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Introduction to epigenetics and the
big picture



Somatic cells have identical DNA

... but its own pattern of gene
expression
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Roles of the epigenome
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Epigenetic mechanisms
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There is no junk DNA
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Epigenome encodes information
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Entropy

— a measure of uncertainty

Information and entropy
— connected but distinct
Shannon entropy

— quantifies the expected value of
the information contained in a message
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A definition of life

e Lifeis a property of an ensemble of units that share
information coded in physical substrate and which, in
the presence of noise, manages to keep its entropy
significantly lower than the maximal entropy of the
ensemble, on timescales exceeding the "natural”
timescale of decay of the (information-bearing)
substrate by many orders of magnitude

ARTIFICIAL LIFE

e Christoph Adami,
Introduction to Artificial Life




Information is shared entropy

Information is correlated entropy (mutual
entropy) between two random variables

H(X,Y) < H(X) + H(Y)
1(X:Y) = H(X) + H(Y) - H(X,Y)

Information is always about a system: it needs
context



Information is physical

15 July 1956 —_—
PHYSICS LETTERS A

ELSEVIER Physics Lemers & 217 (1996) 188-193 —

The physical nature of information
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Abstract

Information is incvitably tied 1 a physical represemiation and therefore w restrictions and possibilities related 10 the laws
of physics and the parts available in the universe. Quantum mechanical superpositions of information bearing states can be
used, and the real ulility of that needs 1o be understood, Quantum parallelism in computation is. one possibility and will be
assessed pessimistically. The energy dissipation requirements of computation. of measurement and of the communications
link are discussed. The insights gained from the analysis of compatation has caused a reappraisal of the perceived wisdom
in the other two fields. A concluding section speculates about the nature of the laws of physics, which are algorithms for
the handling of information, and must be execulable in our real physical universe.

Erasing a bit of information
requires energy



Aging of the epigenome

* Age could be predicted by measuring entropy
of the methylome

p |1 p— foung Ll s
g o = Oid 80
£ o /\ E a0+
L] T —
E 4 = E 40 -
e /{ 20
Q- S — i = : : | : j
00 02 04 0B 08 10 20 40 60 80 100
Methylation Fraction Age

* Tumor ‘ages’ quickly = — ..

150

ﬂ-
g 2|
3 e e
< 100 - e gaa
3 g, ]
ﬁau- -~ P = 2.05x10°42
0

gd-
1

Age (years) Aging Rate (AMAR)



Physiological role of regulation
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Introduction to gene regulation by CpG
methylation



DNA methylation
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Cytosine methylation

Typical mammalian DNA methylation landscape
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DNMT3A gene family

regulatory domain catalytic domain
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TET1-mediated demethylation
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(1.1)
Phenotype: protein glycosylation



Protein N-glycosylation
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Epigenetics and Protein Glycosylation

A%

UMP «<—— UDP

1 Genes for glycosydases

Il Genes for transporters of nucleotide-activated sugars
Il Genes for enzymes involved in biosynthesis of nucleotide-activated sugars . Mannose
IV Genes for glycosyliransferases

v Other genes directly or indirectly involved in glycosylation

[l N-acetylglucosamine



Glycosylation in adaptation
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Genes for IgG glycosylation

DIFFERENT GLYCANS
attached to polypeptide backbones
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GWAS hits in IBD
(IgG glycosylation)
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(2)
Analysis of DNA by pyrosequencing



Bisulfite conversion
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Conversion reaction

Sulfonation Deamination Desulfonation
0 0
HN )j HSO3 HN® HN/\/[ oH
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Cytosine Cytosine-S0, Ueacil-SO, Uraal
NH,
H3C XN 5-methylcytosine
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Pyrosequencing
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Interpreting pyrosequencing data
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Finding regulatory sites



Case study: HNF1A gene regulation
(P CP CP (P —> methylation

CpGs HNF1A gene ] expression
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From correlation to direct
manipulation

W F transcription active
| CpG island Gene |
W * transcription silenced
| CpG island Gene |
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P otential

Regulated or stochastic?

Monostable methylation Bistable methylation

*Vanablhty .

Projected methylation pattern Projected methylation pattern



Uncorrelated methylation

Finding re

gulatory sites

Correlated methylation
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Potential

Potential

Example in colon cancer

Normal colon Colon cancer

Ground Ground
state state

Stem Brain
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(4)
Tools for targeted methylation and
demethylation



Genome editing: TALEN

5’ _gtgatcaactCAGAGGAACTGTCTAGTATCttaaaattgacATGGACCAACCCAAGTATTaagagtgtta-3’
3’ -cactagttgaGTCTCCTTGACAGATCATAGAALT ttaactgTACCTGGTTGGGTTCATAAttCctcacaat-5’

IL6ST Exon 7 ]



Genome editing: CRISPR/Cas9

v
ACTGTTCGGACAAAAAAAGT~

5'-ACTGTTCGGACAAAAAAAGT - PAM gaaaa-3’

TGACAAGCCTGI||||E!ii#’///// S

IL4STExon 12 D

5’-gacct
3’-ctgga
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CRISPR/Cas9 tools for epigenome editing



Cas9-DNMT3A construct
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Epigenome editing
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The Construct

D10A HB840A ET155A*

=

PuroR | C

NLS NLS
3xFLAG GS T2A
hU&_promoter
LKO1_5_primer
pBR322_origin Xbal (428)
Fspl (9036) Kpnl (438)
ORF frame 3, CAG_enhancer
Ampicillin Agel (1239)
FLAG

FLAG
FLAG
AmpR_promoter SV40 NLS
pGEX_3_primer SV40 NLS
1_origin NLS

P Based on Addgene Plasmid #48141
(pX462)

pdCaso-DNMT3A-PUOR -+ Genome engineering using the CRISPR-
Cas9 system. Ran FA, Hsu PD, Wright J,
Agarwala V, Scott DA, Zhang F. Nat Protoc.

ORF frame 2. 2013 Nov;8(11):2281-308.

10152 bp

Notl (7408)
bGH_PA_terminator
BGH_rev_primer
Stul (6892)

puro (variant)

Nrul (6063)
BamHiI (5541) Pmll (4157)
ORF frame 3



CpGsite: 1

Targeting to BACH?2

} | 500 bases
| 91,007,000 | 91,006,500 | 91,006,000 | chré/hg19
1 | 1 1
- : : DY BACH2
| | | 1
CpG island
| | | 1
| | | 1
I BACH2-A assay I BACH2-B assay
3 4 B 6 7 8 21011 1213
)
S
sgRNA 8
CpG site: 1 2 3 4 56789 10 112 13
)
p—

14



Targeting to IL6ST

IL6ST

| | 500 bases
| 55,291,500 | 55,291,000 | 55,290,500 | chr5/ hg19

L P IL6sT

CpG island

CpG site: 1 2 3 4 5 67 8 g 10 1 1213 14 15
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% methylation

Activity profile
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Multiple targeting

—#— active pooled sgRNAs
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—— active sgRNA3
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non-targeting sgRNA

position in assay IL6ST-A




fold change

Effect on expression
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% methylation
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Time course experiment
BACH2-A sgRNAS
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fluorescence / AU
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Plasmid persistence
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Plasmid during cell division

FISH

Plasmid DNA
Nucleus (DAPI)




Cas9 DNA and Expression

BACH2-sgRNA8 BACH2-sgRNA8 ANV Mock
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Cas9-TET1 construct

Recl 11,1l




Cas9-TET1 cloning

@N MT3A C% [Pu roRj
D10A H840A

S
N TET1 CD C
NLS NLS

3xFLAG GS T2A




MGAT3 assay for TET1

Window Position Human Feb. 2009 (GRCh37/hg13)
Scale 1 kb} | hg1a
chrzz: | 39,852,500 39,853,000 39,853,500 39,854,000

Repeatvasker [ INNEEEEEEEEN
MGATS IE—

offclity =~ 00 cpc: 30 [
tGAT3-F1 [
MGATI_TET1_ sgRMa03 ]
HEKZ293 | | | | |
Hela-53 | | | | |

aggcctctgggactattctggagecacattcgectgggatatagaataggtagecgecatcocectgecaccttocgacgatggcggcgcagagatgtectgetgegtaccocacaatge
t } t } t } t } } } } } t } t } t } t } t } 440
tccggagaccctgataagacctcgtgtaagcgaccctatatcttatccatcgeocgtagggacgtggaagectgectaccgccgcgtctoctacagacgacgcatgggtgttacyg
hg19/chr22:39851825-39853324(+)
[ Assayl
| N MGAT3_TETL sgrNAcz [ [ | [ [ |
CpG(1) | CpG(5) CpG(a) |
CpG(4) MGAT3_TET1_sgRMNADZ
[ [
CpG CpG(2) |
CpG(3)
PmlI
AfIIII BsaAl
cttgtgcctcgcocaccgcgggaggaagtggctgctoctgtaggccccagaacggaaccacttgaaaggcgggaaacacgtgggggacgcctctgagccctgagaggaatgge
1 1 1 ] 1 ] 1 ] Il ] Il ] 1 ] 1 ] 1 1 1 1 1 ] 550
r T r 1 r 1 r 1 ¥ 1 ¥ 1 r 1 r 1 r T r T r 1

gaacacggagcgtggcgcoccctecocttcaccgacgagacatcecggggtecttgecttggtgaactttecocgocectttgtgecaccecectgoggagactecgggactectececttaceoyg
hg19/chr23:39851825-39853324(4)

Assayl |
MGAT3_TET1_sgRNADZ || MGAT3_TET1_sgRNAD4 = = = [ Assay3
CpG(9) CpG(10) CpG(11) CpG(12)
= = MGAT3_TET1_sgRNADS
cpG(7) |

MGAT2_TET1_sgRNAGS
CpG(8)



Time course (TET1)




(5.1)
The modular approach



CRISPR/Cas9-based tools

Vojta, Zoldos et al. 2016 Nucleic Acids Research
dCas9-DNMT3 DNA methyltransferase

Unmethylated Methylated
Cytosines Cytosines
- ??? DNMT3A.  Target + PAM TTT Transcriptional
I Gene of mterest I Gene of interess repression

28 aa linker
of P ]
25 NV | 1 | [targetlocus NLS C706 R832 NLS
N W O C@De-
DMNA targeting mod ification
- e T ]
VIRW  effector
U6 > C MV »
Stepper, Jurkowski et al. 2017 NAR

Liu, Jaenisch et al. 2016 Cell
dCas9-DNMT3A & dCas9-TET1

Cas9-DNMT3A-DNMT3L



Modular Toolbox

- -
+
Effector Domain

Selection Marker

TET1CD .
D10A HB40A

DNMT3A CD PuroR] c

3xFLAG GS T2A

D10A N580A

3xFLAG GS



SaCas9 SpCas9

» 1053 aa » 1368 aa
» NNGRR(T) PAM » NGG PAM

Cell

Cell 2015 162, 1113-1126DOI: (10.1016/j.cell.2015.08.007

P RES S




A Anti-repeat
A28 ua4 _U59 Guide

\ Fa
Tetraloop \
Stemloop1  AS51
Linker
SpCas9 sgRNA
Stem loop 2
Stem loop 3

g Lop
— epeat
s\%
°
2
Anti-repeat
Stemloop 1  AS55
Linker s
SaCas9 sgRNA
C sgRNA +54  sgRNA +77
(del SL2)  (Full length)
— ] SaCas9-sgRNA
(kb) S b e |
40 — =
3.0 — e - - - —— - - - <4 Substrate
2.0 — |- - — — - < Product
1.5 —
1.0 v e < Product
0.5 —
D SpCas9
£
Tetraloop

Stem loop 1

Cell 2015 162, 1113-1126DOI: (10.1016/j.cell.2015.08.007

Stem loop 1

Stem loop 1

Tetraloop

Repeat:anti-repeat duplex

1
Repeat

21 26 28 29 32

s cuide- GUUUUAGA  GCUA
L
C GGAAUAAAAUUGAACGAU

I Il] e Ant:repeal

doojena)

g
GUCCGUdnAUCAACUUG @
5859 6263 A3
SN A
2 AGCCACGGUGAAA™
E G
# UCGGUGCU=x
91 9697

Repeat:anti-repeat duplex
[ |
Repeat

21 29 3031 34
5 cuide- GUUUUAGUA  CUCUG

FEACLIND [11]
”GGKACAAAAUCAUCUAAGAC

C
| | I ‘ 554 Antie repeat4645 4342
G

60
A
Linkee 5o s ruas sem sy
CCGUGUUUAUCUCGUCAAC g
6869 727 !

64 IIIIIIIIII;
35UAGAGCGGUUG :

i
A
63

SaCas9 Py

Putative binding site
of stem loop 2

doojena )



The modular toolbox

VPR
RN e
Sa TET1 Sa dCas?
- CAG DNMT3A Sp dCas9
B A | [
"Ub ' "NLS G5 NLS




% activity

Active fusions have similar profiles

40 60 80
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SaCas9 DNMT3A
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-200
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(5.1.1)
Cloning considerations and golden-gate
assembly



Golden Gate assembly

]
GGTCTCTlaggt GGTCT! gac gtaTGAGA?? GGTCT gt ggtTGAGAT?
PR | el | il IIEEI | el
CAGAGAtCC ECAGAGAACT ccatACTCTGR ECAGAGACcat] tccaACTCTGR

Module

Backbone Module

KanR

Bsal

5 GGTCTCNnnnn 3

RERRER
3" CCAGAGNnnnn| 5

KanR

GGTCTCT 5'-ggtaTGAGACC GGTCTCT 5'- aggt‘l‘GAG.?(l:(l:
DRI | 111 B | 1] | [TT1 ]+l
EeAGaGAactg-5’ ECAGAGACcat-5' ACTCTGE

5'-tgacTGAGACH TCTCT
IT11 e DR | | | |
ACTCTG CAGAGAtCcca-5'

117 | S
ACTCTGE

KanR KanR

Ligate

Backbone

3'-tga 3’ -ggt
11 I11] 1l 111
ccat-3’ tcca-3’

3'-agg
I'11

3'-tgac ggt.
[T [ [ 111
ccat tcca-3"

(111
actg-3’

Select for
AmpR



Basic “Backbone”

(9) NgoMIV NgoMIV (148)
AatII (158)
SacI (169)

Acc65I (274)
SalI (298)
Bsal (303)

Ncol (429)

Backbone Nhel (609)
2533 bp

Bsal (684)

Xbal (689)

XhoI (713)



Basic “Module”

(45) Xbal Bsal (57)
Ncol (58)

Kasl (261)

(6106) Kasl

PstI (568)

(5518) Esp3I

(5476) Esp3I \

(4858) Esp3I
HindIII (1463)

pUK21_Sa_dCas9
6272 bp

(3587) Sapl

(3329) Xhol Bsal (3317)



Assembly Results




(5.1.2)
Other considerations



Compartments of a aukaryotic cell

Cytoplasmic filaments

FG Nups layer

Scaffold layer

\\/
)

Membrane layer Cytoplasmic Ring

Nuclear ring

Nuclear basket Nuclear filaments

/AN AN/ AN/ 4

[RANscRPmoN | "

VA V a
mRNA

Ribosome

| TRANSLATION |

Polypeptide

(a) Bacterial cell

©2011 Pearson Education, Inc.

Pre-mRNA

| TRANSLATION| ' pibosome

%olypeptide

(b) Eukaryotic cell



Import into the nucleus

(no DTS)

no
import

transcription importins
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ALY
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What makes a good expression
cassette

* Main considerations for efficient expression
— Codon usage
— 5" UTR secondary structure
— UORFs
— Introns
— Nonsense-mediated degradation (RNA)
— 3" UTR and miRNAs; WPRE



Inducible promoters
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(5. 2)
Antagonistic methylation and direct regulation
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Direct regulation (KRAB/VPR)
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Dual transfection: challenges




(5. 3)
lgG glycosylation: case study
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