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Fig. 1. The common upstream search of 20 differentially expressed genes in T cells
between the discordant MS twin. The microarray data of 20 DEG in T cells between the
discordant MS twin imported into KeyMolnet extracted 44 genes directly linked to 20 DEG.
The “common upstream” search of 44 genes generated a molecular network composed of 43
nodes arranged according to the subcellular distribution. Red nodes represent upregulated
genes, whereas purple nodes represent downregulated genes in the MS patient. White nodes
exhibit the genes extracted by KeyMolnet to establish molecular connections. The direction of
molecular relation is indicated by dash line with arrow (transcriptional activation) or dash line
with arrow and stop (transcriptional repression). Thick lines indicate the core contents, while
thin lines indicate the secondary contents of KeyMolnet (Satoh et al. Submitted for

publication).
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Table 2. 58 MS Diagnostic Genes (MDG) of T Cells

GenBank GenBank

No. Gene Accession MS-A vs Ne No. Gene Accession MS-A vs Ne

Symbol Number Ratio Symbol Number Ratio

(RefSeq) (RefSeq)

1 HSPA1A NM_005345 0.281 30 PSMCé6 NM_002806 0.553
2 ABCB6 NM_005689 0.531 31 PEMT NM_007169 1.822
3 DOK1 NM_001381 0.54 32 CYP17A1 NM_000102 1.75
4 ZEB1 NM_030751 3.214 33 CDC42 NM_001791 1.742
5 CHST2 NM_004267 0.537 34 TOP1 NM_003286 0.608
6 PTPNG6 NM_002831 0.491 35 RASSF7 NM_003475 0.638
7 GADD45A | NM_001924 2.678 36 HBEGF NM_001945 2.085
8 NR4A2 NM_006186 3.115 37 TNFAIP3 NM_006290 2.034
9 NFKB2 NM_002502 2.59 38 GABPB2 NM_002041 0.609
10 TPST2 NM_003595 0.526 39 PARP1 NM_001618 0.619
11 CCRS NM_000579 0.355 40 CDC25A NM_001789 1.863
12 NFKBIA NM_020529 2.023 41 BAG1 NM_004323 0.694
13 SGK NM_005627 2.44 42 POLR2H NM_006232 0.656
14 IRF2 NM_002199 0.546 43 MCM3 NM_002388 0.57
15 ATF3 NM_001674 2.853 44 ATP6VIC1 | NM_001695 0.617
16 SLC35A1 NM_006416 0.549 45 MSTI1R NM_002447 0.688
17 CDK4 NM_000075 0.591 46 ALDH9A1 NM_000696 0.617
18 BRCA1 NM_007294 2.15 47 TNFRSF10C | NM_003841 1.543
19 DAXX NM_001350 0.592 48 PSMC4 NM_006503 0.611
20 CASP10 NM_001230 0.58 49 POLR2] NM_006234 1.656
21 EPOR NM_000121 0.668 50 TNFSF10 NM_003810 0.457
22 MAPK1 NM_002745 0.62 51 HSBP1 NM_001537 0.667
23 TNFRSF1A | NM_001065 0.596 52 RIPK2 NM_003821 1.812
24 RGS14 NM_006480 0.425 53 IL2RB NM_000878 0.707
25 GNA13 NM_006572 3.044 54 SKIL NM_005414 0.728
26 TP53BP1 NM_005657 0.577 55 CES1 NM_001266 1.855
27 GHSR NM_004122 2.359 56 DIRAS3 NM_004675 1.765
28 HLTF NM_003071 0.576 57 AKAPI11 NM_016248 0.588
29 CHST4 NM_005769 0.633 58 ZNF354A NM_005649 0.593

(Satoh et al. Manuscript in preparation)
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Fig. 2. The common upstream search of 58 differentially expressed genes in T cells between MS
subgroup A (MS-A) and normal controls (Nc). The microarray data of 58 differentially expressed
genes (MDG) in T cells between MS subgroup A (MS-A) and normal controls (Nc¢) imported into
KeyMolnet extracted 95 genes directly linked to 58 genes. The “common upstream” search of 98
genes generated a molecular network composed of 117 nodes. Red nodes represent upregulated genes
in MS-A, whereas purple nodes represent downregulated genes in Nc. White nodes exhibit the genes
extracted by KeyMolnet to establish molecular connections. The direction of molecular relation is
indicated by dash line with arrow (transcriptional activation) or dash line with arrow and stop
(transcriptional repression). Thick lines indicate the core contents, while thin lines indicate the

secondary contents of KeyMolnet (Satoh et al. Manuscript in preparation).
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INTRODUCTION

THE 14-3-3 PROTEIN ACTS AS A MOLECULAR ADAPTOR
IN SIGNALING NETWORKS

The 14-3-3 protein family in mammalian cells consists of evolutionarily conserved,
acidic 30-kDa proteins composed of seven isoforms named B, ¥, €, {, 1, 6, and .12
A homodimeric or heterodimeric complex composed of the same or distinct isoforms
constitutes a large cup-like structure possessing an amphipathic groove with two
ligand-binding capacity, and acts as a molecular adaptor by interacting with key
signaling components of cell differentiation, proliferation, transformation, and apoptosis.
The dimeric 14-3-3 protein regulates the function of target proteins by restricting
their subcellular location, bridging them to modulate catalytic activity, and protecting
them from dephosphorylation or proteolysis.>* Although 14-3-3 is widely distributed
in neural and nonneural tissues, it is expressed at the highest level in neurons in the
central nervous system (CNS).5 Aberrant expression and impaired function of 14-
3-3 in the CNS are closely associated with pathogenetic mechanisms of various
neurological disorders, such as Creutzfeldt-Jacob disease,’?® Alzheimer disease,!®
Pick disease,!! Parkinson disease,’>'* multiple system atrophy,14!% spinocerebellar
ataxia,'® amyotrophic lateral sclerosis,”” Miller-Diecker syndrome,!® multiple sclero-
5is,?® and mitochondrial encephalopathy with lactic acidosis and stroke-like epi-
sodes (MELAS).222

In general, the 14-3-3 protein interacts with phosphoserine-containing motifs of
its ligands, such as RSXpSXP (mode I), RXXXpSXP (mode II), and pS/pT(X;,)COOH
(mode III), in a sequence-specific manner.>2 Until present, more than 300 proteins
have been identified as being 14-3-3-binding partners. They include Raf-1 kinase,
Bcl-2 antagonist of cell death (BAD), protein kinase C (PKC), phosphatidylinositol
3-kinase (PI3K), and cdc25 phosphatase.!*?5 Binding of 14-3-3 to Raf-1 is indis-
pensable for its kinase activity in the Ras-MAPK signaling pathway, while the
interaction of 14-3-3 with BAD, when phosphorylated by a serine/threonine kinase
Akt, inhibits apoptosis. Furthermore, recent studies indicate that the 14-3-3 protein
may also interact with a set of target proteins in a phosphorylation-independent
manner.?>? Increasing our knowledge of molecular interactions between 14-3-3 and
target proteins would greatly help us to understand the biological function and
pathological implication of the 14-3-3 protein networks.

THE ADVANTAGES OF PROTEIN MICROARRAY ANALYSIS
70 IDENTIFY PROTEIN-PROTEIN INTERACTIONS

The yeast two-hybrid (Y2H) system is a powerful approach to identify novel protein—
protein interactions in a high-throughput fashion.?**! However, Y2H screening
requires a lot of time and effort, and is often criticized for detecting the interactions
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unrelated to the physiological setting and obtaining high rates of false positive
interactors caused by spontaneous activation of reporter genes and self-activating
bait proteins.3>** Affinity purification coupled with mass spectrometry (APMS) is
an alternative approach to identify the components of protein complexes on a large
scale. This approach has been taken to identify a wide range of 14-3-3-interacting
proteins involved in the dynamic control of cytoskeletons, cell cycle regulation,3s
biosynthetic metabolism,*® and oncogenic signaling events.3” Although APMS
screening detects binding partners of physiological significance, it is also time-
consuming and expensive, requires a large amount of samples, and has a difficulty
in detecting transmembrane proteins and loosely associated components that might
be lost during purification.?® Furthermore, the recognized interaction is not always
direct, assisted by intermediary molecules.

Recently, protein microarray technology has been established for the rapid,
systematic, and less expensive screening methods of thousands of protein—protein,
protein-lipid, and protein—nucleic acid interactions in a high-throughput fashion.3%-4?
It requires small sample volumes and affords the ability to control the experimental
parameters, such as buffer pH, ion concentration, and reaction cofactors in a repro-
ducible manner. This approach has diverse applications to discovery-based proteomics
in the field not only of basic biological research but also of drug and biomarker
discovery research, including identification of the substrates of protein kinases, the
protein targets of small molecules, the consensus interaction of transcription factors,
and autoantibody profiling.*-5! Thus, this technology sounds pivotal for establish-
ment of personalized medicine. The vast majority of protein—protein interactions
occur between a domain located in one protein and a small motif spanning usually
8 to 15 amino acids in its ligand. They promote multimolecular protein complex
formation that regulates diverse signaling networks. A recent study using the
microarray containing 212 spots of protein domains, composed of two conserved
tryptophans (WW), two conserved phenylalanines (FF), Src homology 2 (SH2), Src
holmology 3 (SH3), pleckstrin homology (PH), forkhead-associated (FHA), PSD-95,
DLG and ZO-1 proteins (PDZ), and 14-3-3-interacting modules, characterized the
domain-specific binding profile of various signaling molecules in a single experi-
ment.52 More recently, the epidermal growth factor receptor (EGFR) signaling net-
work was studied by using protein microarrays that contain virtually all SH2 and
phosphotyrosine binding (PTB) domains encoded in the human genome, and probing
with phosphotyrosine (pY)-containing peptides derived from EGFR, ErbB2, and
EbB3.%

Here, we have attempted to characterize a comprehensive human 14-3-3 inter-
actome by analyzing a high-density protein microarray.

EXPERIMENTAL PROTOCOLS
PREPARATION OF AN EpiTOPE-TAGGED 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
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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 medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml of penicillin, and 100 pg/ml of streptomycin (feeding
medium) with inclusion of 100 pg/ml of Zeocin (Invitrogen) according to the
methods described previously.>

To prepare the probe for protein microarray analysis, the open reading frame
(ORF) of the human 14-3-3e gene (YWHAE, GenBank accession No.
NM_006761, amino acid residues 2 to 255) was amplified from cDNA of NTera
2-N cells, a model of differentiated human neurons in culture [55], by PCR using
PfuTurbo DNA polymerase (Stratagene, La Jolla, CA, USA) and the sense
(5’ gatgatcgagaggatctggtgtac3’) and antisense (5°ctgatittcgtettccacgtectg3’) prim-
ers. The PCR product was then cloned into a mammalian expression vector
pSecTag/FRT/VS5-His TOPO (Invitrogen) to produce a fusion protein with a C-terminal
V5 (GKPIPNPLLGLDST) tag, a C-terminal polyhistidine (6xHis) tag, and an N-terminal
Ig x-chain secretion signal. This vector, together with the Flp recombinase expres-
sion vector pOG44 (Invitrogen), was transfected in Flp-In 293 cells by Lipofectamine
2000 reagent (Invitrogen) (Figure 13.1). A stable cell line was established after
incubating the cells for approximately one month in the feeding medium with
inclusion of 100 pg/ml of Hygromycin B (Invitrogen). The stable cell line was
named 293eV5.5 In this system, the recombinant protein was secreted into the
culture medium after the Ig x-chain secretion signal sequence was processed by
an endogenous signal peptidase-mediated cleavage. Therefore, it has an advantage
of easily purifying the recombinant protein, compared with the system where the
recombinant protein is expressed in the cytoplasm, mixed with various unnecessary
proteins.

To purify the recombinant 14-3-3¢ protein, the culture supemnatant of 293eV5
incubated in the serum-free DMEM/F-12 medium for 48 hours was harvested and
concentrated at an 1/40 volume by centrifugation on an Amicon Ultra-15 filter
(Millipore, Bedford, MA). It was then purified by the HIS-select spin column (Sigma,
St. Louis, MO), and concentrated at a 1/10 volume by centrifugation on a Centricon-
10 filter (Millipore). The purity and specificity of the probe were verified by Western
blot analysis using mouse monoclonal anti-V5 antibody (Invitrogen) and rabbit poly-
clonal antibody specific for the 14-3-3¢ isoform (IBL, Gumma, Japan) (Figure 13.1).

PROTEIN MICROARRAY ANALYSIS

ProtoArray human protein microarray (v1.0; Invitrogen) we utilized contains 1752
human proteins of various functional classes spotted in duplicate on a nitrocellulose-
coated glass slide. (After a quality control procedure, the number of total arrayed
proteins is reduced from 1900 originally listed in the array.) Nitrocellulose-coated
surface provides a nearly quantitative retention of the spotted proteins and signif-
icantly higher detection sensitivity than the other surfaces.®® All the proteins
immobilized on the array were expressed as an N-terminal glutathione-S trans-
ferase (GST)-6xHis fusion protein derived from the genes selected from the human
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ultimate ORF clone collection (Invitrogen). They represent either the full-length
or the partial fragment of recombinant proteins. They were expressed in Sf9 insect
cells by using the Bac-to-Bac Baculovirus expression system (Invitrogen), purified
under non-denaturating conditions by glutathione affinity chromatography in the
presence of protease inhibitors, and processed for spotting on the slides (Invitrogen
application note).

The proteins are spotted in an arrangement composed of 4 x 12 subarrays
equally spaced in vertical and horizontal directions. Each subarray includes 16 x 16
spots, composed of 48 control spots (C), 80 human proteins (P), and 128 blanks
(B) (Figure 13.2a). The controls include 14 positive control spots; four spots of
an Alexa Fluor 647-labeled antibody (rows 1, 8; columns 1, 2), six spots of 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 to 8), and four spots of a concentration gradient of V5 protein (row 8;
columns 13 to 16). They also include 34 negative control spots; six spots of a
concentration gradient of bovine serum albumin (BSA) (row 1; columns 3 to 8),
four spots of a concentration gradient of a rabbit anti-GST antibody (row 1;
columns 9 to 12), four spots of a concentration gradient of calmodulin (row 1;
columns 13 to 16), 16 spots of a concentration gradient of GST (row 2; columns
1 to 16), two spots of buffer only (row 8; columns 9,10), and two spots of an anti-
biotin antibody (row 8; columns 11, 12).

Nonspecific binding was blocked by incubating the microarray for 60 min at
4in the PBST blocking buffer composed of 1% BSA and 0.1% Tween 20 in phos-
phate-buffered saline (PBS), as described previously (Figure 13.1).56 Then, it was
incubated for 90 min at 4 with the probe described above at a concentration of 50 [1g/ml
in the probing buffer composed of 1% BSA, 5 mM MgCl,, 0.5 mM dithiothreitol
(DTT), 0.05% Triton X-100, and 5% glycerol in PBS. The array was washed three
times with the probing buffer, followed by incubation for 30 min at 4with mouse
monoclonal anti-V5 antibody conjugated with Alexa Fluor 647 (Invitrogen) at a
concentration of 260 ng/ml in the probing buffer. The array was washed three times
with the probing buffer, dehydrated by brief centrifugation, and then scanned by the
GenePix 4200A scanner (Axon Instruments, Union City, CA) at a wavelength of
635 nm. The data in a format specified by the GenePix Pro 6.0 microarray data
acquisition software (Axon Instruments) were analyzed by using the ProtoArray
Prospector software v2.0 (Invitrogen) following acquisition of the microarray
lot-specific information online (www.invitrogen.com/protoarray). The spots show-
ing the background-subtracted signal intensity value greater than the median plus
three standard deviations of intensities of all protein features were considered as
having a significant binding.

The Z-Score was calculated by the following formula: Z, = (X, ~ u,)/0,
where X, represents the signal intensity value of the kth protein feature, 4, is
the mean signal intensity of all protein features, and o, expresses the standard
deviation of intensities of all protein features. The Z-Score reflects a binding
specificity determined by the definition how far and in what direction a signal
from a specific protein feature deviates from the mean signal intensity of all the
protein features.
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FIGURE 13.2 Detection of 14-3-3-binding proteins on protein microarray. The microarray we
utilized 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) Layout of the subarray. Each subarray
includes 16 X 16 spots composed of 48 control spots (C), 80 human proteins (P), and 128 blanks
(B). (b) EAP30 on the subarray 1. The spots of (row 7; column 1) and (row 7; column 12)
indicated by a square represent EAP30. (c) DDX54 on the subarray 27. The spots of (row 3;
column 15) and (row 3; column 16) indicated by a square represent DDX54. (d) STAC on the
subarray 39. The spots of (row 5; column 1) and (row 5; column 2) indicated by a square represent
STAC. In these subarrays (b—d), the positive control spots represent an Alexa Fluor 647-labeled
antibody (rows 1, 8; columns 1, 2) that provides the strong signals, a concentration gradient of
a biotinylated anti-mouse antibody with a capacity to bind to mouse monoclonal anti-V5 antibody
labeled with Alexa Fluor 647 (row 8; columns 3 to 8), and a concentration gradient of V5 protein
(row 8; columns 13 to 16). The signals are only visible at the higher concentration in the latter two.

VALIDATION AND EVALUATION OF THE RESULTS
OF PROTEIN MICROARRAY ANALYSIS

TrANSIENT EXPRESSION OF RECOMBINANT ProTEINS IN HEK293 CeLis

To verify the results of protein microarray analysis, the ORF of the genes encoding
EAP30 subunit of ELL complex (EAP30, NM_007241, amino acid residues 2 to 258),
dead box polypeptide 54 (DDX54, NM_024072, amino acid residues 2 to 881), and
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src homology three (SH3) and cysteine rich domain (STAC, NM_003149, amino acid
residues 2 to 402, full-length) were amplified by PCR using PfuTurbo DNA polymerase
and the specific primer sets (5’caccgecgeggggteggagetgge3’ and 5’tcaggggaggacttctetg-
gecte 37 for EAP30; 5°geggecgacaagggeecggeggetd’ and 5’tcacatectettecgcatcttgec3’
for DDX54; and 5 atccctcegageageceecgegag3’ and 5’tcagatgttttetagtacatcaag3’ for
STAC). The N-terminal half of STAC (amino acid residues 2 to 333, NTF), the C-terminal
half of STAC (amino acid residues 234 to 402, CTF), and two distinct truncated forms
of STAC (amino acid residues 2 to 164 named TRA and amino acid residues 2 to 105
named TRB) were amplified using the corresponding primer sets
(5’atcectecgageageececgegag?’ and 5'tcaaagatetgaagtagaggttetd’ for NTF; 5'gtggaggt-
tectgaggaagecaat 3° and 5’tcagecacctggatgeagaccage3’ for CTF; 5 atccctecgageage-
cceecgegag 3 and 5’teatggeagcetigeccatgeaceg3’ for TRA; and 5°atcectecgageag- ceeec
gcgag 3’ and 5’tcagccacctggatgeagaccage3’ for TRB).

They were then cloned into a mammalian expression vector pcDNA4/HisMax-
TOPO (Invitrogen) to produce a fusion protein with an N-terminal Xpress tag. To
express the STAC mutant 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 full-length wild-
type (WT) STAC gene was modified by consecutive site-directed mutagenesis using
QuikChange II site-directed mutagenesis kit (Stratagene) and the primer sets
(5°gtttcggegttactacgecteceecttgeteatte3’ and 5”gaatgageaagggggaggegtagtaacgeegaaac 3’
for SMT and 5’cggcgttactacgecgeccecttgeteattcatd’ and 5’atgaatgagcaagggggeggc
gtagtaacgeeg3’ for DMT). All these vectors were transfected in HEK293 cells by
Lipofectamine 2000 reagent.

COIMMUNOPRECIPITATION ANALYSIS

For coimmunoprecipitation analysis, total protein extract was prepared by homog-
enizing the cells in M-PER lysis buffer (Pierce, Rockford, IL) supplemented with a
cocktail of protease inhibitors (Sigma), either with inclusion of phosphatase inhib-
itors (Sigma) to maintain the protein phosphorylation status or with inclusion of
recombinant protein phosphatase-1 (PP1) catalytic subunit o-isoform (5 U/ml;
Sigma) instead of phosphatase inhibitors to induce the protein dephosphorylation
reaction.” The homogenate was centrifuged at 12,000 rpm for 20 min at 4. After
preclearance, the supernatant was incubated for 3 hours at 4 with 30 pg/ml rabbit
polyclonal anti-14-3-3 protein antibody (K19)-conjugated agarose (Santa Cruz Bio-
technology, Santa Cruz, CA) or the same amount of normal rabbit IgG-conjugated
agarose (Santa Cruz Biotechnology). After several washes, the immunoprecipitates
were processed for Western blot analysis using mouse monoclonal anti-14-3-3 protein
antibody (H-8, Santa Cruz Bjotechnology) and mouse monoclonal anti-Xpress anti-
body (Invitrogen). K-19 and H-8 antibodies recognize all 14-3-3 isoforms. The
specific reaction was visualized by using a chemiluminescent substrate (Pierce).

BIOINFORMATIC ANALYSIS

In addition to validation of the specific interactions by wet experiments, we evaluated
them by bioinformatic analysis. The information on known 14-3-3 interactors, molecular

ﬁ—

%ln

Please ver-
ify symbol.






