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PAGES} GSEAY 3HAAES AHR 7, 1748 H43517] 93 GSA-ATg= W2 Aot
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o] 743t A&Z sf= JAZ o= A WPH o2 GSEA(Gene Set Enrichment Analy-
sis) (Mootha -5, 2003; Curtis &, 2005; Subramanian 5, 2005), PAGE(Parametric Analysis
of Gene set Enrichment) (Kim3} Volsky, 2005) F-©| A o] o] e} A&HSF w2 A7} A
25 1t} (Goeman &, 2004; Manoli 3, 2006).

2 =volAde EA 7347 A9 2420 GSEASH PAGEE 478t 7|& o] &
A A Aol g Sshs B2 7% RS T ks 5400 3 o)
TS F, 2Bla ARl Wi Fo So] 2 AL 22 Adel a%d diEE
o 73R 2 FAA e M= FE 55 AT 7 e M2 S 243t A
dFate] st 2o RE AR DAY WFEE FAR A Avite Be S w
ZW—A el el met 7‘“‘*171-:5- THE AR Botth 2Ea 7 e SAE 744

= 2ol7] fi3h 2AE T3 RdnH AAA] A5S FU T (training set)} Al AT (test
set) O 5 0] faﬂiu REOE FASIAL I AE ARTY BEOE A5t e

2ol e 712 B4 PEe B9 fA Y B4 3242 BRI, 384 72
g ; ol A dlole) A7) 2 B4

2=
TA= 3% 83 55 29E Ao, 5ZoAe 24 295 &

So] 2@ FAA7} o] e ws g
2) 24 4 R4 S} R Bol 4F 2]
(3) 22 FAC) B ATe A= AR WE A/ hS et Ax 4o o

} .
Ak 240l A = 7§F—P°ﬂ Fe AolE KA £07 7
b9tk 283 2w A HAAE FEASS A1 2 Ao A
3 o £2 2o THF @A) Solsl Aon, B KA BAlo] w3
B A2 S AR S A e YNHE Fobach =3 AEHo=
A7k e Aeele S GAAS) BE o8 el L TAE A
£ A= Yk,

T AR A LAl h
A5 ek 23l s SR A 2
A3 ol E = Bt

A7 AFE A A2 7ER] RS0l A= of

st
Ao x4 < GSEAS} PAGES] 43 ZAHZ A
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 2.1: GSEA we] 24 23} (Mootha 5, 2003)

FAZ % MES p-value
OXPHOS_HG-U133A _probes.grp 346.88 0.003
human_mitoDB..6_2002_HG-U133A _probes.grp 215.94 0.091
mitochondr_HG-U133A _probes.grp 207.93 0.087
c20_U133_probes.grp o 181.15 0.062
MAPO00190_Oxidative_phosphorylation.grp 148.90 0.084
¢22_U133_probes.grp 142.90 0.028
c29_U133_probes.grp 131.47 0.026
MAPO00960_Alkaloid _biosynthesis_I1.grp 110.94 0.022
c23_U133_probes.grp 110.90 0.087

2.1. GSEA (Gene Set Enrichment Analysis)

Mootha 5 (2003)°] A| ¢kt GSEA-‘& Ao dde HExT o Us ofd 71E o
o AA SAAE SAUZ YL F, pathwaye] $3 $ARES] A7 7Y BEE W
=718 EE WPHO g, http:/ /WWW broad.mit.edu/gsea/o|Aq Z23WE ULE=T
C}. GSEA "PH-Z pathway W& So|dd gdA=S §8 w2 A4 Ads A9 &
gt otyel, wAAES EEE oty sty gt

GSEA2] A A A W-E 1dhAloA AR HAU AESE 7] 5 T2} pathway E
Aeta, 2gA A= AA FAXE 24 29 £HY (phenotype: Y & FA, AT R,
7] &) 7Y AolE 2T 4 e #(ABAS, -FAF 52 VIELE FAET &
BEE g|AEA pathwayol £33t FAALY] $X& Zohdth. 3TtA oA+ ES(Enrichment
Score) & Takeh. No| A §A7F %, G7} pathway W §87F 0], X, 7} o}eleh 2ol 3
g o, BS = Y, X;ol 0 (&, j=1.2,...,N).

4
G -
— | ——, 1A FAR7} pathwayol £351A] & uwf,
VN-G
, /N._é G, iAA AR} pathwayoll 58 o,

4AA N R ES & 7FE & 489 MES(Maximum Enrichment Score)E& 38

2 5TAY A= permutation2 ¥HE Ald§3to] MESS] 2 E <oty &, 8BS PO
2 phenotype°ll £uliste] 2b-4chAS W3 upx|Ek 6dAd A= sEAA ThEold
MESS] B2 & £33l pathway2l MESZkel th 3t p-valueS Zropulit}

Mootha 5 (2003)%| 4= GSEA ¥ ©d 722 B4F ¥23st7] A5t & =)
A AR (B4 BE ITA. B ER 187)E o84 RAg Az A
Foll= Fo8 AR A A FkA, GSEA B4 2] Afol= & 2.13 22 237}
Lhepske)

1% 212 GSEA EAL E& g9ttt A9 pathway & OXPHOS HGoO| 438}
= $AAS e AWEEA, t2E A4ERe] BF B, AZES FuERe 3

i
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®orphos.C

~ 2% diftersntial expression

19 2.1: OXPHOS_HGY 4HH = (Mootha 5, 2003)

F 2APL Jehl, 04 4e AA SA4E, Be 4L OXPHOSHGH| %3
£ vERdtl. OXPHOS(Oxidative Phosphorylation)& <14} 280l 93ES n)x]= 1067}
°f FRAXNEE FAH pathwayE Fo] od [FAXL] vlgo] Ex|ut, oF 90%2] §AA}7}
- phenotype®] WY FATS 71T AR olefof B AL Hol tjHE] E
Zphenotypeo| Al B W& TS 23 ke AL & 5 Ut oA A & Al
FHEH Aol S vX= /KA glhets, 28 FARE ] B 94 55 o)F
H A & v 5 vk AL Yehdch

K3}, Subramanian 5 (2005)°A= =P F A2 E Fa] FY $AA B39 GSEAQ]
LX) doll sl vl skict. Harvard t&w e} MIT 3R o] F&o] H Boston 930 &
A Ht A5 6270 T2} Michigan &2 E F4l0 2 3= Michigan G0 20l ¢t
Ao 867) FES GSEAS 9 43 E4E 53 44 B4 3, F AR A7) o
L AR A=A AHET. WA, 4d fAA BEAY AL F B BR oFE A4 T,
adjusted p-value < 0.058 & st= 542+ 3h= glglon, &= A foAlol & AMY
5071 AR &2 0%, A9 100708 §-22F 2 12%2] X4 R} vhd, GSEAS] 7
7, Boston 42} Michigan A-7ollA Z+2+ 874, 11719} pathway 7} §-2)3lcty vhgkon, 1
% 3/MY FZ-LE pathwaySl 2719] A} pathway 7l DAF ] ok 50%0) 7H7he XA &
Bt

2.2. PAGE(Parametric Analysis of Gene set Enrichment)

Kim3} Volsky (2005)) 2]3) Al¢te PAGEE 4 38 A& 0]-23}9 pathway B4
o] B HIS ASInh Z AR F 7 3 Aol blE(F 2 0 wEge
b = t-F A, fold-change 3 5)9] HHo] u, E4to] o2 uff, =
& FAAEY] dWEGEY Bo2, mo] 383 2W FFo] poli BAL 02/m AFEE
of ZARth= 714 otel AAE AAlske W el

Kim¥} Volsky (2005)°l4= 8413} FaBa} Atole] AolE Yehl+ tiE o g fold-
change & AME3le 273 28 A A 28-S PAGE 243 23 F Z7F a8o] sjo)E H
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£ 2.2: PAGE Wi el A A3} (Kim and Volsky, 2005)

oz A%} Z - scorep p-value
OXPHOS_HG_U133A ~10.5835 < 1.0E-11
human_mitoDB_6_2002_HG_U133A —6.7213 1.81E—-11
mitochondr_HG.U133A —6.4761 946E—11
MAP00190_Oxidative_phosphorylation - —4.5745 4.78E—-05

c20_U133 —3.7461 0.0002

c25_.U133 —2.7617 0.0058

c21_U133 _ —2.1116 0.0347

ol pathwayE< ZOPUL(F 229 23, #28 AR} shub= AAHA ddkd =
d FHzL BEdof wis] L4 Hch =3 22 Ayl tie MR S A5EY Z
Thell ohgt Aol B3 BAE, P L& 75 48
= B3tk F 7He 5 AL rro]a2ojelo] A&, GDS 287(HAY 25 715 A&E)% GDS
472(AAH 25 715 AR)E @Y #AA £A4F PAGEES T 47 E4T & 1 2749
AAAH S AR 45, 9 {2 BACAE Aol ths] o] ¥8-& Hole #3247
Soli 12.4% QASAOM, £ Mg Mol FAR) FLle 44% YN TS Berh
HHd, PAGEC| A= Aol tis) ¢Fe] W& Hole pathwaye] 737l 62.5%2 dA4d=,
&2] ¥18-& Ho|& pathway?l F-9oll&= 10.6% S Holn, &g FH2} EA9] AR} dX
ol vl 52 Bt

3. GSA-AT(Gene Set Analysis: Absolute and Trimmed) 2& 2]
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SFod E-’r‘- & "d%% A=FE FRel7] i 2% 32 $§ HF3HA] 92 pathway+
AT

U}Zl E, fHFJJFP—l T2 A 24 ‘ﬂot‘éﬂw, AA wAAl 2HE B

+ @0l Ao &, Ao DA vl-¢ 2 T2 T+ f

%iXPE 7P7<14~ e pathway?% sl = 22 pathway W #+2]3A] o2 O%iZP%O] U B
HH 3 vlFo] FolHA Fol8tA] o W AR dd =5 E 4 lvks Aot

o] =wolAM AAISHE GSA-AT+= o]z 2SS Ea3] ﬁ*ﬂ AU WA

TR FREVE FRAALY A fAC g5 = GSEAS ©HS Hesl7] §13

7 wARES digte B4 A vtgsks WHle AT =% PAGES] 93 4 w4

A= diFEe] e AR gz TS A8 Tl 2UAE AR EH

st &, 5o ¥ #AAE F7A]717] 8 2 pathwayoll Al #2844 2 #H A}

€ "] AASE S A=siT. AEStE, GSA-AT W2 Soldd FAate] w3k

= AlIAZl= Al e FRe] 274 7S © HHAE, v BAlE Bt

TJ

O

5ol ZF £E2] £ (phenotype) 7+ AtolE UEtE o FEZHE 312
A

3 TA: UEd &% F sk 2%l sgEH = wAAES A9 A= pathway ] 9 ri@le

7122 PAGE, GSEA2} A& Alotdt GSA-AT
7y B Aol AFE v EE dhHa AR s (trammg bet)-l—} A HZ L
2 yro] FET £33 28-S B AldTol £33 B2EE 33 4 £49 23S &9

8]
m[m
clor
ri
- r-{J

she e ALESISiT
Adol| 22l AEFE www.bioconductor.orgo| A UREZ = 7153 111708 ZEOFE

T4 ALL(Acute Lymphoblastic Leukemia: g4 #HIZJA WdW) 285 ARSI
o BN BE T BABSA BEY BY 3AZ o} 93, 12625749 SR 3

Hel 72} JL—]_rﬁEl 1897]2] pathway = FA% o] it}

ALL A42E Th29 6714 WhH-e ALESto] 2 Asech

UMY 1: phenotypeZte] t S A HZH-S AME-3F PAGE.
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HH 2: phenotyped @& gtake] AdA & ARS8 GSEA.
¥ 3: phenotypeZtel ¢ TAI S BUgt= ARE3F GSA-ATL

W 4: phenotypeZte] ¢ A% AoltE ARE-3F GSA-A1(Gene Set Analysis - Abso-
lute).

Y 5: log(AA BEO| /Mgy g Hol whezh) o] AoghS ARE3E GSA-AT2.
HHH 6: log( R4 R w3/ NEy B HAZH Y AUk ARE-3F GSA-A2.

GSA-ATY A%, 9oz A4 Ax(r)E 25%. 50%, 76% Z+zrol] thdte] ARE3tsd+t
ARG AR 50% S 5% AAR A A $AAET 57 o<l pathwaye] F7F B
o}A] = EA| Ao} AT 2 A, GSA-ATS F4 BE(z)+= AFTHOZ 5% % g
GSA-AL GSA-ATS} W w7 9ot} W4t AEE 0%, & WAL 37 QL Wiolth. £
GSEA %= 1000, GSA-A2F GSA-AT= 100008 permutationg A Al SHS T

4.1. 2O|A¥
ALLY AR E o]Fdtd U2 A2 thE 5 -S: T 5k= pathway S8 2 Wb o] g}
oz Aesie | Goti 7] st 7 7k Roj AR S skt

Eo] Bd FAAE] #4 vjgo| =& pathwayE 7
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F 4.1 A1) sl 2}

= 5H] 8(a) PAGE GSEA Al AT1 A2 AT?2
0.05 0% 16% 0% 68% 0% 62%
0.10 6% 38% 18% 100% 40% 100%
0.15 48% 68% 100% 100% 96% 100%
0.20 80% 92% 100% 100% 100% 100%
0.25 90% 98% 100% 100% 100% 100%

F 4.2: Ad20] st A3}

E 3l E(a) PAGE GSEA Al AT1 A2 AT?2
0.4 28% 20% 100% 100% 100% 100%
0.5 26% 42% 100% 100% 100% 100%
0.6 40% 44% 100% 100% 100% 100%
0.7 34% 30% 100% 100% 100% 100%
0.8 56% 50% 100% 100% 100% 100%

AL Zolslr] st A AP ALL A8 & AFdAISe Adigko]l 0.4 o] AH AR
1.5%)9 F3A ez, B o AT Adizte] 0.1 o|sH(3H 40%)< +HA
o] Ato 2 A A3t Pathwaye) S22} B84 (n)E GSEAS} FAZIAHE AHES=
PAGE, 1281 Z3 8] 8(a)S Teldte] 4008 dtgon, & AJP3L(N)E= 50 2181 A
Ao =38 S(a)2 0.05, 0.1, 0.15, 0.2, 0.25 & AT}

A1L A A SAAE 2838 G933 pathway Lol s B2t F 4.19] N =&

AE F 7+ pathway 7} ol stttal Akd Ativ] &2 HH PAGEY GSEA9| Z-% Bo|dd

Az 743 dlgol Zrew, Fosirtal #ahE 2 3 FolX]| = 313 &2 o qth o] 4

HE T BEE AHESh= PAGES] -, vl&o| ztotgle| whet I A A7} XMHP— H]Z

S Zolzl £ AL AT = U, A A 9 &= GSEA= dHR o E 4 <
O

o = FHAFe] H&] %%—’FE §9] 5} pathway 2 HhE 880 ZolrdS &g 4 g
ok =3, AL 2 2 v GSA-AL HHH3 GSA-A2 W2 A A vjge] 0.15
o4 wi= 71E ol vis] vig £ 2AE FAA W, 0.054 0.1 T Y v F 2 7

L GSEA Hulx £x] 92 A7E At A9 GSA-AT13 GSA-AT2E A E
A o] Szt W e AEgle) ThE 4712 whdel s 253 F2 AT ehd

AP20| e A JHe ALL A8 F A3A 5 Adizte] 0.22 o) (49 20%) 9 #3213}
o AR, B A ATATe Aoike] 0.12 o] &3k 50%) < —?r%i Ao Ao R A7
SRt Pathway 2] %7@ A Bt (n)& GSEARF S4H=3 8 E A3k PAGEE 1238}
o 302 stgen, F APIAF(N)E 50 2811 A Feke] 234]|&(a) 0.4, 0.5, 0.6,
0.7, 0.8 % 3}t

& 4.29] 232 H9, PAGE+ A e 73371 S71gel met wofstet dAdshe=
BTE F7Mhe A3 HAAR A9 A8Ao] wWol Wi, GSEAE 59 A& o]
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o] g M ohz}t 7 oW ABALE FolE 4 Aok whd, U v 719 whye Aat
I AAGol BE 7Yt AAE Ho AR E 0]&-F permutation®] F54E YEHT

4.2. AH R2Z 0|83 A

RART HEo] AA A8 E o3 APE AlgE] Bttt AA A5E TATH AE
FoZ YA HEZ AGIHA Uro], THEL BEE ARES Z pathwayd] Fo4S &
ASE AE A EFY EEE AME3) A4S A3 (cross validation) 2 A A BT

AA Alg B4 =3 ALL A28 AEdlon, T3 A4 28 5071 Ay 28
UNZ o]Bol AT, ABFL B4 BYE 2k WY BE 1342 olRoFTh. FARS
126257 RS2 AR o, pathway= 1897 & FAXF BHF57F 2570914 2507 Ato] <l
107709 pathway TS A3} Pathway“‘& ASA F2E =1 97] ul29 & pathway
kol 2HE pathwayEo] 2= o] A& 471 Bl Hf 32 @2 pathway+= & 91
£ 7 A ZotRx O AShE 25002 ATt 3, A BTt v A path-
unyE HA AR LA ARE YN Ra, /B GSEA £4 H2RE 257 9
dhol AL BAekA Falne 2w 2] wRE As) $47) Beert 257 wekel path
way & 21]91 6}‘2315}

205 43557 A AETY E% ol-g&f A HZ EHI & AL} it
2 AX=/1E BHekon, AW whddks WH o2 Tibshirani S (2002) A A]ﬁﬂ
LDA(Linear Discriminant Analysis) ®PH-2 ARSSIGTE LDA 2PHE A€ 2 off
fo % UTY PLALE AL T3 Y A 358 A AU use Pyow

-._-.

I - U
NPT E2 FAR BAGL x* = (af...,2))} T o), k WD) FARSE q—q ach

1y

* (X::< - jik‘)z
(5;;(}{ ) _— Z.(S-E+SOP —QIOg’}Tk, (41)
=1
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ok
&l
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&
rir
Mol
r,
Nl
4
rie
A0,

F 43¢ ALLAR Y] T7 #& 7AE Ao s Zd 845 3 N3 A
f °§3’P— Bl X = pathway & Ztob Ziel AE7e] E& 3770 LDAE AREste] Jd<E
2FoIAE W, A5 LF7E SAT Aot

PAGEYA+= E5 19708 pathway 7} 2] stk std= Ql o, AEH pathwayeoll &3t
FAZE R o] &5t AP 3770 HEY WEY Y ARE oA S| E A3, F 6.6370
o] B S X &3ttt GSEA| A= Butanoate metabolism pathway % 2} sttt &

El?dl"“ﬂ o] pathwayoll &3t FAAERE o338t AFFY 3770 EES HEY IA o
E A& 23 6718 EES AR oS AT GSA-ATLAA = BEF 19702] pathway

7} -rr—J sioi B lon], MEHE pathwayoll £3F F-2AAET oj&3ld AlgTe] 3770
xHEe] W@y WY RBE A S Fdi}, HT 642709 BEES ZE A S5 GSA-
AT20| M= 25 17719 pathway 7t f2fsitty A= glen, AeH pathwayol| &3 73
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F 4.3. 2+ =

>
]

H ol A A8 H pathway2] B L

F7I2 Felstrial w

2 log(AAE2Y B Ldddh), Al

2L log(a‘
WA, 2EEoa(Ae) AR)) oAREe dFL vAE

Iy -~ |

JLAT

=] 87l pathway Z+ZHS o]-8-3te] A| &
F HFE 575709 RS AR o &sigon], I8 412 A2 WA g

o %7

2] 3770

S
FAAZ FAAE Galactose

v -~ e

J_l.."__E

) _ P p-value (Bonferroni B &) o =
AR A == PAGE | GSEA i?’r’t" (f’g 25
TGF-beta signaling pathway 136 0.0013 : : 3/37
Cell cycle 185 0.0006 0.0107 0.0107 4/37
ECM-receptor interaction 121 0.0073 . . 4/37
Galactose metabolism 29 0.0107 | 0.0107 4/37
Notch signaling pathway 44 0.0107 <0.001 4/37
Tryptophan metabolism 72 . 0.0321 : 4/37
Glycolysis / Gluconeogenesis 67 0.0412 0.0107 0.0214 5/37
Lysine degradation 39 0.0184 <.0001 0.0107 5/37
Antigen processing and presentation 97 0.0086 : 0.0214 : 6/37
Butanoate metabolism 39 0.0012 0.043 <.0001 | 0.0214 6/37
Glutamate metabolism 32 . <.0001 6/37
Jak-STAT signaling pathway 203 | 0.0179 . . 6/37
Pyruvate metabolism 43 : 0.0107 | 0.0321 6/37
Citrate cycle (TCA cycle) 29 0.0203 . 7/37
Colorectal cancer 149 : : <.0001 | 7/37
Fatty acid metabolism 23 0.0001 0.0107 <.0001 7/37
Folate biosynthesis 32 : <.0001 | 0.0107 7/37
Purine metabolism 152 6.0E-7 <.0001 <.0001 7/37
Type I diabetes mellitus 68 1.9E—-5 . : 7/37
Valine, leucine & isoleucine degradation 52 5.7TE-7 <.0001 | <.0001 7/37
Alanine and aspartate metabolism 31 0.0087 <.0001 | 8/37
Cell Communication 129 0.0237 . . 8/37
Oxidative phosphorylation 98 7.6E—9 0.0107 0.0214 8/37
Pyrimidine metabolism 82 <.0001 <.0001 | <.0001 | 8/37
Selenoamino acid metabolism 29 : 0.0428 | 0.0214 8/37
Propanoate metabolism 31 0.0215 <.0001 | «.0001 9/37
Proteasome 37 0.0137 0.0214 11/37
S et o] &3to] Alde] 3770 ZES WY WA ARE S A, HE 64772 &
g AR & ATy. dHoE {3 JAdolA BES FESHE permutationof &&=
Ao w5 A4 va $AH #2492 Fol7l0] AtiHoR BT BT GSA-
AT PAGEHT} £& §old oz 5 271 w3le] xo]8 Holt pathway S-S A4 shglche
g & 4304 = 5 3T
gk, 71 o R e AURA Ul GSA-AT1 GSA-AT29| F7H2] ol A

L EE

= e R A A
3t pathway & & 2571 713 22 3719) pathwayoll tfdt AFH S ojr). AT A 712
= auley
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(a) (b) (c)
1% 4.1: PathwayE 2] 4F8 % ((a) Galactose metabolism, (b) Tryptophan metabolism, (c)
Notch signaling )

e
rhe
| o
g
Al

o 23} 37709 8 F 3370 & HEF3] AE5sg o
> 5—'-7} A= AT Bol W {FARTY oF 40-50% A=Z W
<+ HT= AASHE Ae B 5 v UEoE, EHERH(TES Gl 2R3 5 ol
AH9] A SO F3S n &= FHAXE FAE tryptophan metabolism2 A|EF EEO
2 &% A3 37719 2B & 337“% B3| dFtgon, 4FEE FAE EO] el
FRAAE v 2512 lE A€ & 5 Ut AN AAFHCE FAA F7F Y F Bl &
o] U FHAY HjF o] oA, 7]& mmﬂ]’ﬂ‘_ AR A] X3
el F pathway= ARZ-F HHHoA A|Z3E ZAke] aaE Es) Ajzo] ¥AH path-
way 2t SHCH, Al HA} 18] Notch signaling pathwayy Ad|gkel 232 E3) Ajzo] &
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Gene Set Analysis - Absolute and Trim*

Kwang-Hyun Lee!) Sunho Lee?

ABSTRACT

Initial work of microarray data analysis focused on identification of differentially
expressed genes, and recently, the focus has moved to discovering significant sets of
functionally related genes. We describe some problems of GSEA and PAGE, and pro-
pose a modified method to identify significant gene sets. The results based on a simu-
lated experiment and real data analysis using a set of publicly available data show the
superiority of the newly proposed method, GSA-AT, in detecting significant pathways

with the accurate prediction.
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