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EHNE DAODBERKREBOEBR LS
DNA 2 F AL RE DREFEAIFAT & £ DERKIS
A FEYEHAFEREESKRE YURIVTLT
[(BA: IRBFOHE]  2010F4 ARE
EHVE  FHEIFFEMERERS A DOEMEERIC
Mbb'V x7 v/ BE % 48 X
IR EWES XAV T A RAA v ay
21 (@Y A 2)AEIEFEREMERE LD A DIGHRER
B&) 2010 45 10 A 5D
FHEE, PR, EH-4EPE BoET.
EHPRE KEHE Stage I I/ —<ilBIB
DNMT3B BRZEHIIEEFRE TAEEREE 2D
AARATEY 2T 47 AMREEARES
2010 4 5 A B
W HEBUL T EE, B4 B0, SER T
INERS, MESCE, SLMEETA, ERERK. HEH
7, HARS, fiEHER, &H7K DNA A
FALT T 7 A T ESWTEER A DTEED
Wr - IRIEDWEEDOMHY. AAZE Y3 T 4
7 AELEARFES 201045 A B
R, HiHESE. BEFRM, NEES, Ok
B &R DNA A FNMLRREAEIEL T3
BIEATEEBREICBITBRENA Y R 7 FELED
R HAZIE X7 47 AHERE AEF
2 201045 HBHE
FHEHE P & EH- SR BETET,
GHIE Stage | HREI /) —<iZBITD
DNMT3B BRBHRIIFRTREEL 2D &
69 [B] B A F2FHTHEE 2010 8 9 A KKk
HEEUL, A E, EH - SR, FREET.
INEBS, MBECE, EmEEL, A K. M
HER, HARGS, fRERELG. £F7%% DNA
AFNMALT 2 T 7 A MTEDSWER A DIFTE
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BEAF BB LMAMBE (5 3R B ARSI EE)

SR RREE

DNA A FNALD 5y FHEME DFRITE L OB A BN TAREL SN D FRBEF ORE

MaoEE BH X LEEARFELFERE BR

MAEEE

AR TIE, 7/ LT A Rig AF VLT 21T\, BIZEIT 5 DNA A F L
{LDOBEIZHLNCTAHZ EXBERNET D, AEERIRIMR S —7 20
—ZHWT ChIP ¥ — 7 2 AEI X 2B ETEERASOBEBOREN. 7
) hF e T —iERAWZ LHEE L~V TODNA A F AL 21T o 72,
INET, ¥ AEBAOFECRE LZSABREREG FICBE LT, KB
WA, BRABRBAICBWNT, 2, WESEMICERR L - RS
RED DNA AF VAL ERETERE2HIL, BAOREETFHSCHERY X
7Tl WEDOET=2Y I ~DOEANAREPRIEE{T > T 5D,

A. TFEBEH

AHFRETIL, BAICEIT 5 DNA A F AL DOHERER
FRATIC LY . BRACEE T H2HHBETRZRIEL.
BAICBT 2 ZEZAONICTEIZEE2ENET
5, 21 FEEE TOMET, KBBAIZBITHEET
ZEEY DNA A FNAALREDOBEE nir-34b/c DY
TR T4 v P RRY, WRALBIT A =T
4 v 7 IBRIDOREZ{TH> T& iz, REEL, ChIP
=7 T AR L A BETFES R A ORBE
¥, 7 bxx P Fy—Er Aokt —7
v —iz L BHFER) Bisulfite sequencing EZ 1T
7o

B. BIRG

DNA A FARIZBS L TiL. Bisulfite sequencing
38 L ' Bisulfite-pyrosequence {EIZ L Y | BEF
FHEIZE LT, Microarray #., RT-PCR B LT
real-time PCRIEIZ & U f##fr L7-, & A b ERfIZEE
LTk, 7 a<F &0k (ChIP) %, R —
7P RMT LT,

(fREEE~DEE)

Tk 17 FEASBEETE 255 5 [BRAHFEIC
B4 A GEES) VY, MEEICKESEE L CH
REED D, FHRMEOERROMBE & OMEF A
WCo&, BEICHRALXETRAELZE. EEFEE
AL U TR 2TV, BED TS FA NV —&EF L,
IRER R FORBZEESOAR 2B THERT %,
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H21 EEETOMET, 7/ 2V A NS R
By I 2750, AR CH3 U T4 b
U A F AL (H3K4me3) %3R3k T 5 FUE CTHRE LR,
R — 7 = —%2 AW CEERSE R OREREY
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FEIKIT 233 @ microRNA FiBR{MARIZ HCT116 #fa Trdzd
¥ HiLT, DKO MlARSE A0 72 H3K4me3 D ' — 2 #3380
oo ZHHOE—7OHIZIE, RO E—F—
T LA THRRIERER o, FHiz/z DNA A F ik
DFER) microRNA BEELEZ, TDOIHIH, 47 @D
microRNA 7% DKO #ifd CHIH EF L Tz, 22 @M
microRNA RIBRIADFE —: 2 ) L 5 kb LANIZ CpG 7 A
Ty RERL, £2TH DNA A F iz L ) &+
ALy ENTNE,
EEENFZ~vA 712 RNA OD—>TH5, miR 1-1
PRIBEBAMBEICBNT, SA VT 7o F3( 1
I T REITRITLIZEZA, BVLARLT
AFNMEERL, DIMTL B L O'DWI3B %/ v 77 7
L7 DKO MHRE TiT A F ML LANETF L, B
BEELTWE, £, KBBSAMB T ne—%
—ERALD DNA A F AR % EHE3 5 & | T6%D KAF
BATAFAMMEEN TV, EFRBAERR TITA
FAE L AVTFEFITEL . ERMIFED D O KIEH
ADRZ N —=v TREATHD MR RBENT,
~A 7 7 RNA, miRl-1 %, KEGH A MBAGERIZTEHIR
\ZFH X4, Gene Ontology EHT#1TH &, BICHE
WRBEMET L-BETiE. MltoEsoaES)
ST 28EFThor-, EB., niRl-1 Z1BE%R
B MR T, MIEESSEL, ELRES
AT, miRl-1 BEHIEN D Z L35, BAMED
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AFNANY U URETRIELELE DM 27 e E—
Z—F ) IT LA TR L CE R, BT aTEER T
s, Fu—7OMBICHNEZ T LR, v
FAORERME, EEEICEERD -, L EELL
TOD DNA A FMALERATIZIE, NAFVT 74 Fi—
I ABNINBETHEN, 7 ) LRI
RESTldhehotz, Bill. BEDY / LOHEKEY
RNA AV IX 7 vAF RTHxy I Fr—nHEIN
2. bhbiid, ThE THEE ST/ SOLiD
ERWEFET, B FRBICEER Cp6 747~
R OfEAT 2 R AT, SRR CIXEEAICRATS Cp6
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CpG 7 A F > K 100 {i# (0. 15Mb) DIEFELFIZ 584 A
FNAL ST EEFI & A FAAL S TWRWESNZ
FTAHRL @M BT, T AF Yy TFr—%
TV, NPT 7, METY—I AL, Z
DFFMT T, BIR L7 2,076 BinFF 2,030 Bf=T%
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ETRCEREY 27 FHl, figoe=21 0 7~0
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LN KB EEALMITL,
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WERL YL T A =7 AT L BREELV
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KRR —7 = —% i ChIP & —F
ALY, BETESRBAOERBNEN. 7/
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EA S BRIEM RS (B 3R B ARG AEE)
SRR EE
A3 AU KRN DNA A F UL B DI IRAZEA
W EE  UERE  FEKF PS MR AL B8R

HEEE

ITHE DNA A FARI R E e e 2T 4 v V7 ERRELZENE LT
EBERA~DISABPEBRENRTWS, LML, BAMRIIBITA=ES AR
BFOBERPENANIBIT BERICONTIE, REFRBERANREL, L%
BRIRBEFIEDORBEOZDIZ, PAMBIERBITA2=ES 7 LBREOER,
BENERIATHZ ENRRDOLN TS, FHFFETIT iPS HAa (1PSC) fERE:
WeRWBdZLicky, BEMROY s sI00 / BhafbiciiTbsx
BT 4 v ZEMREARETT S Z L T, BAMBRO=YY ) ARE
DOEBREBIUVEELTHOLNITA 2B E L,

FIRMERBIRIEIEDOTT L~ X2 Th % Apc Min = U ZRBIEEIC L
4 RFE2EHRRIESD 2 LT, FEMIZ iPSC IZEEL L 7= 18R (T-1PSC 4%
HORR) &ML U7z, T-iPSC KRR % /L FBELEMIC TR T D & —HRid
Cdx2 BtEMp~& 3k L7z, 72, T-iPSCHkAIIE A2 LB ELRE TIZ TR
BEAICEER T D L, MRS RAICEL, REFEVARTTO
EEEREALESB L, BE, BoN-FhFROMAD DNA # FLIREE
RN L. WNIEBHIED DNA A FAALBREE TS ORET LTV 5D,
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Epigenomic Analysis in Toxicology

Toshikazu Ushijima, Eriko Okochi-Takada and Hideyuki Takeshima

Carcinogenesis Division, National Cancer Center Research Institute, Tokyo, Japan

I INTRODUCTION

The epigenome, the totality of epigenetic
nodifications in a cell, plays a fundamental
-ole in development, differentiation, and repro-
sramming (Law and Jacobsen, 2010). Like the
genome and unlike transcriptome and proteome in
a cell, the epigenome is replicated upon somatic
DNA replication (Ushijima et al., 2003; Laird
et al., 2004; Riggs and Xiong, 2004; Margueron
and Reinberg, 2010). At the same time, unlike
the genome, the epigenome undergoes dynamic
changes during development, differentiation, and
reprogramming (Bird, 2007; Cedar and Bergman,
2009). In other words, the epigenome is established
as a consequence of interactions between the
genome and environmental input (Gan et al., 2007),
and serves as a cellular memory once established.

From a toxicological viewpoint, agents that
induce aberrations in the epigenome are of serious
concern. Once an aberrant epigenome is established
by some factors, the aberrant epigenome is inherited
at somatic cell divisions even if the aberrant status
is hazardous to the cell or host. It is well estab-
lished now that aberration of the epigenome can be
causally involved in cancer development and pro-
gression (Jones and Baylin, 2007), and it is expected
that aberration of the epigenome could be involved
in a broader range of acquired disorders (Jones et al.,
2008; Robertson, 2005). This chapter will introduce
what is the epigenome, how it is altered in can-
cers and other disorders, what induces epigenetic
alterations, and essential techniques for epigenome
analysis.

2 EPIGENETIC MODIFICATIONS AND
EPIGENOME

Epigenetic modifications include DNA methylation
and histone modifications. DNA methylationis well
known for its high fidelity at somatic cell replication
(Ushijima et al., 2003; Laird et al., 2004; Riggs and
Xiong, 2004), and thus is considered as the central
player in maintenance of long-term cellular mem-
ory in mammalian cells. Histone modifications are
more diverse, and individual modifications seem to
have their own roles and fidelity in somatic cell
replication.

2.1 DNA Methylation

DNA methylation in epigenetics refers to physio-
logical methylation at the 5 position of cytosines
at some CpG sites (Figure 1a). This methylation is
different from pathological DNA methylations at O°
and N7 positions of guanines, which are abnormal
adducts produced by alkylating agents and impor-
tant in the field of toxicology. DNA methylation at
CpG sites is characterized by its inheritance upon
somatic cell division, and critical roles in regulation
of gene transcription.

2.1.1 Maintenance of DNA Methylation
Statuses

When a CpG site is methylated, cytosines on
both strands are methylated (Figure 1b). At DNA
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Figure 1. Characteristics of DNA methylation: (a) structure
of 5-methylcytosine; (b) maintenance of DNA methylation at
somatic cell replication. DNMTI restores fully methylated
statuses by methylating hemi-methylated CpG sites at DNA
replication. Methylated or unmethylated statuses are inherited
with high fidelity.

replication, cytosines in a newly synthesized
DNA strand do not contain methyl groups,
and hemi-methylated CpG sites are temporarily
formed. However, a maintenance methylase, DNA
methyltransferase 1 (DNMT1), associated with

a replication fork (Hermann, Goyal and Jeltsch,
2004), restores those hemi-methylated CpG sites
into fully methylated CpG sites. DNMT1 has much
lower activity on unmethylated CpG sites, and
unmethylated CpG sites are kept unmethylated.
Therefore, DNA methylation patterns are replicated
at somatic DNA replication with a high fidelity
(~99.9%), especially in CpG islands (Ushijima
et al., 2003; Laird et al., 2004; Riggs and Xiong,
2004).

DNA methyltransferases are essential machiner-
ies to establish and maintain DNA methylation. As
mentioned above, DNMT1 has the major role in
maintaining DNA methylation upon DNA replica-
tion, and homozygous knockout of Dnmt1 is lethal
in mid-gestation (Li ez al., 1992). In contrast, two
de novo methylases, DNMT3A and DNMT3B, are
involved in establishment of genome-wide DNA
methylation patterns (Okano, Xie and Li, 1998;
Hermann, Goyal and Jeltsch, 2004). While Dnmt3a
cannot methylate nucleosomal DNA, Dnmt3b can
(Takeshima et al., 2006). Homozygous knock-
out of Dnmt3a causes lethality after birth (Okano
et al., 1999), and Dnmt3a is essential in estab-
lishment of genomic imprinting (Kaneda er al.,
2004). Homozygous knockout of Dnmt3b causes
lethality before birth, and germline mutations
of DNMT3B cause a recessive inherited disor-
der, ICF syndrome, in humans (Okano et al.,
1999).

2.1.2 Gene Silencing Caused By DNA
Methylation of Promoter CpG Islands

DNA methylation of a CpG island in a gene
promoter region has been known to be consis-
tently associated with transcriptional repression
of its downstream gene (Baylin and Ohm, 2006;
Ushijima, 2005). This was further supported by
recent genome-wide analyses of DNA methylation
and gene expression (Weber et al., 2007; Rauch
et al., 2009; Yamashita et al., 2009). As a mech-
anism how DNA methylation of a CpG island in
a promoter region causes silencing of its down-
stream gene, the role of nucleosome formation,
as discussed below, is currently believed to be
important (Li et al., 2007), in addition to induc-
tion of inactive histone modifications and inhibition
of binding of methylation-sensitive transcription
factors.
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2.1.3 Gene Body Methylation and Increased
Transcription

Recent genome-wide analyses also showed that
methylation of CpG islands in gene bodies is
often associated with increased gene transcription
(Hellman and Chess, 2007; Rauch et al., 2009;
Yamashita er al., 2009). Since the association is
much weaker than that between methylation of
promoter CpG islands and gene repression, the asso-
ciation observed in gene bodies is considered to have
no direct cause-consequence relationship.

2.2 Nucleosomes and Histone Modifications

DNA in the nucleus is not naked, and forms nucle-
osome structures along with core histones. The
critical importance of histone modifications and
nucleosomes in transcriptional regulation is now
recognized.

2.2.1 Nucleosome and Nucleosome-Free
Region in Promoters

A core nucleosome is made of 146 £ 2 base-pair
stretches of DNA around the histone octamer for
1.65 turns in a left-handed superhelix (Figure 2)
(Luger et al., 1997). A linker is made of a short
stretch of DNA and linker histone H1, and connects
two nucleosomes. Thus one nucleosome contains a
core and a linker, and is approximately 200 base-
pairs long. The histone octamer consists of two of

Histone octamer Histone tail

Core Linker

e
Nucleosome

Figure 2.  Structure of nucleosome. DNA wraps around the his-
tone octamer, forming a core nucleosome. Core nucleosomes are
connected by a linker, and the core and linker forms a nucleo-
some. Histone tails protrude from the histone octamer.

O Unmethylated CpG site

(b) @ \Vethylated CpG site

Figure 3. Nucleosome-free region (NFR) and its role in tran-
scription: (a) an approximately 200 bp region upstream of a
transcription start site (TSS) lack a nucleosome, and is desig-
nated as a NFR. RNA polymerase II and other transcription
factors are considered to bind to the NFR; (b)if a NFR in a
promoter CpG island is methylated, a nucleosome is formed,
and transcription from the NFR is markedly impaired.

each of four core histone proteins, H2A, H2B, H3,
and H4. It is known that DNA in nucleosomes is
resistant to micrococcal nuclease and SssI methylase
activity, which is experimentally important.

It is now known that an approximately 200 bp
region just upstream of a transcription start site
(TSS) lacks a nucleosome, forming a nucleosome-
free region (NFR) (Figure 3a) (Lee et al., 2004; Li
et al., 2007; Ozsolak et al., 2007). When a NFR
of a CpG-rich promoter is unmethylated, no nucle-
osomes are formed there, and transcription can be
initiated. In contrast, if a NFR is methylated, a nucle-
osome is formed in the region, and transcription
is markedly impaired (gene silencing by promoter
methylation) (Figure 3b) (Lin et al., 2007).

2.2.2 Histone Modifications and Their Roles

in Transcription Regulation
All core histones are composed of a histone fold
domain and a structurally undefined tail region
(Zheng and Hayes, 2003). Tail regions of histones
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Figure 4. Representative histone modifications. Methylation
of H3K4 and acetylation of H3K9 are associated with increased
gene transcription, and methylation of H3K9 and H3K27 are
associated with gene silencing.

H2A, H2B, H3, and H4 protrude from the his-
tone octamer, and their chemical modifications play
important roles in gene regulation (Ruthenburg
et al., 2007). Histone acetylation can be observed
on the tails of four kinds of histones, and is usually
associated with active gene transcription. Histone
acetyltransferases (HATSs) acetylate histones, and
histone deacetylases (HDACs) deacetylate histones
(Minucci and Pelicci, 2006). Four classes of HDACs
are known, and HDAC1, HDAC2, and HDAC4 are
considered to be good targets of HDAC inhibitor
drugs.

In addition to histone acetylation, histone methy-
lation at specific lysine and arginine residues is
now known to have specific meanings (Figure 4)
(Ruthenburg et al., 2007). Especially, methylation
of lysine 4, 9, and 27 of histone H3 (H3K4,
H3K9, and H3K?27, respectively) is associated with
active or inactive gene transcription (Barski et al.,
2007). At transcription start sites, trimethylation
of H3K4 (H3K4me3) is strongly associated with
active transcription, and H3K27me3 is associ-
ated with silencing of a group of genes (Barski
et al., 2007; Kondo et al., 2008). In transcribed
regions, H3K4mel, H3K4me2, and H3K4me3 are
associated with active transcription, H3K27me2
and H3K27me3 are associated with inactive
transcription, and H3K9me2 and H3K9me3 are
weakly associated with inactive transcription. The
methylation statuses of histones are finely regulated
by histone methyltransferases (Kouzarides, 2007;
Hublitz, Albert and Peters, 2009) and demethylases
(Shi, 2007; Klose and Zhang, 2007).

2.3 Interplay Between DNA Methylation
and Histone Modifications

DNA methylation and histone modifications are
often dependent upon each other. For example, DNA

methylation is recognized by multiple proteins, such
as MeCP2 and MBDs, and these proteins recruit his-
tone deacetylases (Richards and Elgin, 2002) and a
histone methyltransferase, SUV39H1 (Fujita et al.,
2003), which is known to be involved in forma-
tion of a heterochromatin structure (Stewart, Li and
Wong, 2005). Deacetylated histones are known to
be positively charged and to associate tightly with
DNA, inhibiting accession of transcription com-
plexes to DNA. On the other hand, H3K9me3 is
recognized by heterochromatin protein 1 (HPI),
and HP1 recruits DNMT3A and DNMT3B (Fuks,
2005). It helps that inactive histone modification is
re-enforced by DNA methylation.

3 EPIGENOME ALTERATIONS IN CANCERS
AND OTHER DISORDERS

Epigenomes of normal cells are precisely estab-
lished and maintained according to developmental
stages (Meissner et al., 2008; Rauch et al., 2009).
The vast majority of CpG islands are kept unmethy-
lated, and repetitive sequences, which consist of
more than 40% of the genome (Lander et al., 2001),
are heavily methylated. In cancer cells, an altered
epigenome, characterized by “global hypomethy-
lation and regional hypermethylation™, is observed
(Figure 5).

3.1 Global Hypomethylation

Global hypomethylation, defined as a decrease in 5-
methylcytosine content in the genome, is proposed
to be present in almost all types of cancer cells
(Feinberg and Tycko, 2004). Global hypomethy-
lation is closely associated with hypomethylation
of repetitive sequences (Feinberg and Tycko, 2004:
Kaneda et al., 2004), but can involve demethylation
of normally methylated CpG islands. Demethyla-
tion of normally methylated promoter CpG islands
leads to aberrant transcription of cancer-testis
antigen genes, such as melanoma antigen genes
(MAGES) (de Smet et al., 1999), and potentially
oncogenes. Also, hypomethylation of a differen-
tially methylated region (DMR) of IGF2, known
as loss of imprinting, can lead to increased
expression and tumor development (Cui et al.,
2002). A mouse strain with global hypomethylation
demonstrated increased rates of chromosomal 10ss



EPIGENOMIC ANALYSIS IN TOXICOLOGY 493

Normal cell 'O'-'lO'._-'-'O—.'-O"—'O—'O"O_
Cancer cel O_D..O_._-.-O_|_|:|...|__O__.__O_

Unmethylated Methylated

cd

0

- Repetitive sequence

. CpG island

Figure 5. Epigenomic alterations in cancers. Normally methylated repetitive sequences are hypomethylated, and a fraction of normally

unmethylated CpG islands are methylated.

(Chen et al., 1998) and increased incidences of lym-
phomas, colonic microadenomas and liver tumors
(Chen et al., 1998; Eden et al., 2003; Yamada et al.,
2005). At the same time, global hypomethylation
led to suppression of macroscopic tumors of the
intestine (Laird et al., 1995; Yamada et al., 2005).

3.2 Regional Hypermethylation - Aberrant
Methylation of CpG Islands

“Regional hypermethylation” denotes methylation
of CpG islands that are normally unmethylated.
If such methylation is induced in the promoter
CpG island of a tumor-suppressor gene, the gene
is permanently silenced, and the silencing can be
causally involved in cancer development and pro-
gression (Baylin and Ohm, 2006; Jones and Baylin,
2007). Now, many tumor-suppressor genes involved
in various cellular processes, such as cell cycle reg-
ulation (CDKN2A), WNT signalling (SFRP family
and CDH]I), and DNA repair (MLHI and MGMT),
are known to be inactivated by promoter methyla-
tion (Baylin and Ohm, 2006). In some cancer types,
such as gastric cancers, tumor-suppressor genes are
inactivated more frequently by promoter methyla-
tion than by mutations (Ushijima and Sasako, 2004).
Importantly, CpG islands aberrantly methylated in
cancers are not limited to those in promoter regions,
and can be present in CpG islands in gene bodies.
Methylation of such regions is often associated with
increased gene expression (Ushijima, 2005; Rauch
et al., 2009; Yamashita et al., 2009).

3.3 Driver Methylation and Passenger
Methylation

Now it is known that several hundred to one thou-
sand promoter CpG islands are methylated in cancer
cells (Rauch et al., 2009; Yamashita et al., 2009).
Most of the genes methylated in cancers have no
or only low expression, have H3K27me3 modifica-
tion, and lack stalled RNA polymerase II in normal
counterpart cells (Takeshima and Ushijima, 2010;
Takeshima et al., 2009). Therefore, it is considered
that most of the promoter CpG islands aberrantly
methylated in cancers are not causally involved in
carcinogenesis, but methylated in association with
it. As mutations are classified as driver and pas-
senger mutations, methylation causally involved in
carcinogenesis is designated as “driver methyla-
tion”, and methylation that simply accompanies the
process is designated as “passenger methylation”.

3.4 Aberrant Histone Modifications

Histone modifications are also known to be altered
in cancers. The global decrease in acetylation of
lysine 16 and trimethylation of lysine 20 of histone
H4 is known as a hallmark of cancer cells (Fraga
et al., 2005a). A global decrease in H3K4mel,
H3K9me2, and H3K9me3 and acetylation of his-
tone H3 and H4 are reported in prostate cancer
cells (Ellinger et al., 2010; Seligson et al., 2009).
A decrease in H3K4me2, H3K9me?2, and acety-
lation of H3K18 is present in pancreatic cancers,
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and is the most significant predictor of overall sur-
vival (Manuyakorn et al., 2010). In addition to
these alterations, EZH2, a histone methyltransferase
involved in H3K27me3, is known to be overex-
pressed in breast and prostate cancer cells (Kleer
et al., 2003; Varambally et al., 2002). In accordance
with EZH2 overexpression, H3K27me3 is increased
in many genes in prostate cancer cells (Kondo et al.,
2008). Since H3K27me3 is involved in gene silenc-
ing independently of DNA methylation (Kondo
et al., 2008), it is expected that H3K27me3 can
be causally involved in gene silencing of tumor-
SUppressor genes.

3.5 Epigenetic Field for Cancerization

Aberrant DNA methylation is present in non-
cancerous tissues of cancer patients, forming an
epigenetic field for cancerization (epigenetic field
defect) (Figure 6) (Ushijima, 2007). High levels of
methylation of specific CpGislands, if appropriately
selected, are observed in non-cancerous tissues of
cancer patients, but not in the corresponding tissues
of age-matched individuals (Maekita et al., 2006).
The methylation level is correlated with risk of can-
cer development (Nakajima et al., 2006), and the
accumulation can be considered to be associated

with cancer development. In an animal model, it
was clearly demonstrated that aberrant DNA methy-
lation was induced as a result of exposure to an
environmental factor, and accumulation is associ-
ated with cancer development (Niwa et al., 2010).
Epigenetic field defects are now attracting atten-
tion as a target for cancer risk diagnosis and cancer
prevention.

3.6 Comparison Between Point Mutations
and Aberrant DNA Methylation

Aberrant DNA methylation of promoter CpG
islands, especially in NFRs, is now accepted
as an equivalent of inactivating mutations, such
as inactivating point mutations and chromosomal
losses. However, when compared with point muta-
tions, sharp contrasts have been clarified (Table 1)
(Ushijima and Asada, 2010). The number of alter-
ations in a cancer is estimated to be approximately
80 for mutations and several hundred to 1,000 for
methylation (Gao et al., 2008; Hayashi et al., 2007;
Keshet et al., 2006; Rauch et al., 2008; Wood
et al., 2007; Yamashita et al., 2009). The fraction of
cells with alterations in non-cancerous (thus poly-
clonal) tissues is very small for mutations (usually
at 1 x 107>/cell) and can be large for methylation
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Figure 6. Epigenetic field for cancerization. By exposure to carcinogenic factors, methylation of various, but specific genes, involving
both passenger and driver genes, is induced in normal appearing tissues. However, the accumulation level is correlated with cancer risk.
and the status is designated as an epigenetic field for cancerization or epigenetic field defect.
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Table 1. Comparison between aberrant DNA methylation and point mutations.
Point mutation DNA methylation References
Number of alterations per ~30 Several hundred to (Gao et al., 2008; Hayashi et al., 2007,
cancer cell 1,000 Keshet et al., 2006; Rauch et al., 2008;

Frequency of alterations of a 10~3/cell up to 10~3/cell
specific gene in
non-cancerous tissues

Target gene Random

Reversibility Irreversible

0.1 to several % up to
several 10%

Specific

Reversible

Wood et al., 2007; Yamashita et al.,
2009)
(Maekita et al., 2006; Nagao et al., 2001)

(Costello et al., 2000; Keshet et al., 2006;
Loeb, 2001; Wood et al., 2007)
(Gan et al., 2007; Issa and Kantarjian,

2009; Jones and Taylor, 1980; Loeb,
2001; Meissner et al., 2008; Wood er al.,
2007)

Modified from (Ushijima and Asada, 2010).

(up to several 10% of cells) (Maekita et al., 20006;
Nagao et al., 2001). Regarding target genes, muta-
tions are induced mostly in random genes, but
methylation is induced in specific genes depend-
ing on tissues and inducers (Costello et al., 2000;
Keshet et al., 2006; Loeb, 2001; Wood et al., 2007,
Nakajima et al., 2009; Oka et al., 2009). Although
mutations are essentially irreversible, methylation
is potentially reversible, and is now used as a thera-
peutic target (Gan et al., 2007; Issa and Kantarjian,
2009; Jones and Taylor, 1980; Loeb, 2001; Meissner
et al., 2008; Wood et al., 2007). As discussed in
Section 4, inducers of aberrant DNA methylation
are markedly different from those of mutations.

3.7 Possible Involvement of Epigenomic
Alterations in Acquired Disorders Other
Than Cancers

Epigenomic alterations are known to be responsible
for some inborn disorders other than cancers, such
as Rett syndrome (inborn mutations of MeCP2),
ICF syndrome (inborn mutations of DNMT3B), and
Beckwith-Wiedemann syndrome (imprinting disor-
der). From toxicological viewpoints, involvement of
epigenomic alterations in acquired human disorders
other than cancers is of great interest. As described
above, aberrant methylation of specific genes can
be present in up to several 10% of cells in non-
cancerous tissues, different from mutations. Even
if -one of 10° cells in a tissue had lost expression
of specific genes by mutations, it does not harm the
function of the tissue. Howeyver, it is well expected

‘

that, if 10% of cells in a tissue had lost expression
of specific genes by methylation, it could harm the
function of the tissue.

Epigenomic differences become larger as
monozygotic twins grow older, and this could
explain different disease susceptibility between
twins (Fraga et al., 2005b). Monozygotic twins
with and without multiple sclerosis had exactly
the same genome and transcriptome, but a slightly
different epigenome (Baranzini et al., 2010).
Glucocorticoid receptor is reported to be aberrantly
methylated in the hippocampus of suicide victims
(McGowan et al., 2009). Activating epigenetic
changes are induced in the nuclear factor kappaB
(NF-«B) subunit p65 gene in aortic endothelial
cells after transient high glucose, and the epigenetic
changes and altered gene expression persists
during subsequent normoglycemia (El-Osta et al.,
2008). Involvement of epigenetic alterations in
autoimmune disorders and atopic disorders is also
proposed (Maciejewska Rodrigues et al., 2009;
van Panhuys, Le Gros and McConnell, 2008).
The mechanistic basis and evidence in human and
animal studies strongly indicate that epigenomic
alterations are involved in common acquired human
disorders.

4 INDUCERS OF EPIGENETIC
ALTERATIONS

Epigenetic alterations play a major role in can-
cer development, as described, and possibly in
other disorders (Robertson, 2005; Ushijima and
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Asada, 2010). Nevertheless, only limited informa-
tion is available on the factors that induce epigenetic
alterations, including aging, inflammation, virus
infection, one carbon metabolism, and chemicals
(Ushijima and Okochi-Takada, 2005). These induc-
ers are also in a sharp contrast with those of
mutations, such as mutagenic chemicals, radiation,
and ultraviolet light. Little information is available
on how epigenetic alterations are induced.

4.1 Interpretation of Changes in Epigenetic
Modifications

Epigenetic modifications can regulate gene tran-
scription, but can be regulated by it at the same time.
Therefore, we have to be cautious in interpreting
the meaning of changes of epigenetic modifications.
An agent may target epigenetic modifications first,
and the epigenetic changes can then lead to per-
manent changes in gene expression (left panel in
Figure 7). This change of epigenetic modifications
corresponds to mutations, and can be designated as
epigenetic alterations. Inducers of epigenetic mod-
ifications are of great concern from a toxicological
viewpoint.

Epimutag_‘e‘nj"’

Epigenetic
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transcription

At the same time, an agent may induce gene
expression changes first, and then the expression
changes can lead to changes in epigenetic modi-
fications, such as histone acetylation statuses (right
panel in Figure 7). Such changes in epigenetic mod-
ifications might be inherited upon cell division, or
might not be inherited. It is often observed that DNA
methylation of a CpG island in an exon is induced
when expression of the gene is reduced, or that DNA
methylation of the CpG island is reduced when its
expression is induced (see sections 2.1.2 and 2.1.3).

Even limited to regions within a promoter CpG
island, methylation outside a NFR is often observed
while the NFR is kept unmethylated (Graff et al.,
1997; Issa et al., 2001; Abe et al., 2002). A gene is
usually kept to be transcribed even if regions outside
the NFRs are methylated (Ushijima, 2005). This
shows that methylation outside NFRs is relatively
easily induced, but does not cause gene silencing.

4.2 Aging

Issa et al. (1994) first reported that a Notl site in
exon 1 of estrogen receptor (ESR) was methylated

in normal colon mucosa in association with aging
(Issa et al., 1994). The age-dependent methylation
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Figure 7, Direct and indirect effects on epigenetic modifications by exogenous factors. bona fide epimutagens (defined in Section 4.6)
target epigenetic modifications first, and their alterations are inherited and lead to changes in gene transcription. On the other hand.
many chemicals induce changes in gene transcription first, and the changes can be accompanied by changes in epigenetic modifications.
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was later confirmed by many investigators using
juman and animal samples (Abe e? al., 2002; Waki
ot al., 2003). It was later shown that age-dependent
methylation takes place in specific CpG islands
‘type A CpG islands) (Ahuja et al., 1998; Toyota
ot al., 1999). However, it is often observed that,
aven within the same CpG island, only peripheral
regions are methylated but its central regions,
which correspond to NFRs in promoter CpG
islands, are kept unmethylated (Graff et al., 1997,
[ssa et al., 2001; Abe et al., 2002). This suggests
that mechanisms for methylation induction are
different between NFRs in central regions of
CpG islands. As a mechanism of age-dependent
methylation, an increase in the cumulative number
of cell proliferations is considered to give a higher
chance of induction of “aberrant” DNA methylation
(Issa et al., 2001; Issa et al., 1994).

4.3 Chronic Inflammation

Among the poorly characterized inducers, the
best-characterized inducer is possibly chronic
inflammation. Aberrant DNA methylation is known
to be present in colonic tissues with long-standing
ulcerative colitis (Hsieh et al., 1998;Issaeral.,2001;
Toyota et al., 2002), in the liver with chronic hep-
atitis (Kondo et al., 2000), and in gastric tissues
exposed to Helicobacter pylori (H. pylori) infec-
tion (Maekita et al., 2006; Park et al., 2009). In
addition to these associations, we recently demon-
strated using an animal model that inflammation
triggered by H. pylori infection, not H. pylori itself,
is indeed the cause of methylation induction (Niwa
et al., 2010). Exact mechanisms of how chronic
inflammation induces aberrant DNA methylation
are still unknown, but expression levels of Tnfa, Il1b,
Cxcl2, and Nos2 are well correlated with methyla-
tion induction.

4.4 Viral Infection and Exogenous DNA

It was noted decades ago that viral DNA is methy-
lated upon infection into mammalian cells (Doerfler
et al., 1995). It was shown that cells transgenic
for an adenovirus type have methylation of not
only the transfected viral DNA but also cellu-
lar DNA (Muller, Heller and Doerfler, 2001), and
the presence of exogenous DNA was suggested
to induce methylation of even endogenous genes.

The Epstein-Bar (EB) virus infection is occasion-
ally associated with human gastric cancers, and
such cancers are known to have more methylated
CGIs than gastric cancers without EB virus infec-
tion (Kang er al., 2002; Chang et al., 2006). As
a potential mechanism, it was recently reported
that DNMT1 is activated by EBV latent mem-
braneprotein 2A (Hino et al., 2009). Liver tissues
infected by Hepatitis virus C have methylation of
multiple genes (Nishida ez al., 2008). An adult T-cell
leukemia virus was also shown to induce methyla-
tion of endogenous genes (Yasunaga et al., 2004).
All these indicate that viral infection and exogenous
DNA are inducers of aberrant DNA methylation of
endogenous genes.

4.5 Disturbances in One Carbon
Metabolism

Disturbances in one carbon (methyl group)
metabolism, due to deficiency of folate, vitamin
Bjs, or choline, can influence DNA methylation
status by limiting availability of the methyl donor,
S-adenosylmethionine (Poirier, 2002). In animal
experiments, methyl supplementation in maternal
diet during pregnancy affected methylation levels of
a transposable element of offsprings, and the resul-
tant phenotype persisted for a life time (Waterland
and Jirtle, 2003). In human, malnutrition during
intrauterine and neonatal periods is known to be
associated with the development of obesity, type 2
diabetes, and other related co-morbidities (Kalhan,
2009). This strongly indicates that disturbances of
one carbon metabolism can induce changes in DNA
methylation, which predispose individuals to dis-
ease conditions.

4.6 Chemicals

Some chemicals are considered to induce epigenetic
alterations, and are designated as “‘epimutagens”
(Holliday, 1991; MacPhee, 1998; Holliday and
Ho, 2002). One of the most well characterized
epimutagens is a DNA demethylating agent, 5-aza-
2/-deoxycytidine (5-aza-dC), which is widely used
in laboratories and has now been approved as a ther-
apeutic drug for myelodysplastic syndrome (Jones,
1985; Issa et al., 2005; Issa and Kantarjian, 2009).
5-Aza-dC is incorporated into DNA strands and




