DAL £ EHIEL TV 5, CSF 14-3-3 (X7 VAV IRZ TR~ —I—&L
THETHAH. MS 12T 14-3-3, tau, neurofilament proteins i, SuEZ2 Ak
DREEEDERT CSF 1 ZilfH L. axonal injury O~ — X — &2 B REYED D (Saroh et
al.J Neurol Sci 2003; 212: 11-20),

4. DNA =707 L A12L5 MS OEr

DNA = A 2707 L A%, AFART FAESE IR BEFOFVTXIVAFR2RE

BEICEELEF 7T, H 4 OMIRIZEIT 528 5T R B E B (ranscriptome) &

{%F%®(single nucleotide polymorphism; SNP)% G FERIIZARHT HISRDY — N T,
FE~ A7 VAL HBRAERITAS, MS DISIEY A1, SERIZH, B TR,
IFNB 8B K it FRIO - DITSHEN TV D, FIXE MS 931 %R (family trios)2*

Sx )BT TUARRNTHETS I, BEVAZBEE#RETELTILR2A, ILR7A

@ SNP 2[REENT=(The International Multiple Sclerosis Genetics Consortium. N
Engl J Med 2007; 357: 851-862), ~A7u7 L AR DRBLOhbIFFERR VI

BELTit. 'Mini Lecture DNA w1/ 27u7 LA |OEZSRINZV, L TFEMIBIT

5 MS Vo SEROBR T RBABITH R ORI EB T D,

Bomprezzi © (X, RRMS BF(n = 27) L EEE® = 19)? peripheral blood
mononuclear cells(PBMC) TRBRERLZRT 53 BEFEREL, MSIZKITD T
ARBATE (LB E E =T IL-TR, ZAP70, TNFRSF7 OFEL EF % #4 L 7o (Hum Mol
Genet 2003; 12: 2191-2199), Achiron HiZ, RRMS B (n = 26)L&F #E (1 = 18)D
PBMC OBETFRR a7 4— &L, MEEMT 1,109 BETFORRERLR
b, MS (238132 T MaTE (v B &= F LEF1, TCF3, SLAM, ITGB2, CTSB ® £
AL LUT(Ann Neurol 2004; 55: 410-417), L2>L MS 14 il CiI#R M FFiZ IFNB,
glatiramer acetate, intravenous immunoglobulins Z#& &5 THY, BRENEL TR
HICEBEZBL CWAREEMENRDH S, Corvol Hid, CIS & (n =37)7 CD4' T HIE T,
BERY ABICHET5 975 BaTF2REL, THREHEMNEE T TOB1 OREHR/EK
T3 CDMS ~DBATD~—h—E72B7 L2 #E LT (Proc Natl Acad Sci USA 2008;
105: 11839-11844), Gurevich HiZ, FK{5H RRMS BHE (n = 62)& CIS & (n = 32)D
PBMC OBEFRE o7 1—NZHERL, 500 A LANEIX 50 HURDOEREZT
B3 585 F b first level predictors (FTP), fine tuning predictors (FTPY&Z [RELTZ
(BMC Med Genet 2009; 2: 46), B% FRIE L FI2id, TGFB2 7 F VR ERBET
BELEEN Tz, Archiron B, 9 ER OGBSI, MS 2R LR



(MS-to-be; n = 9)& MS ZZFAE LIRD o 7= BE(MS-free; n=11)D PBMC O&=F3RHE 7
07—/ % LB . MS RilBRJH B (preactive stage of MS)IZEUT, T Il T Rh—
AFHER T NRAAL DFEBUE T 2380 T=(Neurobiol Dis 2010; 38: 201-209), Brynedal
bi, RRMS B (n =26)?® CSF #ifak PBMC D7 CEEGFRBE 07 1— N2t
L. FRHIZPBMC Tl 266 BT RIEENL /203, CSF MIE CIIEELREH
2 RBIRA>>T=(Neurobiol Dis 2010; 37: 613-621),

PBMC Tid IFNB AR ZHB TO2LHKFMLUANIIL, 7rnE—F—{C
IFN-stimulated response element(ISRE)%H 7% IFNB & &= (IFN-responsive
genes; IRG) D B A3 _k H 95 (Weinstock-Guttman et al. J Immunol 2003; 171:
2694-2702), Stiirzebecher HiX, RRMS &3 (n = 10)C, IFNB {&#E R 2 PBMC D&
GFRET 0T 4—)VERHTL, IFNB VARV Z —T 25 B FDOEBN(IFILT, OAS,
STAT1 72E @ k87 ) %5887 (Brain 2003; 126: 1419-1429), LA . 513 —EHRER
FLIEV 3 BRE R L T BRIT L CRY, EBRBIENEGFRICEE LA
HETE IR, Byun bid, V= /ZAE 7T A% T, RRMS #%& (n = 206)
? IFNB VAR E —L ) VAR H — %7545 HAPLN1, GPC5, COL25A1,
CAST, NPAS3 @ SNP % [@ fE L7z (Arch Neurol 2008; 65: 337-344), Comabella Hi,
RRMS E# (n = 47)D5H IENB /L AR 4 —0D PBMC Tid, 185176 IRG
FBTLHEE R 7=(Brain 2009; 132: 3353-3365), Sellebjerg Hidk, IFNB HFFIHLAR;
#£3 ® PBMC T, IRG ZHFEDIK T 2B 7= (Eur J Neurol 2009; 16: 1291-1298),
Gertsches 1%, RRMS £ (n = 25)® PBMC Tl IFNB {AIZXY, STAT1 ZH(»&
THBLETF RN —IDFEB EF L ITGA2B ZH e T DB F Ry T — 7 DR
KT 2D L2 G LT (Pharmacogenomics 2010; 11: 147-161),

~vA71 RNA(microRNA; miRNA)IZ, 7/ AlZa—Rahizi 22 EENGRD
non-coding RNA T&HY, {Z/)L7: 55 F mRNA @ 3’-untranslated region (ZfE7ET
BHEINC, REEREHETHEE LTIV E0RRELME 320, =& EE
HETREAL T mRNA 2515, BIEETIZ, ENTIX 1000 FEFHLL O miRNA 23
FEIN TV, ZDELITHELE B TIURFESN TRY, FEITFRFMNZMNIC
HlEIS L, R4 B L - HIRRTE - R HIENC RV T, EERFREIZRZL TV, RIA
ARMS BE R ML T, THREMECER TR ORBZMH T2 miR-17 £ miR-20a
DFEBHBETLTVWB(Cox et al. PLoS One 2010; 5: éi2132)o izt MS RIEMmAFE
# miRNA &L T miR-145(Keller et al. PLoS One 2009; 4: €7440), 53857 2/ miRNA
&L T miR-18b(Otaegui et al. PLoS One 2009; 4: €6309)72E M RESIN TV,
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1.DNA =A27a7 LA DES

2003 FEIZE N ) AT a2 7 NET L, £EMEETH 22,000 O EESIBHEHS
77 DNA =A2707 L A%, RAFAR S TAER FIEFEEF D cDNA AV X
IVAFREGEECEELEFy 7T A4 Mgl B T 228G TFRAFR
(transcriptome) % A FEENZARAT H KDY — L THD D, EhLSV TR, BEIZS /A7 0y
=IMIETLCOBENHE, wTATyhTHFFN AX T AR BT TT 4y
2 ayPay s -EER R R KIBE TH, w4207 VAR ST REL 2o TV D,
SO, ZU NI BEATART FA LICBBEZEEL, Fv/ 7EHHEER
PBEAICBIT A RER T T A~ A7uT VARG L 2, ITF. (/a7 A%
W R IEATIZ LY R EER 0/ A = — 1 —CRIZRDIERY 53 F DS IR &
AL ENT, SOIZHEERRTRCEE O 4L TIREN RS REOMBEE . BE
EHEDLTHROTHE, EYLECEVERO TR, IBFENROHE LIRSS
., 7 —F A FE R (personalized medicine) DRI MNADTFIEFIELL>TVD,
VAT DEMZOB AL, EMNIKBER S T3y M — 7 ILXOER I ES L
BEHRTHY., ZLOER NV AT LABEH DO ASANRADEIECER T2EE 260
TUNB, T TEYR ORI O7-DIZIX, 7/ ATARD G F Ry N — VT E
ERRRREERD Y,

2.DNA ~A 707 U AR DR

DNA=A27a7 L AL, cDNA#EM FIZARyF—TCEETHAF 7+ —FFRE,
B b CEEAVIRIVAFRERRMER T2 GeneChip(Affymetrix)iZ KBS D,
KRBTV ALSMNTIE, RTFAANRNT VORI REIR = Y T LA | BB
FEBPREEIC — RO N TERY = /XA 7 T LA, chromatin
immunoprecipitation(ChIP) on Chip FEMT AR/ AZ AV T TUABHIRSILT
WB, 2A7 T L ASRYT X, 2 FEU OB D mRNA E72id total RNA
L. T7 RNA BB CRIE TS, A¥U 74 —-FHR T, KO &R L0D
¢DNA, cRNA Z{E RO R Cy3, Cy5 TEML, A—Fv7 L THREHN(1TY
FAE—2ar&fTol-t 2 AEEMEIENS, GeneChip Tid. cDNA 25 in vitro
transcription KR LVE A F L AEH# cRNA Z1ERL, 777 A MG L T AT UH
AP —ar T, AT RTE D -7 4as YA TRIBETS, L s 17
LARERLTT LA DORBRL -~V 3 T 50T 1 GikEFHIND, A¥ ¥ T —T
BNERRE ., V7P ABRERERLL, Y ANVEOEGFREA T 07— V2



T2, u—rS =<V E—varid kT 5F vy EOSBEFORBBED
BRBRELWERETIEHILETHD, DNA w707 LAFEMT T, —BEIZEE
DOBEGFORBAZRELETH0, BETFHIC t RETHMT L. SEOBE
HEEETFERS>TLED, BEIXLEREETT> T Bonferroni MEZFTINIT 50>, 4
BBt 3 (false discovery rate; FDR)2Z EL T, Mt EHNFBEELTET D,

BB EE L7 85 F(differentially expressed genes; DEGs)IZBHL Tid,
R~ NEYT N AL RT-PCR TERBIICIRIET D, SHIZ Web EDORETY —/L
DAVID Bioinformatics Resources 6.7(david.abcc.nciferf.gov)=X° Encyclopedia of Genes
and Genomes(KEGG)(www kegg.jp)= A\ C, 7 /7 — a2 RN TENFHIRE
BRAHF %179, KeyMolnet([E E 4 TR AL, BRSPS —TOLE2—%
PubMed 5>5 123 000 EDEFH F OV —va BT A FMAINEL TRELL
knowledgebase THY, TLAT —F& AN THILIZLY, EbEREIIEEL THLD
FRyMNI— IR RIETDIEDHFED 9, ,

ROV T NVE RN T 258, T— ¥ ey MNOBRFEELSETILD
iZ, GeneSpring(Agilent)® VTR Z T AY — BT 21T, YR —I_IF—<v
>(support vector machine; SVM)i, fE1E# (& F-(classifien) DAL IRV T — 5%
Bl b U THMIR T T A2 L1c /3T A—#(Kernel BEDZRHEL., FiDT —
By MBI B TAY — %R PR/ B il % Rl E T DT H 5 T D,

3.DNA v A 277 LA 255 MS FRE - I8 - R TR~ — 7 — OfEHT

LLF DNA A 27a7 L A12L5MS Vo7 SBROBE FRBFATICB T Db O
R RIZEAL TR 5, BRI A RORRIL, [SRMEELEMS)D MK
T DEESREINTZ,

MS (ZEERZIBH D, R EAFR (relapsing-remitting MS; RRMS), 2 RHETTH
(secondary progressive MS; SPMS), 1 ¥k #17%!(primary progressive MS; PPMS)IZ453
FHah, ZFERREZ 215, DNA =771 A1k, MS ZiRED 55 FRIEFRIE
E DN 2 RIET 5, bhbiud interferon-beta((FNB)RIAETEEME MS &
#(n =72; 46 FUIIHER MEHHD 2 £/ IPNB 16H %2 BRI LEEE (0 = 22)DK
M CD3* T MlOBETFRERE S a7 — %, DNA =A2a7 L A (Hitachi Life
Science) CAEITL7Z *0, MBER CRBEER LR T EL 30 B EF DL 25 BEBEF45,
TR ABIEREFIZAESHMS O T R TR 7T RN AMRERE LI
HIBET OREFRI AN T ABTFEL T,



SHIZ MS BRELREZBCHRERRBAEZRLYLTT 286 Bz FE2HMEL,
KeyMolnet THy-F Ay b — 2%, 18 EfitéL T NF«B 27586 FRR
HIERERELE " NF-xB (I AL IA L RTENA L DIEDHIHEERFT, &
FEDIEIRIB L UOBIELIZEL, 20 286 BEFEEEREFLLTHRENI RS —
PRI ATV, BRIR 7 —# L OBAEMEATHEL 72X 1), 286 BIETiL 5 77 AIHEEE
h, BEHIIEEERILMSI L7727 —2 R L. 477 V—7A,B,C,DIZ
SYEENT, A BIIEBRESINEL, RES a7 —ANELEEHEICELL. B B
FRIREIEBME B @, TEN AU HEEL TVDI TR 5 BIGTFHOEHL L
BEbEL, C HITAMBRRARESZET58E132<, D #Id Expanded Disability
Status Scale(EDSS)A2 7 )3kt B{E CTdh-7- ©, IFNB GBI MAL T 46 FI T, 16K
Rilth 2 E B OB REL - AT nAR UL A B #- AR A $5-EDSS - MRI T2 3838 B {497
B BEOREMEELZAa7/LLT, IFNB VARV Z —L )V VARV H —I25)
|58 VARUY —iT A BEE B BEICERL WS,

F7= peripheral blood mononuclear cells(PBMC)% IFNB CHIE 3 25&, 3 R LN
{Z CXCR3 VA >R o7& A/(CXCL11, CXCL10, CXCL9)& CCR2 VAV RrEhA
(MCP1, MCP2)DFEELA, 100 fFLL L ER T2 L2 R LAY, B 1L Thl #Bfa, %
FIIHK-~/n77—VOWEELREL, REZERT D, TROBLHOTENA
A5, B IFN J5& 85 7 (IFN-responsive genes; IRG) ThAHZ LM 0 o7, 7EH
AN —ANX, IFNB {EREHEERA CHOIRE - REEE IFEEORILEEL
TWDRIEEEDHD,

IS — A—IMER AR MS 7 4 #(MS/MS, MS/MS, MS/MS, MS/f&
WEYDOFR ML CD3* T #ifa% DNA <A 2707 L AT L. MS #8219 20 Bz F%
FEL. KeyMolnet THFFy T — 2% L, 3@ EiEL T Ets 228G F
HBRIHREZFRELR T, Ets-1 1L Th17 MRS L OB OHIHEER +THS ., £z
RRMS B (n = 6)DBFHHLEMEEAORM M CD3* T #ifa% DNA ~(7u7L AT
fRETL ., BRUERN 43 BEFE2RELE Y, 20 43 B FEMBENITAY— iR
WMOEERGTETHE, BRYEEBI OV T NVEMSI LI 77 RE— U THRE
Hisklz, $72bb 43 BEFOEYMI MS BETRIO NS F~—H— L2 bR R
W5,

R
D) L — TUAAL T AT 47 ADE R, FEEHEEE 2008; 128: 1537-1545
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Protein microarray analysis identifies human cellular prion protein interactors

Aims: To obtain an insight into the function of cellular
prion protein (PrPC), we studied PrPC-interacting proteins
(PrPIPs) by analysing a protein microarray. Methods: We
identified 47 novel PrPIPs by probing an array of 5000
human proteins with recombinant human PrPC spanning
amino acid residues 23-231 named PR209. Results: The
great majority of 47 PrPIPs were annotated as proteins
involved in the recognition of nucleic acids. Coimmuno-
precipitation and cell imaging in a transient expression
system validated the interaction of PR209 with neuronal
PrPIPs, such as FAM64A, HOXA1l, PLK3 and MPG.
However, the interaction did not generate proteinase
K-resistant proteins. KeyMolnet, a bioinformatics tool for

analysing molecular interaction on the curated knowl-
edge database, revealed that the complex molecular
network of PrPC and PrPIPs has a significant relationship
with AKT, JNK and MAPK signalling pathways. Conclu-
sions: Protein microarray is a useful tool for systematic
screening and comprehensive profiling of the human
PrPC interactome. Because the network of PrPC and inter-
actors involves signalling pathways essential for regula-
tion of cell survival, differentiation, proliferation and
apoptosis, these observations suggest a logical hypothesis
that dysregulation of the PrPC interactome might induce
extensive neurodegeneration in prion diseases.

Keywords: cellular prion protein, KeyMolnet, protein microarray, protein—protein interaction
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Introduction

Prion diseases are a group of neurodegenerative disorders
affecting both animals and humans [1,2]. The great
majority of prion diseases are transmissible, and charac-
terized by intracerebral accumulation of an abnormal
prion protein (PrPSc) that is identical in amino acid
sequence to the cellular isoform (PrPC) encoded by the
PRNP gene. PrPC is expressed widely in neural and non-
neural tissues at the highest level in neurones in the
central nervous system (CNS) [3]. PrPSc differs biochemi-

Correspondence: Jun-ichi Satoh, Department of Bioinformatics
and Molecular Neuropathology. Meiji Pharmaceutical University,
2-522-1 Noshio, Kiyose, Tokyo 204-8588. Japan. Tel:
+81 42 4958678; Fax: +81424958678; E-mail: satoj@my-
pharm.ac.jp
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cally from PrPC by its B sheet-enriched structure, deter-
gent insolubility, limited proteolysis by proteinase K, a
slower turnover rate and infectivity. Previous studies
suggested that the protein conformational conversion
of a-helix-rich PrPC into B sheet-rich PrPSc involves a
homotypic interaction between endogenous PrPC and
incoming or de novo generated PrPSc via a post-
translational process mediated by as yet unidentified
species-specific auxiliary factor(s) named ‘protein X' [4,5].

At present, the biological function of PrPC remains
largely unknown. Several lines of PrPC-deficient mice
were established independently by different gene-targeting
strategies [6—8]. All of them exhibited normal early devel-
opment and complete protection against scrapie infection.
These observations indicate that PrPC is dispensable for
embryonic development, but is pivotal for inducing prion

© 2008 Blackwell Publishing Ltd



diseases. Several in vitro studies suggested a role of PrPCin
neuritogenesis [9,10], neuronal cell adhesion [11] and a
receptor for neurotrophic factors [12]. More consistently,
many studies indicated that an octapeptide repeat region
of PrPC with a copper-binding capacity exhibits an anti-
oxidant activity [13]. However, none of previous findings
provided an adequate explanation for mild phenotypes of
PrPC-deficient mice.

A number of previous studies, by employing mainly the
yeast two-hybrid (Y2H) screening system, identifted a wide
variety of PrPC-interacting proteins (PrPIPs), They include
synapsin I [14], glial fibrillary acidic protein [15]. amyloid
precursor-like protein 1 |16}, heat shock protein Hsp60
[17-19], the Hsp cofactor STI-1 [20], the antiapoptotic
molecule Bcl-2 [21], signal-transducing adapters such as
Grb2 [14], ZAP70 [22] and 14-3-3 [23], neurotrophin
receptor interacting MAGE homolog [24], tubulin [25],
heterogeneous ribonuclear protein A2/Bl1 [26], casein
kinase 2 [27], plasminogen [28], laminin receptor precur-
sor [29], laminin [9] and vitronection [30]. Most of these
molecules play a key role in signal-transducing events
essential for neurcnal function. However, none of them
could serve as the chaperone ‘protein X',

The 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
setting, and obtaining high rates of false positive interac-
tors caused by spontaneous activation of reporter genes
and self-activating bait proteins [31,32]. Recently, protein
microarray technology has been established for rapid,
systematic and less expensive screening of thousands of
protein—protein interactions in a high-throughput fashion
[33,34]. The array includes numerous protein targets of
various functional classes immobilized on a single glass
slide. The protein microarray has important applications
in the areas not only of basic biological research on a
whole-proteome scale, but also of drug discovery research
of target identification [35,36].

In order to establish a therapeutic intervention targeted
on prion propagation, it is essential to clarify the biological
function of PrPC and the pathological implication of
PrPSc, and equally important to identify all human
PrPIPs, some of which potentially serve as a candidate for
‘protein X'. The present study was designed to identify a
comprehensive profile of the human PrPC interactome by
analysing a high-density protein microarray, and to
obtain an insight into the PrPC-PrPIPs network.

PrPC interactome 17

Materials and methods

Preparation of a V5-tagged PrP probe for
microarray analysis

Human embryonic kidney cells HEK293, whose genome
was modified for the Flp-In system (Flp-In 293; Invitrogen,
Carlsbad, CA), contain a single Flp recombination target
(FRT) site targeted for the site-specific recombination, inte-
grated 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. The cells were maintained in
Dulbecco’s modified Eagle's medium supplemented with
10% foetal bovine serum, 100 U/ml penicillin and
100 ug/ml streptomycin (feeding medium) with inclusion
of 100 pg/ml zeocin, as described previously [37].

To prepare the probe for protein microarray analysis,
the gene encoding a truncated form of human PrPC span-
ning amino acid residues 23-231 named PR209 was
amplified by polymerase chain reaction (PCR) using Pfu-
Turbo DNA polymerase (Stratagene, La Jolla, CA) and
the primer sets listed in Table S1 online. 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 tag, a C-terminal poly-
histidine (6xHis) tag and an N-terminal Ig x-chain secre-
tion signal. ' 'his vector, together with the Flp recombinase
expression vector pOG44 (Invitrogen), was transfected in
Flp-In 293 cells by Lipofectamine 2000 reagent (Invitro-
gen). A stable cell line was established after incubating the
transfected cells for 1 month in the feeding medium with
inclusion of 100 pg/ml hygromycin B. In this system,
the recombinant protein was secreted into the culture
medium after the Ig k-chain secretion signal sequence was
processed by an endogenous signal peptidase-mediated
cleavage.

To purify the V5-tagged PR209 protein, the serum-free
culture supernatant was harvested, and concentrated at a
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 protein concentration
was determined by a Bradford assay kit (Bio-Rad, Her-
cules, CA). The purity and specificity of the probe were
verified by Western blot analysis using mouse monoclonal
anti-V5 antibody (Invitrogen), mouse monoclonal anti-
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PrP antibody 3F4 (Dako, Tokyo, Japan) and rabbit poly-
clonal antibody C20 specific for the sequence close to the
C-terminus of PrPC (Santa Cruz Biotechnology, Santa
Cruz, CA). To determine the status of glycosylation, 5 ug
of the probe protein was deglycosylated by incubating it at
37°Cfor 1.5 h with 5000 U peptide N-glycosidase F (New
England BioLabs, Beverly, MA), followed by separation on
the gel [37].

Protein microarray analysis

The present study utilized the ProtoArray human protein
microarray v3.0 (Invitrogen). It contains approximately
5000 recombinant GST-tagged human proteins expressed
by the baculovirus expression system and purified under
native conditions by using gluthathione affinity chroma-
tography to ensure the preservation of native structure,
post-translational modifications and proper functionality
of target proteins [36,38]. They were spotted in duplicate
on a nitrocellulose-coated glass slide. The target proteins
cover a wide range of biologically important proteins
selected from the human ultimate open reading frame
(ORF) clone collection (Invitrogen). The probe is spatially
accessible to all parts of target proteins on the array,
which protrude from the glass slide surface via the
N-terminal GST fusion tag serving as a spacer. The com-
plete list is shown in Table S2 online. The proteins are
spotted in an arrangement of 4 X 12 subarrays equally
spaced in vertical and horizontal directions. Each subar-
ray includes 20 x 20 spots, composed of 76 positive and
negative control spots (C), 222 human target proteins (H),
and 102 blanks and empty spots (B) (Figure 1b). The 14
positive control spots include four of an Alexa Fluor 647-
labelled antibody (row 1, columns 1, 2; row 14, columns
13, 14), six 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 14, columns 15-20), and four of a con-
centration gradient of V5 protein (row 15, columns 5-8).
The 62 negative control spots include six of a concentra-
tion gradient of bovine serum albumin (BSA) (row 1,
columns 3-8), four of a concentration gradient of a rabbit
anti-GST antibody (row 1, columns 9-12), four of a
concentration gradient of calmodulin (row 1, columns
13-16), 16 of a concentration gradient of GST (row 1,
columns 17-20; row 2, columns 1-12), 10 of buffer only
(row 15, columns 1, 2, 9-16), eight of human IgG sub-
classes (row 15, columns 17-20; row 16, columns 1-4),

12 of Invitrogen internal controls (row 4, columns 9, 10;
row 6, columns 15-18; row 7, columns 9, 10, 15, 16; row
8, columns 13, 14), and two of an antibiotin antibody
(row 15, columns 3, 4).

Non-specific binding was blocked by incubating the
array 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 200 pg/ml in
the probing buffer composed of 1% BSA, 5 mM MgCl,,
0.5 mM dithiothreitol, 0.05% Triton X-100 and 5% glyc-
erol in PBS. The array was washed three times with the
probing buffer, and then incubated for 30 min at 4°C with
mouse monoclonal anti-V5 antibody labelled with Alexa
Fluor 647 (Invitrogen) at a concentration of 260 ng/ml in
the probing buffer. Then, the array was washed three
times with the probing buffer, and scanned by the GenePix
4200 A scanner (Axon Instruments, Union City, CA) at a
wavelength of 635 nm. The data were analysed by using
the ProtoArray Prospector software v3.0 (Invitrogen), fol-
lowing acquisition of the microarray lot-specific informa-
tion, which compensates inter-lot variations in protein
concentrations identified by the post-printing quality
control. According to the manufacturer-recommended
setting of the ProtoArray Prospector software, the spots
showing the background-subtracted signal intensity
value greater than the median plus three standard devia-
tions of all the fluorescence intensities were considered as
having significant interactions. The Z-score, an indicator
for statistical significance of binding specificity, was cal-
culated as the background-subtracted signal intensity
value of the target protein minus the average of the
background-subtracted signal intensity value from the
negative control distribution, divided by the standard
deviation of the negative control distribution.

Bioinformatics analysis

The gene expression pattern of mouse orthologues of
PrPIPs in the brain was searched on the Allen Brain Atlas
database [39], an anatomically comprehensive digital
atlas containing the expression patterns of more than
20 000 genes in the adult mouse brain analysed by
high-throughput in situ hybridization methods (http://
www.brain-map.org).

The interaction of PrPC with PrPIPs was searched on
the Biomolecular Interaction Network database (BIND)
(http://bond.unleashedinformatics.com). Functional
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Figure 1. Protein microarray analysis. (a) Western blot of PR209 probe. The lanes (1-5) represent the immunolabelling with the antibodies
following: (1) 3F4, (2) C20, (3) V5, (4) 3F4 before treatment with peptide N-glycosidase F (PNGase F) and (5) 3F4 after treatment with
PNGase F. (b) The layout of subarray. The high-density protein microarray (5000 proteins, duplicate spots each) utilized in the present study
contains 4 X 12 subarrays. Each subarray includes 20 x 20 spots. They are composed of 76 control spots (C) including 14 positive and 62
negative control spots, 222 human target proteins (H) and 102 blanks and empty spots (B), as described in Materials and methods. (c)
FAM64A. The spot location is subarray 20, row 11, columns 7, 8. (d) HOXA1. Subarray 35, row 11, columns 3, 4. (e) PLK3. Subarray 34,
row 13, columns 13, 14. (f) MPG. Subarray 37, row 9, columns 11, 12. PR209 interactors located on different subarrays (c~f) are indicated
by an enclosed yellow line. It is worthy to note that in each subarray, positive control spots composed of an Alexa Fluor 64 7-labelled
antibody (row 1. columns 1, 2; row 14, columns 13, 14), 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 14, columns 15-20; signals visible on the higher
concentration), and a concentration gradient of V5 protein (row 13, columns 5-8; signals visible on the higher concentration) are identified
as positive, whereas negative control spots composed of a concentration gradient of BSA (row 1, columns 3-8), a concentration gradient of
a rabbit anti-GST antibody (row 1, columns 9-12), a concentration gradient of calmodulin (row 1, columns 13-16), a concentration
gradient of GST (row 1, columns 17-20; row 2, columns 1-12), buffer only (row 15; columns 1, 2, 9-16), human IgG subclasses (row 15,
columns 17-20; row 16, columns 1-4), Invitrogen internal controls (row 4, columns 9, 10; row 6, columns 15-18; row 7, columns 9, 10,

15, 16; row 8, columns 13, 14), and an antibiotin antibody (row 15, columns 3, 4) are found as negative.

annotation of PrPIPs was searched by the web-accessible
program named Database for Annotation, Visualization
and Integrated Discovery (DAVID) version 2007, National
Institute of Allergy and Infectious Diseases, National
Institutes of Health (NIH) (http://david.abcc.ncifcrf.gov)
[40]. It covers more than 40 annotation categories,
including Gene Ontology terms, protein—protein interac-
tions, protein functional domains, disease associations,
biological pathways, sequence general features, homolo-
gies, gene functional summaries and tissue expressions.
By importing the list of Entrez gene IDs of PrPIPs, this
program creates the functional annotation chart, an

annotation term-focused view that lists annotation terms
and their associated genes under study. To avoid excessive
counting of duplicated genes, the Fisher's exact statistics
is calculated based on corresponding DAVID gene IDs by
which all redundancies in original IDs are removed.

The molecular network of PrPIPs was analysed by the
software named KeyMolnet (Institute of Medicinal
Molecular Design, Tokyo, Japan) [41]. It operates on a
comprehensive knowledge database, composed of infor-
mation on relationships among human genes, molecules,
diseases, pathways and drugs, carefully curated by expert
biologists from review articles, literature and public
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databases. They are categorized into the core contents
collected from selected review articles with the highest
reliability or the secondary contents extracted from
abstracts of PubMed database and Human Reference
Protein database.

By importing the list of Entrez gene IDs, KeyMolnet
automatically provides corresponding molecules as a node
on networks [41,42]. Among various network-searching
algorithms, the ‘N-points to N-points’ search extracts the
molecular network with the shortest route connecting the
starting-point molecules and the end-point molecules.
The generated network was compared side by side with
346 human canonical pathways of the KeyMolnet library.
The algorithm counting the number of overlapping
molecular relations between the extracted network and
the canonical pathway makes it possible to identify the
canonical pathway showing the most significant contri-
bution to the extracted network, The significance in the
similarity between both is scored following the formula,
where O = the number of overlapping molecular relations
between the extracted network and the canonical
pathway, V = the number of molecular relations located in
the extracted network, C = the number of molecular rela-
tions located in the canonical pathway, T = the number of
total molecular relations (approximately 90 000 sets) and
X = the sigma variable that defines incidental agreements.

Min(C,V)
score:—logz( Z f(x))

*=0
f(x)=cCx- T-ch-x/TCv
Immunoprecipitation and Western blot analysis

PR209, the N-terminal half of PR209 (amino acid resi-
dues 23-121), the C-terminal half of PR209 (amino acid
residues 122-231), and the ORF of family with sequence
similarity 64, member A (FAM64A), polo-like kinase
3 (PLK3), N-methylpurine-DNA glycosylase (MPG) and
homeobox Al (HOXA1) were amplified by PCR using Pfu-
Turbo DNA polymerase and the primer sets listed in
Table S1 online. They were then cloned into the mam-
malian expression vector p3XFLAG-CMV7.1 (Sigma) or
pCMV-Myc (Clontech, Mountain View, CA) to express a
fusion protein with an N-terminal Flag or Myc tag. At48 h
after co-transfection of the vectors, HEK293 cells were
homogenized in M-PER lysis buffer (Pierce, Rockford, IL)
supplemented with a cocktail of protease inhibitors
(Sigma). In limited experiments, a proteasome inhibitor
MG-132 (Merck-Calbiochem, Tokyo, Japan) was added at

a final concentration of 10 uM in the culture medium
during the last 24 h before harvest. After preclearance,
the supernatant was incubated at 4°C for 3 h with mouse
monoclonal anti-Flag M2 affinity gel (Sigma), rabbit
polyclonal anti-Myc-conjugated agarose (Sigma) or the
same amount of normal mouse or rabbit IgG-conjugated
agarose (Santa Cruz Biotechnology). After several washes,
the immunoprecipitates were processed for Western
blot analysis using rabbit polyclonal anti-Myc antibody
{Sigma) and mouse monoclonal anti-FLAG M2 antibody
(Sigma). The specific reaction was visualized using a
chemiluminescence substrate (Pierce).

To determine the proteinase K-resistant property of
PR209, the cells were homogenized in M-PER lysis buffer
without inclusion of protease inhibitors. The protein
extract was then incubated at 37°C for 30 min with
5 ug/ml recombinant proteinase X (Roche Diagnostics,
Mannheim, Germany), followed by adding phenylmethyl-
sulphonyl Ruoride at a final concentration of 5mM,
according to the methods described previously [43]. Pro-
teins were precipitated by adding 6% trichloroacetic acid.
After centrifugation at 4°C for 15 min at 16 100 g, the
pellets were washed with cold acetone, and processed for
Western blot analysis using 3F4 antibody.

To determine the detergent-insoluble property of
PR209, the cells were homogenized in a lysis buffer
containing 100 mM NaCl, 10 mM EDTA, 10 mM Tis
(pH 7.4), 0.5% Nonidet P-40 and 0.5% sodium deoxycho-
late, according to the methods described previously [44].
The lysate was centrifuged at 4°C for 10 min at 2000 g to
remove debris. Then, the supernatant was further centri-
fuged at 4°C for 1 h at 16 100 g to separate detergent-
soluble (supernatant) and detergent-insoluble (pellet)
fractions. They were processed for Western blot analysis
using 3F4 antibody. HRP-conjugated secondary anti-
bodies were obtained from Santa Cruz Biotechnology.

Cell imaging analysis

PR209 and the ORF of FAM64A, PLK3, MPG and HOXA1
were amplified by PCR using PfuTurbo DNA polymerase
and the primer sets listed in Table S1 online. They were
then cloned into the mammalian expression vector
pDsRed-Express-C1  (Clontech), pEYFP-C1 (Clontech),
pcDNA3.1/NT/GFP-TOPO (Invitrogen) or pcDNA3.1/CT/
GFP-TOPO (Invitrogen) to express a fusion protein with an
N-terminal or C-terminal DsRed, EYFP or GFP tag. At
24-48 h after co-transfection of the vectors, the cells were
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fixed briefly in 4% paraformaldehyde, mounted on slides
with glycerol-polyvinyl alcohol, and examined on the
Olympus BX51 universal microscope.

Human neural cell lines and cultures

Human astrocytes (AS) in culture were established from
neuronal progenitor (NP) cells of human foetal brain
(Cambrex, Walkersville, MD). For the induction of neu-
ronal differentiation, NTera2 cells maintained in the
undifferentiated state (NTera2-U) were incubated for
4 weeks in feeding medium containing 105 M all trans
retinoic acid (Sigma), replated twice and then plated on a
surface coated with Matrigel Basement Membrane Matrix
(Becton Dickinson, Bedford, MA). They were incubated for
another 2 weeks in feeding medium containing a cocktail
of mitotic inhibitors, resulting in the enrichment of differ-
entiated neurones (NTera2-N), as described previously
{45]. Human microglia cell line HMO6 was provided by Dr
Seung U. Kim, Division of Neurology, University of British
Columbia, Vancouver, B.C., Canada. Total RNA of the
human frontal cerebral cortex was obtained from
Clontech.

Reverse transcription-PCR analysis

DNase-treated total cellular RNA was processed for cDONA
synthesis using oligo(dT)iz-1s primers and SuperScript 1
reverse transcriptase (Invitrogen). Then, cDNA was ampli-
fied by PCR using HotStar Tag DNA polymerase (Qiagen,
Valencia, CA) and a panel of primer sets listed in Table S1
online. The amplification program consisted of an initial
denaturing step at 95°C for 15 min, followed by a dena-
turing step at 94°C for 1 min, an annealing step at 60°C
for 40 s and an extension step at 72.9°C for 50 sfor 30-35
cycles, except for the glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH), an internal control, amplified for 27
cycles.

Results

Protein microarray analysis identified 47 novel
PrPC interactors

To analyse the human protein microarray, V5-tagged
PR209 probe was purified from the supernatant of a
stable cell line secreting the recombinant protein in the
culture medium. By Western blot analysis, the probe was

PrPC interactome 21

composed of a mixture of glycosylated full-length and
N-terminally truncated forms of PrPC (Figure 1a, lanes
1--5). The 18.5-kDa protein identified by C20 but not by
3F4 represents the C-terminal fragment produced by con-
stitutive metalloprotease-mediated cleavage [46]. Among
total 5000 proteins on the array. 47 were identified as the
proteins showing significant interaction with the probe
(Table 1). They include FAM64A (Figure 1c), HOXA1
(Figure 1d), casein kappa (CSN3), bromodomain adjacent
to zinc finger domain, 2B (BAZ2B), chromosome 7 ORF 50
(C70orf50), surfeit 2 (SURF2), sodium channel modifier 1
(SCNM1), chromosome 18 ORF 56 (C18orf56), PLK3
(Figure 1e), RNA binding motif protein 22 (RBM22),
hypothetical protein DKFZp761B107, MPG (Figure 1f),
zinc finger protein 192 (ZNF192), thymic stromal lym-
phopoietin (TSLP), DEAD box polypeptide 47 (DDX47),
MAP/microtubule affinity-regulating kinase 4 (MARK4),
zinc finger protein 408 (ZNF408), TBP-like 1 (TBPL1),
activator of basal transcription 1 (ABT1), ribosomal
protein 141 (RPL41), zinc finger protein 740 (ZNF740),
CWC15 homolog, four and a half LIM domains 1 (FHL1),
amyotrophic lateral sclerosis 2 chromosome region,
candidate 4 (ALS2CR4), immediate early response 3
(IER3), KIAA1191, peptidyl-tRNA hydrolase 1 homolog
(PTRH1), phosphodiesterase 4D interacting protein
(PDE4DIP), Rho GTPase activating protein 15
(ARHGAP15), mitochondrial GTPase 1 homolog (MTG1),
cirrhosis, autosomal recessive 1 A (CIRH1A), eukaryotic
translation initiation factor 2C, 1 (EIF2C1), WD repeat
domain 5 (WDRS5), centaurin, alpha 2 (CENTA2), protein
phosphatase 1, regulatory subunit 14 A (PP1R14 A), cold
inducible RNA binding protein (CIRBP), zinc finger, FYVE
domain containing 28 (ZFYVE28), within bgen homolog
(WIBG), nucleolar protein family A, member 2 (NOLA2),
PTPRF interacting protein, binding protein 2 (PPFIBP2),
family with sequence similarity 27, member E3
(FAM27E3)., fibroblast growth factor 13 (FGF13),
apoptosis-inducing factor, mitochondrion-associated, 3
(AIFM3), 2’,3'-cyclic nucleotide 3’ phosphodiesterase
(CNP), NIN1/RPN12 binding protein 1 homolog (NOB1),
RNA-binding region containing 3 (RNPC3) and dual-
specificity tyrosine-phosphorylation regulated kinase 3
(DYRK3). The gene expression pattern of PrPC interactors
(PrPIPs) in the adult brain analysed by in situ hybridiza-
tion was searched on the Allen Brain Atlas database [39].
Among 47 PrPIPs, at least 35 mouse orthologues (74%)
were expressed in various regions of the adult mouse
brain (Table 1). The expression pattern of the remaining
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12 genes in the adult mouse brain is currently unknown.
Thus, the expression of PrPIPs is enriched in the adult
mouse brain, suggesting the possible interaction of these
with PrPC that is expressed broadly at high levels in
neurones of the adult rodent CNS [3]. The BIND database
search indicated that none of 47 PrPIPs were classified
into previously reported PrPC-interacting partners.

We did not detect any negative control spots as positive,
including those of BSA, calmodulin, GST, a rabbit anti-
GST antibody, human IgG subclasses, an antibiotin anti-
body and buffer-only control, whereas we identified a
battery of positive control spots as positive, such as those
of an Alexa Fluor 647-labelled antibody, a biotinylated
anti-mouse antibody binding to Alexa Fluor 647-
conjugated anti-V5 antibody and V5 protein (Figure 1,
panels b—f). The protein microarray we utilized includes
only three previously reported PrPC-binding partners,
such as glial fibrillary acidic protein [15], tubulin [25] and
casein kinase 2 [27] (see Table S2). However, we could
not identify them as a significant PrPC interactor in the
present study.

Human neurones in culture expressed mRNA of
PrPC interactors

Because PrPC in vivo is expressed at the highest level in
neurones in the CNS, it is important to identify the cell
types expressing PrPIPs. By reverse transcription (RT)-
PCR analysis, the transcripts coding for PRNP and
PR209-interacting proteins, such as FAM64A, PLK3 and
MPG, were expressed widely in various human neural
and non-neural cell lines (Figure 2, panels a, c, d, e,
lanes 3-12). They include cultured human AS, NP cells,
NTera2 teratocarcinoma-derived differentiated neurones
(NTera2N), Y79 retinoblastoma, SK-N-SH neuroblas-
toma, IMR-32 neuroblastoma, U-373MG astrocytoma,
HMO6 microglia, HeLa cervical carcinoma and HepG2
hepatocellular carcinoma cells. In contrast, high levels of
HOXA1 mRNA were expressed in limited cell types, such
as NTera2N, U-373MG, HeLa and HepG2 (Figure 2, panel
b, lanes 3-12). High levels of PLK3, MPG and PRNP
mRNAs were also identified in the human cerebral cortex
(CBR) (Figure 2, panels c, d, e, lane 1). The levels of
G3PDH mRNA were constant among the cells and tissues
examined (Figure 2, panel f, lanes 1, 3-12). By contrast,
no products were amplified, when total RNA was pro-
cessed for PCR without inclusion of the RT step, excluding
a contamination of genomic DNA (Figure 2, panels a—f,
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Figure 2. Expression of mRNAs of PrPC interactors in human
neural cells. The expression of (a) FAM64A, (b) HOXA1, (¢) PLK3,
(d) MPG, (e) PRNP and (f) G3PDH mRNAs was studied in human
neural and non-neural cells by RT-PCR. The lanes (1-12)
represent; (1) the frontal cerebral cortex (CBR) with inclusion of
the reverse transcription step (RT+), (2) CBR without inclusion of
the reverse transcription step (RT-), (3) cultured astrocytes (AS).
(4) cultured neuronal progenitor (NP) cells, (5) NTera2
teratocarcinoma-derived differentiated neurones (NTera2N), (6)
Y79 retinoblastoma, (7) SK-N-SH neuroblastoma, (8) IMR-32
neuroblastoma, (9) U-373MG astrocytoma, (10) HMO6 microglia
cell line, (11) HeLa cervical carcinoma and (12) HepG2
hepatocellular carcinoma. The DNA size marker (100-bp ladder) is
shown on the left.

lane 2). Because NTera2N cells serve as a model of differ-
entiated human neurones in culture [45], these observa-
tions suggest that FAM64A, HOXA1, PLK3 and MPG are
neuronal proteins coexpressed with PrPC.

Validation of protein microarray data

To verify the results of protein microarray analysis,
PR209 and interactors were cloned individually into dis-
tinct expression vectors, and were coexpressed transiently
in HEK293 cells. FAM64A, HOXA1, PLK3 and MPG were
selected for the interactors examined, because of their
possible involvement in neural function (see Discussion).
Because the antibodies suitable for immunoprecipitation
with FAM64A, PLK3 and MPG are currently unavailable,
we performed immunoprecipitation analysis by using the
tag-specific antibodies. First, PR209 was expressed as a
Flag-tagged fusion protein, whereas the interactors were
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