UNIT 2 EPIGENOMICS
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The epigenome is a multitude of chemical compounds that can tell the genome what to
do. The epigenome is made up of chemical compounds and proteins that can attach to

DNA and direct such actions as turning genes on or off, controlling the production of
proteins in particular cells.

-- from genome.gov

Original figure from ENCODE, Darryl Leja (NHGRI), lan Dunham (EBI)



Epigenomic marks

Chemical compounds Proteins Other molecules | Other information
DNA- DNA methylation Histones; RNA
associated DNA-binding proteins (e.g., R loops)
(Transcription factors™)
Chromatin- | Histone modifications: | Histone variants; Non-coding RNAs |+ Nucleosome
associated methylations, Chromatin regulators: p03|t|on|.ng;
acetylations, ... Histone modifying * chromatin
enzymes: writer, accessibility;

readers, erasers;
Chromatin remodeling
complexes

« 3D genome
organization;




Unit 2: Epigenomics

1. Transcriptional regulation, DNA sequence motif finding

2. ChlP-seq: Measuring chromatin epigenome, signal
detection (TF binding sites)

3. ChlP-seq: Signal detection continued (histone
modification domains, etc.)
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Transcriptional Regulation
DNA Sequence Motif Finding

March 24, 2022
Acknowledgements: Some materials are borrowed from
Harvard STAT 115 course taught by X. Shirley Liu;
copyright of images from internet belongs to their respective owners.



Outline

Transcriptional regulation

Sequence motif

Motif representation: PWM

Motif finding:

— Deterministic approach: Regular expression enumeration
— Probabilistic approach: Expectation-Maximization (E-M)



Transcription factors
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Many TFs exhibit tissue/cell-type-specific expression patterns
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Transcription factors

Can regulate TF activity
e.g. ligand binding domains

o}
:
;

Can mediate protein-protein interactions
e.g. BTB domain

Can have enzymatic activities
e.g. SET domain

DNA-binding domain(s)

Recognize specific DNA
sequences and sites
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Transcription factors

» Structure: Effector domain and DNA binding domain(s)

* Functional studies:
— Cell-type specific expression
— Binding DNA sequence motif
— Genome-wide binding sites
— Target genes
— Co-factors, etc.



Central Dogma of Molecular Biology
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Entropy

* From statistical physics

S: ]{JBan

Sp=—kp » p;In(p;)
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(Boltzmann entropy)




Entropy

* Orderliness = negative entropy

S

[A living organism] ... feeds |
upon negative entropy ... Thus
the device by which an organism
maintains itself stationary at a

fFairly high level of orderliness
(= Fairly low level of entropy)
really consists in continually

sucking orderliness from its
environment.

The Physicist’s approach to the. -
Subjea—Witb. an Epilogue on
. Determinism and Free Will

| CAMBRIDGE UNIVERSITY PRESS

Erwin Schrodinger
1887-1961

Erwin Schrodinger

1.3,.,



Entropy

* Shannon entropy

H(X) = =3 Play)log Pxy

Expectation of Information Content

Information Content:
I(x) = —logy P(z)

Claude Shannon
1916 — 2001
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What is a motif?



Motif Number 1

 "the most often-painted building in America”
Rockport, Massachusetts

©Beth Whitne &




Sequence Motif

* What is a motif?
— A recurring pattern; a distinctive pattern that occurs repeatedly.

* What is a (biomolecular) sequence motif?

— A pattern common to a set of DNA, RNA, or protein sequences
that share a common biological property, such as functioning as
binding sites for a particular protein
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Sequence Motif Finding

« Computational motif finding:

— Input data: a set of DNA sequences

* e.g., upstream sequences of gene expression profile cluster
« 20-1000 sequences, each 100-5000 bps long

— Output: enriched sequence patterns (motifs)
 Ultimate goals for biology:
— Which TFs are involved?
— What are their binding motifs and effects (enhance / repress gene expression)?
— Which genes are regulated by this TF?
— Why is there disease when a TF goes wrong?
— Are there binding partner / competitor for a TF?
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* Regular expression:
binary decision

Motif Representation

Summary of single-letter code recommendations

Consensus

Degenerate CRCAAAW

Symbol | Meaning Origin of designation
G G Guanine
A A Adenine
4 ) T Thymine
C C Cytosine
R Gor A puRine
N Tor C pYrimidine
M Aor C alMino
K Gor T Keto
S Gor C Strong interaction (3 H bonds)
W Aor T Weak interaction (2 H bonds)
H AorCorT not-G, H follows G in the alphabet
B GorTor C not-A, B follows A
V GorCor A not-T (not-U), V follows U
D GorAorT not-C, D follows C
N GorAor Tor C |aNy

CACAAAA
A/G A/T
IUPAC
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» Position Weight Matrix (PWM)

Motif Representation

— Position-Specific Scoring Matrix (PSSM)

Pos
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Position Weight Matrix (PWM)

» Graphic representation: Sequence Logo J o cc c_AlsallICsS

PWM:
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SeglLogo consists of stacks of symbols,
one stack for each position in the
sequence

The overall height of the stack indicates
the sequence conservation at that
position (information content)

The height of symbols within the stack
indicates the relative frequency of
nucleic acid at that position

R; = logy(4) — H;

Hy=—> fy;xlogy f;
b

[=}
N:'



Position Weight Matrix (PWM)

* Motif Matching Score: Likelihood Ratio Score

N Q Q&

0.3 0.6/ 0.1 0.0 0.0 /0.6//0.7//0.2] 0.1]

0.2 02 01 00 00 0.2 0.1 0.1 0.2
0.1 0.1 0.7 |1.0; 0.0 0.1 0.1 0.5 0.1

04 0.1 0.1 0.0 /1.0f 0.1 0.1 0.2 0.6

G A G G T A A A C

5 — log, P}’)r(a: from 6,,)

r(x from 6)
r(x from 6) Hp (X;|0)

Score for GAGGTAAAC =log,

PG X ppA % p,G x p,Gxp,Txp,Axp,Axp,Axp,,C

PoG X ppA X pgG X pyG X pyT X ppA X ppA X ppA x pyC

po(A, C, G, T) =[0.28, 0.22, 0.22, 0.28]



De Novo Sequence Motif Finding

* Goal: look for common sequence patterns enriched in the input
data (compared to a background, e.g., genome)

« Deterministic approach: Regular expression enumeration

— Pattern driven approach
— Enumerate k-mers; check significance in dataset

* Probabilistic approaches: PWM update
— Data driven approach, use data to refine motifs
— Expectation-Maximization (E-M) approach
— Gibbs Sampling

23



Regular Expression Enumeration

* Check over-representation for every w-mer

— Expected w occurrence in data
» Consider genome sequence + current data size

— Observed w occurrence in data
— Over-represented w is potential TF binding motif

« Suffix tree implementation of RE motif hits (e.g., WEEDER)

Observed occurrence of win the data
Expected occurrence of win the data

1 1

p., from size of sequence data
genome background




Regular Expression Enumeration

« Exhaustive, guaranteed to find global optimum, and can find
multiple motifs

* Not as flexible with base substitutions, long list of similar good
motifs, and limited with motif width
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Probabilistic Approach

* Objects:
— seq: sequence data to search for motif
— 6. non-motif probability (genome background) parameters
— @ motif probability matrix parameters
— 7. motif site locations
* Problem: P(6, n|seq, &)
* Approach: alternately estimate
— 1 by P(rn| 6 seq, &)
— 0 by P(0| =, seq, &)
— E-M and Gibbs sampler differ in the estimation methods

26



Expectation-Maximization: E Step

« Estep: n | 6 seq, 6,

TTGACGACTGCACGT
TTGAC
TGACG
GACGA
ACGAC
CGACT
GACTG
ACTGC
CTGCA

LR,
LR,
LR,
LR,
LR
LR,
LR,
LR,

LR, = likelihood ratio =
P(TTGAC| 0)

P(TTGAC | 6,)

Pos| A C G T
1|07 01 001 D2
2 (001 001 08 [01
3 (032 002 [03] O

4 |[0.03] 0.42 01 0.47
s |02 |05 01 02

PoT X pyT X pyG x pyA x p,C
=0.3x0.3x0.2x03x0.2
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Expectation-Maximization

« Estep: n | 6 seq, 6,

TTGACGACTGCACGT
TTGAC
TGACG
GACGA
ACGAC
CGACT
GACTG
ACTGC
CTGCA

LR,
LR,
LR,
LR,
LR
LR,
LR,
LR,

 Mstep: &| =, seq, 6,

LR, x TTGAC
LR, x TGACG
LR, x GACGA
LR, X ACGAC

« Scale ACGT at each position, 4
reflects weighted average of &
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Expectation-Maximization: M Step

TTGACGACTGCACGT
T % = 08+02+09+...

V.8 TIGRC T 0.8402+0.6+05+03+07+04+0.1+09 +...

o . 02+03+09+..

Eig:iii;ﬁ 20_O.8+O.2+O.6+O.'5+0.3+O.7+O.4+O.1+0.9+...

08+05+04+09+...

0.3 x CGACT C % =

0.7 % GACTG 08+02+06+05+03+0.7+04+0.1+09+...

0.4 x ACTGC

ool orees Obtain updated 4

0.9 x TGCAC
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Expectation-Maximization

« Estep: n | 6 seq, 6,

TTGACGACTGCACGT
TTGAC
TGACG
GACGA
ACGAC
CGACT
GACTG
ACTGC
CTGCA

LR,
LR,
LR,
LR,
LR
LR,
LR,
LR,

 Mstep: &| =, seq, 6,
LR, x TTGAC
LR, x TGACG
LR, x GACGA
LR, x ACGAC

* lterate until & does not improve.

* Representative method:
MEME
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Summary

Epigenome

Entropy

Motif

Motif representation: PWM
Motif finding: E-M
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