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* Molecular Basis of Epigenetics

e Epigenetic Profiling: Technology
 Examples from Clinical Studies (Cancer)
* Implication in Personal Health

 NIH Roadmap: Epigenomics




Nucleosomes (Units of Chromatin)

DNA

: To neutralize charge and provide stability
Histones H2a, H2b, H3, H4

Nucleosome: two turns of DNA (146 base pairs) wrapped around an octomeric complex of two
of each of histone types

DNA H1 histone

2 Nucleosome

duplex DNA (blue) \ \'4 ’

Core of 8 Histone Molecules

histone octamer (yellow)

chromatin fiber NUC'EDSDmE



The two main components
of the epigenetic code

Epigenetics:
Stable alterations in gene expression
by several mechanisms, except
nucleotide sequence changes

DNA methylation

Methyl marks added to certain
DA bases repress gene activity,

Methylation Code

Genetic Code ch o
_5-‘. TN

Histone Code

S . I
Qﬂ --\ Histone modification
‘- , ‘ ' A combination of different
melecules can attach to the 'tails’

of proteins called histones, Thess

The genetic information provides the blue print for the manufacture of all the proteins
necessary to create a living organism, whereas the epigenetic information

provides the instructions on how, where and when the genetic information will be used.

Chromosome

Qiu NATURE 441: 143




EPIGENETICS

Epigenetic alterations — changes induced in cells that alter expression of
or post-translational

the information on transcriptional,

translational,

levels without change in DNA sequence

Methylation of
DNA
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Genomic Imprinting

‘ acetylation

.- ylation

P - phosphorylation
‘ - ubiquitination

RNA- medlated
modifications

* RNA-directed DNA methylation

* RNA-interference mediated
chromatin remodeling

* RNAI, siRNA, miRNA ...
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Host Factors

Epigenetic
Changes

Environment/ l
Instability

Life Style
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Verma (2009) Hum Gen. Epidemiology. 2" Edn.

National Cancer Institute
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A multistage model of carcinogenesis in skin

H-ras H-ras mutation p53
mutation duplication mutation

Mormal skin Papilloma Epidermoid carcinoma Fusacellular carcinoma
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Figure 1. Eplgenetu: Alterations in Tumor Prﬁgrﬂ“iﬁn.

A multistage model of carcinogenesis in skin is shown. In conjunction with phenotypic cellular changes and the accumulation of genetic
defects, there is a progressive loss of total DNA methylation content, an increased frequency of hypermethylated CpG islands, and an
increased histone-medification imbalance in the development of the disease. H-ras denctes Harvey—ras oncogene, and 5mC 5-methyl-
cytosine.

Cancer is a genetic and epigenetic disease Esteller, NEJM, 358:1148-59, 2008



-."‘:'. — Secreted proteins chDH1 ER PR
CDOH13 PRLR
@ — Membrane proteins Breast N RARBZ
Cancer l
¥ Receptors RASSF1A -
ol CREP1 RASSF1A -
=*; = %% — Cytosolic proteins olen DAPK GSTPI — e
Cancer TMSI1 - s rls
-
2. 2+® — Nuclear proteins .
s TPEF/HPP1 SR porai
ey — DMNA-repair proteins .g=® SLC5A8
pair p > - £l WRN
o — Transcription factors HIC1
ple - RA
-
SLCSAS PLA = ]
EMP3 sarng—— hMLH1
THB51 MGMT EXTI
e GATA-4 ——solfug WERMN |
-
g
e
&
‘i" Plﬁ ;‘, -
- a @ .
MGMT A £ I! -
LmE I <2 g~ RASSF1A SFRP1 104 —————Psr
CRBP1 DKK-1
Th51 WIF-1 pl5
Lamin AfC
Figure 2. Profile of Hypermethylation of the CpG Island in the Promoter Region of Tumor-Suppressor Genes in Human Cancer.
Four tumaor cells are shown undergoing transcriptional silencing by DMA hypermethylation of the regulatory regions of tumor-suppres-
sor genes. In colon cancer, entrance into the cell cycle occurs by means of p16™M%40 methylation. In leukemia cells, p1 5™MK% mathylation
initiates proliferation. In breast-cancer cells, defects in DMNA repair are related to methylation of BRCAL, and in glioma cells, methylation
of Of-methylguanine—DMNA methyltransferase (MGMT) initiates defects in DMA repair. Other depicted hypermethylated tumor-suppres-
sor genes are COH1 (cadherin 1), COH13 (cadherin 11), CRBP1 (cellular retinal binding protein 1), DEK-1 (dickkopf homologue 1), ER
[estrogen receptor), GATA-4 (GATA-binding protein 4), GATA-5 (GATA-binding protein 5), HIC1 {hy permethylated in cancer 1), PR (pro-
gesterone receptor), PRLR (prolactin receptor), RARB2 (retinoic acid receptor @ 2), SLC5AS (solute carrier family 5 iodide transporter
member 8), WIF-1 {WNT inhibitory factor 1), and lamin AfC.

Esteller, NEJM, 358:1148-59, 2008
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Epigenetic events are alterations in
gene expression without changes in
the DNA coding sequence that are
heritable through cell division

Schizophrenia

Neurotic/
extrovert

Epigenetic events occur early in the
cancer development

Diabetes
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Epigenetic changes occur during

normal development but

dysregulation of epigenetic Cardiac
events may result in cancer

Cancers

—

m Genetics of Epigenetics: Twin Studies = us, |

genetic
influence

d Chakravarti and Little. Nature. 421: 41




Eplgenetlc differences arise during the Ilfetlme
of monozygotic twins V%

Monozygous twins share a common genotype. However, most monozygotic
twin pairs are not identical; several types of phenotypic discordance may be
observed, such as differences in susceptibilities to disease and a wide range
of anthropomorphic features.

Manel Estellar examined the global and locus-specific differences in
DNA methylation and histone acetylation of a large cohort of monozygotic
twins.

These findings indicate how an appreciation of epigeneticsis missing from
our understanding of how different phenotypes can be originated from
the same genotype.

EU Funded Twin Consortium http://www.genomeutwin.org PNAS 102: 10604



Why Environmental Factors and Epigenetics?

 More than 40% genes are regulated epigenetically

* Environmental carcinogens, such as arsenic and nickel, affect
methylation of DNA and acetylation of histones, two key
processes involved in epigenetic regulation of genes leading to
cancer

* Arsenic gets methylated and thus depletes methyl
group from the nutrients in the body

 Inhibition and reversal of nickel-induced transformation
by the histone deacetylase inhibitor was observed

Zhang et al.. Tox Appl Pharm 192: 201-211.



Loss (or Gain) of gene function in cancer

Most permanent Most dynamic
“
Deletion  Point mutations Chromatin
Amplification Changes Transcription
Chromosomal Promoter Factor
Translocation Methylation Changes
(Ig rearrangement) Silencing
e ———— / Cell-cycle
Regulated

Genetic Epigenetic Changes

Herman Chest.125:119S-122S



http://www.chestjournal.org/content/vol125/5_suppl/images/large/zcb1050420320001.jpeg�
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Transcription DNA
Transcription Zﬁ
) Acetylation ’
Active H3K9 » /
\ Nucleosome
Inactive

Deacetylation
H3K9

Silenced

Methylation

H3K9
Methylation = o Histone deacetylation and
DNA cytosine 0= chromatin compaction
oo
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Jones and Laird. Nat Rev Gen 21: 163



Epigenetic Markers and Targets

\r [nstitute

Epigenetics regulates: Hypermethylatlon
Cell Cycle Control
DNA Damage Qgg Al
Apoptosis
Invasion ER
X-Chromosome Inactivation hMLH1
Imprinting GSTP1
Factors Aging TIMP3
. DAPK1
Environmental _
Hormonal Hypomethylation
Genetic
Raf
C-myc
Deacetylation Inhibitor C-fos
Trichostatin
Methylation Inhibitors: g_ll?a—ms
5-aza-2' deoxycytidine -K-ras
Zebularine

DA Methy TR Acetylation/Deacetylation

ﬂMBA Histone Acetyltransferase
Histone Decetylase

(Dynamic Equilibrium)

Methionine Supplement: «Verma and Srivastava (2002). Lancet Oncol. 3: 755-
S-Adenosylmethione 363;

*Verma et al (2004) Crit. Rev. Clin. Sc. 41: 585-607;
*Verma and Manne (2006). Crit. Rev. Hematol.
Oncol. 60: 9-18;

*Verma et al (2006). Mol. Diag.Therapy. 10: 1-15.
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We cannot reverss genetic mutations,
bt by using drugs we mayv be able to
reverse changes in methylation” said
Dre Verma. "This approach has prom-
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Research MNetwork are engaged in

Some cancers involve the inappropri- one of several divisions conducting
U.S. National Institut ate silencing or activation of genes epigenetics research.
through epigenstic changes—chemical
meodifications to DINA and proteins
that control gene activity without
cansing a change in DMA sequence.

Diiet also may affect methylation.
Giving pregnant mice diets rich in
including folic acid,

May 3, 2005 » Volum
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Mechanism of DNA methylation

S-Adenosyl Methionine
(SAM)

National Cancer Institute

D .y DNMT 5-I\/Iethy|-
eoxycytidine deoxycytidine
m m m m m m
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AGCGCGCGCGCGCTAGC:?

Asad Umar
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Bisulfite-Dependent DNA Methylation Analysis

Bisulfite PCR

J

Methylation-Specific
PCR

J

MethyLight

J

e 002000000 So-o—o—000— OOVE! o—c0-0—
Analysis of PCR Real-Time
PCR Product PCR
Product Yes or No? Analysis
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100 === ESR1
Patient 49 Patient 27 Lranniie 12
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Uy MM UMUMUMUMUWM I R R A a A S s S a 1000
Herman (1996) PNAS 93, 9821 10 Zucycle:" 40 50




Nanochip to Detect Hypermethylation

Sample Port 1

Sample Port 2
Buffer Port P

ash Port

National Cancer Institute

NanoChip Cartridge
Front View

NanoChip Cartridge
Rear View

Micro-array test sites
connected with platiniumwires



DNA Methylation Detection by

Hybridization of Bisulphite DNA

EPIGENOMICS, Inc. Nimblegen .
Qlagen

Roche 454 Illumina
Solexa Biotage, Inc.

Agilent

National Cancer Institute




a Methylation content

» Total methylation content of the cell

» methylation level at specific stage

» methylation pattern of a group of genes

» profile of methylation of either a specific gene
or a number of genes

* pattern of methylation in the whole epigenome

Laird Nat Rev Cancer 3:253

b Methylation level

-
e
-

€ Methylation pattern

MNature Reviews | Cancer

To reduce
« false negative
» false positives



Polycomb Repressor

Complex
e \[ MeJ (Ac Ac
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Vie Vie

DNMT
eCP
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HMT ) HDAC

Heterochromatin
Silenced histone code (SHC)

Histone coding for silencing

| Histone coding for transcription
\

Euchromatin Active histone code (AHC)

General Transcription factors

H3K27me3
PRC I and Il
(differentiation)

" X

H3K9me

Next amino acid is ser -
Upon phosphorylation,
Change is permanent

RNA pol i




Inhibitors of DNA Methyltransferase (5-AZA-C) and Histone
Deacetylase (TSA) can Restore Gene Activation

Transcription

Relaxed Chromatin

Transcription Factor
Complex

i pNo Transcription x

Compact Chromatin

O DNA Methyl Transferase @ Methylation

. Methylation Binding Protein

U . . Verma and Srivastava (2002)
Trichostatin A (TSA) - Histone Deacetylase Lancet Oncology. 3, 755-763.

O 5-Aza-deoxy-cytidine (5-AZA-C)




*Merck

*GIxSmith

J&J

*Hoffman LaRoche
*Novartis
*Astra-Zeneca

A methylating enzyme (white)
binds to its target site (red) on DNA; the methyl donor is shown in green.

Dennis NATURE 421: 686



DNA Methylation and Carcinogenesis

DNA Methylation

Abnormal Increases Abnormal Decreases No Changes

/
gene Inactivation Proto- Latent Chemically

oncogene wrgl _ induced Poor
activation activation mutations repair

and up- or )
S regulation retroelement gtr E:%r((;ntlally of
of both For imprinted of other activation m5C
alleles genes: DNA
hypomethylated sequences

allele —
replaced by Deamination--

spontaneous
conversion of
m5C toT

residue

Methylation mitotic Increased

of 1 allele recombination DNA

— with Rearrangements mutations
mutation hypermethylated and possibly in tumor
I allele or aneuploidy

deletion of methylated SLEJ}EESressor
the other de novo g



Cancer Development is a Multi-step Process

Normal Mutation Hyperplasia Progressive dysplasia CIS Invasive Ca
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Markers in Epidemiology Research

Currently Used:
Genetic markers
Biochemical (enzymatic or proteomic) markers

Unexplored:
Epigenetic markers

In epidemiology, biomarkers are used to
follow disease prevalence by determining
their level in cohort studies with potential of
identifying the high risk population



Examining Epigenetic Markers

Technology exists to utilize these markers for
population studies

Easy to assay in small amount of sample (MS-PCR
based assay)

National Cancer Institute

Automation possible (nanochips)

Suitable for samples already collected for
epidemiologic studies (tissue, blood, exfoliated cells)

Small Hurdle: Familiarity with technology



Tumor Types
and Genes
Regulated
by
Epigenetic

Mechanism

TUMOR
LOCATION

Breast
Brain
Bladder

Colon

Endometrium
Esophagus
Head and Neck
Kidney
Leukemia
Liver
Lymphoma

Lung

Ovary
Pancreas
Prostate

Stomach

GENE

p16, BRCAL, GSTP1, DAPK, CDH1, TIMP-3
p16, p14ARF MGMT, TIMP-3
p16, DAPK, APC

p16, p14ARF CRBP1, MGMT, hMLH1, DAPK, TIMP-3, APC

hMLH1

p16, p14ARF, GSTP1, CDH1APC

p16, MGMT, DAPK

p16, p14ARF, MGMT, GSTP1, TIMP-3, APC
p15, MGMT, DAPK1, CDH1, p73

p16, CRBP1, GSTP1, APC

p16, p15, CRBP1, MGMT, DAPK, p73

p16, p14ARF CRBP1, MGMT, GSTP1, DAPK, FHIT, TIMP-3,
RARbeta, RASSF1A

p16, BRCAL, DAPK Verma and Srivastava (2002).
Lancet Oncol. 3: 755-363;
Verma et al (2004)

Crit. Rev. Clin. Sc.

41: 585-607,;

Verma and Manne (2006). Crit.
Rev. Hematol. Oncol. 60: 9-18;
p14A%F, P16, APC, hMLH1, MGMT Verma et al (2006). Mol. Diag.

Therapy. 10: 1-15.

pl16, MGMT, APC

GSTP1, p27(kip1)



Molecular Targets

Tumor suppressor genes

APC, p15, p16, p73, ARF/INK4A, VHL, ER, RARbeta, AR, HIC1, Rb
Invasive/Metastasis suppressor genes

E-cadherin, TIMP-3, mts-1, CD-44

DNA repair genes
Methylguanine methyl transferase, hMLH1, BRCA1, GST

Angiogenesis
Thrombospondin-1 (TSP-1), TIMP-3

National Cancer Institute



Potential Steps for Intervention

Smad4 (ch.18g21-18tel)

Methylation
defect

Normal 1 Early Intermediate Late Carcinoma Metastasis
Epithelium Adenoma Adenoma Adenoma

Mismatch Repair Defect

APC (ch.5q21) TGFbRII, BAX mutations S
Carcinoma

Other changes

K-Ras (ch.12p12) p53 (ch. 17p13)

A Model for Colorectal Tumorigenesis

Modified from Jubb et al. J Path. 195:; 111.



CpG island methylator phenotype underlies sporadic
microsatellite instability and is tightly associated with BRAF

mutation in colorectal cancer
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|dentification of tumor clusters.
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48 colorectal cancer cases

KRAS mutation indicated by a red rectangle overlaying the branch,
BRAF mutations indicated by a green rectangle
MSI-H cases designated with a blue rectangle.

Nature Genetics 38, 787 - 793

48 Colorectal tumors



or microsatellite stable (MSS) (green).

MSI-high (MSI-H) (blue),
MSI-low (MSI-L) (light blue)
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Prediction of Tumor Class based on
Methylation Analysis (AML and ALL)

AML:Acute Myeloid Leukemia
ALL: Acute Lymphoblastic Leukemia

National Cancer Institute

Lymphoma
Adorjan et al Nuc Ac Res. 30: e21



Epigenetic Markers During Lung Cancer Progression

Annexin | anatll >
PIK3CA :
p63
RARDbeta, >
DAPK, GSTP1, FHIT
RASSF1, MGMT >

Markers located on 30

Preneoplasia Neoplasia .

p > > = e T —

Progression of Lung Cancer >




Figure 1. Unsupervised clustering of average {beta} values in tumor and nontumor

pleura

ASBESTOS

MESOTHELIOMA

Non-
Mutagenic
carcinogen

Tumor

B Nontumor

Copyright ©2009 Amet

Christensen, B. C. et al. Cancer Res 2009;69:227-234

Epigenetic Profiles Distinguish Pleural Mesothelioma
from Normal Pleura and Predict Lung Asbestos

Burden and Clinical Qutcome

803 cancer
related
genes

158 pleural
mesothelioma
with minimum
mutation

18 normal
pleura

Prediction
of survival

Cancer Research
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Esophageal Cancer: Probability of Survival
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Brock et al. Clinical Cancer Research. 9: 2912

12 18
Months Since Surgery




Esophageal Cancer: Immuno-histochemistry

* A Unmethylated B Methylated
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Brock et al. Clinical Cancer Research. 9: 2912



Pancreatic Cancer: Methylation of
P14ARF and p16INK4a

Pancreatic Carcinoma (PCA) : 39 19/39 pl6INK4a
Chronic Pancreatitis (CP) : 16 0/16 pl6INK4a

Normal Pancreatogram (NAD) : 6 0/6 pl6INK4a

Sample: Pancreatic Fluid : Il =

PCA1 - PCA2 PCA3 PCA 4 PCAS PCA 6
pi6U p16M p16U pi6M pi16U p16M p16U p16M- p16U pi16M p16U p16M

(Klump et al. Mol Cell Path 88: 217)



MethyLight Analysis of 35 Genes
In 148 Human Breast Carcinomas
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Breast Cancer Response to Tamoxifen Treatment by
ESR1 Methylation

TAMOXIFEN TREATED NOT

100 wom 100, TAMOXIFEN TREATED
—~ 90 1 . . 904
= =
& i
o 807 5 804
x x
Iéli 70 Illli 70+ LOW m C
g o0 < o0 n =32
S S
o 50 4 r 504
? LOW mC ?
g 40 + = 41 g 40 4
= [
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| DNA methylation markers in Her-2/neu-positive and -negative cancers |

Total

143 samples
E; epithelium
S, stroma

LN, lymph
Node status

LCM was
Used

To separate
Epithelium
and stroma

N.D.
Not Done

Fiegl et al. Cancer Res. 66: 29.



Association between DNA methylation and HER-2/neu expression
(0, +, ++, +++) in primary breast cancer specimens
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Primary breast cancer
Specimen (143)

35 genes tested but
only those were
Included in the fig.
which showed
correlation

PMR, Percent
Methylated Region
NN, Non neoplastic

Fiegl et al. Cancer Res. 66: 29.




Methylation and Cancer Associated Infectious Agents

Viruses: pl6 in HPV16/18 (Lung Cancer)
RASSFla in SV40 (Mesothelioma)
KB\ and HCV genes (Liver Cancer)
/ BV (Nasopharyngeal Carcinoma)
asymptomatic healthy carriers pylori Infected Cells (Gastric Cancer)

chronically infected tissues

!

pre-malignant lesions

ANA, Latency Associated Nuclear Antigen
EBNA, Epstein-Barr Virus Nuclear Antigen

nylation in Human Papillomavirus-Infected

full-blown invasive tumor
& /hih Hsu®, Jung-Ta Chen’, Wen-Shan Liu®, Ming-Chih Chiou®>,

'Department of Internal Medicine, Chung Shan Medical University Hospital, Taichung, Taiwan
2
I

M Complete methylome of HPV, EBV, and HBV. Esteller M

Genome Research. 2009. 19: 438



Genomes

Drosophila melanogaster > 132,6 Mb
Human Genome
Caenorhabditis elegans _. 100 Mb Project
Plasmodium falciparum _. 23 Mb
Schizosaccharomyces pombe _. 13,8 Mb _"-‘%,g U.S. Department of Energy

i Migrobial Genome Program
Saccharomyces cerevisiae > 12 Mb ""’“qmg.«-'*

Human herpesvirus 5 -0,235 Mb

(CMV)

Human herpesvirus 4
(EBV)

\
0,171 Mb

Double strand DNA viruses:
-Lymphoma
-Nasopharyngeal carcinoma
-Cervical cancer
-Oropharyngueal cancer
-Liver tumors

The first completed DNA methylomes
of living organisms (2009)

Human papillomavirus - 16 ' 0,0079 Mb
b 0,0078 M

Human papillomavirus - 18

Hepatitis B
1 M cancer-related deaths

ESTELLAR



The DNA Methylome of the Human Papilloma Virus 16
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A Heat-Map for the DNA Methylomes of Double-Strand DNA Viruses Associated with Human Cancer

HPV16

|
No CIN CIN 1 CIN 2-3 Carcinoma

HPV18

|
No CIN CIN 1 CIN 2-3 Carcinoma

In cervical cancer, hepatocellular carcinoma and
lymphoma, methylation increases with the aggression
of the disease

HBV

Chronic Hepatitis Hepatocarcinoma
Hepatic Cirrhosis

EBV

Infectious Mononucleosis Lymphoma

Lymphadenitis ESTELLAR M
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Immunology and Epigenetics

1: Shin HJ, Park HY, Jeong SJ, Park HW, Kim YK, Cho SH, Kim YY, Cho ML,
Kim HY, Min KU, Lee CW.Related Articles,

Links STAT4 expression in human T cells is regulated by DNA

methylation but not by promoter polymorphism.

J Immunol.175(11):7143-50.

2. Espinoza CR, Feeney AJ.

The extent of histone acetylation correlates with the

differential rearrangement frequency of individual VH genes in pro-B cells.
J Immunol. 175(10):6668-75.
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Epigenomics Grants Predictive
Biosciences Rights to Use a Bio- _
marker in a Prostate CancerTest  [ola It o I =N OF:1a]e1=11

| EplgenbrhiCS (www.epigenomics.com)
granted Predictive Biosciences (www.pre

dlctlvebrosa com) a nonexclusive license
to Use its prostate cancer DNA methylation

biomarker, mGSTP1, for the development Seattle, WA, U.S.A., February 25,

and commercialization of a laboratory test

to help in the diagnosis and management G (Fran kfurt, Prime Standard: ECX)
of prostate cancer. The agreement follows g nostics com pany, today announced

a similar deal covering mGSTP1 signed

‘with Quest Diagnostics (Wwwquestdtag- ) @ non-exclusive licensing agreement
nostics.com) in February 2009. ] arker

Quest Dlagnostlcs Incorpor. |

' Human Breast Cancer - Signature Panel MeAH-011 $ 499
leading provider of diagnost Human Gt Gt e s T T
Human Liver Cancer - Signature Paoe! MeAH-031 §499
services. | Human Lung Cancar - Sgrztue Pasel MeAH-041  §499
Human Prostate Cancer - Sgnature Pane/ MeAH-051 $ 499
. Human Stem Cell Transeription Factors - Signature MeAH-511 $ 499
- Human Inflammatory Response - Signature Panel MeAH-521 $ 499
Human T Cell Activation - Signature Pane) MeAH-531 $499
Human Cytokine Production - Signature Panal MeAH-541 $ 499
| Custom Methyi-Profiler PCR Arrays Inquite Inquire ‘

rug detoxification enzyme which




WWW.epigenomics.com
Indications &  Biomarker Prototype Clinical LDT™* Test kit Test kit Commercial
applications identifi assays proof of developm. developm. approval partners
cation concept & launch® & & launch*
validation™

Colorectal Abbott
Cancer N Molecular
Screening Quest

i stics
Prostate agne
Cancer I -
Screening
Lung Cancer
sceening -

- Blood-based - Urine-based

E-J.- F}*;igﬂﬂmﬂics' commercial partners

&

** Laboratory-developed test



Bladder Cancer
Methylation of LAMC2 in Exfoliated Cells
* Isolated from Urine

e

LAMCZ

M (+) (n = 21)

SURVIVAL PROBABILITY P
™
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P =0.002

0 0 20 30 40 50 60
MONTHS AFTER DIAGNOSIS

B Mi
1 -
E LOW MI (n = 71)
= 8 1
m )
&
e °] e
o 1 HIGH MI {n = 20)
o 4
<
2 2 -
= .
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. P =0.04 i
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(Sathyanarayana et al. Can Res 64: 1425)


http://cancerres.aacrjournals.org/content/vol64/issue4/images/large/zch0040445190003.jpeg�

Clustering of Sample Type by
CpG Island Hypermethylatlon
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Cluster Analysis of 365 Human Samples with 50 DNA Methylation Markers




EPIGENETIC REMODELING BY ENVIRONMENTAL

ARSENICALS
CA127989-01

Investigate the mechanisms and phenotypic consequences
of epigenetic activation of Wnt5a gene in arsenical-induced
malignant transformation.

Identify the decisive changes in the epigenome over the
time course of arsenical induced bladder cancer.

ldentify epigenetic targets of arsenic in human populations
exposed to known levels of arsenic in their drinking water.
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ROLE OF EPIGENETIC CHANGES INDUCED BY DIETARY

AND ENVIRONMENTAL FACTORS IN CANCER
CA122396-01 (INTERNATIONAL AGENCY FOR RES ON CANCER)

Large case-control studies on lung and upper-aero
digestive tract (UADT) cancers in Europe

Analyze DNA methylation profiles, histone modifications
and to profile their genomic locations

Study their association with dietary and environmental
exposures

Compare the profile of DNA methylation and histone
modifications between cases and controls and
assess whether it can be a cancer susceptibility
marker.
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F 3
- Structure and functions of curcumin

Active ingredient-diferuloyulmethane

*Derived from rhizome of the plant Curcuma longa
(known as spice turmeric)

*Dietary phenolic antioxidant

*Used In the Ayurvedic system of medicine
sAntioxidant ™
sAnticancer
*Antiseptic



http://www-ang.kfunigraz.ac.at/~katzer/engl/spice_photo.html�
http://store1.yimg.com/I/iherb_1835_10091085�

HAT inhibition at conc >10 zM

1 HO()I[
J Biol Chem 2004

Balasubramanyam et al

Curcumin, a novel p300/CBP specific inhibitor of
acetyltransferase, represses the acetylation of histones
and HAT dependent chromatin transcription

Biochem Pharmacol 2005
Kang et al

Curcumin-induced histone hypoacetylation: The role of
reactive oxygen species

Khan, 2007



METHYL-DEFICIENT MODEL OF ENDOGENOUS
HEPATOCARCINOGENESIS

* Chronic deficiency in the methyl donors methionine, choline, folic acid
and vitamin B,

* No exogenous carcinogen added
* No genetic manipulation

» Hepatocellular carcinoma in 14-16 months in male rats and certain
mouse strains

» Sequence of pathological changes similar to the development of
hepatocellular carcinoma in humans

Normal tissue 36 weeks, GSTmr-foci >54 weeks, GSTr-tumor Liver tumor

Igor et al. 2007 (personal communication)



ALTERATIONS OF HISTONE H3 MODIFICATIOINS IN LIVER OF
F344 RATS DURING METHYL DEFICIENCY

H3K9me3
H3K9me?2

90
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70
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Interplay between H3K9me3, H3K9Ac, and H3S10ph




Clinical Specimens Currently Used for

Methylation Analysis

Tissue

Fixed
Fresh

Blood
Lymphocytes
Serum

Biofluids

Nipple aspirate
Pancreatic secretions
Urine

Exfoliated Cells
Buccal cells from oral rinse

Cytological Smears
Cervical cancer

National Cancer Institute

E‘

Needle Biopsy



CpG Island Distribution in Chromosome

20, 21, and 22

Chromosome
Length (Mb)
Mapped Genes
First Coding Exon
Other Exon

Alu

20

62
1244
204
282

187

CpG Island Searcher:

21

44
611
104
127

76

22

47
1034
226
241

194

Total

153
2889
524
1510)

457


http://www.cpgislands.com/�
http://www.uscnorris.com/cpgislands/cpg.cgi�

Fig. 3. DNA methylation profiles of chromosomes 2, 7, 12, and 17 that carry the HOXA, HOXB, HOXC,
and HOXD gene clusters

Chromosome 2 Chromosome 7

A549/NHBE signal ratio

1-SIX2/3  2-LBX2 3-EN1  4- HOXD cluster 1 - HOXA cluster 2-TBX20 3-EN2

Chromosome 12 Chromosome 17

100

A549/NHBE signal ratio

0.1

1-HOXC cluster 2-TBX3 " 1-LHX1 2-HOXBocluster 3-TBX2

Rauch, Tibor et al. (2007) Proc. Natl. Acad. Sci. USA 104, 5527-5532

Copyright ©2007 by the National Academy of Sciences E | SI é S



Histone Modifications
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. Figure 1. Verma and Kumar
@ PleEpreean CRC Press (2008) In: Cancer Epigenetics

@D Acetylation (Tollefsbol, T. ed.). Pp 347-457.
[B Methylation

<» Ubiquitination
. Biotinylation

Based on http://www.histone.com

and J. Nutr. 136:1763-1765


http://www.histone.com/�

P53 is regulated by the lysine demethylase LSD1

Key Observation:

Histone lysine methylation has recently been shown to be
reversible; however, it is not known whether non-histone proteins
are substrates for demethylation.

LSD1 interacts with p53 to repress p53-mediated transcriptional
activation and inhibit the role of p53 in promoting apoptosis.

Histone lysine-specific demethylase LSD1 removes both
monomethylation (K370mel) and dimethylation (K370me2) at K370

Jing Huang Huang et al. Nature. 449:105-8



The sample preparation step of the general microarray workflow contains CHIP-on-chip-specific

elements, as follows:

T T T T AT
TR, TR,

IP chromatin to capture crosslinked protain-DNA

complaxas
Sonicate compleas to fragmeant DNA

2

E 3 L] ] =
& & &

pool of inactive, unbound * * * -

I Protain-bound

I Uinbound

Purify and amplify
DNA fragmeants

ENRICHED POOL
of protein-bound DMA

l. Cross-link protein-DNA complexes

2. Lyse cells and sonicate DNA: isolate unbound and bound fragments
3. IP chromatin to capture and purify bound DNA

4. Release and amplify bound DNA fragments

3. Prepare unbound (control) and amplified bound (target) DNA fragments for array application.




Number of Samples

Epigenome Analysis

Number of Independent Loci per Genome

10 102 103 104 10° 106 107 108

DIRECT
SEQUENCING

BISULFITE TILING
SEQUENCING ARRAYS

METHYLIGHT

ILLUMINA




__————___-~-
-

" ,+7 DNA T s
4 5'Cap l RNA Polymerase Il |

or [nstitute

\

Droshal Pasha p

/

. ::::::"'::::::Opre-miRNA // CYTOPLASM

N
\\
-~
|
~ EXP _-
-
-
— ”
~~ ——
———————————

Delivery of mIRNA-RISC complex to mRNA | Mature miRNA




Mirco RNA Signatures in Human Cancers

a b

[ Lumg carcinoma 753

| Breast carcinoma dddada
-] s
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A microRNA DNA methylation signature for human cancer
metastasis

Used a pharmacological and genomic approach to reveal aberrant
epigenetic silencing program by treating lymph node metastatic cancer
cells with a DNA demethylating agent followed by hybridization to an
expression microarray.

Among the miRNAs that were reactivated upon drug treatment, miR-148a,
miR-34b/c, and miR-9 were found to undergo specific hypermethylation-
associated silencing in cancer cells compared with normal tissues.

These findings indicate that DNA methylation-associated silencing of tumor
suppressor miRNAs contributes to the development of human cancer

metastasis.

Amaia Lujambioa,b, Manel Estellera,b,]
PNAS March 27, 2008
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DNA Methylation 5-Azacytidine

5-Aza-2'deoxycytidine

Zebularine

Procainamide

National Cancer Institute

Psamaplin A

Antisense Oligomers

Histone deacetylase Phenylbutyric acid

SAHA (Suberoylanilide hydroxamic
acid) or Vorinostat

Depsipeptide

Valproic Acid

Eggr et al Nature. 429:457.

Clinical Trial
Phase I/lI/II
Phase I/1I/ll
Adverse Experiences
SAHA
Duvic et al. 2007.
Am S Hem 109:31.
» Dehydration
e Diarrhea
* Nausea
* Thrombocytopenia
Phase | * Vomiting
Phase |
Phase /11
Phasel/ll
Phase I/ll
Phase I/ll




* HDAC inhibitors are a novel class of anticancer drugs
that mainly leads to an accumulation of acetylated
proteins

Thereby inducing

- Cell cycle arrest

- Differentiation

- Migration

- apoptosis in cancer and transformed cells

* Few HDAC inhibitors act as radiation-sensitizing drugs
resulting in better radiation therapy (head and neck
cancer) responsiveness

HDAC 1, 2, 3, 8, 11 have been characterized (Khan, | , 2007)




Phase | study of epigenetic modulation with 5-azacytidine
and valproic acid in patients with advanced cancers.

Braiteh F, Soriano AO, Garcia-Manero G, Hong D, Johnson MM, Silva Lde P, Yang H, Alexander S, Wolff J, Kurzrock R.
Clin Cancer Res. 2008 Oct 1;14(19):6296-301. (colorectal cancer, melanoma and breast cancer)

gézgiﬁlt;grii]oeda S e The maximum tolerated dose was
o g 75 mg/m(2) of 5-AZA in combination

Peripheral blood with valproic acid.

* ==l Pyrosequencing
o * Chi L L
Valpr0|(_:AC|_d g * Dose-limiting toxicities were
U7 LU PR neutropenic fever and thrombocytopenia,
) Day{, 10 and 28 which occurred at a dose of 94 mg/m(2)

of 5-AZA.

28 Days Cycle

e Stable disease lasting 4 to 12 months
(median, 6 months) was

: observed in 14 patients (25%).
55 people with

Advanced cancer
Median age 60

A significant decrease in global DNA methylation and induction of histone acetylation
were observed.

The combination of 5-AZA and valproic acid is safe at doses up to 75 mg/m(2)
for 5-AZA in patients with advanced malignancies.
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Safety and clinical activity of the combination of 5-azacytidine,
valproic acid, and all-trans retinoic acid in acute myeloid
leukemia and myelodysplastic syndrome.

Soriano et al. Blood. 2007. 110(7):2302-8.

« Combination of 5-azacitidine (5-AZA), valproic acid (VPA), and
ATRA in patients with acute myeloid leukemia or high-risk

myelodysplastic syndrome.

» A total of 53 patients were treated.
 The overall response rate was 42%.

* A significant decrease in global DNA methylation and induction of histone
acetylation were achieved.

* VPA blood levels were higher in responders.
« The combination studied is safe and has significant clinical activity.

This clinical trial was registered at www.clinicaltrials.gov as no. NCT00326170.
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Histone Inhibitors in Clinical Trials (Clinicaltrials.gov)

STATUS STUDY

Recruiting | Safety Study of the Histone Deacetylase Inhibitor, CHR-3996, in Patients With Advand€d Solid Tumours

Recruiting Phase Il Study of Histone-Deacetylase Inhibitor ITF2357 in Refractory/Relapsed Lymphocytic Leukemia
Recruiting phll Study of an HDAC Inhibitor in Very High-Risk Relapsed/Refractory Hoddn's Lymphoma Patiei®s

Recruiting Phase 1A Study of the HDAC Inhibitor ITF2357 in Patients With JAK-2 V617F Positive Chronic Myeloproliferative
Diseases

Recruiting Phase Il Trial of the Histone-Deacetylase Inhibitor ITF2357 Followed by Mechlorethamine in Relapsed/Refractory
Hodgkin's Lymphoma Patients

| L [\

Recruiting mladlior \orinostat (SAHA) With Capecitabine (Xeloda) Using a New Weekly Dose Regimen for Advanced

Breast Cancer

Recruiting | Valproic Acid, Temozolomide, and Radiation Therapy in Treating Patients Glioblastoma Mulif§orme

Recruiting | Studvegfadrinostat (MK0683) an HDAC Inhibitor, or Placebo in Combination With Bortezomib in Patients With Multiple

Recruiting | Study of Vorinostat (MK0683), an HDAC Inhibitor, in Combination With Bortezomib in Patients With Relapsed or
Refractory Multiple Myeloma

Completed | APhase Il Study of Epigenetic The ome Chemotherapy Resistance in Refractory Solid Tumors

Recruiting Sorafenib and LBH589 MaHepatocellular Carcinoma 74

Recriting Phase Il Study of Valproic Acid With FEC100 for Patients With Locally Advanced Breast Cancer

Total : 84 studies

http://clinicaltrials.gov/ct2/results?term=histone+inhibitors&pg=4


http://clinicaltrials.gov/ct2/show/NCT00697879?term=histone+inhibitors&rank=1�
http://clinicaltrials.gov/ct2/show/NCT00792831?term=histone+inhibitors&rank=2�
http://clinicaltrials.gov/ct2/show/NCT00496431?term=histone+inhibitors&rank=3�
http://clinicaltrials.gov/ct2/show/NCT00606307?term=histone+inhibitors&rank=5�
http://clinicaltrials.gov/ct2/show/NCT00606307?term=histone+inhibitors&rank=5�
http://clinicaltrials.gov/ct2/show/NCT00792467?term=histone+inhibitors&rank=6�
http://clinicaltrials.gov/ct2/show/NCT00792467?term=histone+inhibitors&rank=6�
http://clinicaltrials.gov/ct2/show/NCT00719875?term=histone+inhibitors&rank=11�
http://clinicaltrials.gov/ct2/show/NCT00719875?term=histone+inhibitors&rank=11�
http://clinicaltrials.gov/ct2/show/NCT00313664?term=histone+inhibitors&rank=20�
http://clinicaltrials.gov/ct2/show/NCT00773747?term=histone+inhibitors&rank=22�
http://clinicaltrials.gov/ct2/show/NCT00773747?term=histone+inhibitors&rank=22�
http://clinicaltrials.gov/ct2/show/NCT00773838?term=histone+inhibitors&rank=23�
http://clinicaltrials.gov/ct2/show/NCT00773838?term=histone+inhibitors&rank=23�
http://clinicaltrials.gov/ct2/show/NCT00404508?term=histone+inhibitors&rank=38�
http://clinicaltrials.gov/ct2/show/NCT00823290?term=histone+inhibitors&rank=42�
http://clinicaltrials.gov/ct2/show/NCT00437801?term=histone+inhibitors&rank=61�

Methylation Inhibitors in Clinical Trials (Clinicaltrials.gov)

STATUS STUDY

Completed A Phase Il Study of Epigenetic Therapy to Overcome Chemotherapy Resistance in Refg€tory Solid Tumors

Active Not Azacytidine and Valproic Acid in Patients Wi ~

Recruiting

Recruiting Azacitidine JodilemivyimmeminbdS-2 75 in Treating Patients With Myelodysplastic Syndromes, Chronic
Myelomo Mf’ ute Myeloid Leukemia

Active Not Phll 5-Azacytidine Plus Valproic Acid and Eventually Atra in Intermediate Il and High Risk MDS

Recruiting

Recruiting Decitabine With or Without Interferon Alfa-2b in Treating Patients With Unresectable or Metastatic Solid
Tumors

Recruiting Hydralazine Valproate€Qr Cervical Cancer 3

Recruiting Hydralazine Valproa

Recruiting Decitabine in Treating Patients With Previously Untreated Ac&gMyeloid Leukemig

Recruiting Chronic Hepatitis C Non-Responder Study With AdoMet and Betaine

Recruiting Azacitidine, Docetaxel, and Prednisone in Treating Patients With MetaS&gtic Prostate Cancerg#hat Did Not
Respond to Hormone Therapy

Recruiting Low Dose Decitabine + Interferon Alfa-2b in Advance&genal Cell Carcingugs

Schering-Plough (Decitabine {5-aza-Deoxycytadine}
Trial for melanoma) (8 hrs to inactivate DNMT1)

http://] Bristol-Myers Squibb (other compounds) ibitors
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http://clinicaltrials.gov/ct2/show/NCT00313586?term=methylation+inhibitors&rank=7�
http://clinicaltrials.gov/ct2/show/NCT00313586?term=methylation+inhibitors&rank=7�
http://clinicaltrials.gov/ct2/show/NCT00439673?term=methylation+inhibitors&rank=9�
http://clinicaltrials.gov/ct2/show/NCT00701298?term=methylation+inhibitors&rank=10�
http://clinicaltrials.gov/ct2/show/NCT00701298?term=methylation+inhibitors&rank=10�
http://clinicaltrials.gov/ct2/show/NCT00532818?term=methylation+inhibitors&rank=11�
http://clinicaltrials.gov/ct2/show/NCT00533299?term=methylation+inhibitors&rank=12�
http://clinicaltrials.gov/ct2/show/NCT00492401?term=methylation+inhibitors&rank=18�
http://clinicaltrials.gov/ct2/show/NCT00310336?term=methylation+inhibitors&rank=19�
http://clinicaltrials.gov/ct2/show/NCT00503984?term=methylation+inhibitors&rank=27�
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Exfoliated Cells are Good Source of DNA
to Study Epidemiology
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Adapted from Weinberg 1996
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National Cancer Institute

Research Opportunities

Will inclusion of epigenetic markers help in identification of
new risk factors (modifiable factors and host factors) in
different races and ethnic groups?

Will epigenetic markers in cohort and case control studies
Improve sensitivity and specificity of markers and help in
Identifying high-risk populations?

Are genetic and epigenetic events correlated during cancer
development?

Are there race/ethnicity specific miRNAS?
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EPIGENETICS
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Books Available at:
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NlH R()admap 15 http://nihroadmap.nih.gov/epigenomics/

* Incubator space (5-10 year projects)

» Test bed for high risk, enabling, or emerging scientific
opportunities
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e Accelerate the pace of discovery
e Must be transformative
» Trans-NIH, all Institutes/Centers participate

e NIH Common Fund

and neurobehavioral and cognitive dystunctions
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Extramural Epigenetics Portfolio
by Major Disease Category
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Epigenomic Changes Have Been Implicated in
a Wide Variety of Human Diseases
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Roadmap 1.5: Translation to Clinical Practice

FYOS8 FY17
Basic IC-based Clinical
Research 1 N PP
®* Reference epigenomes * Application of epigenetics to
disease and common

* Developmental biology conditions

* Technology development * Biomarker development —

* Datainfrastructure imaging and predictive biology



NIH Roadmap Epigenomics Program

» Mapping Centers initiate processing of hematopoietic progenitor
Subsets.

These include lymphoid, myeloid, and erythroid progenitors
routinely isolated from total CD34+.

 All hematopoletic cell samples will be processed for

Chromatin structural mapping by Digital DNasel at mapping
centers

Concurrently, crosslinked chromatin, total RNA, and purified
DNA will be made available to the consortium for

parallel studies of histone modifications, RNA,

and DNA methylation by other Centers.




Epigenetics Working Group

Co-Chairs: Sam wilson (NIEHS), Nora Volkow (NIDA)

Ex officio Chairs: Ting-Kai Li (NIAAA), James Battey (NICHD)

Brenda Weis NIEHS Roger Little NIMH
Jerry Heindel NIEHS Conrad Mallia NIAID
Fred Tyson NIEHS Anna McCormick NIA

John Satterlee NIDA Nasrin Nabavi NIAID
Joni Rutter NIDA Paul Okano NCI
Christine Colvis NIDA Susan Old NHLBI
Jonathan Pollock NIDA Deborah Olster OD/OBSSR
David Shurtleff NIDA Jim Ostell NLM/NCBI
Grace Ault NCI Suzana Petanceska NIA
Olivier Blondel NIDDK Robert Riddle NINDS
James Batty NICHD Sharon Ross NCI

Lisa Brooks NHGRI Rochelle Small NIDCR
Anthony Carter NIGMS Philip Smith NIDDK
Jennifer Couch NCI Mukesh Verma NCI
Johanna Dwyer OD/ODS /Ashley Xia NIAID
Bruce Howard NICHD Samir Zakhari NIAAA

Rebecca Lipsitz NIH/OD Keji Zhao NHLBI



Timeline for Epigenomics Program
FYO/7 FYO8 FY09 FY10 FY11l FY12 FY13 FY14 FYI1:

JUMPSTART

 International Committee
e Standardization; Database
* Reagents (antibodies)

RFA RFA?
« Comprehensive reference epigenomes

* Incorporate new tech/targets as available
* Public resource (cells/tissue, data)

TRANSITION to ICs

!

RFA
Mapping Cent.

RFA RFA

e Co-fund RM/IC-based projects

I I I I I
RFA

« Contribute to public data resource (via NCBI)

» Cross-cutting data integration, analysis, visualization
| | | | | | I
RFA RFA

!

RFA
RM/IC Projects

!

RFA

Data Analysis/
Coord Center

RFA

2
>

4
Tech Develop

 New tools/tech, application to mapping, RM/IC projects

| | | |
RFA RFA?

 New marks, application to mapping,
RM/IC projects

!

RFA

Discovery of
Novel Marks

Transition to ICs T



A Model for a Standarized Treatment of Oncological Patients Using HDAC Inhibitors

e

e

Quantification of  Administration Quantification of
Histone Acetylation of HDAC Inhibitor Histone Acetylation
Levels in Blood: Levels in Blood:
Baseline Surrogate Marker
& of HDAC Action
F
Time: Time:
How Long? How Long?
P BIOLOGICAL Erep— CLINICAL
EFFECT EFFECT
CANCER

PATIENT Personalized Medicine

Viller-Garea and Estellar. 2004. .Int. J. Cancer 112, : 171-178




Conclusion: Epigenetics in Cancer Management

Early diagnosis:
Detection of CpG-island
hypermethylation in biclogical
fluids and serum

e.g., G5TPL in urine spacimens
from patients with putative
prostate cancer

Tumor

Prognosis:
Hypermethylation of specific genes
Whole DMA-methylome profiles
Histone-modification maps
Prediction:

CpG-island hypermethylation as a marker
of response to chemotherapy, hormone
therapy and targeted-therapy
e.g., MGMT in patients with glioma
and temozelomide treatment

Follow-up:
Detection of CpG-island
hypermethylation in biclogical
fluids and serum

e.g., pl5 methylation in
acute myeloid leukemia

Figure 4. Epigenetics in Cancer Management.

DMA methylation techniques permit the sensitive and quantitative detection of hypermethylated tumor-suppressor genes in all types of
biologic fluids and biopsy specimens. The establishment of DMA methylation and histone-meodification profiles of the primary tumor
specimen itself might be a valuable tool in determining the prognosis and predicting the patient’s response to therapies.

Esteller, NEJM, 358:1148-59, 2008
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