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In 2010, there were estimated 13. 6 million 
cancer survivors in the United States

It is estimated that by 2022, the population of survivors
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will increase to almost 18 million.

ACS. 2012. Cancer treatment and survivorship facts and figures 2012-2013.
Siegel et al (2012). Cancer treatment and survivorship statistics, 2012. CA Cancer J Clin 62: 220



Cancer Development is Lengthy

Initiated

Mild Moderate Severe CIS

Cancer

Normal Mutation Hyperplasia Progressive dysplasia CIS In vasive Ca

Premalignant

Cancer Development is a Multi-step Process

Breast

Cervix

Colon

Prostate

Lung

14-18 yrs

9-13 yrs

5-20 yrs

20 yrs

? yrs

6-10 yrs

10-20 yrs

5-15 yrs

3-15 yrs

Many yrs

Genetic alterations and the progression of colorect al 
cancer

The major signaling pathways that drive tumorigenesis are shown at the transitions 
between each tumor stage. One of several driver genes that encode components 
of these pathways can be altered in any individual tumor. Patient age indicates the 

time intervals during which the driver genes are usually mutated. Note that this 
model may not apply to all tumor types. TGF-β, transforming growth factor–β.

Adapted from Vogelstein et al 2013
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CANCER GENOME LANDSCAPE
Number of somatic mutations in 
representative human cancers, 
detected by genome-wide sequencing 
studies

Adapted from Vogelstein and Kinzler (Science 2013)



Happiness Genes: Unlock the Positive Potential Hidden in Your DNA by 
James D. Baird and Laurie Nadel, in which we are told, “Happiness is at 

your fingertips, or rather sitting in your DNA, rig ht now! The new 
science of epigenetics reveals there are reserves o f natural happiness 

within your DNA that can be controlled by you, by your emotions, 
beliefs and behavioral choices.”



Genetic Code

Methylation Code

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

Qiu NATURE 441: 143

Histone Code

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.



DISCONCORDANCE  AMONG TWINS

Epigenetic predisposition to angiogenesneis? Individual? Populations?

Pharmacogenomics and pharmacoepigenomics (personalized medicine)

Microenvironment, microbiome, and gene expression

GWAS and EWAS

The choices you make
can change your genes
-- and  those of your kids.

Adapted from Matouk and Marsden Cir Res 102:873



Nucleosomes (Units of Chromatin)

DNA
Histones H2a, H2b, H3, H4

To neutralize charge and provide stability

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

H1 is a linker histone which binds
to the DNA linking two adjacent
nucleosomal cores

Shores are 0-2kb from islands
Shelves are 2-4 kb and enhancers are beyond shelves



Hypermethylation

Hypomethylation

Acetylation/Deacetylation

Factors

Environmental
Hormonal
Genetic Raf

C-myc
C-fos
C-Ha-ras
C-K-ras

Histone Acetyltransferase
Histone Decetylase
(Dynamic Equilibrium)

APC
BRCA1
ER
hMLH1
GSTP1
TIMP3
DAPK1

DNA Methyl-transferases
DNMT1
DNMT3A
DNMT3B

Epigenetics regulates :
Cell Cycle Control
DNA Damage
Apoptosis
Invasion
X-Chromosome Inactivation
Imprinting
Aging

Hypermethylation
(TSP)

Hypomethylation
(ONC)

STOP START

Non Coding RNA

MM
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Transcription
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Components of the Epigenome

Methylation Code Histone Code
Chromatin Remodeling

DNA

Histones

Histone tail Nucleosome

Active Chromatin:
relaxed
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compact

DNA (double helix)

Chromatin 
Folding 
Proteins
(such as 
SATB1)

microRNA
Involvement

Modifications of
Histones

Nucleosome

C

Figure 1

Modifications of
Histones:
Acetylation
Biotinylation
Methylation
Phosphorylation
Ubiquitination

Polycomb
Group of
Proteins

SINE and LINE Sequences

Methylation Code Histone Code
Chromatin Remodeling

Maintain chromosomal integrity by preventing the translocations, 
chromosomal instability and gene disruption that may arise from reactivation 
of endoparasitic sequencesVerma (2009) In: Hum Genome Epidemiology, pp. 551-578



Epigenetic alterations – changes induced in cells that alte r expression of
the information on transcriptional, translational, or pos t-translational
levels without change in DNA sequence

EPIGENETICS

Methylation of 
DNA

Modifications of  
histones

RNA-mediated 
modifications

SAM SAH

DNMT1
DNMT3a
DNMT3b

• RNA-directed DNA methylation
• RNA-interference mediated 

chromatin remodeling
• RNAi, siRNA, miRNA …
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Methylated CpGMethylated CpGUnmethylated CpGUnmethylated CpG

Activated OncogenesActivated Oncogenes
Inactivated Tumor SuppressorsInactivated Tumor Suppressors

Asad Umar, NCI



You only need to sequence your genome once, 
but you need to determine your epigenome 
multiple times...



Epigenetics, Environment and Development  

Foley et al. Am J Epid 169:389.

ART, Assisted Reproductive Technology

CVS, Cerebrovascular System.



Jones and Laird. Nat Rev Gen 21: 163

Peter Jones

Andrew Feinberg



DNA Methylation and Carcinogenesis

DNA Methylation

Abnormal Increases Abnormal Decreases No Changes
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activation 
and up-
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induced 
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Poor
repair
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and up-
regulation
of other 
DNA
sequences

Increased
DNA
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aneuploidy
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retroelement
activation
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at m5C
residue

Deamination--
spontaneous 
conversion of 
m5C  to T
mutations 
in tumor
suppressor
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repair
of 
m5C



Integrin Signaling Network and Epigenetic Regulation

Deb et al. CMR. 2011 De c 8



Mirco RNA Signatures in Human Cancers

Calin and Croce Nature Reviews Cancer 6, 857–866 (November 2006) | doi:10.1038/nrc1997

Micro RNA Polymorphism to Identify
High Risk Populations

Mir-31 inhibits metastasis in breast cancer



Micro RNA Methylation in 
Metastasis

Lujambio and Esteller*, Cell Cycle 8: 377
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ALTERATIONS OF HISTONE H3 MODIFICATIOINS IN LIVER 
DURING METHYL DEFICIENCY 
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Book Published by:
New York Academy of Sciences
2003

Cancer Epigenetics (2012)
Methods in Molecular Medicine
SPRINGER PROTOCOLS



Methods in Molecular Biology. Vol 471 and 472





Nature 471: s12-s13

“Epigenetic changes are 

reversible, and therefore have an 

edge over genetics”edge over genetics”

Mukesh Verma

Nature 471: s12-s13 



“Successful approval of first 

generation of drugs intended to 

target epigenetic pathways, has 

convinced almost every major 

drug company to invest in cancer 

epigenetics.”

Mukesh Verma 

Nature 483:637-639



Principle of Methylation

Laird Nat Rev Cancer 3:253

To reduce
• false negative
• false positives

• 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
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FDA Approved Epigenetic Inhibitors



TUMOR 
LOCATION

GENE

Breast p16, BRCA1, GSTP1, DAPK, CDH1, TIMP-3

Brain p16, p14 ARF, MGMT, TIMP-3

Bladder p16, DAPK, APC

Colon p16, p14 ARF, CRBP1, MGMT, hMLH1, DAPK, TIMP-3, APC

Endometrium hMLH1

Esophagus p16, p14 ARF, GSTP1, CDH1APC

Head and Neck p16, MGMT, DAPK

Kidney p16, p14ARF, MGMT, GSTP1, TIMP-3, APC

Tumor Types 
and Genes 
Regulated 
by 
Epigenetic 

Mechanism
Kidney p16, p14ARF, MGMT, GSTP1, TIMP-3, APC

Leukemia p15, MGMT, DAPK1, CDH1, p73

Liver p16, CRBP1, GSTP1, APC

Lymphoma p16, p15, CRBP1, MGMT, DAPK, p73

Lung p16, p14 ARF, CRBP1, MGMT, GSTP1, DAPK, FHIT, TIMP-3, 
RARbeta, RASSF1A

Ovary p16, BRCA1, DAPK

Pancreas p16, MGMT, APC

Prostate GSTP1, p27(kip1)

Stomach p14 ARF , P16, APC, hMLH1, MGMT 

Uterus p16, p14 ARF, hMLH1

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;
Verma et al (2006).Mol. Diag.
Therapy. 10: 1-15.



Target Drug Clinical Trial

DNA Methylation 5-Azacytidine Phase I/II/II

5-Aza-2'deoxycytidine Phase I/II/II

FCDR

Zebularine

Procainamide

EGCG Phase I

Adverse Experiences
SAHA
Duvic et al. 2007. 
Am S Hem 109:31.

• Dehydration
• Diarrhea
• Nausea
• ThrombocytopeniaEGCG Phase I

Psamaplin A

Antisense Oligomers Phase I

Histone deacetylase Phenylbutyric acid Phase I/II

SAHA (Suberoylanilide hydroxamic 

acid) or Vorinostat PhaseI/II

Depsipeptide Phase I/II

Valproic Acid Phase I/IIEggr et al Nature. 429:457.

• Thrombocytopenia
• Vomiting

Vorinostat  Ph II (Gliobl)

Jean-Pierre Issa



Phase I study of epigenetic modulation with 5-azacyt idine 
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)

5 Azacytidine
S.C. daily for 10 days

+ 

Valproic Acid
Orally daily to titrate
to 75-100 ug/ml

Peripheral blood
• Pyrosequencing
• Chip

Analysis
Day 1, 10 and 28

• The maximum tolerated dose was 
75 mg/m(2) of 5-AZA in combination 
with valproic acid. 

• Dose-limiting toxicities were 
neutropenic fever and thrombocytopenia,
which occurred at a dose of 94 mg/m(2)

28 Days Cycle

55 people with
Advanced cancer
Median age 60

Day 1, 10 and 28 which occurred at a dose of 94 mg/m(2)
of 5-AZA. 

• Stable disease lasting 4 to 12 months
(median, 6 months) was 
observed in 14 patients (25%). 

A significant decrease in global DNA methylation an d 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.



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 hig h-risk 

myelodysplastic syndrome.

• A total of 53 patients were treated. 

• The overall response rate was 42%. 

• A significant decrease in global DNA methylation an d 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.clinicalt rials.gov as no. NCT00326170 .



Histone Inhibitors in Clinical Trials (Clinicaltria ls.gov)

STATUS STUDY

Recruiting Safety Study of the Histone Deacetylase Inhibitor, CHR-3996, in Patients With Advanced Solid Tumours

Recruiting Phase II Study of Histone-Deacetylase Inhibitor ITF2357 in Refractory/Relapsed Lymphocytic Leukemia

Recruiting phII Study of an HDAC Inhibitor in Very High-Risk Relapsed/Refractory Hodgkin's Lymphoma Patients

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

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

Recruiting HDAC Inhibitor Vorinostat (SAHA) With Capecitabine (Xeloda) Using a New Weekly Dose Regimen for Advanced 
Breast CancerBreast Cancer

Recruiting Valproic Acid, Temozolomide, and Radiation Therapy in Treating Patients With Glioblastoma Multiforme

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

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

Completed A Phase II Study of Epigenetic Therapy to Overcome Chemotherapy Resistance in Refractory Solid Tumors

Recruiting Sorafenib and LBH589 in Hepatocellular Carcinoma (HCC)

Recriting Phase II 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







Identification of tumor clusters.

Nature Genetics 38, 787 - 793 

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. 48 Colorectal tumors



Pancreatic Cancer: Methylation of 
p14ARF and p16INK4a

Pancreatic Carcinoma (PCA) : 39 19/39 p16INK4a

Chronic Pancreatitis (CP) : 16 0/16 p16INK4a

Normal Pancreatogram (NAD) : 6 0/6 p16INK4a

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

Normal Pancreatogram (NAD) : 6 0/6 p16INK4a

Sample: Pancreatic Fluid



Breast Cancer Response to Tamoxifen Treatment by 

ESR1 Methylation
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Peter Laird



DIET AND CANCER: FOCUS ON 
PREVENTION 

Cancer is principally caused by environmental 
factors, of which the most important are tobacco, 
diet and factors related to diet, including body 
mass and physical activity, and exposures in the 
workplace and elsewhere.

Between 30% and 40% of cancer cases 
throughout the world are preventable by feasible throughout the world are preventable by feasible 
dietary means.
• Understanding the determinants of the earliest

detectable phenotypes in initiated cells

• Uncovering the molecular mechanisms of action 
of dietary nutrients leading to cancer formation 
and  prevention

• Defining effects of dietary compounds not only 
on cancer cells but on normal and preneoplastic
cells

• Determining factors that can modulate effect of 
dietIgor Pogribny





Component FY08        FY09      FY10      FY11     FY12     FY13      FY14      FY15      Total

Epigenomics Program Budget 
(RM funds in millions)

RFA 1: Mapping 
Centers

RFA 2: RM/IC 
Projects

RFA 3: Data 
Analysis/Coord

10 10 10 10 10

4

1.51.51.5 1.5 1.51.5 1.51.5 12

128 16 8820 16 12

50

Analysis/Coord

RFA 4: Tech 
Development

3.5 3.5 427 7 7 7 7

8-Year Total   $219 M 
(plus $3M JUMPSTART)

RFA 5: Discovery 
of Novel Marks

3.5 3.5 4 2 152

NCBI: Public access 1.51.51.5 1.5 1.51.5 1.51.5 12

= RFA released



http://ihec-epigenomes.org/http://ihec-epigenomes.org/
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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 Are genetic and epigenetic events correlated during cancer 
development?

Are there race/ethnicity specific miRNAs?

How can we use this information for better define cancer subcategories?

EWAS (Epigenome-wide Association Studies)

Christopher Plass (Heidelberg)

Nancy Kiviat (Seattle)

Christine Ambersone
(Rosewell Park, Buffellow)
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