ET
1375 & H70 R E (phenotypic heterogeneity) #8273 %
RN THAWEENE V., EBEMS BRREa»LHE
FREMRE (relapsing-remitting MS; RRMS), 2 &kiETH
(secondary-progressive MS; SPMS), 1 ##1T% (primary-
progressive MS; PPMS), 7@ &5 77 2> b 428 (conventional
MS; CMS) & R EF M (opticospinal MS; OSMS),

D BT - R v & — IR
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IFNB {afE R G525 responder (RMS) , nonresponder
(NRMS) o5& 5, REFMC T MIBRE, Hif
It3&, oligodendrocyte apoptosis D& H b 4 T HER
B4, EE MS OREREOSHEX IR T2FEL
LTCEEFTVARAWORT WS, et/ 27w
=2 b ORBRLD ¢ P EBETFORERIIFEAS
MR, BEF7 VA EAVCE2 OB 55
FEEF (v + 2BETFH 30,000) ORBIEHR L DHE -
HBIEN - R EITRTAE I 7 - 7o, RNA HBUET %
transcriptome f##f, 2 v /87 BRBEEHT% proteome MFHT
LIRS, BEAIREMR (global expression analysis) 1T
Ih, REOLHEHSTESY AT L (pinpont
study) THEHFHIL L2 - 7OBEFH O MS EBF S
VB BEIRER 2 BT o8, F IR & B EIE
FHRBE L EBCHERT A L X BYRIGEE
ZFw#REEL (3EHE ¥/ 3 7 2 pharmacogenomics), &
iR BIVER & IR EMMAAICTEaT 5 2 itk b,
5 — 2 4 FEHE (personalized medicine) ZE 2 B2
Foo AFETILDNA =4 7 0 7 U A IR OEAFRE L MS
D IR EEIRITIC 35 5 ISA B U CRE D& R Blak
T3,

F

1. DNA XA 707 L1 B 0EREREE
BEFTVARATARI AR A v vELEOE
1% i, EEREAN ¥ 2R DT - T D cDNA Eizik
oligonucleotide MBI CHBF v 7 THBH, TLLT

Satoh

CDNA" ARy F—TCHEBEECAXRY P LTHLHDNAT
4 787 4 (DNA microarray) &¥A VIR 7 LA F
FERIC L Y BER FTHESTE O oligonucleotide % fi
FABL T\ % GeneChip (Affymetrix) I &N 5D R
19, 274 F 735 2% DNA microarray, 71 v v &%

" DNA macroarray & 8% 5 2 & b & %, B Tii#93,000

BEOL v R B ASAV IS AREERLTHE 70
74 vy 7 (protein microarray) »ERLTED, £
vy BEMEVER (interactome) v 7 F AM{GERD
MEHBIFCA NN TWED, BEFT7 VA LEEF
SR RIS ISATBETH 5 AR TLREIFT 5,

BEF7VABACRETEETFRBE VA ORIS
2 fEE L DfRBE < J88, FI2 3 IFNG R 58T o fifa i
Ed b mRNA 2B L8R3 % (K1), DNA~ (7 ®
7 VA TR R 2 DEXER (Cy3, Cys) TI~
ALtz cDNA F 7243 cRNA #ER L CR—% » 7 LT
EHNA TV EAE—v a2 vET, 2BELFERS,
GeneChip Tt in vitro transcription (IVT) 12 X © cDNA »»
b biotin #Z&# cRNA Z{ER¥, fragment 128 L THng 7
) £ 4 ¥—2 2 v &IT\, streptoavidin-phycoerythrin
(SAPE) ¥ L TR T %, GeneChip Tid 1 9 v
T 1 MOT VA DBBET, T vAHOERILLS,
EBbLDBEEbLAF v F—THEIE 7T A% iHL, B
bitfc 7 — & (dataset) #*IE# 4L (normalization) LT
HAS2HREEXT, v 7AEOEETFRER S
7 4 — A (gene expression profile) % LM+ 2, A

%1 ¢DNA microarray & GeneChip @ iz

cDNA/Oligonucleotide Microarray

GeneChip

H 254 N7 5 A (microarray) ¥iclir 4w  YFEMEF» 7
v E (macroarray)

EE{bE: ARy T4 v I I {LFEER FvF T T VYIS TER

BEF 300-1000 bp cDNA or 30-80 mer 25 mer oligonucleotides of perfect match (PM)
oligonucleotide and mismatch (MM)

®=HE 40,000/slide 2R >500,000/chip

Tm ig— — i

IR, 2 &gk (Cy3, Cyb) B

EERE AN TV EAE—va vt X A/RE  Ba0Fy 7OF-x—wERLL THIK

RFEM Iz e » BEFRBAMATAT v 1
(EfET-4 ; Commercial Supplier)

H AR LY

Whole Human Genome G4112A Array (41,000;
Agilent), Human Whole Genome Bioarray
(55,000; Amersham)

R

NB=A2707 ve A%y F—NMERTEE

Human Genome U133 Plus 2.0 Array (47,000;
Affymetrix)

i
BRAOANATYVEfE—vavd—Tve
WHEEE A+ & F—DBE

k6 Xoh BIAEE .
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Cells A Cells B
mRNA preparation <L
NN
RNA amplification <L
o
¢DNA synthesis
~ L 2
Fluorescent dye Cy3 Fluorescent dye Cy5
Hybridization

q

{ Q
3

DNA microarray

D a

7

<=

Analysis of signal intensity and gene expression levels

a: the gene up-regulated in A

a

c: the gene expressed equally in both

@ O

b: the gene up-regulated in B

d: the gene undetectable in both

@

Validation by real-time RT-PCR analysis

Fluorescence

intensity
Cycle No.

El1 DNA =47 a7 v @O,

N

Hierarchical clustering and bioinformatic analysis

2 BEOMIAMA 5 mRNA R HEEIE L, Hlx OEIEEFR (Cy3, Cy5) TF ~n L cDNA probe X {EB LT, cDNA AAH » b+ &
hicd v 7ETHRARANA TV EA ¥~ a v ETH, AF + F—TEXV /T ARBML, F—2 2 FHEL THEHEMRSE
IV, vV FAHOELETHI 7 27 4 — 2 (gene expression profile) % MM T%, XbKEBNZ 7 2 2 —BH
(hierarchical clustering analysis) %17 - C, BEELARRARZ —v 2 ETHEEFRY VY 7L 2 I — 705 ET 5, BE AR
RERY BT 5 EF 11 real-time RT-PCR TmRNA *EE L TRIET 3,

TELICBET OREE - S OERIETR (annotation) 1338
f&ZF U A+ @ ID 225 Web £ T database ZRETTHETH
%5 (R 2). BLickk~ ioffifa - HROBEFRE T — 22
Gene Expression Omnibus (GEO; www.nchi.nlm.nih.gov/
geo) KEFIN T35, RBCBWIF » 7O format
NERDETFT—FHOFMREN B ELDR, X
45 7: meta-analysis * T HBGICEEL /B8, ¥
VIAEDSE AT — &y N DBROEE LT
T 51w, MBS 5 A 2 —F#7 (hierarchical clustering
analysis) %759, Ticbby v 7T 2 ERER
7oLz (#Bf7s L unsupervised method), LI L&

Bz -veBT5BEFCV vy Iy I —F G
LT, #PRE (dendrogram) &FERVSAD2 KT~
Vy 2 ATRRT B, Tl v Ta%knLohdsr—
T T A REEETF (discriminator genes) % i
L, Zhb¥ 3 RTIKERRS T 5 EMD AT (principal
component analysis) %7175 9,

B WEYLEEETF 7 v 4 1,258 cDNA microarray
(Hitachi Life Science) # i\ T, MS BEFMm T 4k
DEEZEFHRBE a7 4 —A BT LT 5, BEE3IS
> RNA mixture % universal reference & L T Cy3 T2
L, BECRBEEDOYY A% T Cys TEHL, &



170

Satoh

3% 2 Transcriptome * proteome f#4f7 2% i 7 database

Name

Website

Contents

% %4 Database tRE v A F &

Entrez
Gene
OMIM
DBGET
KEGG

SRS

HGMD

b el
UniProt

PIR

BLAST
dbSNP
CLUSTALW
TraceSuite II
ORF Finder
PROSCAN

www.ncbi.nlm.nih.gov/Entrez/index.html

www.ncbi.nlm.nih.gov/entrez/query.fcgi? CMD =search&DB =gene
www.ncbi.nlm.nih.gov/entrez/query.fcgi? CMD =search&DB =omim

www.genome.ad.jp/dbget/dbget.links.html
www.genome.ad.jp/kegg

srs6.ebi.ac.uk
www.hgmd.cf.ac.uk/hgmd0.html

www.genome.jp/dbget-bin/www_bfind? uniprot
www.genome.jp/dbget-bin/www_bfind?pir
blast.genome.jp

www.ncbi.nlm.nih.gov/entrez/query.fcgi? CMD=search&DB=snp

align.genome.jp
www-cryst.bioc.cam.ac.uk/~jiye/evoltrace/evoltrace.html
www.ncbi.nlm.nih.gov/gorf/gorf.html
thr.cit.nih.gov/molbio/proscan

K & v 7 B IET

PDB
RasMol
GRASS ‘

SWISS-MODEL

ERRAT
Verify3D
SCOP
DBAli

www.rcsb.org/pdb
www.rcsb.org/pdb/help-graphics.html#rasmol_download

- honiglab.cpmec.columbia.edu/cgi-bin/GRASS/surfserv_enter.cgi

swissmodel.expasy.org//SWISS-MODEL.html

nihserver.mbi.ucla.edw/ERRAT
nihserver.mbi.ucla.edu/Verify_3D
scop.mrc-lmb.cam.ac.uk/scop/index.html
salilab.org/DBAli

k& vty BTN

SOSUI
PSORTII
SignalP 3.0
InterPro

PredictProtein
BIND

DIP

MINT

PPID
PROCAT
Scansite
PhosphoSite
ExPASy

sosui.proteome.bio.tuat.ac.jp/sosuiframe.html
psort.ims.u-tokyo.ac.jp
www.cbs.dtu.dk/services/SignalP
www.ebi.ac.uk/interpro

www.embl-heidelberg.de/predictprotein/predictprotein.html
www.bind.ca

dip.doe-mbi.ucla.edu

160.80.34.4/mint/index.php
www.anc.ed.ac.uk/mscs/PPID/cgi-bin/ppid_search.pl
www.biochem.ucl.ac.uk/bsm/PROCAT/PROCAT html
scansite.mit.edu

www.phosphosite.org/Login.jsp

au.expasy.org

The Life Sciences Search Engine

A Searchable Database of Genes

Online Mendelian Inheritance in Man

Web of Molecular Biology Databases

Kyoto Encyclopedia of Genes and Genomes
European Bioinformatics Institute Database
Human Gene Mutation Database

SWISS-PROT Protein Sequence Database
PIR Protein Sequence Database

Sequence Similarity Search

Single Nucleotide Polymporphism Database
Multiple Sequence Alignment

Evolutionary Trace Server

Open Reading Frame Finder

Web Promoter Scan

The RCSB Protein Data Bank

Molecular Graphics

Graphical Representation and Analysis of
Structure Server

An Automated Comparative Protein Modelling
Server

A Protein Structure Verification Algorithm
A Crystal Structure Evaluation Server
Structural Classification of Proteins

A Database of Structure Alignments

Classification and Secondary Structure
Prediction of Membrane Proteins

Prediction of Protein Sorting Signals and
Localization Sites in Amino Acid Sequences
Prediction of Signal Peptide Cleavage Sites in
Amino Acid Sequences

A Database of Protein Families, Domains and
Functional Sites

Structure Prediction and Sequence Analysis
The Biomolecular Interaction Network
Databases of Interacting Proteins

A Molecular Interaction Database
Protein-Protein Interaction Database

A Database of 3D Enzyme Active Site Templates
A Motif Scan

An In Vivo Phosphorylation Site Database
Expert Protein Analysis System Proteomics
Server

v P ATERET Z £ Cy5/Cy3 signal intensity ratio % {fll
FELTW5, it s 2 8 (MSvs@E&ERE) TH
TrRBER Y BT 5 BE T, Bayesian t test ¥ 721k R

o

5]

B

2005 £ 8 O ETOY A b .

ikl

B4 (www.cranr-project.org) & Bonferroni f§1E TiEET
BERETHIELLCIVATL TS, b
EhBETFBIL Ty, LightCycler (Roche) X %
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real-time RI-PCRTCEE L T 7 v A1 BT OF R ¥ Wi
(validation) L T\~5%, B2 5 A % — ¥ & TS 7
4L GeneSpring (Silicon Genetics-Agilent) T1T - T\
Bo FMWIMY v RERDRBETF T v A BTOMBESL,
FEOBEF ORIV~ HERS « ¥ - BE - 808 - BA
B BT - R A b L AT ¥ OEAZERENER (B
RS OFEYRZITSHI L THAH (interindividual and
intraindividual variation) 19, ¥ 7B OEETF 7 v 1 fF
FOMBALEEMERS X CET5KE (RNA
degradation time) T, fB#D pH 1\ b HBESE IR,

2. DNARA 2707 L AIC& 3% RIEELED
REREDREN

2.1. MS MRS DM RIS (= 7 SRBEFR

DNA <A 7 a7 VA X B MS ORI ORH O
413 Whitney B X BB TH 5 W, 4 51315 B © cDNA
microarray VT MS AMIAERFRE L EFEOHR
(normal-appearing white matter; NAWM) % i L, MS &
B 31T 5 interferon-regulatory factor IRE-2, 5-lipooxyge-
nase 6B FRA XS L (3 3) 112, Chabas Hik MS
brain cDNA 7 1 7 5 V) — DR~ — 7 = v AEHT T
osteopontin (OPN) FEH LA ER¥RDHD, &b
15 » + EAE HFHID H» A £ & oligonucleotide microarray
fEH7< OPN OFHR LR+ MR L, OPNXEELLTT
4na A EE4 L macrophages I8 & % IL-12 AR {REL T
IL-10 B 4 % #1403 % Thl cytokine C, {&EhH: RRMS B35
MmETERLT5Y, OPN EEFXRE 7Y AL EAE
EHwe s LTRSS R T, Lock & ik GeneChip % A
WT MS SRR LB IEEIME R R L,
EED B T granulocyte colony stimulating factor (G-
CSE) #% & & IEFEBERHE ¢ 1gG Fe receptor, IgE
receptor, histamine receptor type 1 O FH EF + T
7219, X Bz Bk G-CSF 5T EAE R EAE(Ltk %
Z &, immunoglobulin FeR y-chain EZF R~ v A Tk
EAE 8 L IEH I s 2 LB, 7 v 1 BT o8
B A7, Chabas 5% Lock bOWMEI LY, MS,
EAE OE BRI 31} 5 allergic response mediators D%
ENEBIND X510,

Mycko % & cDNA microarray (Clontech) % fiv~T SPMS
OERWIEEMERE L BRI R, BRI L Pl
A IR L, IEEIMER BRI 1 B ASE - REINE
BIEFEE (TNFo 7 &) O R[ EF 2719, Graumann

513 ¢cDNA macroarray (Clontech) % fi\~T MS © NAWM
LIEMBEBE O v b n— A BERER L, NAWM itk
5 I m BB E = F (hypoxia-inducible factor 1 alpha;
HiF-la 7 &) OB EF 2B D18, Lindberg 5ik
GeneChip TSPMS OIEEIHEEHE & NAWM % LB L, 15
75 B T immunoglobulin EAENEOT R X RHEL
7219, Tajouri & 1338 B © c¢DNA microarray % fi\~ T SPMS
DEE - BEESMFEEY nonMS 2 v b n—rBHE
L, EeHHRE TR TS5 aB-crystallin, superoxide
dismutase SODL D EBE,_EF 24 Ui 20, Bk OMSHAE
oA 7 a7 v EIEE 2 FEGIH 75 <, RNA B
HE AT L b &R R L TR WATREHE LA E
Hiskizu, EAE X4 - FEE OMEEE T RBEMETCBEL
TiEIFT %229,

2.2. RFIMY > RREMOIMS ERFE S Pa—
O Lz

Ramanathan 5 ¥Reseatch Genetics (Invitrogen) @ Gene-
Filter membrane array % f\~ T, MS & {#% 3 © monocyte-
depleted peripheral blood lymphocytes (PBL) % (i L, MS
{8 % lymphocyte-specific protein tyrosine kinase
(LCK), IL-TR ORH EFH#HME L2, LCK ik Airla b
¥z & 5 RRMS @ PBMC @ c¢DNA macroarray (Clontech)
747 C, intravenous methylprednisolone pulse (IVMP) T
EBEETTHEET L L THREI AT 52, Bomprezzi
53t E @ ¢cDNA microarray % f\ T, 24 §l RRMS &
21 & DO # O peripheral blood mononuclear cells
(PBMC) #HL, HEEEYRLL 53 EETE2EE
Lic28, MS Cit B2 T MigiE e 3 5 IL-
7R, ZAP70, TNFRSF7 (CD27) ORHE LA B L U A
b 7% 4 v mRNA @ ubiquitin-proteasome iz X 5 5%
HI#4 % HSPA1A (HSP70) DRBET 7, Mayne
HITRRMS & 85 # O CD4 5t THHAZ % negative selection
THEE L, cDNA membrane array (NIA) % A\~ T fiR4T
L, MS iz¥¥) % cytoplasmic FMR1 interacting protein 2
(CYFIP2) ORB LR %R,

F# 1% cDNA microarray (Hitachi Life Science) % B\~
T, 721D MS (65 RRMS, 7SPMS) & 22 % DEHEED
KA CD3 gt T #ifE, CD3 &t non-T Mg OB
FHES w7 4 - BB L E3)D, ToiER Tk
T 173 B{EZF, nonT FHMT 50 BETORBER LR
¥, A7 303&EF (the most significant genes) ZfmH; ¥
AL, T #ifgT 25 EET (NR4A2, TCF8 o L& &
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%3 Microarray IZ X % MS DREEFEOEF

Authors

(Reference No.) Year No of MS Patients and Controls RNA Samples

Whitney et al. (11) 1999 PPMS (n=1) acute lesion vs NAWM

Ramanathan et al. (24) 2001 RRMS (n=15) vs HC (n=15) monocyte-depleted PBL.

Wandinger et al. (35) 2001 RRMS (n=1) plus HC (n=2) PBMC incubated with IFNP in vitro

Whitney et al. (12) 2001 PPMS (n=1), RRMS (n=1), EAE vs HC (n=3) acute or chronic lesions of MS and EAE vs

white matter of non-MS controls

Lock et al. (15) 2002 CPMS and SPMS (n=4) acute or chronic active lesions vs chronic
. silent lesipns

Mass et al. (32) 2002 RA (n=20), SLE (n=24), IDDM (n=5), and MS (n=5) PBMC
vs HC before and after influenza vaccination (n=9)

Bomprezzi et al. (26) 2003 RRMS (n=18), SPMS (n=6) vs HC (n=21) PBMC (fresh or frozen)

Graumann et al. (18) 2003 SP/PP/RRMS (n=10) vs non-neurological controls NAWM vs control white matter
(n=7)

Koike et al. (36) 2003 RRMS (n=13) before and at 3 and 6 months after IFNB T and non-T cells separated from PBMC
treatment

Mycko et al. (17) 2003 SPMS (n=4) chronic active vs silent lesions and the lesion

margin vs center
Stiirzebecher et al. (46) 2003  RRMS before and after IFNp treatment for 6 months  frozen PBMC ex vivo or incubated with JFNp
) (n=10; 6 responders vs 4 non-responders) in vitro

Tajouri et al. (20) 2003 SPMS (n=>5) vs non-MS acute and chronic active lesions

Weinstock-Guttman et al. 2003 RRMS before and at 1, 2, 4, 8, 24, 120, and 160 h after  monocyte-depleted PBL

(44) IFNB treatment (n=8) . :

Achiron et al. (29) 2004 . RRMS (n=26; 14 with treatment) vs HC (n=18) PBMC

Achiron et al. (30) 2004 RRMS treated (n=13) vs untreated (n=13) PBMC

Airla et al. (25) 2004 RRMS (n=6) before and after IVMP PBMC

Hong et al. (47) 2004 RRMS/SPMS treated with IFNB (n=18), GA (n=12) or PBMC
untreated (n=15)

Iglesias et al. (33) 2004 RRMS (n=17) vs HC (n=7) PBMC

Lindberg et al. (19) 2004 SPMS (n=6) vs non-neurological controls (n=12) active.lesions vs NAWM

Mandel et al. (31) 2004  RRMS (n=13) vs SLE (n=5) vs HC (n=18) PBMC

Mayne et al. (27) 2004 RRMS (n=21) vs HC (n=19) CD4+ T cells

Satoh et al. (28) 2005 RRMS (n=65) plus SPMS (n=7) vs HC (n=22) T and non-T cells separated from PBMC

Abbreviations: RRMS, relapsing-remitting MS; SPMS, secondary progressive MS; PPMS, primary progressive MS; CPMS, chronic
progressive MS; HC, healthy controls; IDDM, insulin-dependent diabetes mellitus; NAWM, normal appearing white matter; PBMC,
peripheral blood mononuclear cells; PBL, peripheral blood lymphocytes; IFN, interferon; GA, glatiramer acetate; IVME intravenous

methylprednisolone pulse.

MAPK1, SMARCA3, HSPAl1A, TRAIL, TOP1, CCRS5,
BAG1, DAXX, TSC22, PARP D{& 7z &), non-T iz
T 27 &{EF (ICAM1, CDC42, RIPK2, SODD, TOP2A
D -H & BCL2, RPAl, NFATC3, HSPAlL, RBBP4,
PRKDC D{ET 7z &) 7 apoptosis HHEEGETIEL T\
oo T 7ed>% apoptosis {RHEEILTF (proapoptotic genes)

LNEIB{EF (antiapoptotic genes) DFE EH « KT 0
35 v 2 (counterbalance) % ERd, MS $iEmfe
1 313 % apoptosis SR O R H 1SR & 170, Achiron
5% GeneChip VT, 26 Fl0 RRMS & 18 L OEE
D PBMC # LR L 7%, MRET 1,109 BIZF O
RBPERLRD, MS KI5 T iieiEt{LBE&ET
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No of Genes on

Type of Microarray Microarray Key Findings

Original cDNA Glass Array 1,344 or 5,000 Upregulation of IRF-2 and TNFRp75 in acute lesions

GeneFilters GF211 Membrane Array 5,184 Upregultion of LCK, IL-7R and MMP-19 and downregulation of CCR6

(Research Genetics) and DFFA in MS

Mini-Lymphochip cDNA Array 6,432 Upregulation of proinflammatory genes such as CCR5, IP-10, and IL-
15RA by IFNp treatment

Original cDNA Glass Array 2,798 Upregulation of 5-lipoxygenase in MS and EAE lesions

HuGene FL Oligonucleotide Array 7,026 Upregulation of G-CSF in active lesions and upregulation of IgG FcR in

(Affymetrix) silent lesions, and amelioration of EAE in FcRy-chain-KO mice and by
treatment with G-CSF

GeneFilters GF211 Membrane Array 4,329 Indistinguishable profiles between MS and IDDM and downregulation of

(Research Genetics) apoptosis-regulatory genes in autoimmune diseases

Original cDNA Array (Modified 6,500 or 7,500 Upregulation of PAFAH1B], IL-7R, ZAP70, and TNFRSF7(CD27) and

Lymphochip) downregulation of HSPA1A (HSP70) and CKS2 in MS

Atlas Human cDNA Memebrane Array 3,528 Upregulation of ischemic preconditioning genes such as HIF-1a in

1.2 (Clontech) NAWM of MS

Human cDNA Array (Hitachi Life 1,258 Upregulation of 15 IFN-responsive genes in MS after IFNp treatment

Science) .

Atlas Human 1.0 Glass Microarray 588 Upregulation of inflammation/immune-related genes in the margin of

(Clontech) active lesions

Mini-Lymphochip cDNA Array 6,432 or 12,672 Downregulation of IL-8 in responders after IFNB treatment

Custom-made cDNA Glass Array 5,000 Upregulation of aB-crystallin and SOD in acute lesions

GeneFilters GF211 Membrane Array 5,184 Time-dependent upregulation of IFN-responsive genes

(Research Genetics)

Human U95Av2 Oligonucleotide Array 12,000 Upregulation of T cell activation genes and downregulation of IL-1 and

(Affymetrix) o TNF signaling genes in MS

Human U95Av2 Oligonucleotide Array 12,000 Identification of SCYA4, IL2RG, and TNFRSF6(Fas) as

(Affymetrix) immunomodulatory treatment-associated genes

Atlas Human Hematology/Immunology 448 Downregulation of LCK, TCF7, CDS, and ISGF3 by IVMP

Membrane Array (Clontech)

Original Membrane Array 36 Distinct gene expression profile between MS patients treated with IFN§
and GA

HuGene FL Oligonucleotide Array 6,800 Upregulation of E2F transcription factor pathway genes in MS

(Affymetrix)

Human U95A Oligonucleotide Array 12,633 Upregulation of genes related to Ig synthesis in active lesions of MS

(Affymetrix) o

Human U95Av2 Oligonucleotide Array 12,000 Downregulation of NR4A1 and NR4A3 as the autoimmunity-specific

(Affymetrix) signature

Immune Membrane Array (National 1,152 Upregulation of CYFIP2 in MS

Institute on Aging)

Human cDNA Array (Hitachi Life 1,258 Aberrant expression of apoptosis and DNA damage-regulatory genes in

Science)

MS

"(LEF1, TCF3, SLAM, ITGB2, CTSB) o&H L&
X OUIL-1B, TNFa & 7' MEEREEFORRET AR
Wiz, For OFER K L, MS k% orphan nuclear
receptor NR4A2 DFEFIE T #WME L1, EHOWRTIL
MS 14 @l iz mbFc IENB, glatiramer acetate (GA), IVig
EEPCH D EVMETH D, HOIWERCEF DR

1361 & SR YEHR 1361 > PBMC O FLEEMT %17\, TaiRBaE
7E{ETF (TNFRSF6; Fas 72 &) ®FE L7230, 513
BID RRMS & 5 G0 SLE & 18 S OREE L KL T,
BCRERKRNLEETT (autoimmunity-specific
signature) ¥ &R L, BCOREEEICKIT S apoptosis,
matrix metalloproteinase (MMP) $l#REBETFOREA
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FaFER L7, Maas b 20l RA, 24 fio SLE, 5
Bl IDDM, 5HIDMS & 9 ZDOREZE (influenza v 7
7 VEERERIH) © PBMC R HBM L7, v s vic
MY HREINE L BCAEREDBETRE 07 4 —
MTELSRIAM, RA £ SLE, MS & IDDM i1i&sb T
BLL, BOAEEE Crldtd L T apoptosis HIHEEF
HORBETE2RDBE E2BE LT, Iglesias Hix
GeneChip% i\~ T17HI O RRMS & 104 O EH % DPBMC
L, MS 123V} % E2F transcription factor pathway
BEFHORB EF%RHL, E2F1 BEFRE<Y =
Tik EAE MBREL 35 & & R RE L),

2.3. MS BT B4 % —7 =0 X— 3 BRE G
DfFHr

3 = 1X cDNA macroarray (Invitrogen) % B\ ~T, & k
FARA X DBIZ L7 A P 294 b (astrocytes) flikzss
T IFNB, IFNy X Y BRI 5 BETFRHYMITL
7239, IFNB & X % interferon-regulatory factor IRF-7 &
pleiotrophin DRI _EF, IFNy 2 X 5 IRF-1 & [CAM-1 0%
REA®FER U, Wandinger 513 RRMS L @EED
PBMC #% IFNB THI# L T cDNA microarray (Mini-
Lymphochip) % B\~ THEAF L7239, 5 it proinflamma-
tory molecules C# % CC chemokine receptor 5 (CCR5),
interferon-inducible cytokine IP-10 (CXCL10), IL15 recep-
tor alpha (IL-15RA) ORI LB &b, F~ 1k cDNA
microarray (Hitachi Life Science) % Fi\~ T, 13 fl® RRMS
OFMMm CD3 Bk T #ifz& CD3 & nonT #ilgT,
IFNB1b BEFHBECREBEE Ll v 2 —7 20 VL
LEBIEZTF B (IFN-responsive genes; IRG) % [B%E L 739,
21 BETHEREREDHYEL, THRT8IRG (RR7,
ISG15, IFI56, IFI6-16, IFI60, IFI30, ATF3, TLR5) @
B ER, IL-3, monokine induced by IFNy (MIG) 7¢ &
DFRBET %385, non-T Mg T 12 IRG IRF-7, ISG15,
IF156, IF16-16, IF127, IFI17, TAP1, TNFAIP6, TSC22,
SULTIC1, RPC39, RAB11A) O LR, IL-3 ORI
BT 2D, ISG15, IFIs6, 1FI6-16, IFI27, TSC22,
SULTICL BB U T3, YERERARATE 3-6 » A Ofav7s L
ALRDdi,. —HRAFHERZIR LN h o7y,
B # I Thl BEE{ZTF CCR5 (T), IFNy (T), TNFa
(non-T) DOFBEFAMEME B, 2D LIIMS IKH
W IFNR #EFR 03 L b BAE/x Th2 shift % 5E L oy
LS RS w—8t5, FEDOH L 9EETF (IRFY,
ISG15, IFIs6, IFI6-16, IF160, IFI17, TAP1, TNFAIPS,

MIG) 7w % — % — B IFN-stimulated response
element (ISRE) * IRF element (IRF-E) MEEI T
LD IRG THH, IFNp BEKEERGLTEEL
BEYRAEBICESEELTWBEEL bR 5, FkE
WEEKERBTCHESOIRG L IFNy i X » Th R

DNEE I N BN, IRF-743v 4 /L ARG IFNo/p B

E2BIET 5 EOCHIMET THB®, IFI30 i class I
MHC #WREAFERT @< 57— L BTEETH Y,
IFI30 BEF R\~ Y 2 TRHARZRIEET &5k,
TAPL i class IMHC #RIERRR R X 8 5 ~ 7' Fifik
RF T, TAPL BIETFXRIE~ v A Cit CD8* T #ifax /it
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