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' Epigenetics

chromatin fiber

Studies changes in gene expression which
are not encoded by the underlying DNA
sequence

chromatin -

binding
protein \a

o Caromatin
* histone modification
* non-coding RNAs
* higher order structure
(accessibility/compaction)

DNA cytosine methylation

DNA methylation Ne

From The Cell Biology of Stem Cells {2010)



Context of DNA methylation

CG context non-CG context

Mammals Plants
CG




Regulation by DNA methylation

O unmethylated
e Methylated

W '_’ Gene Expression

CpG Island Gene

'+) Gene Expression Repressed

C——1CpG Island Gene

Silencing of gene expression
Tissue differentiation and embryonic development

Faults in correct DNA methylation may result in
- early development failure

- epigenetic syndromes

- cancer

0 000000 ©0O0

A Nz 7 N

WIA

Repetitive sequences
i.e. LINE-1

l

Genomic stability

77 'z Z 7

WINT

Repetitive sequences
i.e. LINE-1

l

Genomic instability

Repeat activity
Genomic stability



Measuring DNA methylation by Bisulfite-sequencing

Unmethylated Methylated

e Bisulfite
Conversion

Image by Illumina



Measuring DNA methylation by Bisulfite-sequencing

CCAGTCGCTATAGCGCGATATCGTA

' Convert

TTAGTTGCTATAGTGCGATATTGTA

' Map

TTAGTTGCTATAGTGCGATATTGTA

| | | | || |
CC C C C C C




Bisulphite Library Preparation

Whole Genome Bisulphite Sequencing

(WGBS)

A Sample DNA B

¢ ==

1, Fragmentation

Adaptors ' 2, Adaptor ligation
Y
N V4 \ r 4 ‘L—————J’
\_, \—’

: 3, Bisulfite treatment

4
\~__ 2 \_/g,

i 4, Global amplification

) S
S— NV
Yt N—m—

Post Bisulphite Adapter Tagging

@ ==

1, Bisulfite treatment

@m-

2, 1st. random priming

1st. strand

-

3, Magnetic bead capture
4, 2nd. random priming

(PBAT)
Sample DNA C sample DNA
+ 1, Bisulfite treatment
- (fragmentation)
: ®
—T ﬂ_t‘;y Adaptor sequgce NNN
E 2, Adaptor tagging s'r;\?gg\gt(»,cmb-ggg;ed
Adaptors ; =
/A
S N7 , S
N7 )
' 2nd. strand
v

G-

NNNN

5 Elution /

Adaptor sequence

No fragmentation steps after adaptor tagging

——



Enriched Bisulphite Sequencing

Reduced Representation (RRBS) Enrichment Kits

Mspl site Mspl site
N O T CCGGNNNNNNNNNNNNNNNNNNNNNNNNNNNCCGG|. . . .. ..... -3’
S emnemias GGCCNNNNNNNNNNNNNNNNNNNNNNNNNNNGGCC|. . . ....... -5 O"gonucleotide hybridisation pu" down Systems

site contains a CpG

CpG Islands and 'shores'
Size select for short fragments to enrich for CpG dense

regions Relevant promoters and enhancers
Mus musculus NCBIM37 chr 12:99407947-100260641 (852.6 kbp)
I N I | I D D

]

| R ) | 11— L

I [ T I I I I |
99,500,000 99,600,000 99,700,000 99,800,000 99,900,000 100,000,000 100,100,000 100,200,000

___________________




Measuring DNA methylation by Bisulfite-sequencing

mC mC

| |
>>CCGGCATGTTTAAACGCT>>
///<<GchGTA§AAATTTGFGA<<

mC hmC mC

Top strand Bisulfite conversion Bottom strand

>>UCGGUATGTTTAAACGUT>> <<GGUCGTACAAATTTGCGA<K
l PCR amplification l

> CTOB

OT >>TCGGTATGTTTAAACGTT>> >>CCAGCATGTTTAAACGCT>
CGT TGCGA<< o8B

CC
CTOT < <AGCCATACAAATTTGCAA<< <<GGT ACAAATT

- 2 different PCR products and 4 possible different sequence strands from one genomic locus

- each of these 4 sequence strands can theoretically exist in any possible conversion state



ASE

3-letter alignment of Bisulfite-Seq reads

sequence of interest TTGGCATGTTTAAACGTT
r'd N
57 .. TTGGTATGTTTAAATGTT..3’ 5'..TTAACATATTTAAACATT..3’
(1) (2)

ViR read alignment FoiELbTE
X2KER C—T B mismatch (F5EC @) )
3= v
ﬁtbaﬂi\j?éﬂi . TTGGTATGTTTAAATGTT... ..CCAACATATTTAAACACT...
= H s _AACCATACAAATTTACAA.. ..GGTTGTATAAATTTGTGA..
* >

forward strand C -> T converted genome forward strand G -> A converted genome

15 X FR EALZRAY(RBE ek R TE

(equals reverse strand C -> T conversion)

(1) (2) (3) (4)

e

5’..CCGGCATGTTTAAACGCT...3'

l

read sequence TTGGCATGTTTAAACGTTA
genomic sequence CCGGCATGTTTAAACGCTA

methylationicall X2 sBe s v s w55 A o P

Bismark

Fully bisulfite convert read
(as both forward and reverse strand)

Align to bisulfite converted genomes

3-letter genome

Read all 4 alignment outputs and extract
the unmodified genomic sequence if the
sequence could be mapped uniquely

Methylation Call

h unmethylated C in CHH context
H methylated C in CHH context
x unmethylated C in CHG context
X methylated C in CHG context
z unmethylated C in CpG context
Z methylated C in CpG context



ASE

mC mC
l ' ‘OB: JR#A T4 (Original Bottom strand)
< GGACGTACAMATTTGEGAL CTOT: TN B L4t (
Soiti strand iG. mC Complementary to Original Top)
/ Bottom strand *CTOB: -—EL%I\%\&XTJ-EE{]—F%E (
Complementary to Original Bottom)

>>UCGGUATGTTTAAACGUT>>
*OT: JBin 5% (Original Top strand)
<<GGUCGTACAAATTTGCGA<<
1) Directional libraries OT >>TCGGTATGTTTAAACGTT>>

(vast majority of kits, also EpiGnome/Truseq) <<GGTCGTACAAATTTGCGA<< oB

e CTOT<<AGCCATACAAATTTGCAA< <
2) PBAT libraries >>CCAGCATGTTTAAACGCTS>> CTOB

3) Non-directional libraries b 2ZAsaaIaral T Iaanear]>>

(e.g. single-cell BS-Seq, Zymo Pico Methyl-Seq) >>8gAG ATGTTTAAACGCT>> CTOB
<<GGTCGTACAAATTTGCGA<< oB



HHRDNARE(L

® DNA BE{Y (DNA methylation)2&=EHAR o Bulk NIFAREMWEMRIFRLE, —LAREEEE
HNEENFREEEmZ— HNREEERSE IFImER

————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Cell Type A

— Cell Type B |

rmpam | T Bl S RBETIR

Valente et al., Nanomaterials, 2023



EHHIDNARBILNIF TS

‘BORERMRABADIT: XM RREBERMIKF RIS RIIFENEE. ©HH
TRAHRARREENEEZRMN, ATTITREA ISR S H I IS L RIIERE,
ERARIASIE AN . BUASREBRRENARINRENIS, Z0AER 7 AR
SEZMABHTHNERG], XERKNARNT FARASTIHEHND FEMEHE TER
HIZER,

LIRENHEZBNNEER: BIYRESHITAESRICR ST, 1275 AEBE g
ZIBRIIREER, MimEeRESI4BRETIser RIS G IR E .

‘=B DNA BAER: IZEARFREEXS DNA MARNEZRRLD, (XFLEMEEIAIE
BB E.,
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BRRBREETEN

oA L)

P RS
) foss

AEESH R (EIRCYIS AR
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@ 0.-9; ;;




EHEHRDNARE(CIE

o SHMEDNAREMNIFRI LIS FRIFERF o BESEBENFSANHEL, RARDNARE(ETE

BRI

P o o o

DNA accessibility

scNOME-seq

sCATAC-seq

scDNAse-seq

Chromosome organization

scHIC

Transcription

sCRNA-seq

DNA modifications

scBS-seq
scAba-seq
CLEVER-seq

Histone modifications
scChiP-seq

Kelsey G et al., Science, 2017

ARIEEASTER

10k

1k

Cells

10
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o R EANZAIEAYRE(LASHI?

Reagent

lysis (End repair, Adaptor ligation, conventional method PBAT method
P ‘s NO.P_U_{'fE{tP" / Bisulfite conversion) :

single cell ® <& = H ¥ Maintained 1F tati 1. Bisulfite treatment (fragmentation)
. Fragmeniauon .
cell volume *= 0 ’ =3 U.' g " v ’ ' single cell DNA g y

1

-DNA loss

lecccnwa

2_Adaptor ligation 2. Adaptor tagging
) - _-..—1

DNA bisulfite mix

3. Bisulfite treatment

!

Reagent exchange with
minimal DNA loss

— slow DNA diffusion
fast reagent diffusion

Bisulfite
conversion

Library
Preparation

Isolation of
single cell

Sequencing




EHEHRDNARE(CIE

BT R ERTIES = a1 L o
hix scCRRBS scTAM scBS-seq snmc-seq2 sci-MET sScM&T-seq scTrio-seq SCNMT-seq
BREWBERN EFEfGRY  TRERHGIE  EHEEVS 1 EERE+ FEFRE+ A
sepe 514D fEidiiEsk MIEECESHT HEZRS FRE{LH FRE L+ FRE L +
WS  BELFAIRS | HIinEHIPCR BE ENHTR REEFTRE
£9100MHE  L915NERE 961MNHRE 38414 1,96 ke Smart-seq2  Smart-seq  Smart-seq?2
E= 2J—B/HCpG  6501MCpGfiL 3.7M CpGfirR  30%-40%E[FE = ERZY10004HAE scBS-seq scRRBS NOMe-seq
==}

Vi J=| ‘H 0.05%-7%ELEZH

BAEDNARENLZIEBERIR. ABITEEX



HARDNAREILEIER BT

5Bulk DNARE{LIIFEREAR:

Bulk Cell Sample Single Cell Sample @~ - ____. Il.,=.'.==" gl; E J iR TE? un __________
b3 A

¥ PODBD g

' DNA isolation, library preparation,

. & sequencing |
Y
Sample A Sample B Cell A CellB

> BITAHEDNARED, IR EHE0RA
) EEEREEEA— i

g SRR BIRRIMES, RELCBRAME

Bulk Dataset inale Cell Datase | :
ke SOE SN L BUIKIURE A O B 1 RUMELHEER, e

Sample . | 0.1 08 03 03 A 0 i HREERMEONTN_EXINSR, HRE i
— e A - HEERS :

Alexandre T et al., Nature Aging, 2021



HARDNAREILEIER BT

5scRNA-seqZFHEth s RAF ZIEAR :

-------- HRMEES, MERSNSAEER -

> SCRNA-seq#ERIFIEZ AR ER BB ERA,
FHIEERARNIRYE, £979102-104

> BAEDNARENHIERRERMR EAREE,
HRRES, £9104-107

B o o e e e e e e S S R S S R S S S S R S S R R S S S S S G R R S S M S S S R R S S e S S S e e e .

Cells

Genes / Transcripts




HARDNAREILEIER BT

5scRNA-seqZEFEth s uAF ZIEAR :

r—_—_q

Features

regionl region2 region3

|
windows K% i
(«b) =
windowl window?2 window3 window4 O ':'
e
genome
annotation =il —S-E— - -\ [@Eems
promoterA enhancer promoterB
open
chromatin — —— — —— ——
peakl peak2 peak3 peak4 S sH |
[ MSKIRBI4SAE ] : |
| ® EfﬂiﬂﬁlDNAHHE%B%ﬂ?EHg#*{EfeIﬂESIEﬁﬁzEE
Denovo e 7 = o FEEBEUIIEIRIGIVMLIRISERE |

_____________________________________



' S RIDN AR 2R iR

— WEsE | mRen —{ QcHr |

ESERC)

| BIETH

—{%%%ﬁﬁ}—{

MESZE
FZH R 5|

S

il

[=f

S

Raw data

Data statistical

Clean data

Map to genome Sequencing depth

Methylation information calculation

Methylation analysis

}{t%fﬁ}

REEXTEEKF 2R
B ER X

l

|

| TS




[F4sZiiE (FastQ file)

» St/ DNA XEMLE, TRRIBEXEREESRENAR, FERR/NBFE A 80 2| 120bp 8,

GERBCHIHHIBIGIGHCH

ATTTTATTATATTTTTATAGAATATATATTTTTTTTTTTTTTTTTTTTTATTAATATTTTE -
AT T T I AT TATAT T T T T ATAGAAT ATATAT T T T I T T T T I T T T I TTTTTITATTAATATTTTAAATATTTITAT

ARAAACTATCATITTITAAARAATCTAAATTITICICTCTCAACAACTAACAATTA

TCAAAACCAATCCT

TTTTTTTTCCTRRTET T ) T TTAD
AT TITI T T ICGCIGEIGITIIATIGCIIGCITAGGITIGOGIAGGITICIGCIATIITIATIAATTITATIITTIAGE

HCFFBCAEE>CDD=>#B>CDRACCDFEEEDDDDEDEEEDEDDEEDDDD

AUPFEPBLARE>LUDID=DEDD DFEEEDDDDEDEEEDEDDEEDDDD

up to 1,000,000,000 lines per lane



' [RYaEUE (FastQ file)

Label
Sequence
GrORIUSPOA D! FASTQXZ{HEINTI— Al —MEREEE—
CCGTCAATTCA GTTTTAACCTTGCGGCCGTACTCCCCAGGCGGT .
‘ FiMFRF (read) RIER:

AAAAAAAAAAAA:|:D9@: : : : ?2@@: : FFAAAAACCAA: : : : BB@@?A?
‘ -
\ ©Q scores (as ASCIH chars)

TR 1. Read ID, B8—FKreadIE—IRIRFT.
— 2. ReadF%l,
3. _}'xL?g_/l\ ll+ll

_, #3.12 BRI XA 4. WEEEE, 585" 17—N8N, EXES

- = - o — T NG R R EA .
Q3o~ . 0.1%+ 99.9%«
Q40- 0.01%¢ 99.99%+

Q — _1010910me



U 1%??3*“

What dose QC tell you about your library

# of sequences

: o o Basic Statistics
Basecall qualities

Filename s 4 1 sequence.txt
POtenUal COntamlnantS File type Conventional base calls
Encoding Illumina 1.5

Base composition

Expected duplication rate

Total Sequences 35250120
Sequence length 40

$GC 46
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QPer base sequence content

100

20

80

70

S0

40

20

20

10

Sequence content across all bases

THH

123356789 14-15 22-23 30-31 38-39 46-47 54-55 62-63 70-71 78-79 B6-87 94-95
Position in read (bp)

M-Bias Plot

% Methylation

100

70

60

40

30

20

Read 1

Clsck and drag in the glot area to zoom in

(

40



100

90

80

70

60

S0

40

30

20

10

WGSBS

Sequence content across all bases

P8RS

%G

6 7 8

9

15-19

25-29 35-39 45-49 55-59 65469 75-79 85-89 95-99
Position in read (op)

100

90

80

70

60

50

40

30

20

10

12 345

6 7 8 910

12

14

RRBS

Sequence content across all bases

16

18 20 22
Positlon In read (bp)

24

26

28

30

32

E3)
%C
%6
I e S
34 36 38 40



>

Phred score

>

Base content (%)

Common problems in BS-Seq

S

% 63 ms A7 89 71 13 S 77 76 &1 RS ) &7 @9 UL 43 85 97 90 200

iy

FANES RN RRERRD AR

Positioninread (bp)

m

s
Ty

»
Position in read (bn)

Not observed
in ‘normal’ libraries,
e.g. ChiP or RNA-Seq

1 3 5% 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 6) 65 67 69 71 73 75



Phred score

Removing poor quality basecalls
before trimming

Quary seares wr

4 af Baies Ganger [ Bming 19 ancecsngd

after trimming

Cusity stare.

ercas Wl biasws {urgur  Sumnine .9 encodeg)

N 30 I f 0
12 - L s £ _l_ T =L ]
30 1 ol 0 l _|_
M — - m L L i
06 t—1 I
24 S Sy 1]
2 1 W 2
'\\
20 \\ 20
=il |
= 10
=
n ™ 18
1 \\ 14
2 ™ 12
10, \- \ 10
& 8
L ™ L]
“ ‘4
L T 6 78 15-19 25-28 35-33 43-43 59 €569 T3-7% WI-BR #5-99 ? 73 4 % 8 7 0 8 1349 338 1% 4945 WAR 6548 7579 S8 6S6
Fosrian i rean e Fostion v resd {bpl
QUARN L6 UL Ever &1 dec el Guay atare datebution oo Al gantes
— o ae Quadty st faracm Uty e
1087
$000000|
TOO000
2002000
£005000
5000000 4002000
4000000
4002000
2000000
200000¢
2000000/
1006000,

TR IS0

12314 16 18 20 31 4 26 W
Waan Seauenie Quatry (Freed Scorel

R DIITRRWIARNIUDBTEIINIANRITIM
wean Sequence Quity (Phred Scorel




DN AREALNIEFFILLRS

5Hy oxymethyl-
5-Methylcytosine

Cyt
NH; NH, OH NH,
B Hac\fk” ka
N/KO N/J%O /&
H H

Treatment with so dium bisulfite

Watson (+) ACGGTCGT A> +FW

A GGeTCGeA—s /T <TGCCAGCAT| +RC
$—TG@CAG€GTﬂ\\

TGCTAGCGT> -FW
Crick (-) {ACGATCGCA| -RC




EbXIEEE

Complex/diverse library:

L 4

»r

L

.
>

L J

.
™

L J
L 4

.
L

.
-

L J

[
-

L )
F 3

F 1

F 1
F

F

I

il
-

ik
F Y
F Y

Y

'

Duplicated library:

kil

- - —

 ——i— -

2

R

percent methylation s5 17 100 100 71 100 ) )
deduplication

kil

L J

L J

> ——
i —
o+

\J

-+ 2
.

percent methylation 33 so 1':1'”m 100 50 100



S ATHRE(LKE

WGBSHZAR

readl
read2
read3

read4
read5
read6

genome

®C T

Witk =c/ (c+T)
WL ¥ =3/ (3+3) =0.5




Call Methylation F1 ERE{L3Z {4

FErr ERE

C

()6

Q0Oaaann

&
C
C
&
C
G

!

Qa0

BERBMNE K&

3000827
3001007
3001018
3001277
3001629
30059989
3006188
3014742
3014775
3016725
3016928
3017247
30175089
301788

3020332
3020725
3020795
3020815
3021346
3022017
3022043

Context

FFE{KF m reads

0.
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

OO IO

OO RPRP OO RPRPMEFRPORMOOOOOO

00

.00
.00

0

o O

O

total reads

W= NN

0 N R S B T e T e e o B e T e T R i



iy LA B
> RIERRECRSRITNREL, —REZL=/MERGRS

-HIFRFRE
RS
SHIRLEXT Y

> WMTHERIFFRESS RS ILER:

- Spike-in (flg0Lambda, phiX, M13)

- WNRERB I Aspike-inxdfE, AILABRMEESCIG PMERINSRRENKE, ERZ IR
&, JFCGETHRENZFERIFRR, AXEEIFCGIMNE FTHREN/KFEAIEMERE T .
Bian, WMREEEHEHIMRPERHECGIMNE TRIRARENZE0.3%, IBATMERIFRTEN
ER=/999.7%.

- FREREMREEREIXKE: NCpGE. ZAR (chrMT/chrM) | 1B SHERIRFZILLITHYIE
B (HERFIIBARLIZAEREN)



' SMIIDN AR EAL AR Tl iR

(a)

' Sequencing QC |

|

' Adaptor Trimming

}
 Alignment
}

—

Reference ATG

Methylation Calling

CCGTACATCGTCCCGT

ATGTTTTGTATAATGTTITIGT

| ATGTTTCGTATAATGTTTTIGT
Resds| TGTTTCGTATATTGTTTTIGT
Conversion rate GTTTCGTATATCGTTTTGT
GTTTCGTATATCGTTTITGT
- Remove known SNP

(b) Visualization / t-SNE Analysis

t-SNE2

x

12

4

-4

12

Jongseong et al.,

bulk

color=-» sample type

single cell

color==p different cell

(CpG / bin)

(c) Clustering

Genomic

locations

)

T

Sample type
= Type1 @ Type2

Methylation level
== Low mmmm High

sample #1 ~#16  bulk

Biomolecules, 2021

cell #1 ~#16 single cell

(d) Differential Methylation

P-value
N
Significant Significant
te
-. .:: .o ‘:
o2 12.%%%" Threshold
ot e S ted
sede EALEN
" o et
P L Wy
- .v. .{.. ‘.:~ .r ‘o
4RGP
SNT L NN
d * 5 . s '

v

Log (Fold - change)

Methylation level

(e) Methylation Segmentation &
Differentially Methylated Region (DMR)

" bulk single cell
et cell 1 <OOOSOOOC-
AR
cell 2 ©OOOOOOO
g - oy IR0
. h-c. . :
= P o=
methyiated CpG
Genomic position Genomic position
“~
§
§
=
- Segmentation
$
Genomic position
~
E DMR ——
= e Conttrol |
§
B or
g — —
= w—Cel 1
= w— Call 2

Genomic position



{EEpiscanpyit T FilF o1

variable index: .var_names
variables annotation 1

variables annotation 2

observation 1

observation 2

observation .n_obs

unstruct. ann. 1

3 Uns
:, unstruct. ann. 2 \rialnaci
%2 : annotatn
s = s -~ (dict)
gz S § 55
-
| c (=
.var g5 s
. w w
annotation of variables / features x 5§ &
(pandas dataframe) § s
2 2 3
S 8 38
X .0bs
data matrix of shape annotation
#observations x #variables of observations
(numpy armay, (pandas
scipy sparse matrix) dataframe)

EpiScanpy — Epigenomics single
cell analysis in python
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Fig. 2: Clustering, visualisation and cell-type annotation for single-cell DNA

methylation data and scATAC-seq data.

From: EpiScanpy: integrated single-cell epigenomic analysis

a Neurod?2
:?:g'.'-; .\“
H
2, Oor, .
i PR o
MR . '
< , v
= w’., E e
' .g... |
UMAP1 UMAP1 UMAP1
e mDL-1 e min e mL4-1 ® mL6-1 mNdnf mSst
o mDL-2 e mL2/3 e mL4-2 mL6-2 mPv mVip
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) 1
I A :
: Dissection |
: i i 1
| Nuclei sortin Collecting single nuclei
1 Nuclei isolation s & bisulfite conversion :
: ') NeuN— NeuN* I
I N N :
1 \
\— 1
1 > 1
: NH, (0] 1
1
1
1 > U |
1 /g() z/go :
1
! :

NEURAL EPIGENOMICS

Single-cell methylomes identify
neuronal subtypes and regulatory
e]ements in mammalian cortex < >3000 cells from human/mouse frontal cortex

Chongyuan Luo,"?* Christopher L. Keown,”* Laurie Kurihara,® Jingtian Zhou,'”
Yupeng He,"* Junhao Li,” Rosa Castanon,' Jacinta Lucero,® Joseph R. Nery,'
Justin P. Sandoval,' Brian Bui,® Terrence J. Sejnowski,”®7 Timothy T. Harkins,*
Eran A. Mukamel,*t M. Margarita Behrens,®t Joseph R. Ecker"?t

Single cell DNA methylation
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