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Identification of a possible therapeutic target through pathogenic T cell analysis of multiple sclerosis
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summary

Multiple sclerosis is an autoimmune disease affecting the central nervous system (CNS), in which Th17 and Thl
cells are involved, Comprehensive gene expression profiling analysis employing DNA microarray showed that NR4A2,
an orphan nuclear receptor, is strongly upregulated in the peripheral blood T cells derived from MS patients. Further
analysis revealed that NR4A2 plays a pivotal role for mediating production of inflammatory cytokines from pathogenic
T cells. In experimental autoimmune encephalomyelitis (EAE), an animal model of MS, NR4A2 was selectively up-
regulated in the CNS~infiltrating T cells and the peripheral blood T cells. Intriguingly, a forced expression of NR4A2
augmented promoter activities of IL-17 and IFN-y genes, leading to an excessive production of these cytokines by
splenic T cells. In contrast, treatment with siRNA specific for NR4A2 resulted in a significant reduction in the produc-
tion of IL~17 and IFN-y. Furthermore, treatment with NR4A2-specific siRNA reduced the ability of encephalitogenic
T cells to adoptively transfer EAE in recipient mice. These results imply that NR4A2 is an essential transcription factor
for triggering the inflammatory cascade in MS/EAE and may serve as a novel therapeutic target of the diseases.
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HSRMEILIE (Multiple Sclerosis; MS) [IHFEHEROREMEARTH Y, TOABIEHERGETMRRZETR%
BHELEREZA LCESEE T 5. RO HOABRABTEDLSHEER T MEROKEL, [FN-y ELEMHED Thi
Mg EZ DN TELY, B> T Thl Il Th2 IR L BN ELAF k7o 77— THEFH &
LT, kDB RERRESE TS IL-17 2EA TS Th17 8, BHLECASEATEESETARER T M
JREMTHEZ T LHRENA. Reld, HOASHERBREURICHELAFEREE T MROBERNTBENELT, BER
BIMS BEERORMM T HEEZNRIC, DNATA 707 VA EEHAVCARBENERTREEREBTL, Hik
T MSEBEERNESS T LT, I—7 7 VERZEAENRIAZ #HE L. RNAIBEZ AW T HIfgD NR4A2
EEMEIC LY, REEYA P4 VEEADH L, ERMECEEEMEBHA (Experimental Autoimmune En-
cephalomyelitis ; EAE) OBRAZDON. AT TIL, NRAA2HFX—4 w b & LS TFERNEIR L SHHE MS
BRERBEOTHEEIC OV TBANT 5.

L&

&Z5MERR{LAE (Multiple Sclerosis ; BLF MS) i3,
AR OB A X8 & L, Thl Mg Thi7 i
B0z 7 78—THEZZILDETHHE
H UMM OB AETTHEIC & A MR E SR BT BT
KEbARAWERIEEECHRBERETH ALY,
Lo THEREHEOE SO MS OB % EE

B - g 2 RV - REPTRE

TAHI LR, FNEBOFHCBENDORANZES
Bt oheiib bELbNS. REEKTHA
ENTWAAVE—T 20y - R—% (IFN-f),
HAREREATFO AL FELURERNHA L & D MS
BEEY, BREAORLICHAFEA L TL4ED
TI/BrbsaRY—ThsaFVV, fl
VLA-4 FLERFIZAHT Y, BXUAT7 s v/IY
V1Y VEBREAETERNE L FTY720 (Fingo-
limod) & iFVWhd, EEOBRICEISNTR
WREENTELDDTHS. JOXIITEFOEL
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WEBREZOEBICL Y, BUEREXHES BOR
BREBOHME, HrVIEEEERITHEER
HENTETWEH, —FTHRAERFTHE MS
(NMO, Devic J%) Tid, IFN-8#EIC L DiKHEH
HWESTLHABRLNALZY, TNFNOBRERCK
TA5MS BEORIGHIZEAZC EICKELRELRS
EWSEHRBHES. T &, MS OFBKRELE
FHREICDICIE, MSTERBOEBHICTHERL -
Filc e BEFENLT 7O —FBROLNTNBT &
ZEHRLTEY, ThidMSBETVIVERY
7 MERERVREHT O TARMIC B b 2R E ZE4ICH
RL, TOF»LERNLTHEEENEZEL EVWSF
BRIV RRTETHSEE2LNS. PDEDLDS
RBRRP» bR, MS OFHRBRENORER B
BWeELT, DNARA 77V AICEDMS BEKXK
Mo THROEENERTFRAREN LT, BE
FICHBLTMS BEE THRCTERASEDH T 5—
HOBEBETFHORBITEIIL Y. TOE» T,
MS BE TR EBELRRANELRDO-BETFO—
2L TRRBL A —7 7 VERZA {5 NR4A2 i3,
MS OEME TV Th HERE B CREERFHEA
(Experimental Autoimmune Encephalomyelitis : Ll
T EAE) XU AHEROFRAERE THETHER
DHN. THIEO NRAA2 BREA BB &5 &,
ERRIEET A b AA VOBEABHEBL THEML,
NR4A2 F21 siRNA ZAEIZ LV, passive EAE £
TIVICEIT A EAE ORESFRICIME Sl s
» 5, NR4A2 B MS i ¥ DB CRBERBOFHRE
BE—4y MDD ATEEEBRENLY. B
Ti3, MS/EAE DRREMELIC 517 5 NR4A2 D2
B, REGEIA P OAVEEHBEEZNL 7 MS
OFHBRBRERLOWHREC OWTENT5.

F—7 7 L HARE NRIA2 & (3 7

BARAEKL, TArarVvERER NV aal
Fa4 FEBEGRERGUHTFT7 730 —%7%LT
89, LFOBEBEEHORLLSTHHLNT
WA, FFAROHFLER S ThlT i BAT
BkE DD DIIRWDIENEL, 4% Thi7 il
DI—A—GFeLTHALNTWALVF /A Ft—
7 7V ZEH RORyt/NRIFID, UV FARFEHIC
Thl7 MR ESEEAE THVF /A VAR EH
RARa/NRIBI®, NF-ATHEIC LD IL-1772 8D
EEHBHCEDLL /BT A VFEF—VY CEE
EAR2/NR2F69 7z ¥k, WwFhdZD7 731 —

EENAHFTHS. —F, NR4A 77 31—
F i NR4A1, NR4A2, NR4A3 D 3 EHH Y,
fOKANZAEE & RAE, NGFB-1/Nur?? (=
NR4A1), Nurrl (=NR4A2), NOR1 (=NR4A3)
HEDORHLZTHHOENTWSY, NR4A 7 7 3
) —SFE 1 IORT & D ik« nAGIRECED
BT EBRINTEY, TOREBO—FHCIIT7 732
) = FROBEN T —N—5 v THREDBNB.
NR4A 7 7 S U—5TFD>H NRIA2 DFEBFRALIT
R RERERICEFL TR, T THOHRE
fl, HROFHICRVWERARDS. RERICEN

LT, THRZBGORBORERTA F A Vi

EHBIC LY, THRTAEKEEFEINS
immediate early gene & L THIL N T\WA. NR4A
77 IU-5F, EHOBEF AL Vbbb
B, MOBRRNZEESTF & O THERN & CREF
ENTWAE (K1), 2200 Zn 74 VH—hbix5
NEKflo DNA K& F A4 (DBD) %, &K
HCTHEECBRIBFINTEY, ENSF/OE—
F—RDIERFNCH T 5 BRNEAICEDS. C
RECALBETAUHTV/FEEF AL (LBD) 1,
EEAZEES FHTOSREIEL, BEITIhZT
NERRHVHVEFRRBETSH. —RICEAZESL
i, VHAVFEEETAZ ETREMSD AF2F £
AVDAV T A=V a VBELL, NU v T A
12 (H12) ESBEORER%Z 58, aU Ty
P—%EEHL Ta7 7FRX—F—tL&T5 LI
T OEEEEREEE TS, —F, VAV EMBK
HOBAZEGRT—7 7 VEBKLERIEIN,
NRAA 77 I U —BFHLIOFICEEHS. LBD
DOEEBITOFKE, NRIA2 D LBD i1 3FWE
BROBAKGOAELR D7 I/ RICEDNTE
D, BERZUTY FREERr v BRZWT & 58
D EizoTWAID, T HIT NR4A2 O HI2 i3,
UH YV FORE LTEERICESEAZAGRELOD
VI ax A=V aVikELIEHBREN, UHVIFIFE
BENICBEEREELEYE T250EE2 6N T
5.

NR4A2 DFERF £ Fay 719

NR4A2 3, BESRR, TR RRTSV/YV, AV
VoL, BERTF, NXTFFRIVEY, MEEES
Fl b2 2BTFICREL CERLLICREARFES
N5, Ih6oRBITWTFN S NF-4B B 5 Wi
CREB OEM(L#HE L, NRIA2 BETF/OE—
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NRAA RSB X~/ =7 =

2E8 e
NR4AT NGFI-B, Nur/J
NR4AZ. Nurrl. NOT, RNR1 NH2
NR4AS NORT, MINOR
F1,2;:activetion function 1,
m-é’nw@awﬁ» LE87 OB, DA
LBD; YA N EA G
* '—77./§§§$
[
FFO—LER |y : L
: - LS ; ’v'
WA AEDADBED y ﬁﬁmg

BERGEE?

K1 NRAABAZEHRT 7 I Y—5HF
LB D NRAA BIAREAET7 7 I U —4-Fid, NR4AI(NFGI-B/Nur77), NR4A2(Nurrl), NR4A3(NOR1) D 3 EOLHFH
Bk, 77 IV—SFIEFEDOHEE (AF1/2, DBD, LBD) %#H T ABARAEDITFTHS. WTIhsEBHZ Y TV FIZRE
THHHB, BICRT LD 23 eI EAAEECEDLEI BN TWS. REREDBEHETIE, BEFRETYATAWE
YT 6, NR4AL & NR4A3 BEIRMEIO TR P =Y AICBEH 5 I L HAREINTED, Wbhds [ADRF ] OBRTEELR
HERALLTWEHDEEZONE. —J, NRAAZREB I ATIR FRAIVELA- . —OvOS{EHBBEL {BHEE NS, iR
Mo L B ERIC RN D Z L SR INTE D, NR4AI/NR4A3Z & NR4A2 OB HEEY O B DR LMAT 256 b3

W25,

2 —DEEFHFRICEET A LT, BETR
HE5IERITEE2ZLNTWA. —F, BHELL
NR4A2 7 Fid, UHV FIEEFRICHED DNA
P #REL CTROBETFRBEZFE TS (K
2). L7 T NR4A2 5 F ORI, EwE
2 OFERFICLAEREFELV IV TITbRTna
EEZ2H6NA. NR4A 7 7 2 U —HFORBREF
L LTk, O(A/T) AAAGGTCA ELFIH Bk 5
NBRE (NGFI-B response clement ; B &4 H 5\
i~ B kD NRIA 5 F5#4A), @ONBRE ELD
AAAT (G/A) (C/T) CA OHE IV ELETIH
57¢ 5 NurRE (Nur-responsive element ; 734
AAS JaFv (POMC) JOE— & —ILHFE),
®DRS BF| (VF /4 F X Z&HE (RXR) 2ON
FOXAI—THHICLB) OIBOBEFIHMONT
W5, NRAA2DE—7 v P &L THEb BB S
NTWADHB, FARIYV (DA) ARICHEADOEER
ThHrFoy/LFoFy5—¥ (TH) BEFT
H Y, NRAA2 (KGFH: DA OELZ, TH BETF
7’1::% F—ICHEZET A NBRE # AL THE I h
. =7, NR4A2 RE=T7 ATEHMEHD F
sv@i:a—DV@%ﬁﬁﬁ%éhém.éam
FIEW S—F Y VIRO—EIC NR4A2 DRET R

BHRDOONAIT ELHLM Y, TH HEBIC
HI1T 5 NRAA2 DEEMEDERB IO TWS. MBI
b NR4A2 DBEMHER % B L /cER OB 5
Neuropilin—1, vasoactive intestinal peptide (VIP), al-
dosterone SRR, 7T ORI —¥, TATFARY
FV, TATLTANY VI EBRZ—Fy M ELTHR
HINTHED, NRIA2 ITHIRAREBEDO AL D
7, FERHOBBEHMEIC LT ED A EEIRE
NTW5. NRIA2 F FOBREDR, SHRBHEKMBY
HAELTFRERLIES.

RERICEHTD NRIA 77 3 Y —FFOHEE

HERICEIT S NRIA 7 7 I U —4FOBEEIC
BILCiE, THIlR7 R —Y AFE, SIURERC
BIFATEORIR | IC BT 5 NRIAL 5 F OBEED
EXCHMICER IR TWAD, Firbh,
TCR FIBIC &L D ANy AMEFHICEREL 2
MEF2 28 NR4A1 OFER A5 L, TH7 R
F—VARBEET LS. XL IOBRKIT,
NR4AL 53F & Bel2 5 F L O4FRMEEERZ/L
T EZT A, £ L TREENHETF Cabinl 23,
mSin3 & HDAC1/2 %) 7 )V— 35 LT &
D, HAWEMEF2 & p300 DfEEEAETAI &

(]

]
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BRIV A h A S (11, TNF=af2d)
BB IRET

TOREYTTUULE,
ARS—UHER
THRITRER

 FOUVERORS S —A

| FOA A AS DL T (POMG)

| ARTFARFL

ARFAISS
BB R E AR BRI EALCRH)

SRS AR DAL L1 N E)

B2 NR4A2 OFHERFEF—7y b GF
NR4A2 13, JBIGRE, JOAZTSVYYV, ANV L, BERT, X7FERVEY, BRERESTRE, HEVEAFVA
PHBRIBICEE L THEALSFE SN, \WTFhd NF-«B H5\d CREB OEMLE AT HEELLNTWAS. —F, TOLD
1L THEHAL A NRAIA2 5T, BRGEE55TF L EAETHE L, NBRE(NGFI-B response element), NurRE(Nur-responsive
element), DR5 2 ¥ ORBEOBRINZRHL CF4—¥ v MEETORBELXFYTS. ChETLFOY VL FOFY S5 —EH#ER

I, B0 —7y FREFRBEINTWE (FBISR).

IZ& D, MEF2IZ X% NR4AI OFFERLER & HEHT L
TTRM—=VAZHHTHEZEZDNTVAD, —
77, NR4Al RIEB< T AOREFRL, BWERD S\
KO THRRT R =Y AICE L TAERERER
72<, NR4Al BEBRCIOREBEEZHIEL T30
THEWEBbNS., 88X 5105 T 5 NR4AL
REEWTTHIEICED, BORBROFER LW
HLTWAZ EBATFHEEINh, WRTORBREANNZ—V
L EDLOHHETIHIC, TOEBO—235D
NR4A 7 7 3 U—4F NR4A3 TH 5. —F,
NR4A2 RIB< T ATiL, PO F NI vE4L=
2a—BVORBIELL, BRIEHBTCKEET
%. @O NR4A2 RE< T ADERBERIL, NR4A2
DBEELB D NR4AT  NRAA3 TIIBETE 4\
ZEEBRLTEY, NR4A2 531D NR4A 7 7 3
U—GF LG Rz MBOBEYET5 I & BH<
REL TWw5. NR4A2 RIB< Y AL, £HBORL
MEFPBDOTEL W, RERTFLHAEORE
RECBETAEMIT LA RS, avFsvad
WERB=D Ale W BN B F N5,

NR4A2 L HOGEES

LNk i, HREEAE (LT MS)
Tid, ThlMFE< Th17 #ifa7c & ORIEME T Mfas
BMRBEEICERRBRE YR/ T, CD4BHET A —
T THRIEROBENICRZSIZ 7 2 74—
WR—=THIRCLT 55, TOSEEEE, B
B & V5N TV Thl K8, Th2 MEICiNZ T,
Th17 ffE® & IS THEOBBRIN 2 L
oI, BERICEHEICED 22055 (K3).
MS OF BB B CRIGHE T M5 HRERN
REEELTEEZONTEY, TOXIRFER
T MROMEN BRI, FflkEsy—~
v FOBVRARCESLFBRTHS EBbh5s. &
DE>TBELORAIZ, DNATA 707V AIC
EAMS BERMEMNT MEORETFREABNEE
UT, MSTREZBICHKL TRETET S BIET
BOREZRAA, TOKE, RIVEELRRABERY
BOHF L L TNRIA2 ZRIE L 7Y, NR4A2 5
FREAZAGHEOEEREFTH A2, TMHEKSE
T ABREEILMO NRAA 77 S U—5HF Ly T
B INAT MBS, DB OV TIIRE

- 518 —



218 H AR REFL S5

(Vol. 32 No. 4)

TGF-p

B3 ~A—T /05t & e

FA—7 TRARSHERRTARBOAFE+HR TS5,
BrDHA WA VEFRICTh ZThBENICRRE TV 2
7A—THENLSETEIEHALNTWS. AT
i FICBEb D Thi filg e, 7UNMF—RIGZEICE
5 Th2 MO B ZOBEIC L DHEEI N TWABR,
JAFO Th17 Mk & H8HE T M (Treg MlR) ORRKC &
B\, FL7 27 F— T RAROBEMEL S {LHEERES K
2 EHOPICED DDOHE. BERFOBE,OIE, IFN-I
B4 Thi Ml L, IL-17 EA#O Th17 BlEVWFhi
BERERELIIERCIRER THREDRTH S LE2
bh Tk, WHOMBBESY 0V FO—)LC& L H/
HERORLPEELFEE L L - T 5.

TBRBED S, MSORITAETIVTHALE
R B CREEREEER (LUF EAE) #0fHL T
X O ARRRBE OBE A BT L /9.

C57BL/6 <7 Al MOGss.ss N7/ F F 2 T 5
T EVEHEL /- BAE EFMICEWT, MEH
(CNS) BiE#Mke, R#m, FIBY v/ \HiMiE, m
M b8 L 72 T MBI D NR4A2 DREFL )L
%, EEPCREICLVHEEKL, CNSBHET M
B LURHAM T M C, 2RV NRAA2 DFRBTL
EEFRDI. SHICHRABED CNS BE TMRD
YA MIAVEEERRILETA, ¥30% DM
BIL-17 #EET AT LBHBEHL, CNS ~DFEE
7 Th17 fIROEESREH bh . IL-17 i3 MS/
EAE ORIEICERESRE®EY A P4 VO—8T
HD, WxIINR4A2 & THIBED IL-17 EL LD
BHC D OB RD A THEREEE 2T, S HILK
Az, £ NRIA2 DRBITFLENBIEME 4
FHAVEEITG 2 HEBERNDI0, IL-17 &
FBF, BAWIIFN-y BEFO T/ OE— X —4HRK
RO VR—F —BEFEESERRICEALT, L
VT2 5—¥T v A BRLN. TOERE, NR4A
FEHITSAIFORMICED, ThZFhiLy Tz

pMIG-NR4A2 ‘

sy

B4 NRAA2 BN UToRIEMEY A A VEEARE

T RBROBIEEY A 4 VEEIXT 5 NRIA2 5FD
BELRITT 570D, NRMA2 BEFEEZAALZLV POy
AW, BANMIIVFO—VIANVAZBEL, <7
I CD4 B3tE T MIBIC RS ¥ /-, eGFP ORHA L HEICK
LfarREL, BRAMRORESEY A P AA vEd%E, A
BAYA P A VREEY AW THE L. GFP BHR
(R1) CTREDOLEFTTHA b VEELV VK ERER
BH LN\, GFP B (R2) T, av ho—)id
fa (FTB) IKH~<TNRIA2 BEFHAME (E&) Kkt
DRIEET A P A VOEESPVTR O 2 (L-17;
0.599% vs 10.31%, IFN-y; 6.52% vs 31.1%).

S—UBEEPERICHEBL . SHICNRIA2D
DNA % a—FFaL rav AV ARBWT, E
I T #MEIC NRAA2 S F R R RBESE 5 &,

TCR FIEHE D IL~17 1 KU IFN-y B4 5B
TEL (K4). DEOERELL, THEICET
% NR4A2 DFEBRITEIC LY, REMEYA M4V
DELEDPHEBTHI EBLHLL ER . KRIC
NR4A2 D MS B Z —7 v b & L TOWHEHZH
57-%, NR4A2 DRBBREZIH 52 & T, RiEHK
A MAAVOEEBETTENE S bR, Bbi
ICERET L 7o NR4A2 BRI siRNA AW THRE L
7. B FB LU AD NR4A2 BIEZTF D DNA B
FIIEHK B AFINTEY, ReBEFLA
SiRNA ik B LU T ADOWTFNIC b B TR
THo7lcl &b, TTREADKEM CD4 Fik
T #l% siRNA ZLEE L, NR4A2 OFEH % EIRRIC
PH L7 & EORIEMY A M A VEEERI.

ZDFER, NR4A2 FRAY sSIRNALE L 7 T Ml
Tid, BIBEO IL-17 EE R LU IFN-y B4R,

WETFh A EFRIKIAEH S T, RICMS BED
KA CD4 Btk T Mg % B W TRERORE 21T -
b lh, BETHMEORERYA M/ VEE
3, NR4AA2 HRAY siRNA LEIC LD EFBICHES T
A EBREOMEZ -, SHITSIRNAK L5
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. PLP g.sq RFFF
SILTHR

i)
af)

1 wressmmsrnanm
PLPRIFFERER

BB
Y2 R B

P S
w2 ¥ mmLsmmEEA

§

EREREE

EAER7
QO = N w ko o

20

X5 passive EAE iC 5175 NRAA2 $2HY siRNA OLHE
PLP3o s NTF FRHEKI0BEDSILTY ALY, BRYVAEHHES LUEEY v/ @M% 08E L, NRIA2 BFRE
SiIRNA H5WE 2V F O—)V RNA #HBEFHAL . X 5 PLP ;o5 N7 F FHFET in vitro T 3 BIEIEE L /- Mg % @Y
L, BEHERELRABSILYYARBATAI LT, VYEILV MY YA EAE #HE L7z, FNBFEOEAE Aa7 %k
LR ovhFo—)L RNAAERCHEIN/ EAE OBERA I 7ICR L, NR4A2 BEAY siRNA AIEFEO EAE IR A 0
TIRETL, S2H2B8 L CBEORBCTHEB L /. NRIA2EBRASRNA LBIC L D, EAERBRNFITE S B8RS h

7.

NR4A2 O FRB I 25 R AR AR R OF B BUIC BT
THREY, ITVVHE (JuoFF UKy FJ/oF
4 ;PLP) ZRETAHI L TSIL<Y ALHE
SNARERETMia%x, 54 —7SILIV AL
AT % passibe EAE €5 )VEHWTRE L. &
BEL 7- T#IJ2 % in vitro THER R+ 5 B,
NR4A2 %2 siRNA TAE S 5 &, %R RNA 4L
BLATHROBABICKHL T, BA%DEAE
HEILBECTHAZEBHOI -7 (KS).
CNHORERERIL, NRIAZDOFEBRD A\ T HEEESH
ENLTHOARFRROHETEAZ 2 2RLTE
D, NRAA2 B MS 3L D ¢ T AHTCHREERD
BRI —T 9 P iz 5 B EEEZRTLDEE 2
TW5.

ERBAEY S v PELTONRIA T 73y —%
FDE g

BEAZEGEOHERIVERZ YTV EBkaD
AT 7 VEBETHY, BxOBREIL, TDEL
BREOETETH 5. RICKRE<T AOERRREN
DHBEO—WREHOMICL Th, ZTOBELSHIH
TEAUNVFDOREERLICIE, &5k AGHTE
~ORBRBEI—RICIZE L. L LRSS PPAR
7% E—RMOBRRAZTEESFICBL T, REH#EIC
B AEEDEEBESIR A EHOM - TET
W5, EHICEOKER, BIENEREERYE T
PPAR-a DERVHVFTHBT 4+ 75— +R1E

e, BRFBEEALE T5 PPAR-y DE
UHVETHLFTV YV VRMEEDRY, BKIG
ALIEBRDPHSFIEWDRELR 2 &3 nT
kY, BRAZABOFHRY T/ FOBRRIILEDOE
ROLDLFFBICEELHRERTHL V2D, &
BREHEOSBICE - TATh, B4DOBEAZA
HORREER, BRIC Th17 MO HEICE<BEP A

EDRBHOLERSTWA., BIZITKREVF /A
BB LUEE RAR 72 A + 2%, Thl7 #fast
OHH L HEE THROFEEN L THENZE
CREREBOMEIERAR T E R EBHLL ER
> TENE, EERAR 7T A M # B WI-HH
HORERBRBEORAES, kEERHEs %
ThHbHENnz5.

—C, L TRL 7% NRIA2 B 2HY siRNA %
WeBBEROBRICH %% 2 7. 5BE&, —RIIC
SIRNA % W - BFIOFERIC AT WE CREN T
H Y, RNA BED in vivo TOLREMICIN 2 T&)
RO FS 977UV A5 A (DDS) O
EPELVWEELESORBERLTVWAERBH
5. RFNEREICLACHTEREIDA LT
b, AKSIRNA FDHDH BT 7 O—F 5 MS
BEE L L COBKRIGHICBETENLE > i on»
THEBRDOIORPBRFHBVDBETHS. JOMIC
it, MTFEEE Bz NRAA2 OREBESI#I 05 E
Z2bN A, NRAA2 DU/ F AR REEA
INTWBEEEZLNTWAR, KFRDOUL PR
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ERBLUAOFR EHEER I 5 2 & TNRIA2 D
BRERIBE T & DB RN ES T LEWE AT U —
ZVITTAIEITRY, 3R NRIA2 JREF%
BERTHZEBTENE, FHACREEBEER
DY—FRRAMENAWEEITIKHHEELD
N5, Bz, ERAELTHYWORhTWS 6-4
VAT 7YV (6-MP) IZiE, NR4A2 DiEHAL
BBEDAHZ EPRINTEYD, BEELHFOFICK
DLPGTFAEYWBRE NS TEEN L H 5. BB
ICNR4A2 7 7 I —5FORGEOTREM BRE X
NTWABERBEL Tk, R—FV VUK, HEEA
iE, WHEH S O, BIIRELE, 7L yng <—
W, B U =F, BREOI EX EBRRE
BHY, X EIREROBESROBE, AFFLF
— FMAEIC XD BEERIC 1T B NR4A2 DFEH
BMETL, TONRIA2 ORBE T ICHBIL TEE
FHELBRLTATEBREINTWAY, T
NR4A2 {d, TH ORB L FRFXI VIEEH =
2—RVDORBEICRLBEETHT &, BLU—KD
REMEN—F VY VIRFRIC NRIA2 BRBRH X
Nl bbb, R—=F VI VROEEZI—T v &
LTOHFELEE > TWA. EE, N—FVY UK
BIFREESR & L T NR4A2 RFBL NG FL&moR
EBIRINTED, SBEINOONFTFENDOH
Ehw, MSOFHREEL L TEAT A7 /u—
FREETHAD ELBbhs. LI LRDBND
SDFLEHBBLNNT, BCRRFEERESET
M E, ChOBEETHIL-1TRIFN-y XD
RIEET A P AA /T, B2 DHERBEEBNDOH
EpEZzZONBID, NRAA2E X —4 g R &L
BT Jo—F2, MS DAL o ETRESR
BANEEORDBIENRY & AE HHREMELSD 5.

EEREREEE Y —& LTO NRIA2 HFFOFEE
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Molecular network of the comprehensive multiple
sclerosis brain-lesion proteome

JI Satoh’?, H Tabunoki’ and T Yamamura?

Background A recent proteomics study of multiple sclerosis (MS) lesion-specific proteome profiling
clearly revealed a pivotal role of coagulation cascade proteins in chronic active demyelination. However,
among thousands of proteins examined, nearly all of remaining proteins are yet to be characterized in
terms of their implications in MS brain-lesion development.

Methods By the systems biology approach using four different pathway analysis tools of bioinfor-
matics, we studied molecular networks and pathways of the proteome dataset of acute plaques,
chronic active plaques (CAP), and chronic plaques (CP).

Results The database search on Kyoto Encyclopedia of Genes and Genomes (KEGG) and protein
analysis through evolutionary relationships (PANTHER) indicated the relevance of extracellular matrix
(ECM)-mediated focal adhesion and integrin signaling to CAP and CP proteome. KeyMolnet disclosed
a central role of the complex interaction among diverse cytokine signaling pathways in brain-lesion
development at all disease stages, as well as a role of integrin signaling in CAP and CP. Ingenuity
pathway analysis (IPA) identified the network constructed with a wide range of ECM components,
such as collagen, type | a1, type | 02, type VI a2, type Vi a3, fibronectin 1, fibulin 2, laminin a1, vitro-
nectin, and heparan sulfate proteoglycan, as one of the networks highly relevant to CAP proteome.
Conclusions Although four distinct platforms produced diverse resuits, they commonly suggested
a role of ECM and integrin signaling in development of chronic lesions of MS. These in silico
observations indicate that the selective blockade of the interaction between ECM and integrins in
brain lesions in situ would be a target for therapeutic intervention in MS. Multiple Sclerosis 2009;
15: 531-541. http://msj.sagepub.com

Key words: extracellular matrix; multiple sclerosis; pathway analysis; proteome; systems biology

Introduction

Multiple sclerosis (MS) is an inflammatory demye-
linating disease of the central nervous system (CNS)
presenting with relapsing-remitting and progressive
clinical courses. An autoimmune process triggered
by a complex interplay between genetic and envi-
ronmental factors may mediate MS, although the
causative agents have not yet been identified.
Pathologically, MS shows remarkable heterogeneity
in inflammatory demyelination, astrogliosis, and
axonal degeneration [1]. Even though various
drugs are lined up in clinical trials, currently, treat-
ment options with limited efficacies, including
interferon-B, glatiramer acetate, and mitoxantrone
are available for ordinary clinical practice of MS [2].

The completion of the Human Genome Project
in 2003 allows us to systematically characterize the
comprehensive disease-associated profiles of the
whole human genome [3]. The global analysis of
transcriptome, proteome, protein interactome, and
metabolome helps wus identify disease-specific
molecular signatures and biomarkers for diagnosis
and prediction of prognosis, and would broaden
the spectrum of molecular mechanism-based ther-
apy for MS [4,5]. Actually, the comprehensive gene
expression profiling of MS brain tissues and periph-
eral blood lymphocytes by DNA microarray identi-
fied a battery of genes aberrantly regulated in MS,
whose role has not been previously predicted dur-
ing its pathogenesis [6,7]. A recent proteomics study
of MS lesion-specific proteome profiling showed
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that overproduction of tissue factor and protein C
inhibitor plays a central role in molecular events
ongoing in chronic active plaques (CAP) [8].
In vivo administration of coagulation cascade inhi-
bitors really reduced the clinical severity in a mouse
model of experimental autoimmune encephalomy-
elitis (EAE), supporting the view that the blockade
of the coagulation cascade would be a potential
approach for the treatment of MS [8]. However,
among thousands of proteins this study examined,
nearly all of remaining proteins were left behind to
be characterized in terms of their implications in
MS brain-lesion development.

Since the global expression analysis of transcrip-
tome and proteome wusually produces high-
throughput experimental data at a time, it is often
difficult to find out the meaningful biological impli-
cations of the dataset. Recent advances in systems
biology enable us to illustrate the cell-wide map of
the complex molecular interactions by using the
literature-based knowledgebase of molecular path-
ways [9,10]. In the scale-free molecular network,
targeted disruption of limited numbers of critical
components, on which the biologically important
molecular connections concentrate, could disturb
the whole cellular function by destabilizing the net-
work [11]. From this point of view, the integration
of comprehensive transcriptome and proteome data
of disease-affected tissues with underlying molecu-
lar networks could provide the rational approach
not only to characterize disease-relevant pathways
but also to achieve the network-based choice of
effective drug targets. By using four different path-
way analysis tools of bioinformatics, this study was
designed to characterize molecular networks and
pathways of MS lesion-specific proteome data of
Han, etal. [8]. Although the analysis by distinct
platforms did not lead to fully identical results,
they commonly suggested a role of extracellular
matrix (ECM) and integrin signaling in chronic
lesions of MS. These in silico observations indicate
that ECM and integrins would be a target candidate
for designing therapeutic intervention in MS.

Databases and methods

The dataset of the comprehensive MS brain-lesion
proteome

In the original dataset of Han, et al. [8], fresh-frozen
brain autopsy samples were collected from six MS
patients of different clinical subtypes, acute, chronic,
progressive, secondary progressive, or chronic
progressive, with ages 27-54, and from two age-
matched control subjects free of neurological dis-
eases. The postmortem interval of each case ranged

Multiple Sclerosis 2009; 15: 531-541

from 4 to 24 h. Multiple sclerosis lesions were classi-
fied into three distinct categories: acute plaques (AP),
CAP (chronic active plaques), or chronic plaques
(CP), based on histological evaluation of the disease
activity, briefly as follows: AP showed characteristics
of acute ongoing inflammation, edema, and active
demyelination. CAP was characterized by chronic
demyelination with active inflammation at the
lesion edges, whereas CP represented chronic inac-
tive demyelination accompanied by profound astro-
gliosis. Protein samples were prepared from small
pieces of brain tissues isolated by laser-captured
microdissection, and the tissue pieces were chara-
cterized separately by the standard histological
examination. The proteins were separated on one-
dimensional SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) gels. Then, the
protein bands were dissected and digested in a gel
with trypsin, and peptide fragments were processed
for mass spectrometric analysis several times to
obtain a saturation point. Among 2,574 proteins
determined with high confidence, the application
of a computational data exploration program
named INTERSECT/INTERACT identified 158, 416,
and 236 lesion-specific proteins that were detected
exclusively in AP, CAP, and CP, respectively. In this
study, we tentatively called them as the comprehen-
sive MS brain-lesion proteome dataset.

Conversion of protein IDs into Entrez Gene IDs
and KEGG IDs

We converted the protein IDs listed in the dataset
described above into the corresponding the
National Center for Biotechnology Information
(NCBI) Entrez Gene IDs, Gene Symbols, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) IDs
by searching them on the UniProt knowledgebase
(http://www.expasy.org/sprot).

Molecular network analysis

To identify biologically relevant molecular path-
ways from large-scale proteome data, we have
undertaken the systems biology approach. We ana-
lyzed them by using four distinct pathway analysis
tools endowed with a comprehensive knowledge-
base which are as follows: KEGG (http://www.
kegg.jp), the protein analysis through evolutionary
relationships (PANTHER) classification system
(http://www.pantherdb.org), Ingenuity pathways
analysis (IPA) (Ingenuity Systems, Redwood City,
CA; http://www.ingenuity.com), and KeyMolnet
(Institute of Medicinal Molecular Design, Tokyo,
Japan; http://www.immd.co.jp).

http://msj.sagepub.com
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By importing the list of KEGG IDs, we studied
molecular pathways on KEGG, a public database
that systematically integrates genomic and chemi-
cal information to create the whole biological
system in silico. KEGG contains manually curated
reference pathways that cover a wide range of
metabolic, genetic, environmental, and cellular pro-
cesses, and human diseases [12]. Currently, KEGG
contains 90,931 pathways generated from 371 refer-
ence pathways. PANTHER, a public database gener-
ated by computational algorithms that relate the
evolution of protein sequence to the evolution of
protein functions and biological roles, provides a
structured representation of protein function in
the context of biological reaction networks [13].
Currently, PANTHER includes the information on
165 regulatory and metabolic pathways, manually
curated by expert biologists. PANTHER visualizes
pathway maps with the format compatible with
the Systems Biology Markup Language (SBML) stan-
dard. By uploading the list of Entrez Gene IDs, PAN-
THER identifies the genes in terms of over- or
under-representation in canonical pathways, fol-
lowed by statistical evaluation by multiple compar-
ison with a Bonferroni correction.

IPA is a commercial tool built upon a knowledge-
base that contains approximately 1,600,000 biolog-
ical and chemical interactions and functional
annotations with scientific evidence. They are col-
lected from more than 300 selected articles, text-
books, and other data sources, manually curated
by expert biologists. By uploading the list of Entrez
Gene IDs, the network-generation algorithm identi-
fies focused genes integrated in a global molecular
network [14]. IPA calculates the score P-value, the
statistical significance of association between the
genes and the network by the Fisher’s exact test.

KeyMolnet is a commercial database, composed of
knowledge-based contents on relationships among
human genes, molecules, diseases, pathways, and
drugs, curated by expert biologists. They are catego-
rized into the core contents that are 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 ID,
KeyMolnet automatically provides corresponding
molecules as a node on networks [15]. The
“N-points to N-points” network-search algorithm
identifies the molecular network constructed by the
shortest route connecting the start point molecules
and the end point molecules. The generated network
was compared side by side with 346 human canoni-
cal pathways of the KeyMolnet library. The algo-
rithm counting the number of overlapping molecu-
lar relations between the extracted network and the
canonical pathway makes it possible to identify the
canonical pathway showing the most significant

http://msj.sagepub.com

confribution to the extracted network. The signifi-
cance 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
relations located in the canonical pathway, T = the
number of total molecular relations composed of
approximately 90,000 sets, and the X =the sigma
variable that defines coincidence.

Score = —log,(Score(p))
Min(C,7)

Score(p) = go f(x)
fx) = cCior-cCrs/rCr

Results

KEGG and PANTHER searches elucidated
a role of ECM-mediated cell adhesion
in chronic lesions of MS

First of all, we converted all protein IDs listed in the
original database [8] into the corresponding NCBI
Entrez Gene IDs, Gene Symbols, and KEGG IDs by
searching them on the UniProt knowledgebase.
After the removal of unaccepted and redundant
IDs, we finally identified 155, 407, and 232 Entrez
Gene IDs and KEGG IDs from the AP, CAP, and CP-
specific proteome data, respectively. They are listed
in Supplementary Tables 1-3*.

When the KEGG IDs of the proteome were
uploaded onto the ‘Search Objects in Pathway’ tool
of the KEGG database, the vast majority of AP, CAP,
or CP-specific proteins was not mapped on any
KEGG human reference pathways (Table 1). How-
ever, a battery of CAP-specific proteins were catego-
rized as those located in the pathways linked to focal
adhesion (KEGG pathway ID: hsa04510), cell com-
munication (hsa01430), ECM-receptor interaction
(hsa04512), purine metabolism (hsa00230), and
other biological pathways (not shown). Likewise, a
panel of CP-specific proteins was found to be
involved in the pathways linked to focal adhesion,
regulation of actin cytoskeleton (hsa04810), oxida-
tive phosphorylation (hsa00190), and cell communi-
cation (Table 1). These results are derived chiefly
from enhanced production and deposition of ECM
and receptor components, including collagen, fibro-
nectin, vitronection, integrin, and laminin in CAP
and CP lesions. In contrast, relatively small numbers
of AP-specific proteins were mapped on the

*Supplementary Tables 14 are available online at http://ms;j.
sagepub.com/
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Table T The molecular pathway relevant to multiple sclerosis (MS) brain-lesion proteome suggested by KEGG search

Stage Rank Functional category (KEGG Pathway ID) Genes classified
AP 1 Unclassified 123 genes
2 Oxidative phosphorylation (hsa00190) NDUFS7, NDUFB9, ATP4A, ATP6VOC
3 Regulation of actin cytoskeleton FGD1, ITGB4, SSH1, ACTA1
(hsa04810)
CAP 1 Unclassified 281 genes
2 Focal adhesion (hsa04510) COLTAT1, COL1A2, COL5A2, COL6A2, COL6A3, FN1, LAMAT,
MYLK, SHC3, PPPT1CA, PARVA, PRKCB1, MYL7, RAC3, SPP1,
SRC, THBS1, VTN
3 Cell communication (hsa01430) NES, COL1A, COL1A2, COL5A2, COL6A2, COL6A3, KRT78, FNT1,
GJAT, LAMA1, KRT3, SPP1, THBS1, VIN
4 ECM-receptor interaction (hsa04512) COL1A1, COL1A2, COL5A2, COL6A2, COL6A3, FN1, LAMAT,
HSPG2, SPP1, THBS1, VTN
5 Purine metabolism (hsa00230) ADCYS5, TYMP, NTSE, PDE2A, PDE3B, PDE4A, PDE4B, PRPS2,
GMPS, ENTPD1
cp 1 Unclassified 166 genes
2 Focal adhesion (hsa04510) COL4A2, COL6AT, CRK, FYN, ITGA6, LAMB2, LAMC1, PIK3CA,
ZYX
3 Regulation of actin cytoskeleton WASF2, BAIAP2, CRK, ITGAS6, PIK3CA, TIAM1, MYH14, ARHGEF7
(hsa04810)
4 Oxidative phosphorylation (hsa00190)  NDUFB6, NDUFB8, NDUFS5, ATP51, ATP6V1F
5 Cell communication (hsa01430) COL4A2, COL6AT, ITGA6, LAMB2, LAMC1

The list of KEGG IDs of MS brain-lesion proteome was uploaded onto the ‘Search Objects in Pathway’ tool of the KEGG database.
Top 2 for AP and top 4 for CAP and CP of human reference pathways relevant to the proteome data are shown with KEGG pathway

IDs and the list of genes classified.

Abbreviations: AP, acute plaques; CAP, chronic active plaques; and CP, chronic plagues.

pathways, such as oxidative phosphorylation and
regulation of actin cytoskeleton (Table 1). Thus, the
KEGG search suggested that the biological process of
ECM and integrin-mediated cell adhesion and com-
munication plays a role in chronic lesions of MS.
When the Entrez Gene IDs of the proteome were
imported into the ‘Gene Expression Data Analysis’
tool of the PANTHER database, the vast majority of
AP, CAP, or CP-specific proteins were not mapped on
any PANTHER canonical pathways in comparison
with a reference set of NCBI human genes (Table 2).

However, PANTHER identified a statistically signifi-
cant relationship between a set of CAP proteins and
signaling pathways of chemokines and cytokines,
integrin (Figure 1), muscarinic and nicotinic acetyl-
choline receptors (Table 2). PANTHER suggested an
involvement of integrin signaling in CP, but identi-
fied no pathways relevant to AP (Table 2). Thus, the
PANTHER search indicated that integrin signaling
plays a role in both CAP and CP, whereas inflamma-
tion mediated by chemokine and cytokine signaling
plays a predominant role in CAP.

Table 2 The molecular pathway relevant to MS brain-lesion proteome suggested by PANTHER search

Stage Rank Functional category Number of genes Human reference P-value
classified genes
AP 1 Unclassified 120 22436 6.89E-02 (NS)
CAP 1 Unclassified 321 22436 1,73E-04
2 Inflammation mediated by chemokine and 17 315 2,63E-03
cytokine signaling pathway
3 Integrin signaling pathway 14 227 3,55E-03
4 Muscarinic acetylcholine receptor 1 and 3 7 62 1,17E-02
signaling pathway
5 Nicotinic acetylcholine receptor signaling 8 91 2,03E-02
pathway
cp 1 Unclassified 182 22436 9,75E-03
2 Integrin signaling pathway 9 227 4,33E-02

The list of Entrez Gene IDs of MS brain-lesion proteome was uploaded onto the ‘Gene Expression Data Analysis’ tool of the PANTHER
classification system by comparing with a reference set of NCBI human genes. The canonical pathways relevant to the proteome
data are shown with the number of genes classified and P-value evaluated by multiple comparison with a Bonferroni correction.

Abbreviations: AP, acute plaques; CAP, chronic active plaques; CP,

Multiple Sclerosis 2009; 15: 531-541

chronic plaques; and NS, not significant.
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Figure T Integrin signaling pathway relevant to CAP proteome suggested by PANTHER. The list of Entrez Gene IDs of CAP-specific proteome was uploaded onto the
‘Gene Expression Data Analysis’ tool of the PANTHER classification system by comparing them with a reference set of NCBI human genes. Integrin signaling pathway
was identified as one of canonical pathways statistically relevant to the CAP proteome (Table 2). The pathway is illustrated as the map compatible with the Systems
Biology Markup Language (SBML) standard. The molecules colored in pink represent those included in the gene list (Supplementary Table 2). They are composed of
fibronectin (Gene symbol: FN1), laminin (LAMA1), collagen (COL1A1, COL1A2, COL5A2, COL6A2, COL6A3), Rac (RAC3), MEK (MAP2K4), FAK (PTK2B), parvin
(PARVA), Src (SRC), Jnk (MAP2K4), Arp2/3 (ARPC1A), and VASP (ENAH).
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KeyMolnet and IPA searches disclosed a role of
the complex interaction of diverse intracellular
signaling pathways in brain lesion
development of MS

Next, we investigated molecular networks of MS
brain proteome by utilizing two different commercial
platforms. When the Entrez Gene IDs of the prote-
ome were uploaded onto the “N-points to N-points”
search tool of KeyMolnet, it extracted highly com-
plex large-scale molecular networks of the AP, CAP,
and CAP-specific proteome (Figure 2). The network of
the AP, CAP, or CP proteome is composed of 777,
1,120, or 952 fundamental nodes with 1,892, 2,772,
or 2,279 molecular relations, respectively. The statis-
tical evaluation indicated that the top five most rele-
vant molecular networks include IL-4, IL-6, IL-2, and
catenin signaling pathways and transcriptional regu-
lation by STAT (signal transducer and activator of
transcription) for the AP proteome, PI3K, IL-4, type
I IFN, and IL-6 signaling pathways and transcrip-
tional regulation by STAT for the CAP proteome, and
IL-4, hepatocyte growth factor (HHGF), TCR (T cell
receptor), integrin and IL-6 signaling pathways for
the CP proteome (Table 3). It is worthy to note that
the integrin signaling pathway was ranked as the sixth
relevant pathway to the CAP proteome with P-value
of the score = 2.13E-012. Considerable overlap existed
in the results of PANTHER (Table 2) and KeyMolnet
(Table 3). The KeyMolnet search disclosed a central
role of the complex interaction of diverse cytokine
signaling pathways in brain lesion development at
all disease stages of MS, and the role of the integrin
signaling pathway in both CAP and CP.

When the Entrez Gene IDs of the proteome were
imported into the ‘Core Analysis’ tool of IPA, it
highlighted several units of small-scale molecular
networks relevant to the proteome data (Table 4).
The network most relevant to the AP proteome
was linked to the functional category of cellular
assembly and organization, cancer, and cellular
movement with the score P-value=1.00E-49,
where both ERK (extracellular signal-regulated
kinase) and Akt (V-akt murine thymoma viral onco-
gene homolog) act as a hub of the network with
highly connected molecular relations (Figure 3A).
The network most relevant to the CAP proteome
included two categories with the score
P-value = 1.00E-47. One is the network of dermato-
logical diseases and conditions, connective tissue
disorders, and inflammatory disease. This network
is constructed with various ECM components,
including collagen, type I ol, type I, a2, type VI
02, type VI a3, fibronectin 1, fibulin 2, laminin al,
vitronectin, and heparan sulfate proteoglycan,
where ERK acts as a hub (Figure 3B). The other is
the network of lipid metabolism, molecular trans-
port, and small molecule biochemistry, where Akt

Multiple Sclerosis 2009; 15: 531-541

acts as a hub (Figure 3C). The network most rele-
vant to the CP proteome was linked to cell cycle,
cell morphology, and cell-to-cell signaling and
interaction with the score P-value = 1.00E-50,
where NF-xB (nuclear factor-kappa B) serves as a
hub (Figure 3D). Overall, the biological processes
involved in cellular assembly, organization, growth,
proliferation, movement, and development are key
functional categories shared by AP and CP molecu-
lar networks (Table 4). IPA also identified in the
canonical pathways relevant to the proteome data.
Both calcium signaling and oxidative phosphoryla-
tion were categorized as those relevant to AP and
CAP proteome, whereas the actin cytoskeleton sig-
naling pathway was considered as the important
pathway in both CAP and CP (Table 5). Consider-
able overlap existed in the results of KEGG
(Table 1) and IPA (Table 5).

Discussion

A recent proteomics study of MS lesion-specific pro-
teome profiling clearly showed a pivotal role of
coagulation cascade proteins in chronic active
demyelination [8]. However, among thousands of
proteins this study examined, nearly all of remain-
ing proteins are left behind to be characterized in
terms of their implications in MS brain-lesion devel-
opment. The present study characterized molecular
networks and pathways of the proteome data by
using four different pathway analysis tools of bioin-
formatics. Although distinct platforms produced
diverse results, they commonly suggested a role of
ECM and integrin-mediated signaling as the path-
way relevant to chronic lesion of MS. Therefore,
these in silico observations warrant experimental
validation.

In the CNS, ECM proteins provide a microenvi-
ronment for neurons and glial cells to maintain the
ionic and nutritional homeostasis. They are local-
ized chiefly to the vascular and the astroglial base-
ment membranes and meninges but scarcely found
in the brain parenchyma under physiological con-
ditions. ECM proteins interact with integrins, the
cell-surface ligands that support a physical link
between ECM and cytoskeletal components [16].
Integrins consist of 24 pairs composed of noncova-
lently linked heterodimeric af subunits. Although
the interaction between integrins and ECM proteins
is partially redundant, p1 integrins are the principal
ligand for collagen, fibronectin, and laminin,
whereas av integrins are the primary ligand for
vitronectin. Integrins regulate the cytoskeletal rear-
rangement required for cell growth, movement,
proliferation, and differentiation by transducing
bidirectional signals in an ‘inside-out’ and
‘outside-in’ fashion [16]. Integrins, expressed on
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Extracellular
Mitochondria‘

Cytoplasm

Figure 2 The molecular network of the CAP proteome suggested by KeyMolnet. The list of Entrez Gene IDs of CAP-specific
proteome was uploaded onto the ‘N-points to N-points search’ tool of KeyMolnet. This generated a complex network com-
posed of 1,120 fundamental nodes with 2,772 molecular relations, constructed by the shortest route connecting the start point
of 75 MS-linked molecules of the KeyMolnet library (Supplementary Table 4)* and the end point of the CAP-specific proteome.
The network is illustrated with respect to subcellular location of molecules. Red nodes represent start point molecules, whereas
blue nodes represent end point molecules. Purple nodes express characteristics of both start and end point molecules. White
nodes exhibit additional molecules extracted automnatically from KeyMolnet core contents to establish molecular connections.
The molecular relation is indicated by solid fine with arrow (direct binding or activation), solid line with arrow and stop (direct
inactivation), solid line without arrow (complex formation), dash line with arrow (transcriptional activation), and dash line with
arrow and stop (transcriptional repression). *Supplementary Tables 14 are available online at http://msj.sagepub.com/
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Table3 The molecular network relevant to multiple sclerosis (MS) brain-lesion proteome suggested by KeyMolnet search

Stage Rank Functional category Score P-value
AP 1 IL-4 signaling pathway 42,324 1,794E-13
2 IL-6 signaling pathway 40,966 4,656E-13
3 IL-2 signaling pathway 36,684 9,059E-12
4 Transcriptional regulation by STAT 32,789 1,347E-10
5 Catenin signaling pathway 32,725 1,408E-10
CAP 1 PI3K signaling pathway 56,937 7,25E-18
2 IL-4 signaling pathway 46,914 7,541E-15
3 Transcriptional regulation by STAT 43,694 7,025E-14
4 IFNa/Bsignaling pathway 41,557 3,09E-13
5 IL-6 signaling pathway 41,274 3,762E-13
Ccp 1 IL-4 signaling pathway 53,096 1,039E-16
2 HGF signaling pathway 45,735 1,708E-14
3 TCRa/Bsignaling pathway 43,621 7,39E-14
4 Integrin signaling pathway 38,501 2,572E-12
5 IL-6 signaling pathway 38,115 3,359E-12

The list of Entrez Gene IDs of MS brain-lesion proteome was uploaded onto the ‘N-points to N-points search’ tool of KeyMolnet. The
molecular network is constructed by the shortest route connecting the start point of 75 MS-related molecules of the KeyMolnet
library (Supplementary Table 4) and the end point of MS lesion-specific proteome. Top 5 networks relevant to the proteome data

are shown with the score and P-value.

Abbreviations: AP, acute plaques; CAP, chronic active plaques; CP, chronic plaques; PI3K, phosphoinositide-3-kinase; and HGF, hepa-

tocyte growth factor.

immune cells, act as an adhesion receptor for cell
trafficking and serve as a scaffold for immunological
synapses. By the KEGG search, we identified focal
adhesion, cell communication, and ECM-receptor
interaction as molecular pathways most relevant
to the CAP proteome. They involve a wide range
of ECM components, including collagen (COL1A1,
COL1A2, COL5A2, COL6A2, COL6A3), fibronectin

(FN1), laminin (LAMA1), vitronectin (VTN),
heparan sulfate proteoglycan (HSPG2), thrombos-
pondin (THBS1), parvin (PARVA), and osteopontin
(SPP1). Furthermore, we found focal adhesion, reg-
ulation of actin cytoskeleton, and cell communica-
tion as the pathways involved in CP. They include
collagen (COL4A2, COL6A1), laminin (LAMB2,
LAMC1), and integrin (ITGA6). The relevance of

Table 4 The molecular network relevant to multiple sclerosis (MS) brain-lesion proteome suggested by IPA search

Stage Rank Functional category The number of P-value
genes classified
AP 1 Cellular assembly and organization; cancer; cellular movement 24 1,00E-49
2 Small molecule biochemistry; molecular transport; cellular assembly and 15 1,00E-26
organization )
3 Cellular assembly and organization; cellular function and maintenance; 14 1,00E-24
skeletal and muscular system
4 Cellular development; cellular growth and proliferation; hematological system 13 1,00E-22
development and function
5 Cellular compromise; immune and lymphatic system development and 12 1,00E-19
function; hair and skin development and function
CAP 1 Dermatological diseases and conditions; connective tissue disorders; 29 1,00E-47
inflammatory disease
2 Lipid metabolism; molecular transport; small molecule biochemistry 29 1,00E-47
3 Cardiovascular disease; nephrosis; renal and urological disease 25 1,00E-38
4 Endocrine system disorders; metabolic disease; renal and urological disease 25 1,00E-38
5 Skeletal and muscular system development and function; tissue morphology; 22 1,00E-31
cardiovascular system development and function
cP 1 Cell cycle; cell morphology; cell-cell signaling and interaction 27 1,00E-50
2 Tissue morphology; cardiovascular disease; cellular development 24 1,00E-43
3 Cellular assembly and organization; cell morphology; cellular movement 22 1,00E-38
4 Cellular assembly and organization; cellular development; cellular growth and 18 1,00E-29
proliferation
5 Cell-cell signaling and interaction, Hematological system development and 15 1,00E-22

function; Immune and lymphatic system development and function

The list of Entrez Gene IDs of MS brain-lesion proteome was uploaded onto the ‘Core Analysis’ tool of IPA. Top five molecular net-
works relevant to the proteome data are shown with the number of genes classified and the score P-value.
Abbreviations: AP, acute plaques; CAP, chronic active plaques; and CP, chronic plaques.
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C

Figure 3 The molecular network of the AP, CAP, and CP proteome suggested by IPA. The list of Entrez Gene IDs of the MS
lesion-specific proteome was uploaded onto the ‘Core Analysis’ tool of Ingenuity pathway analysis (IPA). Molecular networks
most relevant to the AP (A), CAP (B and C), or CP (D) proteome are shown. Red nodes represent the molecules included in
the gene list (Supplementary Tables 1-3). The molecular network (A) is constructed by 35 nodes, including ACTAT, AGRN,
Akt, ARHGAP26, Calmodulin, CHD2, CHGA, COL17A1, EFNB1, ERK, ERK1/2, FGD1, HGF, insulin, ITGB4, ITSN1, MADD,
Mapk, NDUFB9, Pkc(s), PP2A, PPP2RSE, RAB1A, Rac, Ras, RPS27A, RYR2, SLC2A3, SLC6AT1, SLC8AT, SPTBNS, TGF-B, TRPC4,
UNC13A, and UNC13B. The network (B) is constructed by 35 nodes, including BGN, CHI3L1, CNN2, COL1A1, COL1A2,
COL6A2, COL6A3, CXCL11, ENTPD1, ERK, FBLN2, FERMT2, FN1, GBP1, HSPG2, IFN-y, INPP5D, Integrin, LAMA1, LUM, Milc,
MYL7, MYL6B, NES, P4HAT, Pak, PARVA, POSTN, PRELP, SERPINAS, SERPINH1, TGF-B, TGFBR3, THBS1, and VTN. The net-
work (C) is constructed by 35 nodes, including Akt, ALDH, ALDH16A1, ALDH18A1, ALDH1L1, AP1M1, APCS, ARFIP2, Cal-
pain, CALU, CAST, DCD, FABP5, MHC Class I, MYH11, OGDH, PACS1, Pkc(s), PKN2, PP2A, PPP1R1B, PPP2R5D, RCNT,
S100A7, STO0A8, ST00A9, SACS, SCAMP1, SEC14L2, SLC9A3R2, SNAP23, STOM, STXBP5, SUMO3, and UPF1. The network
(D) is constructed by 35 nodes, including ADH35, AIP, CACNA2D2, CaMKIl, Ck2, DMD, DNAJB11, EIF5, FKBP5, GGAT, HBB,
HLA-A, Hsp70, Hsp90, HSPA6, NFkB, Nos, PASK, PEX5L, POMC, PPFIBP1, Proteasome, PSD, PSMB3, PSMB5, PSMD6,
RABEP1, RAD23A, RNA polymerase 1, SQSTM1, THRAP3, TIAM1, TLR10, UBQLN1, and UBQLN4. The molecular relation is
indicated by solid line (direct interaction), dash line (indirect interaction), with filled arrow (acts on), stop (inhibits), stop and
filled arrow (inhibits and acts on), and open arrow (translocates to).
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Table 5 The molecular pathway relevant to MS brain-lesion proteome suggested by Ingenuity pathway analysis (IPA) search

Stage Rank Functional category The number of genes P-value
classified

AP 1 Calcium signaling 7 2,53E-03
2 Oxidative phosphorylation 4 2,69E-02

CAP 1 Calcium signaling 14 5,14E-04
2 Hepatic fibrosis and hepatic stellate cell activation 11 1,53E-03
3 Purine metabolism ! 16 3,05E-03
4 Actin cytoskeleton signaling 13 5,77E-03
5 Oxidative phosphorylation 9 1,12E-02

Ccp 1 Biosynthesis of steroids 4 7,37E-04
2 Actin cytoskeleton signaling 8 8,00E-03
3 Ubiquinone biosynthesis 4 . 9,54E-03
4 Axonal guidance signaling 11 1,37E-02
5 Integrin signaling 7 2,19E-02

The list of Entrez Gene IDs of MS brain-lesion protebme was uploaded onto the ‘Core Analysis’ tool of IPA. The canonical pathways
relevant to the proteome data are shown with the number of genes classified and P-value.
Abbreviations: AP, acute plaques; CAP, chronic active plaques; and CP, chronic plaques.

the ECM and integrin signaling pathway to CAP
and CP was further verified by molecular network
analysis using PANTHER, KeyMolnet, and IPA
followed by statistical evaluation. These in silico
observations agree well with in-vivo studies,
showing remarkable upregulation of diverse
ECM constituents in MS brain lesions, where
cytokine/chemokine-activated microglia, astrocytes,
and infiltrating macrophages release a large amount
of proteolytic enzymes bound to ECM molecules,
which mediate myelin breakdown [17,18]. Glial
scars in chronic lesions of MS include certain ECM
proteins that contribute to the failure of regenera-
tion of damaged axons and remyelination of pre-
served axons [17,18].

In active demyelinating lesions of MS, the
expression of vitronectin is greatly enhanced in
blood vessel walls, as well as in demyelinated
axons and hypertrophic astrocytes at the edge of
demyelination [19]. The levels of CD51, a vitronec-
tin receptor, are elevated in the serum of relapsing-
remitting MS patients [20]. Vitronectin promotes
migration of reactive astrocytes expressing avp8
integrin [21]. In active demyelinating lesions of
MS, fibronectin is accumulated in the brain paren-
chyma and is deposited abundantly in blood vessel
walls and perivascular infiltrates [22]. Fibronectin
facilitates migration of immune cells, promotes pro-
liferation of astrocytes, and inhibits differentiation
of oligodendrocyte progenitors [23]. In MS lesions,
both vitronectin and fibronectin are derived mainly
form plasma protein components passing across
the disrupted blood-brain barrier and partly from
the local synthesis by endothelial cells, macro-
phages, astrocytes, and infiltrating immune cells.
Vitronectin and fibronectin activate microglia
and upregulate MMP-9 production [24]. Thrombos-

Multiple Sclerosis 2009; 15: 531-541

pondin produced by reactive astrocytes facilitates
macrophage-mediated phagocytosis of apoptotic
cells and possible uptake of degraded myelin via
the ECM receptors CD36 and avp3 integrin [25].
Large-scale sequencing of MS plaque cDNA libraries
showed that osteopontin (SPP1), a proinflammatory
component of ECM, is one of the most abundant
transcripts [26]. The clinical severity of EAE is atten-
uated in SPP1-deficient mice [26]. The expression of
osteopontin is enhanced in astrocytes in active
demyelinating lesions of MS [27]. The plasma osteo-
pontin levels are elevated in active relapsing-
remitting MS patients [28]. All of these observations
support the concept that the selective blockade of
the interaction between ECM and integrins in
brain lesions in situ would be a target candidate for
therapeutic intervention in MS.

Because focal adhesion kinase (FAK) is a central
mediator of the integrin signaling pathway (see Fig-
ure 1), one possible choice is the use of an inhibitor
for ECM-induced autophosphorylation of FAK [29].
TAE226, a FAK inhibitor, suppresses tumor cell
invasion in vivo [29]. Another option for integrin
signaling inhibitors is disintegrins, a group of small
disulfide-rich peptides containing the arginine-
glycine-aspartic acid sequence that mediates the
selective binding to integrins [30]. Liposomal deliv-
ery of contortrostatin, a snake venome disintegrin,
shows a tumor-suppressive anti-angiogenic activity
[30]. However, a complete blockade of general
function of integrins has a risk for inducing serious
side effects [31]. Even in the context of the selective
blockade, treatment with a humanized monoclonal
antibody against VLA4, 481 integrin (natalizumab)
reduced relapses 66% in clinical trials of MS but also
activated the lethal infection of JC virus in some
patients [32].
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