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Abstract DNA methylation plays important roles in the development of cancers. Previous studies have identified the
differentially methylated sites (DMSs) between cancer and normal control. However, the methylation variations across multiple
cancers have not been revealed. In this study, we identified DMSs among six human cancers (C-DMSs) and DMSs among five
normal control tissues (T-DMSs). It is revealed that C-DMSs are highly overlapped with T-DMSs. By excluding the T-DMRs from
C-DMRs, 4159 bona fide C-DMSs were selected as methylation variations across multiple cancers. Further analysis confirmed the
roles of bona fide C-DMSs in regulation of cancer-related gene expression difference. Moreover, the genes related with these bona
fide C-DMSs showed enrichment in the biological processes such as cell membrane components, cell adhesion, cell migration,

immune response and cell proliferation, and also the pathways in cancer and bladder cancer. And twenty-eight genes are targeted by

hsa-miR-323 which participates in tumorigenesis. In the end, we

WeRHHE: 20134208 A 02 H identified potential cancer-related genes by extracting protein
B H: 2013408 H 19 H
RFHM: 2013409 H 28 H
HEWH: KU HERITE %S TR %054 mining the potential cancer-specific methylation markers and
[12521270]% oncogenes.

interaction sub-network. This study provides a new framework for

Copyright © 2013 BioPublisher Jisuan Fenzi Shengwuxue | Vol.2 | No.10 | 1-9



T TFEY (M)
Fenzi Zhiwu Yuzhong (Online)

Keywords DNA methylation, Bona fide C-DMSs, Methylation variation, Ancer-specific methylation markers

L Ak 7E e E 1) KRR bl o E AR A
(Esteller, 2008). JiE /& — MR T A R 4R B 5 2%
HIR BB, R 70 R FE T A& DR e 4 i A
55 K P 50 o7 2 7% 381 5 44 1) 3 — > EB AL (Rodenbhiser,
2009; Bhatia et al., 2012), [ /LK ZR, HAlEER
FWLIBAE S O FEUR MR R . — e LR
3 ) DNA HEAS S Z P21 555
F i1 (Heng et al., 2010). Zhang &5 51T 1 — T 57
B AL R TR AL AN R A # AT 9 B AN R R
fiE(Zhang et al., 2006), {HJ2&, a4 HRs 1A
e ST eI A AN A A R s e AT AN 4

X7 DNA - F Ak P g AR e 12 528 B 9T 9 W] DA
ZHE NGB IR AR & DLRTIIEE L D a R A=
WM B4 1T H MethMarker #fi 58 1 Ja i Al 1E & X F&
2H 2 [8] F FE A0 A7 65 (DMS) B Z 5+ (Schuffler et al.,
2009). a0, Costello 2567 T 55 H 1k CpG &

A Ji e AT AR SR AL R A 1) AL AR 3 (Costello et al.,

2000). MtAb,  Irizarry 58N KT8l ik —28 55
FTIER] CpG & Hig A AE BB, AR 13BN 3
I 1EH 23 b R BN 1 45 i e AN I ORI B S 2 (A
HEE R M A X (i T ). b4, Hansen
LN R 22 R DNA HEEAIX 80T g
BhF i 1) 5 5 14 (Hansen et al., 2011). HT DNA
R A I R T Bt AR P A ], B 2 i R S
() 7 i PR AR bR IC B 55 0 MR o T 4288 ¥5 97 A
e,

e 18 5 AL A T B R A A5 IR R 2 R Mg o
F) AL AR AL BN AT AE o Tllumina A 28 F3EAL 27 85
Fr VPRI AN SR iR R I 27000 JEF 1 SE#) CpG AL
RS R 14475 SEREEE 1126 [ AH DG EE R i F
IRAS(He et al., 2007). 35X b 5 5 THI AR 7] CALE A
FNGUE] 12 MEARTHAT, ZEREH LB RHR
BIRAT TR ST, DRI, ZEARCHT ZH T E AN
Jegs i A IE R 2H 2 ) S KA 2 (Calin and Croce,
2006; Wang et al., 2007; Yoon and De Micheli, 2005;
Weber et al., 2005), {H&, XA R X 3k i e r
5 A — N e RN Bk, fEAVRAH,
TATEE X LAR PR A i) 753 3k 43 B 7S M AS 5] ) e R
R0 oA L P T 55 6 R 4H ok I 27000 > CpG A A
fTRE B FRHFIEORES . B, 2R
() AL AR AL R AE R B ? 25 FE 31 DMRs £ 1R 41
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2R 1) 20K 1] BEAE 41 i 2H 2R S 4 R IR 1) me 1 O
R R AEAE H (Rakyan et al., 2008), AT HT 1
C-DMRs Ml T-DMRs Z [A] )¢ 5 LA A 1 6
C-DMRs. H R, Xl I AR0 AR 2 K P i
MPER AT A2 Ak, BATEFATTHLH. 55 E
C-DMRs AH 5 PR ) 1y B 8 A0 i 1ot A A B A
J7 AT 1 A1 B AT

1 4R 5090
1.1 DNA FIEALIEAR [F] AR H R i 25
N 3BT NN [ 28 8 (g RE S FL AR R 1 1F 5 4
ZUAH AR, FRATA S TSR R RE A0 FLAHAH
LR IE R R 2 RS T RS I B 27543
A~ CpG K B 297 BIFE it o 9 T A5G A IRl e A ZH
U H SRR, AT FH BR IR BE B AT 0 2 3R
e, FTH 297 ANFE IR IR ISR I AL R Bk
WL, AR FEM AL SR E, R4EFTE a8y
Jee e B I RE A 14 T 38 FR R AG K P15 B )2 IR 2R
WA X AN AL, ol IE W I 250
REWE 1A). B, H=AF B FIACER: 5
— NG T IEHMRAR . 2 &M SRR S 41
FILILIR, 25 ANELRE I & 10 B R i BEA AR, 56
SAVEAE IEH BTSRRI SR . R BRI R
B K W A LR« 1E % B AIE 3w LR 3R
J, IXATRE SR IR A K e R L R 4 ) 1) 5 S
$: [ (Garcia-Patino et al., 1998)8534 & WA 2 K1)
S LAk (Agrawal et al., 2007). 1 B2 R #RAH S
REMRBIMZRELAA S ER WS A MIF
iR, gRRY, [FH AU FENRES R 1L
P 3 LU AE A ] 2 21 H (1 R A A QB A AL
1.2 FEE 540 JOL 1 # of R 4 PR AR By AR el
FATHRT g FOAH B 1 5 6 R 2 (8] CpG Ar
R R AR AR AU A BRIV N AR B, AR
e, 20 0k M R PR AT 4 L 1 LS N
1 LA e AR 1) PR LK, JE BUE AT TAR R 1
B AL AU 3 5 A 1E H 4 AU Bt R B R
HIEAL KB 1B), a7 1 e AL SRIAR L 1) 1E 5 4
S IR H A KT AR 23 A o X AEAE T CpG
B FIARAEAET CpG 51 CpGs it — B MR DL HI A
FIIZ5 R, F1ET CpG 1) CpGs 1 H EAL 7K T
K TAAELET CpG &1, KTAEAET CpG &1
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Figure 1 Methylation pattern of 27543 CpGs in various cancers and tissues

Note: (A) Clustering of human cancers and normal tissues using methylation levels in 27543 CpGs. Columns represent individual
samples (cancers or normal tissues), and rows represent CpGs. The heat map shows methylation levels, with being more methylated and
blue less. (B) Methylation levels of 27543 CpGs in 11 cancers/tissues. (C) Methylation levels of CpGs located in CpG islands in 11
cancers/tissues. (D) Methylation levels of CpGs located out of CpG islands in 11 cancers/tissues. (E) Methylation levels of CpGs with
different distance to TSS
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CpGs, e H 1 H 340 1 K 3 o - IE 1 410
(E1C), 52 HiEshTIXCpG &y FIEAL IR E — 5
(Koga et al., 2009). A5, AL T LG AL
R B A B AR K (TSS), &5 SR I B BT e
i /2H 23 F U TSS BE B9 (1 38 hn H A /K SF 38  F
(EID), FrfAixLess R, A BT erm
FHSE 0 I 5 223 00 ALK, (R, R FEAN TR
JiE 2 [ R AL 22 ), LB R A 2 H
5.
1.3% R BRg H) 22 57 FR AL AL s R % 5

N T YIRS R 1 AR W, BATIE A
QDMRI & 1 2 K 1 S i A IE 5 41 23+ I DM Ss
QDMRES FFANCpGAz s 43 FL A, 64 Je i FH At 22
SR AE0.187~19.057, SANIEH 44 3EAL 2
ST 7E0.194~17.673 (K2 A; B), 5%, &
FEM IR L 2E etk . T EF A ER, X
QDMR [#H ~ 6/ S B, BT CpGs#t 51 59645
C-DMSsH117898 Cs-UMSs (FI2A), HB{E NS4 IE
WAL, BT CpGs#i 41748480 T-DMSs#119063
T-UMSs (&2B). C-DMSsfj%{& % TT-DMSs, X
FE 2 R RRE a1 2 I CpGs A F AL 22 57
% R RE R R SR A 1 195 oK 2 2 C-DMSs i
71~ HE A AR A ALK (B2C) o T B T2
1 2% H oK 22 B T-DMSs i 7 be HoAth 1F 5 20 2 IR 1
FH 364K /K P (Figure 2D). X 3R HC-DMSsFIT-DMSs
FEA [ 1) Ji g /40 2R3 18] HL A AHALL ) F AR =, ik
4b, Cs-UMSsHIT-UMSsTE T I8 /4 25 () 4R & 31
7 H AL (EI2E; F).
1.4E B C-DMSsHI%E %

HE—5 M R IL57% (5486/9645)H1C-DMSs
i %  T-DMSs , Tit #1 R 31% (8480/27543)
(P<0.0001, KE3A), [k, MFRATENE FC-DMSs
I T EH FET-DMSs, fEIX ., #EC-DMSstliiE
AR E % 5E NC-DMSs{H & 78 IEH 4 4 %
TENT-UMSsHICpGHL . JEF X ehriE, FRATIMG
B RE O B T 41594 3% B C-DMSs, X £CpGAH
b T A ZH ZALE I8 HR A AN TR R 4k, T BB
PR R S I B R R BRE . IX 2 535 B C-DMSsHH 9%
BRI D) RETT ReA Bh T T MR MR DNA 4k 1)
YEM .
1SR REAGAL R ThRE I 2 7

T TR B Z R WA AU B R K D Re,
FA1M#E FHDAVID (http://david.abee.nciferf.gov/) Xt 6
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i R 541595 5 C-DMSsHH ¢ 1 52 Rl AT T 3
ReE BT, RUEEHEZE R AL AR 2
RITE S iE A S I DhRe H BAA & 4R 1E A, ndi i i
PR SHMORGRE . ARM0IERS . B E A S I B
(K1), HHAREN N EEGSERTHEE
. 258 M R A B hsa-mir-323 £ 5% 28 /N 3 [A]
(Plaisier et al., 2012). HFFEW], miRNAF]FEZE—
B LEIDNAB A B A0 R 17 28t 7T 5E & 2 Pl
iE M IR AL FR G o IX 845 SRR T DNA F 3Lk iE
T R e R DR e R R AEE
163833 2 F 5 AH BLAE F P48 R 5 7 R e B (R

P 5 A 2 S C-DMSs 1 FE [ 4w 5 1)
B DA K I AR I B R 1 AR AR 4%
BH T —ANTM%(E4A). EREY, SHEE
C-DMSs 1) 5 R 4 i 1) £ 1 25 5 5 HoAh B (A AR HLAE
i, fEIXARIZE R, ACSM3 5 k2 $8 A AR HAE
F, s, 2R SN S AL A Ok
(Chen et al., 2002). It4b, 7EIXNMZEHE A IhRE
B NTR N 71X L HT R I AR 1R A DG 2 ]
(#2).
20 it

TEIXIGRIT T, FRATT 32 BT i v 22 5 Y O
IICPGHL s, B — RINAEYE B30, &
FERBIMT Zo B B E S ThREE
ST, BAERY T 22 5 WL CpGhL B s, A
N6 A HH (1 i 22 5 F R S PT RE A2 S5 DNA
AL e T IR A DhRE T R . AT Fe 4
T (%) SR 5 SRR S VR IR FR AR
X AT e R R 2 W, RS ATUE A H

3RS T
3.1 DNA FEALHIE

DNA H B 5 LLE %5 “GSE17648 7
“GSE21304” , “GSE22867” , “GSE26319” Ail

“GSE26990” M JE K 3 18 #4fE PE (GEO) T #3K 1%
(Barrett et al., 2009), Jfrf iX L4 @ i Hlumina
HumanMethylation27 BeadChip ( A H 3 {k
27_270596_v.1.2)#47 7047, H Vit AN G A AL
T NCBUEHE e o 14,4753 Gm fd 0 /77 (1 4 62 46
A 3 3 3 B XA P 927,578 i 45 B CpG Az
M FEIRRTURE A, FRATE 275434 FEALKSE
CALERIE T 6FlIECR I, £ RKIEEHM, K
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Figure 2 Methylation patterns of C-DMSs, T-DMSs, Cs-UMSs and T-UMSs

Note: (A): Methylation heat map across six cancers of CpGs ranked by entropy derived from QDMR; (B) Methylation heat map
across five tissues of CpGs ranked by entropy derived from QDMR. (C-F) Methylation levels of C-DMSs, T-DMSs, Cs-UMSs and

T-UMSs, respectively
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A3 B C-DMS I T-DMS J i AT 178 5
BT F R F R [IQDMR K % 72 (Zhang et al., 2011).
Xt FEEACpGAL A5, i3 QDMR 5E & 65 JiE 2 [H] f)
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protein interaction network
Note: The proteins coded by the genes with bona fide C-DMSs

are in orange, and their nearest neighbor proteins in green
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Table 1 Functional enrichment analysis for genes related with bona fide c-DMSs

Term

Genes

Cell-cell signaling

Defense response

Cell adhesion

Biological adhesion

Cell proliferation

Response to wounding

Digestion

Defense response to bacterium

Response to bacterium

Negative regulation of cell differentiation

Positive regulation of multicellular organismal process
Defense response to fungus

Killing of cells of another organism

Regulation of synaptic transmission, glutamatergic
Cell killing

Response to fungus

Negative regulation of neurogenesis

Negative regulation of cell development

EREG, HTR2A, GRIA4, CCL20, KCNIP1
DEFAI, DEFAG6, ITGB6, CCL20, TNFRSF4
PGM35, DEFAG6, ICAM4, MSLN, SIGLECI0
PGMS3, ITGB6, ICAM4, MSLN, SIGLEC10
PDZKI, MT3, EREG, TNFRSF4, CCL20
EREG, ITGB6, CCL20, TNFRSF4

CAPNY, CAPNY, TFF2

DEFAI, DEFA6, CCL20

DEFAI, DEFA6, CCL20

MT3, EREG, DLL3

EREG, HTR2A, GRIA4

DEFAI, DEFA6

DEFAI, DEFA6

HTR2A, GRIA4

DEFAI, DEFA6

DEFAI, DEFA6

MT3, DLL3

MT3, DLL3

e XEAS T AT GOKFHpfE<0.05 iR

Note: Only annotations with p value < 0.05 for GO in all levels are listed here

R2EER F U ELAE A7 I R o/ DR G Th e SR 0T

Table 2 Functional enrichment analysis for Proteins/genes in protein interaction sub-network

Term Gene Num. p value

Multicellular organismal process 152 5.01E-12
Homeostatic process 46 1.01E-09
Cell-cell signaling 44 1.14E-09
Response to chemical stimulus 81 1.36E-09
Regulation of multicellular organismal process 54 4.66E-09
Chemical homeostasis 34 1.64E-08
Response to stress 84 2.98E-08
Wound healing 31 6.02E-08
Response to wounding 42 1.49E-07
Ion homeostasis 27 2.40E-07
Developmental process 107 2.74E-07
Cell proliferation 48 4.31E-07
Cell differentiation 70 6.76E-07
Cell morphogenesis 32 1.36E-06
Localization of cell 29 2.08E-06
Cation homeostasis 20 4.47E-06
Regulation of sequence-specific DNA binding transcription factor activity 16 4.77E-06
Regulation of transcription regulator activity 16 5.84E-06
Response to stimulus 157 6.30E-06
Regulation of cell communication 39 6.88E-06
Protein modification process 65 8.71E-06
MAPKKK cascade 20 8.71E-06
Regulation of signaling 51 1.04E-05
Central nervous system development 26 1.48E-05
Immune system process 51 1.76E-05
Response to drug 18 1.78E-05
Small cell lung cancer 10 5.68E-05

Copyright © 2013 BioPublisher
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MI:hsa-miR-323-5p
Regulation of actin cytoskeleton
Pathways in cancer

28 1.03E-04
15 1.75E-04
19 3.58E-04

e X AL T H T GOZKT- fpfE<0.05 fRIVE R

Note: Only annotations with p value <0.05 for GO in all levels are listed here
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