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Hallmarks of cancer

Hallmarks of Cancer: New Dimensions
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Sustain
"o enabling charactaristics

prolforatve signaiing growlh SUpDpressons

Devegulating Avoiding
cellular HTETILE
matabolsm dastruction
Resisting Enabiing
el ceath real-:am

mmorialty

Tumor-promoating
mutston inNamrematon

Inducg or acceseung Activating invasion
vasculahse & matastass

Nonmutational epigenetic reprogramming and polymorphic microbiomes both constitute
distinctive enabling characteristics that facilitate the acquisition of hallmark capabilities
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Epigenetics




Epigenetics

The two main components
of the epigenectic code

DNA methylation
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Epigenetics:
Stable alterations in gene expression
by several mechanisms, excopl
nudiectide sequence changes
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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

Qiu NATURE 441: 143




DNA and destiny
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Global cancer deaths

GLOBAL CANCER DEATHS

In 2019, more men than women died from cancers caused by known risk factors,
in part because males tend to smoke and drink alcohol more than females. Men
are also more likely to work in jobs that expose them to risk factors.

Males 2.88 million cancer deaths

Females

onacurce

Source: Ref 1_

https:// www._nature.com/articles/d4 1586-022-02355-x

GBD 2019 Cancer Risk Factors Collaborators Lancet 400, 563—591 (2022).



Cancer tumor deaths

CANCER DEATHSBY TUMOURTYPE

In men and Worren, among cancers caused Ly preveriable risk factiors, tumours

af the lung. trachea and bronchus were the leading cause of death. SMmoking was
the higgest rak factor assodciated] with Those cancer daesths

Trachsal, broachus, and lumg canceaer

Colon and rectam cancer

Oesophageal cancer

Cearvical cancer

Liver cancer

Stomach cancer

Breast canceaer -

Pancreatic canoer
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Percentage of cancer deaths

doi: https://doi.org/10.1038/d41586-022-02355- nature
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Cancer Survivors

Estimated Number of Persons Alive in
the U.S. Diagnosed with Cancer by
Site

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

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

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

Men (4.24 million) Women (5.31 million)



Cancer continuum

DCCPS covers cancer continuum

Prevention Early Detection Dlugnocl\

Tobacco, physxal actwity, diet, sun, Breast, cervical, cologectal cancers
crmaromunenl, HPY immuanizatson sreenang
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Lifc After Cancer End of Life
Treowds incamcer treatenent Finamcaal Hhiumden of can<er care, Mo
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Cancer development

Cancer Development is a Multi-step Process
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Genetic alterations and the progression of colorectal
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-B, transforming growth factor—§£.




DNA sources

DNA-Based Cancer Diagnostics

Exfoliated Cells are Good Source of DNA
to Study Epidemiology

CANCER DIAGNOSIS,
RISK DEEQ?:'LFTON PREDICTION &
ASSESSMENT PROGNOSIS

PREDISPOSITION DYSPLASIA CARCINOMA




Paradigm shift

Paradigm shifts in genetics

1850 -1900 : Proto-genetics Mendelian inheritance
Darwin, natural selection

1900 -1950 : Age of genetics gene concept, mutation,
genotype-phenotype

1950-2000 : Age of DNA structure, genetic code,
genome sequence

2000 - : Age of epigenetics epigenetic code, epigenome,
epigenetic medicine




Genome landscape
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CANCER GENOME LANDSCAPE
Number of somatic mutations in
representative human cancers,
detected by genome-wide sequencing
studies

Adapted from Vogeistein and KinZler (Science 2013)



GWAS hits

Published GWAS Etiology Hits (2010)

~140 Loci marked by SNPs
I Locus marked bya CNV
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Genome associations

Published Genome-Wide Associations through 12/2013
Published GWA at p=s5X10® for 17 trait categories
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Genome sequence

There’s more to the genome than its sequence

chromatin iber

4D Nucleome

Roadmap
Epigenomics,
ENCODE, IHEC

‘§\' histone 4odiﬁcation
Human
Genome

Project= == ...




Kornberg and nucleosome

Nucleosomes (Units of Chromatin)

H1 5 a2 Inker histone which binds
DNA

To neulralize charge and provide stability to the DNA linking two adjacent
Histones H2a, H20, H3, H4 nudieosomal cores

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

1974: Roger Kornberg discovers
nucleosome who won Nobel Prize
in 2006.

Guplex DNA (béue) = Y .
Core of B rntone Molecules
Natone octamer (yelow)

P omann fote Nucleosome

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



DNA methylation

DNA Methylation

DNA methyltransferase

S-adenosylmethionine

deoxycytosine 5 —~methylcytosine



DNA methylation

Unmethylated CpG Methylated CpG

. Activated Oncogenes
Inactivated Tumor Suppressors
Asad Umar NCI



Epigenetics

EPIGENETICS

Epigenetic alterations — changes induced in cells that alter expression of
the information on transcriptional, translational, or post-transliational

levels without change in DNA sequence

Methylation of Modifications of RNA-mediated
L - L ¢.°ns

Shells and shores

- 353&%; Shores: less than 2 kb from the CpG island i
iy “——— |Shelves: 2-4 kb from the CpG island
ek, £33 IRemaining region: called OPEN SEA
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Epigenome components

Components of the Epigenome

Hypermethylation

oA

wat

C =y
C.fos
C-roron
C. € res

Acciviation Deacetyiation
/ Non C BRMA | resvere Ace A rrenst erese
L oding RNA |5e Y

PN Sl

(Oymtmei CQalilwrap=)
. ' . MOSSCatcora of B
o = ’ - Ao e " A
Cr e —— : . \.\/ ~ ! B e
Fodde f - - ’ - : ! A E
P ey e g 1 . - -

3 PROaot oy famon
Com™ s » Uit asone
SATRY) —_— -
-
Polycomb [
nm I
Group of
Proteins Active Cheommatin: Corwdriad Checemann:
s orse e BT vt AL A
EZH2 SINE and LINE Sequences
Maintain chromosomal integrity Dy preventing the transiocatons,
\/ CHeOMOSOnal INataliity Srd QUcsd SREUpiaon That Midry arisd Trom roBCIvaton
Viorrna (3909) In: M Geonome Epidomioloqy. pp. 551-578 OFf OOCODOIBIEST SOCP IS



Methylation

Transcription
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Chromatin modifications

Figure 1 : Modulation of covalent modifications on chromatin.
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Epigenomes

Mapping human epigenomes

Bisulfite-seq Dnase-seq ChiP-seq
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Genome versus epigenome

* Genome is generally constant: epigenome changes
1 1 1 3

e Age

 Diet

* Discasc

« Lifestvle
 Environment

* Areas of interest:
Molecular basis of discase
Biomarker identification
Diagnostics development
Drug targeting

You only need to sequence your genoime once,
but you need to detfermine yvyour epigenome
multiple times... hitps-/Aww. youtube comiwatch?v=JMTEoRY gk Tk




Epigenetics, environment and development

A. . EPigenetics, Environment and Development

epimutation demeathylation Epigenetic drift/somatic epimutation

Developmental tissue-specific epigenetic programming

B_Om—.lnoh—. Embryo — Fetus —& Baby'chid —& Adolescent ——b Adul — Elderly
- Paternal imprinting established | IS 'n
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2 Stochastic + environmental exposure s oo -
Maternal factors , Diet/lifestyle .
ART | ART, Assisted Reproductive Technology
D. 4 4 £ S & S i kS A
CVS Amniocentesis Placenta Urne  Blood Skin
CVS. Cerebrovascular W_Umblllcal cord Stood Buccal/saliva
Matemal Mik: immature, transient and mature (N/K ratio ES » » s

Foley et al. Am J Epid 169:389. from 0.8 10 1.2 to 2.0)) Sperm




Toxic substances

Key toxic substances affecting the epigenome

Arsenic Induces genetic and epigenetic changes

Benzene Benzene and its metabolic product hydroquinone alter
methylation profiles and contribute to leukemia

Cadmium Induces hypermethylation of selected genes in lung cancer

Chromium Induces hypermethylation in lung cancer

Nickel Alters chromatin structure and induces histone acetviation

PFOS Affects prenatal methvylation and regulation of GSTF,7
and LINE/SINE sequences

PAHC Alters histone H3 acetviation in breast cancer model

Uranium Contributes to leukemia

PFOS, Perfluorcoctane sulfonate
PAHC, Polycyclic aromatic and halogenated compounds




Histone phosphorylation
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phosphorylation of histenes resulting in decreased histone

Aldehyde and nitric oxide. present in cigarette smoke induce
deacetylase 2 activity
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Endogenous factors
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Maternal Smoking during Pregnancy and DNA-Methylation in Children at Age 5.5
Years: Epigenome-Wide-Analysis In the European Childhood Obesity Project
(CHOP)-Study.

Roatas P, Saler |
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The effects of maternal anxiety during pregnancy on IGF2/H19 methylation in cord
blood.
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Abstract .
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* Tissue- and cell-specific
= Factors that may affect the plasticity of human epigenome

Endogenous factors

Aging
> Smokang Oxidative stress
o Alcohol consumption Inflammation

o Physical activity Metabolic disorders

o Diet Hormone disorders
* Enwvironmental Pollutants



Behavior
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/ 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, right now! The new
science of epigenetics reveals there are reserves of natural happiness
within your DNA that can be controlled by you, by your emotions,
K beliefs and behavioral choices.” -




Epigenetics and behavior

Epigenome-Wide Association Study of Agaressve
Behavior
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The effects of maternal anxiety during pregnancy on IGF2/H12 methylation in cord
blood.
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Epigenetic Regulation in Biopsychosocial Pathways
Kristin Uitzeiman and Mukesh Verma
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ross-generational effects

fesearch Article
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CROSS-GENERATIONAL EFFECTS

Cross-generational effects of alcohol
dependence in humans on HRAS and TP53
methylation in offspring

Shirley Y Hil™-', Gre
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Infectious agents

Infectious Agents: Etiologic Role in Cancer and Prevalence

D MATIONAL CANCER INSTITUTE



Genomes

Genomes
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Oncogenic viruses and bacteria

Oncogenic viruses, bacteria and epigenetics

Viruses: P16 in HPV16/18 (Cervical Cancer)

RASSF1a in SV40 (Mesothelioma)

HBV and HCV genes (Liver Cancer)

LANA in EBV (Nasopharyngeal Carcinoma)
Bacteria: COX2 in H.pylori Infected Cells (Gastric Cancer)

It J. Carncer: 113, 440 -4245 (2005)
© 2004 Wiley-Liss, Inc.

Frequent pl6INK4a Promoter Hypermethyvlation in Human Papillomavirus-Infected

Female Lung Cancer in Taiwan LANA, Latency Assccoated Nuckear Antigen
EBNA, Epstein-Barr Vinas Nuclear Antigen

Ming-Fang Wu'*~, Ya-Wen Cheng™', Ji-Ching Lai*, Min-Chih Hsu®*, Jung-Ta Chen®, Wen-Shan Liu®“, Ming-Chilx Chiou™",
Chih-Yi Chen” and Huei Lec™ '
"Des nternal Medicine, Chumpy Shaon Medical Usaversivy Hospisal, Tarckung, Tavworn

Complete methylome of HPV, EBV,
and HBV.

Esteller M. Genome Research. 2009. 19: 438



DNA methylome

The DNA Methylome of the Human Papllloma V’rus 16
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Infection and cancer

Infection and Cancer: New and Emerging Associations

Infectious Agent Cancer
Meriel cell polyomavirus (MCV) Merkel cell carcanoma
Plasmodium falciparum Endemic Burkiti's iymphoma

> Nature. 2022 O WTS31) 3B =88 do

SARS-CoV-2 disrupts host epigenetic regulation via
histone mimicry

\l-!:: MNATIONAL CANCER INSTITUTE
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Risk Assessment

Understanding Cancer Etiology and Risk Assessment

Need healthy population (pathologically disease free) (cohort) with
information about

Exposure (Chemicals, Radiations, Infectious Agents, Toxic substance)
Family History

Diet and Life Style

Medication

Need easily collected biospecimens (non-invasive technologies) and analytic
tools

Need follow up (for longitudinal studies) for several years
Challenge: Expensive, data sharing

Advantage: Essential to identify risk factors for cancer



Special populations

7 Special Populations in EGRP
African-American men & African men & women

Alaskan & Hawalian Natives
South American women

Middle-Eastern populations
Asian-American & Asian men

& women American-indian, incl. Navajo

Latin-American/Hispanics Rural South

Chinese

EGRP Studies Are Everywhere

Canada

Swedaen

Denmark

France

Costa Rica

Singapcee

Paland

« Benzd Auxtralin

« Colombin U.S_ imchading Alaskas
- Enghand a Hawal

g 3 Mihon Sabjects
Cohosts,. CGN and Family Registries

Senegal
Malawi

The Zambia
China
Japan
Egypt
Israel




Cohort consortium

The Cohort Consortium (CoCo)

e 62 cohorts, over 4 million individuals

- Membership: cohort studies worldwide with >10,000
subjects, blood samples and questionnaire data on
important cancer risk factors

« The Cohort Consortium was formed by NCI to address
the need for large-scale collaborations for

— Rapid identification and confirmation of common
polymorphisms and cancer susceptibility (GWAS)

— Studies of GxG and GxE interactions in the etiology
of cancer.



Environment and child health outcomes

ECHO
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Developmental life stages

Perinatal
Infancy
Early Childhood

Adolescence

Middile Childhood

Developmental Life Stages

Preconception/Prenatal Anything prior to labor

1 month through 11 months, 30 days
12 months through 59 months

12 years through 18 (or 217?) years

I Serial samples of the same individuals I

ECHO-wide Cohort Protocol

60 months through 11 years, 11 months

PP Y ¢ o

Labor through discharge (or < 1 month?)

ik

16S amplicons,

Meatagenomic and

Meatatranscriptomic

aylokine profiling
atabolomics

Proteomics

Genomics

Exposure data integration

Phenotypic data

integration




ECHO research

Advantages of ECHO Research Design

Longitudinal cohorts — opportunity to examine repeated
measures

-in utero

- early in life

- other transition periods
Look across multiple tissues in same person
Unifying/harmonizing epigenetic data with other data
(including other omics data)
Potential for single cell analysis
Across generation




Loss (or gain) of gene function in cancer
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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
(lg rearrangement) Silencing
N — 5 ~ Cell-cycle
Regulated
Genetic Epigenetic Changes
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Genetic mutations

Genetic mutations of epigenetic modifiers in cancer

DANMT 1
DNMTIA
TET12
D2
MEDs
ENF5 ONA MLL1/223 UTX
SAGUERM methytation SETER2 aMmin
ARD 1ANAZ - S EZH2 LSD?
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e
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The epigenetic machinery
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Hypomethylation
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Tumor tissue gliobal hypomethylation may be a law aevem
prostate cancergogenesis and is associated with tumor progression.




DNA methylation and carcinogenesis

DNA Methylation and Carcinogenesis

DNA Methyvlation
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Integrin signaling

Integrin Signaling Network and Epigenetic Regulation
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Methylation

= Tolad methylation content of the cell
= medhhyfation level al specific stage

= medhhialion pattern of a group of genes ’ $ 8- -3 8 SEsRRse
= profile of methylaion of either a specific gene |
or a number of genes - e - =
= patiem of methylation in the whole epigenome | : mrs
- 88—
|

Laird Na¢ Rev Cancer 3:253 Nature Roviews | Cancer



Histone acetylation

Polycomb Repressor
Complax PRCland ll

Heterochromatin
Silenced histone code (SHC)

Histone coding for silencing | | Histone coding for transcription H3K9me

’——\

|
T i
. -
k -
Euchromatin Active histone code (AHC)
Steve Baylin



Micro RNA sighatures

Mirco RNA Signatures in Human Cancers
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Micro RNA methylation

Micro RNA Methylation in
Metastasis

Lujambio and Estelles”, Call Cycle 8: 377



Methylation of microRNAs

naturc
COMMUNICATIONS

ARTICLE
Mtpss//doi.org /10.1038/541467-019-11826-1

Distinct methylation levels of mature microRNAs
in gastrointestinal cancers

Masamitsu Konno® 19, Jun Koseki? ™, Ayumu Asai' 219, Akira Yamagata®'C, Teppei Shimamura
Daisuke Motooka®, Daisuke Okuzaki® °, Koichi Kawamoto®, Tsunekazu Mizushima®, Hidetoshi Eguchi®,
Shuji Takiguchi®?, Taroh Satoh'!, Koshi Mimori®, Takahire Ochiya®, Yuichiro Doki®, Ken Ofusa®, Masaki Mori® &

OPFPEN

4

»

Hideshi Ishii?

The biological significance of micro (miJRNAs has traditionally been evaluated according to
their RNA expression levels based on the assumption that miRNAs recognize and regulate

- - - - - - - - - e

including miR-17-5p, -21-5p. and -200c-3p and let-7a-5p harbor methyl marks that potentially

alter their stability and target recognition. Impaoartantly, methylation of these miRNAs was

miR-17-5p methylation level in serum samples distinguished early pancreatic cancer patients
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Extracellular vesicles

(.2 Tick on Sgn 1o 2

[~ | sigratures an » PL

Verma e ol BMMC Chniicald Pathadagy (2015] 155 -
DOf 10.1186/512907-015-0005-5
BMC

Clinical Pathology

REVIEW Open Access

Extracellular vesicles: potential applications in
cancer diagnosis, prognosis, and epidemiology

Mukesh Verma , Tram Kim Lam, Elizabeth Hebert and Rao L Div

Abstract

Both normal and diseased cells continuously shed extracellular vesicles (EVs) into extracellular spoace, and the EVs

carry molecular signatures and effectors of toth health and disaease. EVs reflect dynamic changes that are occurring
in cells and tissue microenvironment in health and at a different stage of a disecase. EVs are capable of altering the
function of the reapient cells. Trafficking arnd reciprocal exchange of maolecular informaton by EVs among diferent
organs and cell types have been shown to contnibute to horizontal cellular transformation, cellular reprogramming
functional alterations, and metastasis. EY contents may include tumor suppressors, phosphoproteins, proteases,




Histone modifications

® Phosphorylation 2'33" P:cu (mos.;'fu%::er Epigenetics
. Acetylation H3K4me3, Active promoter (Tollefsbol, T. ed.). Pp 347-457.
M Methylation H3K27ac, Active enhancers and promoters
4> Ubiquitination H3K4me1, Active and poised enhancers and promoters
. Stott H3K9me3, Heterochromatin 5
nyiation H3K27me3, Polycomb-repressed regions 20 15 14 1‘3
" . M

H1 s a linker histone which binds o he DNA , )
linking two adjacent nuclecsomal cores Based on htip://www.histone.com

and J. Nutr. 136:1763-1765



Histones
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Histone modifications

Fig. 1 Mapping histone modifications in human gametes and preimplantation embryos.

Histone
mapping
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Histone H3 modifications

ALTERATIONS OF HISTONE H3 MODIFICATIOINS IN LIVER

DURING METHYL DEFICIENCY

H3IK9me3
H3IKS9me1

— i —— H3KSac
H3S10ph
H3

o8B¥883388838%

Ao ©
O B A . <D
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interplay between H3IK9me3. H3K9Ac. and H3S10ph



Epigenetic regulation

- ) ] _ Acetylation
Di-methylation Trn-methylation
DA Reprassion - -- -
H3K4 Aclivation Activation Activation -
Hislone
H3IK9 Activation Repression Repression Aclivaton
H3IK27 Actlivation Reapression Reprassion -
H3IK36 -- Repair Actvation Activation
Actvation
H3IK79 Activation Acdivation -
B Repression
H3R17 -- Adivation -- -
H4KS = — - Activaton
HAKS -- - -- Lclivaton
H4K12 = - - Adlivation
H4K16 — — - Activaton
H4KZ20 Aclivation Adivation Reprassion -
HLK16 - - - Activation




Histone modifications

20 Diagnosing Cancer Using
Histone Modification Analysis

Mukesh Verma and Deepak Kumar
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Single cell epigenomics

SINGLE CELL EPIGENOMICS

Identify open and dosed chromatin

Single cells isolated from

Blood Identify cell-specific transcription factors
Breast milk

Exf_ohated cells Single Cell Determine nuct position

Hair Epigenomics

Oral swab ) . _
Pancreatic fluid only ackve oud repressive

Saliva

Skin

Tissue

Urine Implications of single cell epigenomics

Risk Assessment to identify high-risk individuals
Diagnosis

l

1. Methylation profiling .

2. Histone modifications Prognosis

3. miRNA profiling Screening

4. Chromatin Accessibility Follow up treatment and co-morbidty
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Epigenetic changes
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“Epigenetic changes are

reversible, and therefore have an

edge over genetics™ :
Mukesh Verma
Nature 471:s12-813 ”
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Epigenetic drugs
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drug company to invest in cancer
epigenetics.™
Mukesh Verma
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Tumors and epigenetics

Tumor Types
and Genes
Regulated
by
Epigenetic
Mechanism

TUNRCR
LOCATION

Eraly
Elaodcy

ol

ErndanciHum
Esopwugus
Hoad arnd “Socic

Ky

Payctcus
Praddai

Stevaciy

GENE

pis. ERCOA. GSTP1L DAPK. CODH1. TId4P2
s pi3%E dGdT. TIdP2
pis. DAPK OPC

piS. pri3%E CREP1. a3 dT. hdLHI. DOPK TMdP3. OPC

Ivd L H1

pris. pi13%E GSTP1. COHIAPS SHUrs JoOSroup o
oxXTavAT Haooer o

pis. dGdT. DOPK cooTdmerrbT
eroardapopoods

s, pri3%E dGdT. QSTP. MdP-2 aPC It g propordes

pis. dGdT. DOP KA. CDHAL. p7a

pis. CREP1 QSTP1. APC

pis. s, CREPL. dGdT. DOP K p7a

s, ri3%E CREPY. 43 dT. GSTP1 DOPK FHT. TMdP2

RORLCO. ROSS F10

pis. ERCA1. DAPK Voo ood Snvoowval 002

Lo Cocd 3: 755-303
Vooooadraod)

Cnu Rev Clo Sc

d1: 585407

pis. dGdT. APC

QSTPA. peE¥3dpi Voo ocod Mooe 2000 S
. . . Fer Haoxool Qocd ) :9-18
pi3NF P aPC IWdLHL. 4QdT Vaoooad{[AM) 4d Dog

Thagpy l0:1-15



Histone enzymes

Calegcey

Cavaegary

Sirtuins are a grouwp of

ceacetylase
and antl apoplots
Innbison propertes

Rev. Hemutod Omecl 60 918,
Verres et ol (2005) Mol Disg
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Epigenetic drugs

Target
DA hethyation

Histone deacetmass
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Methylation and acetylation enzymes




Histone deacetylase inhibitors

Table 4. Classification of Histone Deacetylase Inhibitors

Class Compounds Concentration needed for inhibition Clinical tinals Notes
of histone deacetylase
Short cham fastv acads Pheaylbutyrate Milli-mole Yes Not 1deal drug becansz of mgh dose
requirement
Alphanc compounds Trxchostann A Nano-mole No
with hydroxamic acid Subsrovlanihde Micro-mole Yes Chelate Zn 1on at catalvtic swe of HDAC
hvdroxamic acid
Cvclic tetrapeptides Imapozia B. Nano-molar No
FK 228 Nano-molar Yes FK228. 2 natural prodrug
Benzammdes MS-27-275 Micgo-mole Yes Swong anu-umor actvicy

Cuerrent Medicinal Chemismny. 2006, I3, 2909-2919

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




Phase | study

Phase | study of epigenetic modulation with S5-azacytidine

and valproic acid in patients with advanced cancers.
Braiteh F, Sofdano AQ, Garcia-Manero G, Hong D, Johnson MM, Silva Lde P, Yang H,  Alexander S, Wollf J, Kurzrock R.
Clin Cancer Res. 14(19).6296-301. (colorecial cancer, melanoma and breasl cancer)

gézsdc'yt‘i:i:':m” * The maximum tolerated dose was

bt 75 mg/m(2) of 5-AZA in combination

- — .' m"“’m‘;"d with valproic acid.

Valproic Acid Ll +» Dose-limiting toxicities were
Oraily dady to Strate neutropenic fever and thrombocytopenia,
1o 75-100 wg/imi mi:omza which occurred at a dose of 94 mg/m(2)
. ‘ of 5-AZA.

28 Days Cydle

» Stable disease lasting 4 to 12 months

{median, 6 months) was
observed in 14 patients (25%).

55 people with
Advanced cancer
Medan 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.



5-azacytidine, valproic acid and ATRA

Safety and clinical activity of the combination of 5-azacvtidine,
valproic acid, and all-trans retinoic acid in acute myeloid
leukemia and mvyelodysplastic syndrome.

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

- Combination of S5-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.



Histone inhibitors

Histone Inhibitors in Clinical Trials (Clinicaltrials.gov)

STATUS STUDY

Rocruiting | Safety Study of the Histone Dsacetylase Inbsbitor, CHE-3996, iz Patients Wits .-uh-a

Rocrustimg Phase II Stady of Histone-Deacetylase Inkibitsor ITF2357 i= Refractory/Relapsed Lymph 5c Lewkem:a

Rocrustimg phll Study of an HDAC Izhibitor in Very High-Risk Relapsed Refractory Hodg

Rocrustimg Phase ITA Study of the HDAC Inkhibitor ITF2357 1= Pasexts Witk JAK -2 V61 7F Positive Chromic Myeloprolifarative
Daseases

Reocrustinmg Phase II Trial of the Histone-Dsacsetylase Inhibitor ITF23 57 Followsed by Mechlorethamine in Relapsed Refractory
Heodgki='s Iymphoma Patisnts

Recrusting e e Vonizostat (SAHA) With Capecitabine (sloda) Using 2 New Weekly Dose Regimen for Advazced

L. | Brsast Cancer
Recruiting Valproic Acid. Teamozolomidse, and Radiatiom Therapy in Treating Patiants U pIEns

Reocrusting Stady of Vorinestat (MEOSES), an HDAC Inkibitor, in Combanation With Sortezomuib iz Patients Witk Relapsed or
Raefactory Mulople Mysloma

Completed A Phase II Study of Epizenetc Therape 2o O-precamo Chemotherapy Resistance 1= Rofractory Solid Tumsors

Raocruities | Sorsfenit sod LEHES Aaiigpstocellular Carcimoma (B

Recniting Phase II Stady of Valproic Acid Witk FEC100 for Patisnts With Locally Advazced Breast Cancer

Total : 84 studies

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



Methylation inhibitors

Methylation Inhibitors in Clinical Trials {(Clinicaltrials.gov)
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Approved epigenetic drugs
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Epigenetic drugs
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Combination therapy

AML subtypes and combination therapy

@ Pharmaceutical Participation

AML Subtype Drug | Compan

Tet2/WTI CD33 + Aza Bl
IDH2 Mutation Enasidenib Celgene
MLL Entospletinid (Syk inhibitor) Gilead
CBF Samalkzumab (CD200 Ab) + induction Alaxion
P53 mutation Entospletinib (Syk inhibitor) + Decitabine / Giead
Complex Karotype Entospletinid (Syk inhibitor) + Dodhblne/ Gilead
P53 mutation Pevonedistat (Nedd8 inhibitor) + Aza Takeda
Marker Negative CD33 + Aza BI
NPM1wFLTSIWT Entospletinid (Syk inhibitor) Gilead
FLT3 mutation Gilterttinib / Astellas
IDH1 Mutation lvosidenib + Aza Agios
Source Leukemia & Lymphoma Saciety

Cancer lellers 17 July 2018



Low doses of DNA-demethylating agents

ARFE Y GL.J L - lxds.‘o] -t A |- = B - =2 =, locls S Conre

Cancer Cell

Transient Low Doses of DNA-Demethylating Agents
Exert Durable Antitumor Effects on Hematological
and Epithelial Tumor Cells
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Reprograming and editing

Epigenome Reprogramming and Epigenetic Editing

Table. Selected epigenomic editing companies

Chooena Medicme, 20210

Epic Bia, 2022

Modalis Therapeutics, 2016*

Naveca Tharapautics, 2012
Tune Therapewsics, 2020

Rejuvenste Bic, 2017

S1I5M Senes A (Navembar 2021)
S135M Senes B IMarch 2023)

SSS5M Sevies A aly 20220

SIEM SEIRNG (September 2019)
S2ZPA NINDS Oune 2021

SA0A Series A Docember 20217)

S100A Sevies A JApril 2021)

Development of 3 Human POCSKS-Targeting Epigersetic Ecintor
weh Durable, Near-Complete in Viva Silencing Efficsency
Multiplexed Edting withowue Chromosaomal Reanrangaments Using
Epigenectic Ecitors

BP1-321: A Potential Cuee for FSHD

Advarncing Epigenetic Editing with CRISFR-GNDAE Novel Musde-
Tropic AAV Vectors Ddives fromizing Single-Dose Treatment for
LAMAZ-CVD

NA

Tramsert Delvery of Epigenomss Editors Stabily Represses POSKS and
Laressrs LD Choclestenad in Monbuman Primates

Rslevance of Animal Data for Human Mealth Programas

‘Nameoed E4Gare winen foursded in 2016 and senamed Modalia Therapeutics in 2019
"Oral abstract sesson of sCOertilic Symposum.



Intervention

Potential Steps for Intervention

Smad4 (ch.18q21-18tel)

APC (ch.5g21)

A Model for Colorectal Tumorigenesis

Modified from Jobb ot al J Park. 195: 111.



Microsatellite instability

CpG island methylator phenotype underlies sporadic
microsatellite instability and is tightly associated with BRAF
mutation in colorectal cancer
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Natwe Genelics 38 787 - 793



Tumor clusters

ldentification of tumor clusters.

AR coldaroctal GCancar Casaos

KRAS mutation indicated by a red rectangle overiaying the branch,
BRAF mutations indicated by a green rectangle
MSI-H cases designated with a blue rectangle. 48 Colorectal tumors

Natwe Genetics 38, 787 - 793



MSlI-low (MSI-L) (light bluc)
or microsatellite stable (MSS) (green)

MSI-high (MSI-H) (bluec),
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CRC mark

Validated
CRC

Markers

in

Clinical Trials

ers

Table 1:

Valsdated ONA roethiylatios: btzrzarkars for colacwctal cances

Chmacal Une s rrowrboerx Aratlable Comemrercod

Assays
Stzol-baged CRC |

creTTirg

MEAMPS and
VYIRS

ColOIArod [dececty
ztark FRAS s
nuoss 2 FIT resx)
EmpeesCalon™ 1.0,
Cm‘o’am!_-.‘. Read Tere
mss

mSCan
RAATFEY

Tissue-Dosad
TR A
rzarkars

CMF panel

Diagnostie taal 2
screen far Lymeh

ML Sypermsechrlition
anakyses

sy=drorre

Seady Design of Magos Trisks
with Assay

Case (N=42) comtxzl [N=241)

sy

Prospemine poyet haced
ckracal trial tn s=rwenmg

PEpUlanon [Ne353 S

Munigle mida L] Prsipective
czhzrt based chzscal =tal 1
smrecuing popguistian (N=7341)
(Oearch] 2] Case-Coneral ciady
(¥N=2a9] (deVes): ] Caaw-
Coartrdd ssuy [K=312) (La®om-
Dy 20 0)

Cross-saecisndd sudy (N=-220)

Muxipls s

1. Casa-Comtrod sty fram 2
phaae 111 chzscal =tals
[(Ne3 1 0Opmo. 2007]):

. Case-Comtrod sou oy frem
phase = dieal -l
[Nea1s]) (2sI2 Z20L4RD)
Ol secvomianid ool et sty
[N=20=Q X Frepze 2012)
Cross semiaral soudy

Net1 055

1353

130,142

156 ¢

-3 =

3

Gastroontarciogy. 2021 Febc 168003 690709




Methylation analysis

Prediction of Tumor Class based on
Methylation Analysis (AML and ALL)

AML :Acute Myeloid Leukemia
j] ‘L,- ALL: Acute Lymphoblastic Leukemia

National Cancer Institute

Adorjan &t al Nuc Ac Res. 30: e21



Epigenetic markers

Epigenetic Markers During Lung Cancer Progression

Annexin | and ||
pG63

RARbDeta, S —
megetel Genes hypermethylated in individuals with

RASSF
smoking history:

CDKNZ2A, RSSF1A, ARH1, MGMT,
RARDeta

Steven Belinsky



Mesothelioma

Unsupervised clustering of average {beta} values in tumor and

nontumor pleura

ASBESTOS MESOTHELIOMA

14
o3
os
a>r
os
as
o
an
a2
oL

o9

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 Outcome

803 cancer
relaled

158 pleural
mesothalioma
with minimum
mutation

18 normal

of survival

Cancer Research



Epigenetic pattern

Epigenetic Patterns in
the Progression of
Esophageal
Adenocarcinoma
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Esophageal cancer

Esophageal Cancer: Probability of Survival

<=50 Genes Methylated

on
1=
=
=
=3
=

|

>S50 Genes Methylated

12 18
Months Since Surge

Brock el al. Clinical Cancer Resaasrch. ©: 2012



Pancreatic cancer

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

-
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——a oA ERAS  - PERe
oy .-

. 3 o
PRC P PR v crem o e

P prml gy

Sample: Pancreatic Fluid

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




romatin states

Distinct chromatin states of

human PDAC
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Breast cancer

Breast Cancer Response to Tamoxifen Treatment by
ESR1 Methylation

TAMOXIFEN TREATED NOT
reo TAMOXIFEN TREATED

LOW mcC

n =32

Preinvasive lesions, often designated as “in situ” or
“intraepithelial neoplasia™ falls in the domain of
prevention.

CUMULAT VE SURVIVAL (PERC ENT)

SURVW AL TIME (YEARS) Ductal carcinoma in situ (DCIS) lesions, detected in
screening are generally treated aggressively, although
all DCIS do not lead to breast cancer (over treatment).

(U PR ER R U SRV SRRV R L Methylation profiling of DCIS lesions can distinguish
aggressive from indolent DCIS.




Methylated genes

CDKN2A -~

Genes Methylated in Oral Cancer

CDH1

MGMT /
DAPK1 /

P14 ARF

CDKN2B /

RARB

RASSF1 -
MLH1 2
FHIT /.
TP/73 ’

SERPINBS
DBC1

DCC




Biomarkers

Epigenomics Grants Predictive
Biosciences Rights to Use a Bio-

marker in a Prostate CancerTest (ol aBiaBadge i3 1-0 0 -1alez-1s

Epigenomics [www.epigenomics.com)
granted Predictive Biosciences (www.pre
dictivebiosci.com) a nonexclusive license
1o use its prostate cancer DNA methylation

biomarker, mGSTP1, for the development Se attle, WA, U.S. A_’ February 25

and commercialization of a laboratory test

to help in the diagnosis and management G (Frankfurt, Prime Standard: ECX),
of prostate cancer. The agreement follows agnostics company, today announced

a similar deal covering mGSTP1 signed

with Quest Diagnestics www.questdiag- ) @ Non-exclusive licensing agreement
nostics.com) in February 2009. m arker

Quest Diagnostics Incorpor: | |
Hurran Breast Cancer - Sgrulsor Fanw MeAH-011 $ 439

leading provider of diagnoOSt | oo s e - <o fue S g
- Muman Uver Cancer - Sooucurre Aaney MaA+-331 $ 259
Services. Human Lang Cancer - Sguatve Paoed Malp4-3481 $a239
Human Prostate Cancar - Spaunve Passy Mt 051 §a%0

Human Siem Call Transcription Faciors - Spaaies MaAM-511 $ a0

Human nfammatory Resporse - Spwrur Pared Man+-5321 $ 339

Humaa T Cell Activalion - Sgrataw Parel $ 339

Humaa Oytoldne Production - Sguatee Faowi PAmAse-541 S &9

nJue

ug detoxification enzyme which

® Myt Frofed FUR 2y am savlohie w Sagrature




Bladder cancer methylation

Bladder Cancer

e

Methylation of LAMC2 in Exfoliated Cells
* Isolated from Urine
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Another Study: §
Schistosomes and Bladder Cancer 3

(Sathyanarayana et al. Can Res 64:

.- Lanmce
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CpG island hypermethylation

Clustering of Sample Type by
CpG Island Hypermethylation

B I NV ey V' aEmr B =) rissue TYPE
- BREAST

COLON
M— - — FANCREAS
I e —————t YE . - - ; el

LUNG
BLADDER

BRI P F 00— HINEEE (I i :

SENGN TUMOR TUMOR TUMOR

Cluster Analysis of 365 Human Samples with S0 DNA Methylation Markers




Diet and cancer

DIET AND CANCER: FOCUS ON PREVENT ION

Cancer is principally causcd by ecnviccnmental

dict and factors rclated to dict, including body
mass and physikcal activity, and cxposures in the

workplace and claowhoere.

Botwoeon 20% and 40% of cancor casces

th roughout the world arc preventable by feasible

dictary mcans.

- Understanding the determinants of the carliest
detectable phenotypes in intiated cclls

- Uncovering the mokecular mechanisms of action
of dictary nutricnts Icading to cancoer formation

and provention

- Defining cffects of dictary compounds not only
on canceraeells but on normal and prencoplastic

oells

- Datermining factors that can modulate offect of
ya- Pag- oy dict




Methyl deficiency

METHYL-DEFICIENT MODEL OF ENDOGENOUS
HEPATOCARCINOGENESIS

Chronic deficiency s the methyd donges methioninge ohaline, folic acid
and vilamin 8,
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No oenelic mgrigyulation

Hopatocailsiar carcimoma In 1496 month= In male rats and coartain
mouse sirelns
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Anticancer phytochemicals

ANTICANCER PHYTOCHEMICALS
(Representative chemopreventive phytochemicals and
their dietary sources)
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Dietary supplements

Development of functional foods or dietary supplements as nutrition based
epigenetic modulators of chromatin writers, readers and erasers in cancer
chemoprevention

Green tea Grape

Pharm Res 65: 565-576.



Epigenetic foods
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Myplate
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Myplate.gov ' -

Explore the MyPlate Food Groups
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Mobile food record

Mobile food record
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Research opportunities

Research Opportunities and Challenges

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 and noncoding RNAs?

How can we use this information for define rsu tego ?

How can we overcome EWAS technical challenges?




Research challenges
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Research Opportunities and Challenges

Can we predict cancer recurrence or secondary cancer development
based on epigenetics marks (or in combination with other cmics marks)?

Why is it difficult to harmonize epigeneltic data with other omics data
sets?

Is there a window of susceptibility of exposure? How can we develop
epigenetic approaches to intervene?

How to avoid activity of DNMT and HDAC inhibitors on normal cell
functions?

What is the role of non-histone proteins in gene regulation?

How to target cancer stem cells using epigenetlic approaches?

How much microbiome-specific metabolites can affect epigenetic
regulation? How effective are probiotics in cancer prevention?




How to address challenges

e

How are we addressing these challenges?
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Social epigenomics
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Personalized medicine
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Epigenetic Resaarch in Cancer Epidemiology: Trends,
Opportunities, and Challenges
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Epigenetics roadmap
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The International Human Epigenome
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all over the world working together to
achieve aone common goal:

iphering 1000 epigenomes.

B SATDNE O Ty STa MO d L an U or Satd 1 O RN MO S S an dhuren Nsath a9 0 T TR O O CONFSrenices, mirhsiacs,
| = o - reccet Ouscd. | it Monarkes restng . - | 5] Cancer apigenesc arc e . | (G Mot boemssere (<. || @ wtceene te neec - o




rograms

Molecular Transducers of Physical Activity Consortium (MoTrPAC)

Particiaant characserks

Lgm. raw, Shmann,

Humssas volunlteers

Timwew Sarmpden G
Human Hood, musche, adipose
Anirnal heart, ver, ung, Beam

MoTrPAC FOA= with total costs for entire 6-year program

Cinical Cantars {L01) Crerrical Anslyws Stes |U24)

6-7 awards, totad costs
S$43 000 000

24 Metabholommics arad Protecaomics s rds
1032 costs: SS5S 000 000

_ 1. Moonshot

1-2 Genomixs, Ep@encmics, and Trars crigomnmscs
arosancts, tetad cosns X 000

Consastiuns Cosstinating > 2. All ot US

Carfter U224

Bomwformatics Cerner [L24)

" 3. PCGA
1 Fwards, 1080 costs
Predimical Aninal Study Sites (V01 511 000 000

coae o TCGA

w2

Secornd st of Precincal Aximad Stucy Stes (U032 )

& 7 foar“p=ar awards




Progress

L AL

Remarkable progress in cancer research
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Cancer survivors
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Number of Cancer Survivors n U.S. Grows to 18M
NUMBER OF CANCER SURVIVIRS M THE UNITED STATES 18.1 million cancer survivoers
in the U.S. (as of January 2022)
26 miillion by 2040 (projected)
More than two-thirds are 65+
=L For more: Miller KD. et al. Cancer treatment and survivorship siatistics. 2022. CA- A Cancer
=\ Jowumalfor Clinicians. June 23 2022 (s )

Cancer Letters September 9, 2022



Conclusions

Conclusions

Epigenetic regulation is needed for normal development.

External and internal environment contribute to alterations in epigenetic
components and gene expression resulting in disease initiation
and development.

Epigenetic changes are reversible.

Epigenetic inhibitors have been used successfully in combination therapy.




