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Abstract

Gene set enrichment analysis (GSEA) is a computational method to identify statistically significant gene sets showing
significant differences between two groups of microarray expression profiles and simultaneously uncover their biological
meanings in an elegant way by employing gene annotation databases, such as Cytogenetic Band, KEGG pathways, gene
ontology, and etc. For the gene set enrichment analysis, all the genes in a given dataset are first ordered by the
signal-to-noise ratio between the groups and then further analyses are proceeded. Despite of its impressive results in
several previous studies, however, gene ranking by the signal-to-noise ratio makes it difficult to consider highly
upregulated genes and highly down-regulated genes at the same time as the candidates of significant genes, which
possibly reflect certain situations incurred in metabolic and signaling pathways. To deal with this problem, in this article,

we investigate the gene set enrichment analysis method with Fisher criterion for gene ranking and also evaluate its effects
in Leukemia related pathway analyses.
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Fig. 1. Example of Gene Ranking by Signal-to-Noise

Ratio.

1) ol @, FDRS Fod NESE 7H& #dA-E&

o] false positived #FE-& X3 Ao M, NESE
ARETe #E NES #9 tails sZFo=2H

A2k o}

2) Kolmogorov-Smirnov Score AH=E HA {37}
glaEd B4 fAA-Age FIvE dui FA
71 vEdE HEeu.



22 Fisher Criterion® Ol 8

o] FAx LAYl thE FdPx B HlE & AS
SNRe| 49 #& 7H4H, vidE @& 749 SNR#E
29 & 7HAA Bt 2838, SNR #ol 49 99
(positive region)ollAlE ol E4F, &9 39
(negative region)l A& gho] A&FE F Feii 79
g Aol w2 AL gngth oY A& Ad
SNRE 7|Wte g GHda MEsg +83 H ES @e

Adste] fo FAA-AEE HEE 49, 4 A
A¥AAE ES #tol 0228 H e HiHdeviation)
g 7 AE 71eL® O 71edd bE ¢ 99
v &9 99 F9 o & FFd &3t FHAE
& 9 FAAERA A At “%3}/‘1 2 A
[ MY 9 FARES The] g2 A
A 22 A Uehde fAAERe] 2§ 0)A
< 9 JEhte §AAETY 2§22 o] Fo
e, o] F 7kA] 5L A FHAE0] £4
A
sl B =2
A F@gtol 2o vl
e gho] B2 g Ao)E
& 7o FAAEAM 188 5 UEE ol 4 )¢
22 Fisher criterion %ol 7]9tg f32 M dg 7]
S A&t ol8 Fal, Fe Ae Ldgke] BY
& =3 @ FEgle] T FHx el Aozt B
= FAAE] 7o FHAEAN 2HADL, T
A-JEe FoAdE ddste del Wy E]Eg 3+
EA fA& o & Fisher Criterion A&
z}

O

A=
ol
4 58
A7)

o]

M
o
ok
&

=2
=

t

H|
o]
A
o
oh&-3}
(MA( ) Ng(i))Q

Fisher Criterion(i) =
oy (2) +O‘B(’i)2

(2)

29} & Fisher criteriong ©|£3l9 {FAAAE HYE

+

Ordered Gene-list

Fihser Criterion

33 2. Fisher Criterionoll 2fst
el o
Fig. 2. Example of Gene Ranking by Fisher Criterion,

TR MEE HE

5g g

Bl Gene Set Enrichment Analysis 7|8t

Rel BEX AEe HE WY @F HAE 2

33 4%, 1Y 29 Zo| AEHe EZE HAE
Fisher Criterion 7)%F #-dx A &3} 715 o8 4
g8 AA AR JAEEZ o] &3t 7 fAA-HWE

Z ESE Axrdth ESE 7371 SsiM e ok A Q)%
2ol AA FAR H2E F A fraAel BF Puli)
S} Pro(i)E AR, A F42 FolA o] F ghel

Ak Aot 7L 2 e A FAA-HE ES &

o2 Aosth

(345)

Bu)= 20

Eil 1-EG)

g Ny,

miss

(@)=

=1

max

ES=,_ 1,-~-,N1Phit (@)—P,

miss

()l (3)

A7 Puli)e AA FAA B2EdAN A 3
At §AA-AT TFAYE W AHgsE Aol
DNE Pl 194 SA7E SR 23
A gokg o AbgskE Aot Ej)E i FHA-

AF hdAM AR et fAdAke Fisher
Criterionelth. Ny&E 39 fdx-Hgd £ 44

o] AFoli, Nyt AA £37 gJ2EdA T +4
A-Ae £aA g KA Jhgolth @dE, N2

A 4 d2Bel &3 §7A Agol
SNRE ol 8% #Ha M@ 7IWF Fisher
criterion® 0| 8% 437 4G /14 29 3,4, 5

ol A uehd viet o] AAkE ES @A AolE e

Wk, 13 32 SNR# Fisher Criterion®] ¥ 7HA] 73§
AN BEF ESgte] 4o gl EAlste A+E e

e, 13 4= SNRY A¢ &9 9994 ESatel A
e} 5] 7 Fisher criterion® 7% &9 dFoA ESgte]

Adsls 3¢5 Bolx Yok o|HH 17 3% 49 A
ol 2% 039 #zHdeviation)7t 7HF 2 AHE&
J1E22 ESE AR Aot @4, 19 59 2 A
Lol SNReAME FAZ A @AY Fisher

criterion®] 7-% 03] WA} 7P & FEol &9 o
ool &A%ty 23} A A Fisher criterion AH-
A% 7 2457} 4 F e 2] o el

FqolAe] Exo FAT AhstdE Aot webM &
o) g4l M 0o Hx7} g E HES AYS &
o} oA 0o "L 7 & FEol 2 FAA-
Aol ESgtel HEE 24

=

o



2008 7€ MXZEE

i

3 T TR I T h

ag 3

Fig. 3.

SO - CPRGOR-CYINING rceplol inberavticn

FREI IS
B o

i

wRE et W

SNR Fisher Criterion

SNR Z[8t FHA} MYEst g ALBA| ESRLO
oke| ddof =Xste Z=el oeb Fisher
Criterion ® & 2je| vl

An example of ES existing in a positive region
when SNR-based gene ranking is used, and its
comparison to Fisher Criterion’s case.

% LA ‘%M»?‘: w\ - ;;f"‘jWM’\ \
: x\ A i AN
- \ ! ? AN
g Y o X %,
i \1 ‘; i Y
H 5 o ! 3
. o )
SNR Fisher Criterion
8 4 SNR 719t SHX Mgs i ALA| ESZLO
29 ddo] =xs= Zdfel o2l Fisher
Criterion M gZ o] vl
Fig. 4. An example of ES existing in a negative region

22

when SNR-based gene ranking is used, and its
comparison fo Fisher Criterion's case.

ag 5,

Fig. 5.

SNR Fisher Criterion
Fisher Criterion 718t SMXAF MYst 7(4 olg
Al ESZ0) Sel HdYof ERiste A% ost

SNR Mgz atef uiim

An example of ES existing in a negative region
when Fisher Criterion-based gene ranking is
used, and its comparison to SNR's case.

=2X A 45 3 Cl #

(346)

H4z 23

v. 4 §

B =R A= 47|dA Al Fisher criterion 7]
o GSEAE B8 #9 A1 2 #3448 HE:
e 28 918 199949 Golub et al'e) o5 2xg
B} )& Leukemia Hlol8 AP'S x1g3asith. of dlo]
B AL WEde F 7kA gE& Fd220 Acute
Myeloid Leukemia(AML) % Acute Lymphoblastic
Leukemia(ALL)*l A} Yehbe 17E frdab 7129709
Uy 22adE FA4H0] vk & 3B 4Y AE
o] Ab&ER e, 27707} ALL S8 st v
A 1170 AML 229 g3t

AML¥} ALLS 7828 &
FAAES AEs7] Y3,
SNR& A3 GSEA% Flsher criterion® *}%6
GSEAE ¥ln EAMstax stgth olg ste, ¥A
KEGG Pathway'® g o] &3] 167709 #aA-1%
< %/‘*6}3‘1:& o] & AML¥ ALL ¥ Ed¥2dA F
P dEgY] 2ol VERlE Fo% fAA-HE
P;%OM olE9 sago] 715E EAM3HT. EF o
AEE Fo FRA-AFY H290] 7150 7]E
of 42 Leukemia®t TR sfasfojdAE vja ¥
A3t th

4.1 KEGG Pathway 7|8t SR X-E&9 74

Leukemia Ho|8 Ao &3 AA §A4 P2E F
A FHA F4 dole o]zl &) 7]Eoltt #A
g vehlE 28 g o] &3ty s R A
o] FAA-FEolth AYPA AHES FHR FA d
olfu|o] A KEGG pathwayE ol&dtich 44
A4S 7487 98 KEGG pathway o] B #jo] 29
Al pathway 7152 718328313 dlo]EHES o] §3}

o EA pathwaydl] B8 FAAER
TSR

AR
FA-PHE FAT W HAR

F7F UE #& AL GSEA BEXOA Zxd Z3s
d& = gl7) Qo) pathway 7| 582 2HE Hx
-AE FASE KA FUF HA B o] He
167709 FHA-HAEFES FA8t GSEARAY o] &
&t



24 Fisher Criterion® 0]&8t Gene Set Enrichment Analysis 7B} §2 |EA} Mool HE 4y ¢z

4.2 Fisher Criterion 7|8t SH Xt ME3} 7|40
ot 7o REX MY A A

7104 A<t Fisher Criterion ¥l 9d #+4
A MdetE FAE A4S Y FAA-A T dislA
71€9] SNR ¥il#e O o §44E AAsA ©
o}, obe] 19 6& Fisher Criterionoll o8 A2 Mg
3 713 SNR 7|8t f44 MLt 7| HE GSEA £
Aoj A1g3 79 KEGG Pathway ID7} has0466221
FAA-7E “B cell recepter signaling pathway” ol 4]
A9 F9 AR 35 viad Aot SNR &34
AE 71€o2 T, 2 6 (@oAMe 954 A
FARLSE F S8 o LG Holrt A
ERAE, 28 6Dl A= ofeiFe] HXT5F 2d
pol7b & FAAE etk 53], 18 6olM o
Mo ¥rld FAAEL FAA-IE ‘B cel
recepter signaling pathway”ol ™3l SNRE o] &3
GSEA 44 #4 #1442 A€ d74E denyy,

[oz

N

fo =L mo o

L

04662 B call reveptor sigrating pathw,

267 s ot
MG Q% 9 1A% _at
- Us97 st
UB3430 0t z | 40807 2t
,,,,, zesti at % [
IMI6004 5 3 z Y10055 2t
1190507_at 4 U918t
xoua18,_ o e wetssu
100277 0 ME3167 2t
= 38255 cdsd st G sz AT
i || xueaer at uzou16,5.at
& L [Msesssa XBO907 at
L | eeaa et % Mits 22t ot
g 1 |mdrea st 1 HerezaTiiee e
T wvr e at B
T Jseas0 s 0 sasns
|| Lot Mg0a 3 ot
ol TR vt ¥ 16013t
o WL
|| s
| | [asnea
1 Jomaa
x1368 2t
e nsaestie at
[ |mesosa
D574 80
T [masm %0t
L |iasces e
MESSEY, st
T |xssoms,
o [T lusresom
(@ (b)

T@l 6. SNR vs. Fisher Criterion 7|8F GSEA EAdoff 2|
3t fol X M Z3 vlR (OFE FHA:
Fisher Criterion Z 2} 8252 2|A: SNR Z 2}

Fig. 6. A comparison of statistically significant genes
chosen by SNR wvs. Fisher Criterion based
GSEA.(dark grey boxes: Fisher Criterion resllts,

white grey boxes: SNR results),

MY 2

oJF % gMow 7" FAREL Fisher Criterion
vk GSEA H44] %93 FAANEERZ AF A 4

371 29 6ol M9 2ol GSEA £4& #13l SNRe
7 Mg 7o HEE Fedde F 22 T
ol gZel wrdzto] ol UehiAY HA Yehis,

% SNR #ol 59 9ot o 99 T o= @
g &3te FAAERE £ FAAE A=
50| gich W, Fisher Criterion®] 7-¢ &34
44 7 ZHadAM Y BEol o= & FelAd g3
AeEte 7 292 109 23k A7t A3 F3)

~
el fof FAAE AAs ol luete] FHA-H
Fo] Fo4S s 54 & Adoh webA Fisher
criterion 71¥F F42 A Est 71HE& GSEA £49 A}
£% A%, SNR AHE Ao 33 F Qe 48 79
FA-AY A2 9] 8 228 FH4A

rir

4

Pl

Xp-Fgtol M

0x

27 2 yss

12

43 Re &
ool st
UnbAQl GSEA XA F93 FRA-HEE 2
£ Wdle A8t (normalized) ES, & NES3HE o]
43t pvalueE FYFFLE BUd Fo8 {31
A-A¥Ee FE3= E7, Family-wise Error
Rate(FWER)$} False Discovery Rate(FDR) 53 &
0F AFE olgdte #HHel Utk £ AFdAME
NES#E ol&3te] 49 40 Aol sidstes a3
FE€ Fold FRA-FELR s, AP @
#3te] oju] ¥z KEGG 2ol E9 GSEAR
Ao o8] #HE8 9 FHAA-IAGE 45 dvhi
W3 He=AE HESHY 7]& SNR 7IW GSEASH A2
& Fisher Criterion 7]%F GSEA A#HES v H713}
Aot
53] KEGG d&dojdA B e] AML S#29
o] gt WA gl hsad1103} hsad210
(hsa04110: Cell cycle, hsa04210: Apotosis), ALL £
29t BEE hsaM6609t hsaM662 (hsa04660: T cell
receptor signaling pathway, hsa04662: B cell receptor
signaling pathway), 123 AML¥} ALL 282 &
Al #AHol lchm WEHA  hsa640 (hsa04640:
Hematopoietic cell lineage)® #'& XAg3te] W&y 3
d dadol2 uEHA o] & 7|vte R 7 GSEA
HES EAE B8l FefAdo] gt 58 49 404
[=]

o] FAA-AY FolA, HFY FH A o) H24)

1z



20088 78 HXE3

¥ 1. Fisher Criterion 7|8t SHX ALEst 7{Hal
SNR7|8F SFAL MEgl J|HE X283t GSEA
HE Zo
Table 1. GSEA results obtained by Fisher Criterion and
SNR" based gene ranking methods.
$77 498 | Type of [dentified
719 Leukemia KEGG
Pathway ID.
SNR 7]3 AML hsa04110
GSEA ALL
ALL & AML | hsa04640
L oy
Fisher Criterion N
718 GSEA 5a04660
ALL hsa(4662
ALL & AML | hsa04640

olg dvh} xdsta
ok old B3 £
471 & 1o vEpd wpel go), 7]$9 SNRE
GSEA #49] o] 3%, AML #8 d2ago] AX
ZA  hsa4110¢F ALL/AML @@ gfig)o)
hsa046402] & F ] Hxdo|wrs 5
o, 2% Fisher Criterion & ©]-&3t
A= hsa041108F hsa(4210, ALL® &P
hsa04660% hsa4662, 1813 ALL/AMLS) @
hsa0464) s 29olE FEFo2H PEFHOZ olu
AFE & oA e B8y # dago] A

F 2Esh5

NEAE

AEd A A9 A
A= ® 13 2.

i
.2\-'4
e
£
z
nh

2

=

=2

V.4 &

ol o Ajel Zo] B =Fo|ME GSEA B4& 98
FHzF Ags o Zg duby oz A4 E SNR
w oiAl Fisher Criteriong o]&38te Wi Aghs}
3, ole] 84S BEY gYE AY BAS 59 Ay
Botrh Ay Azo] oA SNR 71 A A dst
Hig o% WYY £ FP2Q AMLH
ALLANA Fa8 #dghe] Aolg Hole #93F g2

dol2A Al AESAH o7 FEA BT F 579

%

- Kel

3 A

Hzdo] F 27§ukE topd S gidvh whHe Fisher
Criterion$ AHS8 Z$ol= 57 55 Zopd 5 9l
ek wet B4 FeladAe fAx dEgte] g
ez vis) FaHoE AU GE HuHE FAY
W38l Fisher Criteriond GSEA ¥Ajo] 243 3

=X ® 45 A Cl #

(348)

M4z

O

=2

SNRE o8 mel] wAsA 28 4B
= Fo FAA-WHE BRYoR
o

o
A
bl

&

a2 B

MO

[1] A. Subramanian et al, “Gene set enrichment
analysis: a knowledge-based approach for
interpreting genome-wide expression profiles.”,

Proc. Natl Acad Sci USA 1020 155645-50, Sep

20065.

E. Taskesen, “Sub-typing of model organisms

based on gene expression data” Bicinformatics

technical  University of Delft  Research

Assignment, 2006.

S. Monti et al, “Molecular profiling of diffuse

large B-cell lymphoma identifies robust subtypes

including one characterized by host inflammatory
response.”, Blood. 2006 Mar 1;105(5):1851-61,

Nov 2004,

C. Bishop, “Neural Networks for Pattern

Recognition”, Oxford University Press, Oxford,

1995,

A. Blum et al, “Selection of relevant features

and example in machine learning”, Artificial

intelligence, 97:245-271, 1997.

P. Bradley et al, “Feature selection via

mathematical programming”, Technical report to

appear in INFORMS Journal on computing, 1998

A, Zhang, “Advanced analysis of gene

expression microarray data”, World Scientific,

2006.

S. Dudoit et al, “Multiple Testing Procedures

and Applications to Genomics”, Springer, 2007.

G. J. Mclachlan et al, “ANALYZING

MICROARRAY GENE EXPRESSION DATA”,

WILEY-INTERSCIENCE  John Wiley & Sons,

2004.

[10] S. Dudoit et al, “Multiple Hypothesis Testing in
Microarray Experiments”, Statistical Science, 18
71-103, 2003.

N11Y. Ge et al, “Resampling-based multiple testing
for microarray data analysis”, Technical Report
633, Department of Statistics, University of
California, Berkeley, 2003.

[121V. G. Tusher et al, “Significance analysis of
microarrays applied to the ionizing radiation
response’, Proc Natl Acad Sci. 24:98(9):5116-21,
Apr 2001.

[131R. Gentleman et al, “Bicinformatics and
Computational Biology Solutions Using R and

(3]

(4]

(5]

(6]

(7]

[8]
(9]



26

Bioconductor”, Springer, 2005.

{141 ]. Verzani, “Using R for Introductory Statistics”
Chapman & Hall/CRC, Boca Raton, FL, 2005.
[15] T. R. Golub et al, “Molecular classification of
cancer: class discovery and class prediction by
gene expression monitoring”, Science (Wash.

DC), 286: 531,537, 1999,

{16l KEGG: Kyoto Encyclopedia of Genes
Genomes , http://www.genome.ad.jp/kegg/

[177M. Kanehisa et al, “The KEGG databases at
GenomeNet, Nucleic Acids Res.”, 30:42-46, 2002.

[18] S. Kawashima et al, “KEGG APL A Web
Service Using SOAP/WSDL to Access the
KEGG System”, Genome Informatics 14
673-674, 2003.

[1911 Dinu et al, “Improving GSEA for analysis of
biologic pathways for differential gene expression
across a binary phenotype.”, Collection of
Biostatistics, 2007.

[20] T. Manoli et al, “Group testing for Pathway
analysis improves comparability of different
microarray datasets”, Bicinformatics, 22(20):2500-
2506, 2006.

[21]1S. Kudsen, “Cancer Diagnostics with DNA
Microarrays”, John Wiley & Sons, Inc., 2006.
[22]C. Potten et al, “Apoptosis”, Cambridge

University Press, 2005.

and

d M JEgsd)
2006 A et FFH TS
A 4.

2008'd AETista e HEF
e Mab 8
<FHAEF - AEAHEF, Hol

Elobely, R AA>

Fisher Criterion® 0|88 Gene Set Enrichment Analysis 7%t 89 SHX &9 HE WY A

X XA )

(349)

AN 2

Aol HHIYD

1991 AM e Ak
A E4.

Sl R ST B R
A E4.

1=+ Syracuse Univ.,,

i EECS Dept., Ph.D
1999 ~2005d 3¥ FFHAFTAATY

A 474

49 ~8A ABYSn AxRA7HFH
SR 2ua

<F@AEr  HELY, woleJEHH 2>

19934

1998

20054



