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Problem:
Different Cell Types But A Single Genome

Solution: Epigenetics
What is Epigenetics?

The broadest definition includes the
transmission and perpetuation of information
through meiosis or mitosis that is not based

on the sequence of DNA



Epigenetic Modifications

Non-Covalent:
Proteins: Histones, Trithorax,

RNA': NC-RNA (X-chromosome
Inactivation)

Covalent:
DNA Methylation



of the epigenetic code

DMA methylation

Methyl marks added to certain
DA bases repress gene activity.
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Histone modification

A combination of different
molecules can attach to the ‘tails’
of proteins called histanes, Thesa
zlter the activity of the DNA
wrapped around them.

Chromosome

The two main component
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Nucleosome Positioning: Favored Locations
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Histone Code (combinatorial)
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Chromatin Replication
(Genetic and Epigenetic Inheritance)
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Mutations in Cancers:
Occur In Modifying
Enzymes (Not Histones)

Histone deacetylation, H3-K9 methylation

and HP1 deposition
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Cancer Mutations Result
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Altered Transcription
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DNA Methylation

Epigenetic DNA Modifications: Heritable Changes
That Do Not Change Genotype

1) Occurs On C’s in CpG Sites

2) CpG Sites Cluster In CpG Islands

3) Most CpG Islands Are Unmethylated At Birth
4) Methylation Exhibits Somatic Inheritance

cytosine 5-methyl cytosine



CpG Islands

1) Relative Deficit of CpG dinucleotides in Human Genome
(1% versus expected 6.25%)

2) CpG dinucleotides Often Concentrated in CpG islands

3) Most CpGs Unmethylated in CpG islands

4) Most CpGs Methylated in non-CpG islands

5) Increased Mutation Rates (10X) at Methyl C compared to

non-MethylC A
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CpG Islands

--increased CpG density

--often associated with
promoters or repetitive
elements



Promoter CpG Methylation
Can Regulate Gene Expression
(typically gene silencing)
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DNA Demethylation: Passive and Active

A Passive DNA Demethylation B Active DNA Demethylation
[Replication Dependent) (Replication independent)
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Promoter CpG Methylation
Can Regulate Gene Expression
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Measuring DNA methylation

Bisulfite Sequencing
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Sodium Bisulfite Converts Cto U

But MeC is not Converted . 7
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DNA Methylation Is Altered In Tumors
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Alternative Methods To Silence Tumor Suppressor Genes

Functional tumor-
Normal suppressor gene cannot

be expressed

Only non-functional
Mutation tumor-suppressor gene

can be expressed
. Tumor-suppressor gene
Deletion \ \ cannot be expressed

DNA methylation L Tumor-suppressor gene

cannot be expressed

@ Methylated

O Unmethylated

x Mutation



Progression-free survival and MGMT promoter methylation status.
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Summary: DNA Methylation in Cancer

1. General Overall Hypomethylation
2. Focal Hypermethylation Of Many CpG Rich Promoters
3. Can Result in Silencing of Critical Tumor Suppressor Genes

How Does Altered DNA Methylation Occur in Cancer?

1. Generally No Mutations in DNA Methyltransferases or
“Demethylases”

2. Difficult to Find Consistent DNA Methylation Alterations
(ie same cancer types have many different genes methylated)

3. Like Mutations, Many Genes With DNA Methylation May Be
“Passenger” Changes (Neutral)

4. Hence “No One Knows”



Reconstructing Human
Somatic Cell “Evolution”
With Molecular Clocks

Problem: Difficult To Study Human Somatic Cell Changes
1) Long Human Lifetimes
2) Inability To Perform Human “Experiments”
3) Potential Solution: Genome Comparisons
(Historical Documents---copies of copies)



Molecular Clocks: Genomes Record Ancestry
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How To Study Biology Passively:
Molecular Clocks
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The Approach: “Molecular Clocks”™
(Coalescence Theory)
Genomes Are Almost Perfect Copies of Copies
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The Greater Their Differences (pairwise distance or PWD)
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Problems With “Genetic”” Somatic Cell Clocks

1. Somatic Mutations Are Relatively Rare
(<1 per 100,000 bases even In cancers)

2. Modern High Throughput DNA Sequencers
Have Relatively High Error Rates
(~1 per 100 to 1 per 1,000 bases)

3. Can Use High Coverage (10-fold) To Detect
Clonal (Cancer) Mutations But More Difficult
to Detect Subclones (minor variants)

Potential Solution: Epigenetic Molecular Clock
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DNA is Demethylated Early in Development:
Epigenetic “Clocks” Start Unmethylated
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ER Methylation and Age in Normal Colon
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Promoter CpG Methylation
Can Regulate Gene Expression

promoter

HDACIHDAC?

promoter

Epigenetic Clocks: Selectively Neutral
(not In promoters, in genes not expressed
In the tissue of interest, ie random
“passenger” replication errors)



Passenger Methylation Pattern Diversity
May Represent Replication Errors (Drift)
OOO0O0O00 — 0000 — Oe000® lineage 1

A A A

S /3’
20,0,0,0,0.0, Icopyofcopies I ~ copy of copies

common H H H

ancestor - * 00000 — -0-000@0- — -OO0O0O@O lineage 2
epiallele o _ o _ . _
pairwise distance = 1 pairwise distance = 2 pairwise distance = 3

more divisions

--- Passenger Epigenetic Clocks on X-chromosome
(not expressed in colon)

---Samples From Male Patients
(single epiallele per cell)

BGN “clock” (9 CpG sites, Chr Xg28)
TTTaggagtgagtagTtgTtttCGatTCGTCGgaTaTaTCGgaTa
gatagaCGtgCGgaCGgTTTaTTaTTTTagTTCGTTaaTtagt
TagTTtgCGTTtggCGTTtTTTTtTtT TaggtagagTtgg T




Example: Human Colon Crypts
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--- about 15 million crypts
--- multiple stem cells per crypt
--- potential to divide everyday

5% Lifetime Risk of Cancer by Age 100 Years



Human Colon Crypts: Mitotic With Constant
Cell Replacement

1 crypt = 2,000 cells
All cells but stem cells
die in a week

die in 1 week

i Ml T™ s »

multiple B
stem cells § X




Human Somatic Cell Ancestral Trees
(just 4 kinds of cells)
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Dead-Ends
Non-Stem Cells
start present




Human Somatic Cell Ancestral Trees

(just 4 kinds of cells)

“Start”
zygote

N

4

Somatic Cell Trees Are Stem Cell Trees
_ J “

Y Differentiated
no longer present cells: two types Cells

Dead-Ends
Non-Stem Cells
start present




Human Ancestral Trees (Genealogy)

differentiated
cells

Common Ancestor or Adult “Stem Cell”

zygote

Neogenesis
Stem Cell : L
Differentiation
or Phase :
Development _
‘months ~  decades " days



Many Somatic Cell Genealogies
Are Stem Cell Trees
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Only The Stem Cell Phase May Vary With Aging
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Stem Cells: Two Models

1) Immortal Stem Cell Lineages (Intrinsic)
2) Stem Cell Niches (Two Components)
--- Epithelial Stem Cells

--- Surrounding Stroma OQ% (g)OO
. . . O Q
(Extrinsic Signals) 4l b+
. . ol l0
Stroma Niche Signals 8 8
wWnt Pathway? ] % 9
TGFRII Pathway" _»‘%¢

COX2 Pathway?
Cells That Leave A Niche Are No Longer Stem Cells




Types of Cell Division: (Always Binary)

Immortal Stem
Niche

Stem Cells

Niche K‘

Stem Cells

Niche K‘

Stem Cells

Differentiated Caell

Asymmetric Replacement
Stem Cell

Symmetric EXpansion

Symmetric EXtinction
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Immortal Vrs Niche

Stem Cell Lineages

Immortal: Asymometric Divisions CC))nly
‘ | ‘
O | O
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O
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Appears All Mammalian Stem Cells

Are Maintained By Niches
(Stem Cell Clonal Evolution)
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Niche Stem Cells

A Niche Has Two Parts:
--- Mesenchymal

--- Epithelial “Stem Cells”

WNT
And

Other
Factors




Niche Stem Cells

NICHE STEM CELLS
1) Extrinsically Defined
2) Will Differentiate Outside of Niche

Wnt Signaling
Pathway
and
Others




Stem Cell Niche Dynamics

Stem Cell Niche = Multiple Dividing Stem
Cells and Random Loss With Replacement

Loss of All Lineages Except One =
Stem Cell Clonal Evolution

Half of All Stem Cell Daughters Leave The Niché




Experimental Strategy:

Characterizing Human Crypt Stem Cells From Their Genomes

=-
:j 90 y_r old
=. Patient

AW
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Inter-crypt
Comparisons
(age of patient)

22727
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22727
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Birth (1922)
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Distinguishing Between Crypt Stem Cell Models

Single stem cell per crypt
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Experimental Plan

--Colectomy

--Take 1-2 CM? of Normal Mucosa

--Isolate Single Crypts (2,000 cells)

--Isolate DNA

--Bisulfite Treat

--PCR, Clone, Sequence Clones

--MYOD1, CSX, BGN
(X-chromosome)



Random Replication Errors
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Stem Cell Niches vrs Immortal Stem Cells?
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cell Migration Human Colon Crypt Niche: Summary

0% \ ( @%@
O O 95% Non-stem 2.5% 2.5%
CeII
O O Differentiated
O O Cells
O O Stem
o||® cel \/ \/ v
O O Niche
Q' '9 — t
. ‘ asymmetric symmetric symmetric

@ @ " 64 stem Cells

1) More Consistent With Niche Rather Than Immortal
Stem Cells

2) Multiple Non-quiescence Stem Cells Per Crypt

3) Most Stem Cell Divisions Are Asymmetric (95%)

4) Crypt Niche Succession Recurs About Every 8 Years

a2 la o o gWESb o



A Problem: The Evolution of Any
Individual Human Cancer i1s Unknown

>

. e \\\g 8 e
Sequential or “Big Bang” (full malignant
Clonal Evolution potential at transformation)

Older Parts More Diverse Uniform Diversity



Basic Cancer Ancestry Reconstruction

Cancer in
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Cancer Ancestry From DNA Sequencing
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Summary

Genomes Are “Historical” Documents (copies of copies)
Exact Methods and Measurements Uncertain
(lack of alternative ethical methods)

Should Be Possible To Reconstruct Histories Of Human
Tissues And Cancers From Their Genomes

Somatic Cell Genomes Reflect Stem Cell Behaviors
(neutral drift or random stem cell turnover)

Different Human Cancers Have Different Histories

Technological Improvements (High Throughput DNA
Sequencers) Wil Facilitate Studies

Potential To Offer Personalized Medicine
(Histories of Individual Aging and Cancers)



Genomes Are “Historical” Documents
(almost perfect copies of copies)
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