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One Genome Many Epigenomes

What is a Stem Cell?
mal stem cell is a primitive cell with the ability to:
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A — B BT Q , ‘“ ‘

Er “Be” , '
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Self Replicate
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FMEFEEE (Epigenomics)

Chromosome

L e
7 L
I ORy” T
Vi 4,

Chromatin

« EX: EHEBRFINARENZRIE
T, ARERA R EImFN=SEE
AR R B MBS PRI 7 SN B PN AT
—|1=F5],

- HRARE:
= (LZF{Z2ih: DNA., RNA, EB[R
= A #%/ME (nucleosome)

. P@&FE (chromatin) . EEAH e

o FRMIFA: DNAFRHIARZS, 7%, 5

=E. ST

Epigenomics is to study chemical modifications to DNA/RNA/protein
and physical changes to the structure of ncRNA, nucleosome,
chromatin, and genome that regulate the expression of genes. L

The systematic study of the global gene expression changes due to -
epigenetics processes and not due to DNA base sequence changes.
https://www.ncbi.nlm.nih.gov/mesh/?term=epigenomics

Epigenetic control of inducible gene expression in the immune
system. Epigenomics 2010. https://doi.org/10.2217/epi.10.55
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Central dogma Chemical modifications
|DNA repllcatnon’ Reversible 5C hmsC
m DNA methylation
v RN [ = = MR\
LTranscriptiorﬂ
A

6 6
\*\?- Reversible A hm®A

5 | RNA methylation
RNA /\/\ ‘ =
D

Translation

Reversible histone Me Ac
methylation or
acetylation

Protein

Gene expression regulation mediated through reversible m8A RNA methylation. Nature Reviews Genetics 2014
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Llfestyle and enV|r0nmentaI Which tissue? Socioeconomic status?
fact(_)rs (s_uch as smoking, diet i\f Yl m -
and infectious disease) can - | eytaine -
expose a person to pressures E‘% st Enironment 3L A gz

) How old? QH_ SN ? i Z~ £T Where living?
that prompt chemical responses. 2w \ | / ST
These responses, in turn, often &Qﬁ@m feg of =Xk @
lead to changes in the . : RS
epigenome, some of which can o N
be damaging. % 1=
However, the ability of the B4 ] x
epigenome to adjust to the

P19 ] i

pressures of life appears to
i

be required for normal human / L (kA 5&
health. Some human diseases EE 6

are caused by malfunctions in Smaling? z @ / Q ! Clues on diet
H 1" " C-

S

the proteins that "read" and oy
erlte" e p I ge n 0 m IC m arks . Alcohol intake? Body size and shape?
Illicit drug abuse?
https://wwyv.qenome.qov/about-qenom|cs/fact- From forensic epigenetics to forensic epigenomics: broadening DNA investigative
sheets/Epigenomics-Fact-Sheet intelligence. Genome Biology 2017. DOI:10.1186/s13059-017-1373-1
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;:.‘:;"%MEE&E(Cancer Epigenome)

Cancers are caused by changes in the epigenome as well as the
genome. Changes in the epigenome can switch on or off genes involved
in cell growth or the immune response. These changes can lead to
uncontrolled growth, a hallmark of cancer, or to a failure of the immune
system to destroy tumors.

* In atype of brain tumor called glioblastoma, doctors have had some
success in treating patients with the drug temozolomide, which kills
cancer cells by adding methyl groups to DNA. In some cases,
methylation has a welcome secondary effect: it blocks a gene that
counteracts temozolomide. Glioblastoma patients whose tumors have
such methylated genes are far more likely to respond to
temozolomide than those with unmethylated genes (MGMT).

« Studies in the Cancer Genome Atlas (TCGA) are comparing the
genomes and epigenomes of normal cells with those of cancer
cells. Understanding all the changes that turn a normal cell into a cancer
cell will speed efforts to develop new and better ways of diagnosing,
treating and preventing cancer.
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DNA(ETH-BRE(Y: K[iREFHIETF

BEEI—MEEEHR (-CHs) |,

BEBE S TEDNA RS E R,
FHEFIDNAZE ST ENHEREL
FREMDNA _EBsEaId 2R
HMEREM

— = Adenine
= = Thymine
3 = Cytosine

B = Guanine

DNARE{YEES [Pt hasia.
DNAYISR. DNATREMENRDNAS
FEHREEIERATRISE, N =
miEHERERIX.

= Phosphate
bhackbone
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DNABREA (Methylation)

DNAF E 1t 215 DNATE EE 45 3 & B b #7510 BR B Y
T2, EFEERXE: N5-mC (BEIFLE) . N6-mA (B
IEK) . N7-mG (EIES)

* Cytosine methylation (5mC)

NH, NH,
I/L AN EREE,
Ao N NI D S
H

Cytosine methylated Cytosine

CGHRE{k: ZEDNAFRELEF2EE (DNA methyltransferase) RIERA T,
FEEFEBCpC % HERAIAEIES TR L N LS —PNEHEEME (CH;)

DNARE AL — RIS 45 7k 15t PR /2 45 REIE 72 Ak 5- B £ AR e 193 d 72
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DNA Methylation

Unmodified base

NH NH,
el 8t
N N/) N~ 0
Modified base Adenine. A Cytosine, C
H3C\NHl NH, ‘Q gl7H3c:\NH
AR e | >N | N
<H w Hko u )y

N6-Methyladenine, 6mA  5-Methylcytosine, 5mC N+-Methylcytosine, 4mC
B FonTRRT EEEF - Genomics
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CHG, CHH (H=A. T. C)

CG METHYLATION CHH METHYLATION CHG METHYLATION

His any base exceptG
D is any base except C

| |

Intergenic region
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DNA methylation across plants

7a Green algae
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Genomic DNA Methylation Analyses Reveal the Distinct Profiles in
Castor Bean Seeds with Persistent Endosperms. Plant Physiol. 2016
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Evolutionary patterns of genic DNA methylation

vary across land. Nature Plants 2016
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Genome Research 2009

Next-Generation DNA Sequencing/Review

Finding the fifth base: Genome-wide sequencing
of cytosine methylation

Ryan Lister "

# and Joseph R. Ecker

1.2,3

"Genomic Analysis Laboratory, The Salk Institute for Biological Studies, La jolla, California 92037, USA; “Plant Biology Laboratory,
The Salk Institute for Biological Studies, La jolla, Califormio 22037, USA
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DNARREEIEENS

Inheritance of sperm DNA methylome

= X7

Oocyte 16-cell embryo Midblastula embryo
SPF  16-mAARES IR

Zebrafish early embryogenesis

- Paternal DNA with sperm methylome
an Maternal DNA with oocyte methylome
~~~n. Maternal DNA with sperm methylome

Sperm, but Not Oocyte, DNA Methylome Is Eﬂgﬁﬁﬁ

Inherited by Zebrafish Early Embryos. Cell 2013 XUiIEFA
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DNA methyltransferase

DNARELLIZES (DNMT)

DNMT3A and 0 2 e ONMT
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De novo DNA methylation ONA Maintenance DNA methylation
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DNABRE{LINEE: FAiEFRE

Key:
’ Methylated CpG site

(A) Gene transcription

)-l_;ll ij]% IZiEEa_L;,DNAEE (P Unmethylated CpG site
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(B) Repressed gene transcription
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DNABREALINGE: HPIHIEERE

Transposable Elements

| LINE1 ALU LTR |
Young f f! TT TTT TT T TT! T

Old YT YUYy YRy
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DNAREL: &F (Aging)

An epigenetic clock is a biochemical test based on DNA methylation
levels that can be used to measure age (DNAmage).

- P FDNAHELREwFERFUNSEIRFR, SFxRENT=F
- BE1. REFEFRIIREFRREFRRUFR
- REJHEHBBE, JUFRATERFR

‘Older’ epigenome

-> -> > - o <> )« < o
epigenome at
chronological age

M@ ? L ? M ; |

Younger S X
Repeated ;
Promoter Gene Body Intergenic

Biological age (years)

SRR * DNMTs e -
il
Elderly m L . -M

O Unmethylated . Methylated )ﬂ Protein or non-coding RNA? e Methyl supplier

i
' “Younger' epigenome

T T T T T T f T T T
10 20 30 40 50 60 70 80 90 100
Chronological age (years)
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Clock Man

Steve Horvath

DNA methylation age of human

The clock- tissues and cell types.
Watcher Genome Biol. 2013 14(10):R115 PMID: 24138928
g ‘

Citations: >4500 (as of May 2023)

The clock is defined as an age estimation
method based on 353 epigenetic markers
on the DNA. The 353 markers measure
https://horvath.genetics.ucla.edu/html/dnamage/ DNA methylation Of CpG dinucleotides.
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DNA methylation patterns in eukaryotes

Mus musculus (mouse) 'I(EIGZ ggg %H;; An | ma IS ’ P l a ntS
3 5 . '
Homo sapiens (human) 82.7 ND ND Mostly CG 2 CG’ CHG, CHH
Tetraodon nigroviridis (puffer fish) 65.5 0.25 0.34 '
Metazoa Danio rerio (zebrafish) 80.3 1.22 0.91 '
Ciona intestinalis (sea squirt) 311 0.17 0.12
— Apis mellifera (honey bee) 0.51 0.11 0.16 »
— Drosophila melanogaster (fruit fly) 0.12 0.11 0.11 Mouse :
“— Bombyx mori (silk moth) 0.71 0.08 0.09 .
Fungi — Uncinocarpus reesii 0.67 ND ND ZebraﬁSh :
Coprinopsis cinerea 12.2 ND ND 3 5
“— Phycomyces blakesleeanus 49 ND ND L] Ara b I d (o) pS IS
Eukaryota _ | Chiorella sp. NC64A 80.5 22 0.25 i
L Chlamydomonas reinhardtii 5.4 2.6 2.5 I
——— Beta vulgaris (beet) 92.6 81.2 18.9 ]
———— Selaginella moellendorffii 12.5 9.0 0.92 . 1
—— Vitis vinifera (grape) 46.0 204 1.2 Sea SqU|rt 1
Zea mays (maize) 86.0 74.0 5.4 ]
Sorghum bicolor (sorghum) 52.5 274 231 ]
|| Setaria viridis 44.5 233 1.6 1
viridiplantae Oryza sativa (rice) 58.4 31.0 5.5 ]
Solanum tuberosum (potato) 70.9 42.2 15.8 (]
_E Solanum lycopersicum (tomato) 84.1 54.8 8.4 Hon eybee 1 Green
_E Phaseolus vulgaris (green bean) 49.8 334 4.0 ] Algae
Glycine max (soybean) 63.2 38.4 4.1 1
Eutrema salsugineum 38.2 9.3 6.1 1
_ﬁ Brassica oleracea (wild cabbage) 52.6 220 51 i
Arabidopsis lyrata 41.0 21.0 6.5 1
Arabidopsis thaliana 30.5 10.0 39 1
_E Manihot esculenta (cassava) 51.5 304 1.9 [
Populus trichocarpa (California poplar) 440 26.8 5.0 1
——— Cucumis sativus (cucumber) 459 16.5 4.1
_E Gossypium raimondii 72.0 57.8 13.2
Theobr.oma cacao (cacao tree) 44.1 15.2 1.5 E u ka ryotes
Fragaria vesca (woodland strawberry) 48.4 20.6 23
A|—E Prunus persica (peach) 50.2 19.6 3.7
Malus x domestica Borkh. (apple) 63.5 441 4.6 . .
Cannabis sativa (cannabis) 75.6 65.0 8.7 D TE MethYIatlon (CG) D TE MethYIatlon (CGI CHG/ CHH)
L——— Physcomitrella patens 29.5 29.7 23.2 .
——— Citrus x clementina (clementine) 45.8 25.1 8.3 D Gene BOdy MEthy|atlon (CG)
Dynamic DNA Methylation in Plant Growth and Development. Int J Mol Sci. 2018 Conservation and divergence in eukaryotic DNA methylation. PNAS 2010
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% CpG methylation

DNA methylation reprogramming
during mouse development
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E3.5-E6, etc., refer to days after fertilization
PGC: primordial germ cells
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DNA methylation reprogramming
during human development

Early Late Differentiating Mature Late embryo

PCCs PCCs GCs gametes  Zygote 2 cell 4 cell 8 cell Morula Blastocyst
@000 ——
© ° eeoee QO &
------------ male (paternal ICs, dashed blue line; whole genome, blue line)

1007 PP b A female (maternal ICs, dashed red line; whole genome, red line)
De novo IC methylation —* ;o
occurring prenatally K T
in male GCs N ; Rapid demethylation Establishment of tissue-specific
! of paternal genome and stage-specific methylation
& De novo IC ; : SCMC proteins and ZFP57
@ methylation ; ! required for protection of
E 5 e initiated : ! J'|CS from demethylation
=S I d owetrh lati prenatally, e G E e R E e PP EE PP EEY
= o l emethylation completed ' -| .
= . ; Maintenance
5 : nGVs. | i f gDMRs b
o g transcription | Slower demethylation org \s Dy
€ required in i of maternal genome chromatm'
ol female GCs ! confprmajclon,
! modification,
! factor binding
X j and transcription
‘.. ! patterns
0 = :
Erasure Establishment Pre-implantation Post-implantation
) ) ) o maintenance maintenance
PGC, primordial germ cell; IC, imprinting centre; gDMR, o o ) _
germline differentially methylated region; GV, germinal Genomic imprinting disorders: lessons on how genome, epigenome
vesicle; SCMC, subcortical maternal complex and environment interact. Nature Reviews Genetics 2019
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Genomic |mpr|nt|ng IS an eplgenetlc » The variable_ e_:xpression of a gene dependlng .
phenomenon that causes genes to be on whether it is of paternal or maternal origin, is

expressed in a parent-of-origin-specific a function of the DNA methylation pattern.
P P g P » Imprinted regions are observed to be more

manner. It has been found in fungi, plants  ethylated and less transcriptionally active.

and an|mals- A Maternally methylated DMRs and ICRs are located at promoters

Imprinted genes: A small portion of —

genes are imprinted, meaning that gene OXL-
expression occurs from only one allele. In

contrast, for the vast majority of genes, 0

expression occurs from both alleles

simultaneously. ONIR: iferentil methyiated region
|ndependent Of the ClaSSical Mendelian B Paternally methylated DMRs and ICRs are located in intergenic regions

inheritance: it represents a form of

epigenetic regulation of gene expression m_-
in which one allele of a gene is ® i

preferentially expressed according to the 0 -_w-

parent-of-origin of the allele.
HEB% - Genomics

Iniversity of Chinese Academy of Sciences



Genomic imprinting in biology & disease

Genomic imprinting results in monoallelic expression through gain
or loss of DNA methylation.

Developmental physiology: Imprinted genes have major effects on
development, growth and survival, as well as on adult phenotypes.

Brain & behavior: Many imprinted genes are expressed in the brain
and affect diverse aspects of behaviour from birth onwards, from
infant feeding to sleep and adult social behaviour.

Human diseases: Abnormal expression of imprinted genes is a
contributory factor in human diseases, such as intrauterine growth
restriction, obesity, psychiatric disorders and cancer.

= Prader-Willi syndrome, associated with poor muscle tone and
constant hunger, leading to obesity.

= Angelman syndrome, which leads to intellectual disability, as well
as motion difficulties.

The role of genomic imprinting in biology and disease: an expanding view. Nature Reviews Genetics 2014
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Imprinted genetic disorders

Both Prader-Willi syndrome (PWS) and
Angelman syndrome (AS) are associated with
loss of the chromosomal region 15g11-13,
which contains the paternally and maternally
expressed genes.

« Paternal inheritance: PWS

« Maternal inheritance: AS

PWS region
o\)Q ‘é\)Q Q\Q$
o o¥ S v Lo v 5 S o o®°
A L @0 o P gV & & PP AO AN cV
AN AR NI AR AN C RN O ol N NSNS
Con ¢ WRFGHT T WKW (W 0 3 KR et @ & el
) ) 5
\J \J 2
I $— - - - . ..
BP1 T BP2 Ic snoRNA genes T BP3
SPG6 Imprinting center OCA2

15011.2-13 (4-5 million DNA base pairs)

?@M/ﬂﬁi{sf? EEHY - Genomics

University of Chinese Academy of Sciences



Imprinted genes in human

« Genomic imprinting plays a role in the nervous system, and some
Imprinted genes show imprinted expression in the brain.

* Imprinted genes reside mostly, but not exclusively, in clusters
throughout the mammalian genome.

« Imprinted genes associate with circadian machinery.

Number of imprinted genes per chromosome in humans

1%

B Maternal allele

g I Paternal allele
O
% 3 Isoform-specific
D o0 1 Unknown allele
-
Q
= I
101 -
o | -
| - | ] 0
g 0
Human g
P

. . T 2 4 6 8 10 12 14 16 18 20 22
Genomic Imprinting and Physiological
Processes in Mammals. Cell 2019 Chromosome number
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Epitranscriptomics: RNA revisited

2 The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

By Charlotte Schubert | May. 17,2019, 2:00 PM The central Dogma Of
P —— Gene Expression
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mRNA
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TMEEFAZS (Epitranscriptomics)
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RNA modifications modulate gene expression during development. Science 2018

University of lChinese Academy of Sci’ences E E 2E$ - G e n o m i cs




Timeline of RNA modification discoveries

crystal structuve of
RNA wodification
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https://doi.org/10.1111/gbb.12444

Diversity of RNA modifications

(b)

Bacteria

Eukaryota

RNA modifications are
changes to the chemical
composition of ribonucleic
acid (RNA) molecules
post-synthesis that have
the potential to alter
function or stability.

P 7smXy HEHY - Genomics

m>’Gm m'Gm m%Gm m'im
RNA nucleotide methylation. 2011
https://doi.org/10.1002/wrna.79

Archaea

m®Cm ac’Cm m*Cm mimG

s?Um m2Gm
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MRNA_EBZ#LZEEIm
- EBETIMCEEN, SINRERRNAHRIIL.

L

6 5
meAm hm>C 6 | 6A AAAAAA
miA W m°eA
H. Ot M., -CHe 5 NH
HaC N
N S N Xy /N NH N
% % | |
HO <N | J HO <N | J HO <N N’) HO N/&o
:o: N :o: N ;O? | :O:
OH OCH, OH OH OH OH OH OH

N¢,2'-O-dimethyladenosine (m®Am) N®é-methyladenosine (mfA)  Inosine (l) 5-methylcytidine (m°C)

NH; 9 on NHz
N | ot HN)LNH | SN
HO . <N N/) HO XNy HO N/J*o
0] o]
OH OH OH OH OH OH
Pseudouridine (¥) 5-hydroxylmethylcytidine (hm°C)

N'-methyladenosine (m'A)
Epitranscriptome sequencing technologies: decoding RNA modifications. Nature Methods 2017
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MRNA modifications: miA and m°A

a Start codon Stop codon
oy
c
¥
g
—
m
L
=
i8]
2
[
T
o
5" UTR ¢ 3
o’ R CDS 3" UTR 3

Post-transcriptional gene regulation by mRNA modifications. Nature Reviews Molecular Cell Biology 2016
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MRNAZIFSS5SEEIRERIE

UmeAFfl, EFERBIEEAER FRBMMRNA
HRSTEME. PERREE. z!s«mszxﬁ

A

-

—+—=J o
o (2 (3 (4
Cap-independent MRNA decay MRNA stablization Enhanced Translation
translation 4 '
Hsp70 P\:——\‘ P-bOdleS Ribosome =
A A YTHDF2 IGF2BPs YTHDF1
o @ elFs g | ‘
CCR4-NOT i MATR3 m o < @
_. i %, R —& Consitutively
. sl . Las® activated
‘* . H eununnn® Hela cells
meA [ . V’ Endometiral cancers
» . » < .

lStimuIation-dependent

Cap 5’UTR Stress recovery

Axon regeneration after injury
Where, When, and How: Context-Dependent AAAAA Learning and memory
Functions of RNA Methylation Writers,

Readers, and Erasers. Molecular Cell 2019

Ya# ey ELEA% - Genomics




MRNA{ZhEEIZZIMEE LY FHE

- DEEREE, (EAGERAA
 RANGHRN., BNAS. HEHEREJZ FY. REF

&

(;? Lm li)ﬂ EA} AUG —@)_( 5A \ng/ . Atm
" G / + |
°e|F3 °YTHDC1—~ YTHDF1 YTHDF2
* HNRNPC
';"THLD”} « HNRNPA2B1
! nuclear | ~— » SRSF? ¥ §
Translation ,l, Translation Cap- RNA Translation Increased
efhciency Cap- efficiency Alternative depend_ent degradation  efficiency stability
fndeper-ldent splicing and translation
translation polyadenylation l
l L J  J

L J
Heat shock and UV exposure v J_ —
nutrient deprivation | | and heat shock | |Brain — Sex Stem cell differentiation;
responses development || AdlpogeneSIs ' determmatlon circadian clock control Senescence

responses (?)
ﬂ%@ %

] |‘¢
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ncRNAZIntB B EEZRIEMFLIEE

* tRNA, rRNA, cirRNA, miIRNA, IncRNA......

A B
W
c;m \\I.l
mU, m?A, ¥
D, acpiU
C., mC,U_, Gy Wi MY
| msC, ¥
I,C,,fC_,G_ ,U_, mcmU, \/ m'l, m'G, i6A, t°A, m°t°A,
mcm®s?U, Q, galQ, manQ g ms?t®A, o’yW, yW
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The landscape of RNA modifications

s2U Pom ac4C
ho5C - -
mmss2u TSV P97 acacm Trends in Cell Biology ¢2
V) assezy o " md,4Cm Volume 29, Issue 6, June 2019, Pages 487-499 5
volume £¥, 1ssue b, june . Fages -
miy mchm5u tm50  m3C ,44c g CellPress|
nchmsy nmSU mSC ) m5cm
1m5l.:l;: inm5Um ncm5U k2C (hm5cC —
miacp cmo5U s2C ma4Cm
cm5s2U . . G
memSUm  “TOSTT chmsU sc o Regulation of Gene Expression by N”-
mehmSUm " mppsy  Iam30 [ Cm m8A methyladenosine in Cancer
cmnm5s2U mcm5U f5Um Cc+ m6A
mnm>5se2U f5se2U s2Um Am m1A JunLiu®2* Bryan T.Harada 1' 24, Chuan He 1 23 2 &
cmnm5se2u  tm5s2U  m3U g6A m2A _ ) o
cmnmSges2U acp3U m3Y ¢ iGA Ar(p) ! E‘Lpa r:mefnflftwf -_-'e-nis_:i'-i'j-‘lcliTSt tute for Biophysical Dynamics, The University of
m5s2U f5U f6A Chicago, Chicago, IL 60637, USA
mnm5ges2U 5y U Im ct6A 2 Howard Hughes Medical Institute, Chicago, IL 60637, USA
nm5ges2U acp - t6A io6A * Department of Biochemistry and Molecular Biology, The University of Chicago,
cmnm5Um cmsy 2 hn6A Chicago, IL 60637, USA
m3Um ) hm6A
mcm5s2U ges2U G+ imG
mnm5s2U  mo5U Qbase mfg Gm Review Article | Published: 16 March 2019
QtRNA m mimG
ncm5Um f5s2U C
ncmSs20  hosy  OQMRNA  M7C magm Importance of m N®-methyladenosine
imG2 - y
m5D galQtRNA ' imG-14 - . .
cmnmoy WQtRNA YW-58  mo27g  GF(P) (m®A) RNA modification in cancer
acp3D Ym 9 = o2yW
sau preQibase YW-86 52,2 7Gm y )
preQObase YW-72 125G Gulten Tuncel & Rasime Kalkan
preQOtRNA  OHYW  m1Gm Medical Oncology 36, Article number: 36 (2019) | Cite this article
preQ1tRNA OHyWx m2,7G
B QIRNA OHuill 1055 Accesses | 5 Citations | Metrics
The RNA modification landscape Disease related  New discoveries, fast-evolving
in human disease. RNA 2017 Detection technique available E%ﬁﬁ =
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RNAZREE (RNA Editing)

RNAGBE—FEREMT N i s eueeai i
U2, BURES®R. %E Sites

(Mb)

N—== JRE =
BRI N FIEL L (EARNAFRSI | w5 RERZERS  0.001677 Mb 2
eS| pN:ESE] 5 Mb 16
ARITIE 37 Mb 26,000
Primary ~ Ala Thr Arg Gin EE HeEaf®E  41Mb 41,000
transcript GCU ACG CGC cCaAG .
! | | S Asnt 100 Mb 65,543
RNA editing | i RAE 138 Mb 57,065
- =4 A2 3,000Mb  ~ 4,500,000
Y v ¥
Mature RNA GCU AUG UGC UAG A 0.37 Mb (MT)
Ala Met Cys STOP WET o5 Mmb(Pid) 490
_ \ L)
RNAGRIBTERNEMIM 27 E, &% KiE 0.49Mb (MT) .,
tRNA. rRNA. mRNA. miRNAZ, 0.13 Mb (Pltd)
Bar-Yaacov et al., Genome Research, 2017; Liu et al., Genome Research, 2016; Picardi https://ngdc.cncb.ac.cn/edk https://nadc.cncb.ac.cn/ped

et al., Nucleic Acids Research, 2017; Giege & Brennicke, PNAS, 1999
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RNA Editing: C-to-U and A-to-|

a C-to-U b A-to-I BRIRIS (Adenine,
A) BREROREIR

The C-to-U 1£4#%# (Inosine, I)
APOBEC1 ADAR?2 ’
editing at residue - -

2153 of hepatic o 3 5

3/

;Apo-l?loo N DNA 3,"”'”””'""5, 3,||||||||||||||||5, Editing of the
ransforms the CAA| cAS] glutamate receptor
glutam%te to ad Glutamine Glutamine 2 (GIUR2)
st0|2I codon an l l transforms the
producesa <ToP cod Areinine CAG codon for
truncated protein codon gimine lutami t
PRt vy ol glutamine (Q) 0

P RNA 5 5 CIG for arginine

intestinal cells. ’IIIIIHIIIIIIIIIQ ENNENEEENENERER (R) as (CGG)

3 / \ 3 / \‘ since ribosomes

read inosine (I) as

Unedited Edited Unedited Edited guanosine (G).
] ] SRS Ry W— S—
PROTEIN Hepatic Intestinal Ca?*-permeable  Ca?-impermeable
Apo-B100 Apo-B48 GluR2 GIluR2 Q/R

RNA editing in the forefront of epitranscriptomics and human health. Journal of Translational Medicine 2019
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B)SAERRMEEREINER

AREENHEHESEIERNAE RN Al

Epitrancriptomic
marking

<]

m!A

Epitrancriptomic . Modification erasers \: _________ -7,
marking R:_?(é:p;" ALKBHS Epitrancriptomic Epitrancriptomic O T /"
Unknown enzyme and FTO marking marking \‘\ ’,’
RNA damage METTL3 and METTL14 NSUN2 and KR o
Methylating chemicals TRDMT1 A
NH,
Editing
</N XN APOBEC1, RBM47, A1CF
N | N/)
o o
Adenine Uracil
Editing Epitrancriptomic isomerization
ADARI1 and PUS proteins
ADAR2 H/ACA and PUS

0
N
/ NH
.0
Wl

Hypoxanthine
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1&1REE (Writer)
*i&imlE (Eraser)
£iHiRAER (Reader)

Pseudouracil

University of Chinese Academy of Sciences



Nature Methods&EEEA

——Epitranscriptome analysis

FHEE, Nature MethodsERaXgidFE=—E it
EMFERRIS AL AMERMS S5, AL
FHAFRXER. EWAOKKEIBR,

e 20164, FTMNELFE .
A 47 (Epitrans-
crlptome anaIyS|s)

":—IEI_: ﬂljﬂ’%itij(
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EER(ZTh

F¥E1& (Post-Translational Modification, PTM) :

mEXMERNEE, AEAEKEIIHEIHEREERME

— PR ERE F.

- PTM{EA: METEERMUCFMEREZGEN, §EER
FREIThEE, —RAMESESHHEEHERIRS .

- (EIPMEL: EERREIGIUALEEEFNIEIREPLEFERS
, BEXREREZEHEEEFMITECR, EEFRAPTM,

- PTMZERY: ZIHBIALL, EAIM350ZMHPTMs. Efi]
BEHNTXZHEZEMEQRENE. AL FFRE.
URSH4EZEARMNETERNMIEBSERAINGE.

- PTMZEHR: BRIERIE63 490N EBFERIFINER, &
R1077FhE RS, #%35,588% MEkiRkiE.
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PTME NI S EE RO

89
289979994
378 19889

3773 3333
333933

3393

Genome Transcriptome Proteome
~20-25000 genes - --------- »  ~100,000 transcripts = - - - = — = - — - - »  >1,000,000 proteins
Alternative promoters Post-translational
Alternative splicing modifications
mRNA editing

AR E R #F7£20,000-25,000 M & &, {BEEFEEBRAVEE B
18/ . BEAZEESRNAKRIEFTAKXIEMIZERANRE, MES
SHENENEREMUIEEARMER L ERBRILEK.
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ENFEREMEARIMHPRIS T

Substrates Substrates Enzyme- Enzyme- PTM-

(protein) (proteoforms)

Sites Enzymes substrate substrate- dependent PMIDs Variants
pairs site PPI

Homo sapiens 18596 8649 444147 520 9467 18176 1064 25261 75853
(Human)
Mus musculus 15234 725 147394 225 1127 1967 270 5337 0
(Mouse)
Rattus (E‘;rgeg'cus 7170 99 39708 100 529 953 26 2495 0
Saccharomyces 3949 0 34533 65 671 1495 26 1122 0
cerevisiae
Drosophila
melanogaster (Fruit 852 0 3483 6 5 9 1 235 0
fly)
Caenorhabditis 802 0 1994 9 11 17 0 137 0
elegans
Arabidopsis thaliana 8653 343 32730 30 113 204 34 412 0
(Mouse-ear cress)
Zea mays (Maize) 100 0 137 0 0 0 0 16 0
Oryza sativa subsp. 1808 14 4376 0 0 0 0 21 0
japonica (Rice)

iPTMnet v5.1
Updated on November 19, 2019

https://research.bioinformatics.udel.edu/iptmnet/

P 7smXy HEHY - Genomics

niversity of Chinese Academy of Sciences


https://research.bioinformatics.udel.edu/iptmnet/

e = A

Substrates Substrates Enzyme-  Enzyme- =TV
: Sites Enzymes substrate substrate- dependent PMIDs Variants
(protein) (proteoforms) . :
pairs site PPI
Phosﬁ%%%?ﬁat'on 57204 10799 507157 1052 11967 23042 737 31576 50881
Acetylation
7 B 17416 1023 52702 19 135 258 0 1210 4249
Ubiguitination 21479 917 132816 1 2 4 0 274 14601
2R
Methylation
757 2 19521 4 4 7 1 21
FEA 570 55 95 0 38 6216
N-Glycosylation
s 2496 30 6022 0 0 0 0 1591 401
N-PEEL
O-Glycosylation 1423 17 4927 1 1 2 0 304 670
C-Glycosylation 20 1 197 0 0 0 0 17 20
S-Glycosylation 5 0 5 0 0 0 0 6 0
Sumoylation
— 2712 11 7 2 2 1 1251
KT = 8 835 0 0 9 5
Myristoylation
— 284 20 296 0 0 0 0 202 16
RIS
S-Nitrosylation
S-TRIL 2921 0 5803 0 0 0 0 150 397

iPTMnet v5.1
Updated on November 19, 2019

https://research.bioinformatics.udel.edu/iptmnet/

P 7smXy HEHY - Genomics
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EFRZimi

- BRHEINENE. Sigit. FEL. OBt Ethzik
RIFBEEHRT? TS EEHEIZIE. B— 1P EERSIHFH
K. BIGRIREM, FIE T AT o AFER,

= BB EIE (partial ) : AP RE—ERES 7 FHIEM
A[E(2ih (alternate) : El—1RERUSS B ZHMEMESR
BRETI&4E (transient) : TR ERMSIHIRES

PTM / Processing:

PTM / Processing:

Molecule processing

ChainiPRO _00000GESS3) 1 - 1881 Ankyrin-1

Amino acid modifications

Molecule processing

Chain? (PRO_0000420730) 1 - 338 Glyceraldehyde-3-phosphate dehydrogenase GAPC2, cytosolic

Amino acid modifications

Modified residue*
Modified residue*
Modified residue*

o o o o
S c© c© c©

105 (3S)-3-hydroxyasparagine; by HIF1AN| partial |# 1 publication Modified residue’ 156 S-glutathionyl cysfeine; transient; alternate| € 1 publication
233 (38)-3-hydroxyasparagine; by HIF1AN} partial (& 1 Publication Modified residue’ 156 S-nitrosocysteine] transient; alternate @ 1 [publication

429 Phosphoserine € Combined sources Modified residuei 160 S-nitrosoc ysteine] transient # 1 publication

431 (3S)-3-hydroxyasparagine; by HIF1AN} partial 1 Publication

Modified residue*

f(&]itr/{’ b&/? HEZHZ - Genomics
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PTM / Processing

Molecule processing

Chain’ (PRO_D000066883, 1 - 1881 Ankyrin-1 @ Add % BLAST 1881

Amino acid mcdil‘lczﬂicune‘.l‘_LE ﬁgé*ﬁsit Yﬁk&ﬁﬁ;ﬁiﬁ

Trstionc) M)
Modified residue 105 [(38)-3-hydroxyasparagine; by HIFLAN; partial | 1 Publication .\ 1
Modified residue* 233(35)-3-hydroxyasparagine; by HIFIAN; partial |# 1 publication ~ 1
Modified residue* 429 |Phosphoserine  # Combined sources ~ 1
Modified residue * 431 |(35)-3-hydroxyasparagine; by HIF1AN; partial | 1 Publication + # 1 Publication - 1
Modified residue 464 |(35)-3-hydroxyasparagine; by HIFLAN; partial |# 1 Publication « . N ] ~ 1

Manual assertion based on experiment in?
Modified residua é 629 |(35)-3-hydroxyasparagine; by HIFLAN; partial | 1 publication 1
Modified residue 662 |(3S)-3-hydroxyasparagine; by HIF1AN; partial | 1 publication ~ "Asparagine and aspartate hydroxylation of the 1
. cytoskeletal ankyrin family is catalyzed by factor-
Modified residue’ 695 |(35)-3-hydroxyaspartate; by HIFLAN; partial 1 Publication ~ inhibiting hypoxia-inducible factor.” L
Modified residue* 728 |(35)-3-hydroxyasparagine; by HIFLAN; partial |4 1 Publication « Yang M., Ge W., Chowdhury R, Claridge T.D., Kramer H.B., 1
— Schmierer B., McDonough M.A., Gong L., Kessler B.M.,

Modified residue* 759 [Phosphoserine & Combined sources ~ Ratcliffe P.J., Coleman M.L., Schofield C.J L
Modified residue’ 761 |(35)-3-hydroxyasparagine; by HIF1AN; partial \g 1 Publication ~ _/ J. Biol. Chem. 286:7648-7660(2011) [PubMed] [Europe 1
Modified residue’ 781 [Phosphoserine  # Combined sources = f’_MEl EﬁE.Str:gfc'\tﬂ]':'rM SEAIIEMAE AF AA 11A: 120 140 ANR v 1
Modified residue’ 817 |Phosphaserine € Combined sources « . T i
Modified residue* 834 |Phosphoserine € Combined sources - 1
Modified residua* 856 |Phosphoserine 4 Combined sources 1
Modified residue ¢ 4961 [Phosphothreonine  # By similarity ~ 1
Modified residus i 1073 |Phosphotyrosine  # By similarity 1
Modified residug 1082 |Phosphoserine  # By similarity « 1
Modified residue’ 1378 |Phosphothreonine ' € Combined sources « 1
Modified residue* 1380 [Phosphothreonine € Combined sources « 1
Modified residue 1390 |Phosphoserine  # By simiarity « 1
Modified residus i 1392 [Phosphoserine  # By simiarity « 1
Modified residus i 1396 |Phosphoserine  # Combined sources 1
Modified residue 1400 [Phosphathreonine € By similarity « 1
Modified residue’ 1428 |Phospheserine  # Combined sources « 1
Modified residue* 1486 |Phosphoserine  # Combined sources ~ 1
Modified residue ¢ 1523 |Phosphoserine € Combined sources 1
Modified residus i 1533 |[Phosphoserine  # Combined sources « 1
Modified residua é 1617 |Phosphoserine  # By similarity 1
Modified residue’ 1666 |Phosphoserine  # Combined sources « 1
Modified residue’ 1671 [Phosphoserine  # Combined sources ~ 1
Modified residue ® 1686 |Phosphoserine € Combined sources ~ 1
Modified residue ¢ 1690 [Phosphoserine  # Combined sources ~ 1
Modified residus i 1696 |Phosphoserine  # Combined sources « 1

~————

Post-translational modification

Regulated by phosphorylation.

Palmitoylated.

Hydroxylated by HIF1AN at several asparagine and 1 aspartate residue within ANK repeat region. Hydroxylation seems to increase the conformational stability of this region and may also modulate protein-protein interactions mediated by the ANK repeat
region. # 1 Publication «

Keywords - PTM*
Hyd

xylation, Lipoprotein, Phosphoprotein
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EESILIETHR (Phosphorylation)

- BEEREIn: Riev-HRERERERER FHTE, ©ERE%A
AR AR S SHIKR B,
- BRI ERR ARG
- 25 DR BRIRREE
- FRRR. HERR. HEERRE
- REQERAVLE
- FHEBRISE
- BMRWAIARSE: E=FYE, HRRERANMREA

- BzEY): 28R, HPRBRIBERERIESRIEEN, THRZRER
= JRIZEY): HRBRMRZLR[UERAIBER L
- IDRE: EIEERENE, FmSMEEEwNE, WHAEERL.

= /AREEEIE R E R ESCDK (cyclin-dependent kinases) X3ZHfE
BRI AN LI DR BRI, IXEhZHAEERER.

= CDK/EMHZRIBER AN SRR RVSZ I,
& f’@’*’ﬂﬁ&? EHEHZ - Genomics




B {CIZih

&l ZHIENEREIm
A A
= Protein kinase: #fig{t.- Writer
= Phosphotase: X#E&{t.- Eraser

= Phospho-binding domain:
Reader

Edmond H. Fischer

Edwin G. Krebs

1R Pl 45 R 1 B 1L = -

The Nobel Prize in Physiology
or Medicine 1992

“for their discoveries
concerning reversible protein
phosphorylation as a biological
regulatory mechanism”




FREALISTh

« BEZWMAENES-REERERPIREL BRI MR
Mz ER k.

» EHREELLZENREMRNEER, ATLUETEIRE
HAEVEM, MENRHMME ERREF ELZERRE
LiBE A AT,

= SBEBEY
» [REW
« AR EM
« MR EM
- FRERFEMN
« HEaMEREML
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OERALIETD

* N-RimSEHE
* N-Rin S EH IBHEBATRZEEMAZERRE —
ENo-RETHNEE, BREAKEERIRERIREIIZ/E.
* N-RimZBUREEARRT, EEZEYTRENNEFER
(gihe—, ERZEWMPRIN.
- EENNIEBHEEEHER. AalK. ZIRahaE.
+ WEBZERL
* NIEHURE 2B EBATRIN-o- ZELE R IIZ MR 7R 20
& ERNTEE,
- EEZEYH, NEIBHCERREREMAEZT, TEFINEHE
BH. XTMEIPEEETIRZED T,

@ tofrmas EEAF - Genomics



HR{Eim—HAEREI

=
==}

Thanks to Z#F@HUST




HEER (Histone)

- HEH: 2HEDNAN—3XEHR, 8B ZEDNARGEN; BEixEYH
RERSFEZAEPRIEIIEERR, FIDNARKEERZ/IMALEA.,
- FERANEENHEERRR: H1/H5, H2A, H2B, H3F0HA4,
= H2A, H2B. H3FIH4EFRAZ(MEZHER (Core Histone)
= HI/HS#EFRI9IEIEBAEN (Linker Histone)

H3 H4
~ -
H2A H2B
,"6;; SEX
< The Nucleosome Core Particle (PDB: 1A0I) is comprised of

H2A, H2B, H3, and H4 core histones types, wrapping ~147 bp
of DNA. H2A-H2B form a dimer and H3-H4 form a tetramer.  https://www.ncbi.nlm.nih.gov/research/HistoneDB2.0/

(é]#’trf?@fg’ HEYHZE - Genomics
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HEA/\EFFIDNATIREIME

Complete Histone With

HEER
BRI
FRE AR
AL

octamer of core histones:
H2A, H2B, H3, H4 (each one x2)
core DNA

Tetramer
Bz MFB~147T0pHIDNAES:
https://en.wikipedia.org/wiki/Histone gﬂé& E ) \gé{zlg]_ 65 ﬁg}ﬂz B linker DNA

?(aétrf?’%gi HELHY - Genomics
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Nucleosome structure

Linker Histone

@ H3 H4 H2A H2B DNA H1
S
K]
-
g
o
&)
Nucleosome core
particle (NCP)
Jeta /MK
https://www.ncbi.nlm.nih.gov/research/HistoneDB2.0/ Nucleosome Chromatosome
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‘HERS

HEH21H (Histone Modifications) ZEEQE*E— ENRE AT
fiMEim, @E‘Ei-v%\ iR, B, 2R, RZEHE.

chromosome

\ -

\\\)ff

A

\

)Zr

N-terminal histone tail :

nucleosomes
-

double-stranded DNA chromatin

Nucleosomes are represented by DNA
wrapped around eight histone proteins.

histone proteins

- AEHEDNARRERIIRERT - N-RinREEGERER &4 SN2
- FHAEHSRNAN S ENFEMEE - ZH’%EHI im1EH:

ERESAEMEN (RelfkhAE = KZ5DNAKHMZEBMEEER
HLSMYER RS FRIFEER, = NEREREGHFENE
ARERTAFEERZRM) = EEEERIE

HEH - Genomics



Histone

H2A

H2B

Histone Modifications & Roles

Modification
H2AS1P
H2AK4/5ac
H2AK7ac
H2AK1 19P
H2AK119uq
H2BS14P
H2BS33P
H2BK5ac
H2BK11/12ac
H2BK15/16ac
H2BK20ac
H2BK120uq
H2BK123uq

Role

Mitosis; chromatin assembly
Transcriptional activation
Transcriptional activation
Spermatogenesis
Transcriptional repression
Apoptosis

Transcriptional activation
Transcriptional activation
Transcriptional activation
Transcriptional activation
Transcriptional activation
Spermatogenesis/meiosis

Transcriptional activation

Lateral Thinking: How Histone
Modifications Regulate Gene Expression.
Trends in Genetics 2015
https://doi.org/10.1016/j.tig.2015.10.007

PaH TR T

University of Chinese Academy of Sciences

H3 H3K4me2
H3K4me3
H3K9me3
H3R17me
H3K27me3
H3K36me3
H3K4ac
H3K9ac
H3K14ac
H1K18ac
H3K23ac
H3K27ac
H3T3P
H3S10P
H3T11/S28P

H4 H4R3me
H4K20me1
H4K20me3
H4K5ac
H4K8ac
H4K12ac

H4K16ac
H4S1P

Permissive euchromatin
Transcriptional elongation; active euchromatin
Transcriptional repression; imprinting; DNA methylation
Transcriptional activation
Transcriptional silencing; X-inactivation; bivalent genes/gene poising
Transcriptional elongation
Transcriptional activation
Histone deposition; transcriptional activation
Transcriptional activation; DNA repair
Transcriptional activation; DNA repair; DNA replication
Transcriptional activation; DNA repair
Transcriptional activation
Mitosis
Mitosis; meiosis; transcriptional activation
Mitosis
Transcriptional activation
Transcriptional silencing
Heterochromatin
Histone deposition; transcriptional activation; DNA repair
Transcriptional activation; DNA repair; transcriptional elongation

Histone deposition; telomeric silencing; transcriptional activation;
DNA repair

Transcriptional activation; DNA repair

Mitosis
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Modifications of the Histone Talls

O Methylated

o Acetylated
O Phosphorylated
() Ubiquitinated

Lateral Thinking: How Histone Modifications Regulate Gene Expression. Trends in Genetics 2015
https://doi.org/10.1016/}.tig.2015.10.007
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, HEBRREGR/IMDNARY
XRIRIK, HIAIH3-K9SH3-

- BREFRXEE: EdEZzR
iﬁ’é%,ﬁr , ,%51,% gy, P 5l &
K27 EEIIHIEERIX,

. EEEETEH

= H3-K4: SET1, SET7/9, Ashl, ALL-1, MLL, ALR, Trx, SMYD3

= H3-K9: ESET., G9a, SUV39-hl, SUV39-h2, SETDB1l, Dim-5, Eu-
HMTase

= H3-K27: G9a5polycomb group enzymes 4[] EZH2
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- HERREWUR—aISUE, AlEgHEE
NG PAHERES 'EJEI’JEﬂ o

- BN EENEFERESKIE:

- HEERSRIENRFPAEREL (LSD1)

= B&Jumonjigigis, (ImiCEME) FABAEBEHER (IMID2,
JMJID3/UTXFIJARIDS)

- EREBESHFRIGE:
= LSD1 (BHC110, KDM1) : H3-K4me, H3-K4me2
= JARID (1A-1D) : H3-K4me3
= JMJID3FOUTX (KDMBA) : H3-K27me2, H3-K27me3
= JMJID1: H3-K9me, H3-K9me2
= JMJID2: H3-K9me3
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i
M
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- HAERXRIEEHEHERTERERRE K
MR IROERE
- BEEEHEN FERZBHLES

= Class|: HDACs 1, 2, 3, 8

= Class Il : HDACs 4, 5, 6, 7, 9, 10

= Class Ill : sirtuins, FTZENAD+ HEIEF, €8 SIRTs 1-7
= Class IV : HDAC11

JHT
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N '-ARTKQTARKﬁTGGKAP RKQ%ATKAARKSAEATGGVKKP K

GDKKQAKTVAKKSGKKPAPASKAPEP '

AcMe Ac AcP Ac Ac
Me Methylation AC Acetylation Gi- Citrullination MeER £ ¥ AcZ. Bk, CiKEEa1y,
Ub Uniguitination P Prosphoryiation UbZZ1 PREER 1L
a5 A
[éH’L I':‘I BN [=EER B F A E IR [REE AL E ]2 IH 2]
K 4 Me

H3K4Me=2BZ& HH3MNinFFin it 54N i R ER Y R Bk

A huge catalogue of histone modifications have been described, but a functional understanding of most is still lacking.
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Histone modification cross-talk

Histone modifications can positively or negatively affect
other modifications.

H2B (Ut

Positive effect: arrow head
Negative effect: flat head

Regulation of chromatin by histone modifications. Cell Research 2011. https://doi.org/10.1038/cr.2011.22
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Gene expression regulation by histone
modification

H3K4me3 is recognized by PHD finger domains in

SETD1A - ' '
roteins such as TAF3, which bind to methylated Lys. ot
methyltransferase Activation P y y gop.CHzO Sene actlvgt;ﬁn cari:
complex o TAF3 uccinate D€ reverse r0l:Ig
P binding (PHD finger) the removal of this
partners cH,  modification by the
N ) HC demethylase KDM5C,
which utilizes a-
- - bk ketoglutarate (aKG)
as a cofactor.
Faesn > —_— s @) /) /BN /) /S /) /TR EE RN :
H3K9me3 is :

- : Activati : :
r?lcognlged by the clivation ! Gene-repressive
chromodomain Ig [ T—— + states can be
HP1 proteins and CO,,CH,0 HP1 . established by
can be removed by ; Succinate kG (chromo . the deposition of
he KDM3A and/or : gomaid @cz» p
t : . H3K9me3 by the
KDM3B : CH : i
d v in the an < PN H,C RIMZD) SETDBL1 histone

emet yane I}Qé e N -\ NH NH, : methyltransferase
presen(;e or a . . complex (together
aﬁ a cfo actor, to : H3K9 H3K9 H3K9 » with a regulator,
allow for gene : : MCAF and a
activation. ~ tvoo — —_— SR

reader protein,
TRIM28).

Repression

Roles and regulation of histone methylation in animal development. Nat Rev Mol Cell Biol 2019

University of Chinese Academy of Sciences



Developmental processes regulated by
histone methylation

Regulation of HOX genes

by histone methylation.
In embryonic stem cells (ESCSs),
histone tri-methylation at H3K27
represses all HOX genes. At
later stages of differentiation,
Anterior— early HOX genes are activated
Speg%f:t:tri';’r: ] , | | | along the anterior—posterior axis
‘ ) " by removal of H3K27me3 and
addition of H3K4me3. In
differentiated cells, HOX genes
are again repressed by tri-
methylation at H3K9 and H3K27.

Differentiated
cells

Roles and regulation of histone
methylation in animal development. Nat
83H3K27me3 H3K4me3 &HBKQmeB @ DNA Rev Mol Cell Biol 2019

(repressive) (activating) (repressive) methylation https://doi.ora/10.1038/s41580-019-0151-1
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DNA and histone modifications

a DNA methylation b Histone methylation

Young
Enhancer
Housekeeping gene
°

crcr - MMy M7 wmm

Cohesinl % Enhancer Promoter Repeat Nucmome
Oncogene elements
Ageing
g zg w0 A % ] N N
| L |
Nuclelc;c;\ewith
macroH2A
Cancer
b
008 o Wﬁ it %
| J L J

? Unmethylated CpG T 5mC T 5hmC & H3K4me3 & H3K27me3 o Repressive modification

The roles of DNA, RNA and histone methylation in ageing and cancer. Nature Reviews Molecular Cell Biology 2019
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DNA packaging: histone, nucleosome and chromatin
Each human diploid cell has about How is DNA packaged so tightly into

1.8 meters of DNA. chromosomes and squeezed into a tiny nucleus?
Organization of Eukaryotic Chromosomes )
j/ At the simplest level, chromatin 2nm

is a double-stranded helical DNA double helix

structure of DNA. ;
DNA double l
helix AU A v AV AV l I ;

\ 5‘ y ey ,/,/' U4 l/ | /‘ /V" | 't/ | /L/ ' L{ ‘ ‘ |

DNA wrapped A [ L|

around histone

$ X - .
sl ,// ,// '//' s Each nuclecsome consists of

3
K />.¢. eight histone proteins around
z LY g\ which the DNA wraps 1.65 times,
ﬁ}DNA is complexed with histones

to form nucleosomes. Nucleosome core of 2
}

eight histone molecules

Nucleosomes /A chromatosome consists
coiled into a H1 histone of a nudleosome plus the
chromatin /6\ - J H1 histone.
fiber * .. that forms loops averaging
300 nm in length. El g
1 11 nm Chromatosome
300 nm
(s)
Further
condensation

? The nucleosomes
£/ fold up to produce
—_= a 30-nm fiber...
of chromatin

& G0 "CEEE eﬁe‘ag R )
% N 3BJ§§5’2 -' -2?§ﬁ§fiﬁ$n!xnz;.k,_ R ' Rt
Duplicated [ 7\ 8\/ 1400 nm
chromosome The 300-nm fibers are Tight coiling of the 250-nm
compressed and folded to fiber produces the chromatid
produce a 250-nm-wide fiber. of a chromosome,

rsity of Chinese Academy of Sciences
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Three-Dimensional Genomics
3D Genomics

@ tedsmxy EE4H% - Genomics



B [F4H = 55 [A) 4544

f P bm‘ @E‘)

- FEFHDNASHERHE  em
[E]14H Ak
« RBEN—REN (BIX

(11 nm)

A BB R
ZEH or

* DNAGTF—HWEGT  cororem
840015 H, R TEHR  wwnom
B =% 5 |8) 2544

. FRXLIFBMELE, F oo
BEEEMBERHSHE

S ﬁﬁyﬁ}%— ChromEMT: Visualizing 3D chromatin structure and

compaction in interphase and mitotic cells. Science 2017
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=HEFEHES (3D Genomics)

. ERASHSESRSTN 4 - 5
ARG SR EES £ 2 & =

EEEEEARY. BREHENRE 2 E

VBTN, XY EERFITE
BB = M ZS A, Y

HEER. S5, EEERss .
YRR HTBSAIRER.

© AT LERR=HEERAE?

BlZg 1, AT E=SELS
a_ EH AR ERER L2 —
FUORHEFF, iXESEERIEE T
HABE BRIt EZERRIEE
LRI, AL, BUESER .

BRI == |BIE5FIHER,

chromatin

Chromatine Chromosome territories
domains
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=HEFHEBPLIGRAR

« RCEBMELINTA: SRIEIR{IZRAI RFluorescence in
situ hybridization (FISH), 2D-FISH, 3D-FISH

- REMMEASIEIR: BEEAEIET R LERRISREiR
F BRI AR A Al ERE g

b

= Chromosome Conformation Capture (3C) <«—

= Chromosome Conformation Capture on Chip (4C)

Job Dekker
UMASS

= Chromosome Conformation Capture Carbon Copy (5C)
= High-throughput Chromosome Conformation Capture (Hi-C)

= Chromatin Interaction Analysis by Paired-End Tag
sequencing (ChIA-PET): IIATRELTTERAK, £ESE
Eﬁ-@ﬂﬁ%ﬁﬂﬁéﬁ*ﬂi@—nw Dekker J, Rippe K, Dekker M, Kleckner N.

Capturing Chromosome Conformation. Science 2002
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BEEAR BNAZE  BARRE A

BE/NM LsHR = HECHBIFHiEiE

3¢ BRYER 1Mb ppcr BRI T2 BHIEEEH
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’ S EREFEFEFE B T
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ST LETF, & EHERERETHIINE
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-PET HW£IEE e 52 B1E B R EEMLE

@ PaTRRF
University of Chinese Academy of Sciences
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Chromosome Conformation Technologies
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Chromosome
territories
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e {faslag
etafiiEls, (Chromosome Territories) : 18 %%’%1_,@:%‘5
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Chromosome
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complex

Development 2016, 143 (6) :910




Chromosome Territories

Distinct 3D X-chromosome Gene-rich chromosomes in the
structures: more condensed Xi center: allowing more contacts
A ) R
| x .

Gene-rich human chromosome 19 (red)

Active and inactive X chromosomes (Xa, Xi) Gene-poor human chromosome 18 (green)

Genome Architecture: Domain Organization of
Interphase Chromosomes. Cell 2013
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The X chromosome in space. Nature Reviews Genetics 2017
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X=

XZ= (Compartments A/B) : RIEE{EENE, ‘*b@é’;‘léj =L
NETINTIA (RREBEEREERXE) , B (e

FAEFRIEEEX) . ABBXZEESR -%Mtﬂﬁmj 3,
EJ‘T EIHIEIAS NI LAETEEEZT,

Chromosome 1

GM12878
RPMI-8226
U266

PreC

PC3

MCF10A

W>0>O0>O0>P>O0>0>0>

MCF7

| I
50 100 150 200

O -

3D genome of multiple myeloma reveals spatial genome disorganization associated with
copy number variations. Nature Communications 2017
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ZeBBhEIR (Chromatin loop) : tHBAEJFRAREIE (interaction
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Ordinary domain
Loop domain \ Q ’

CTCEF is a transcription
CTCF anchor factor encoded by the
(arrowhead indicates :
motif orientation) CTCF gene and involved
in regulation of
chromatin architecture.

_\




Chromosome structure at multiple scales

Chromosome territories

A/B compartments

TADs

Loops

https://doi.org/10.1016/j.tibs.2019.03.001

100 kb 25 kb= Skb "
’__-——"“‘A o ’ >
_-"'“_— ,—"/ . /
’ . g ' o — Eod
S ' v e : w Y
_________ -
0 108 S 120 125 » 108 o8 m
Genomic position/maj p Genomic po: Genomic position/map
Trends in Biochemical Sciences
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Hierarchical genome organization
a b C d e

1 5 10 15 X OMb 181Mb 150Mb 175Mb 158Mb 165.1Mb 162.2Mb 165Mb

et " "-\ g
res. ~10ND O S 150000 res. 500k O s 4000

res. 10kb 0 w— 0 N res. Skb o — 35

genome chromosome compartments domains loops

1000Mb 100Mb 10Mb 1Mb 100kb 10kb

f g h

Compartment A (active)

Chromosomal territory

-’ 5'~ Chromatin loop

TAD

Inter-chromosomal space Compartment B (inactive)

Three-dimensional organization and dynamics of the genome. Cell Biol Toxicol. 2018
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TADs with histone modifications

nointeraction [ N interaction

active TAD
inactive TAD 1 “ inactive TAD 2
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Boundary
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Interactions X ‘ . h \
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https://doi.org/10.1016/j.9de.2015.11.009 Current Opinion in Genetics & Development
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TAD with cell differentiation and cancer

CHROMOSOME 1

5 Mbe 4hg19
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Regulation of gene transcription by Polycomb Three-dimensional disorganization of the cancer genome occurs coincident
proteins. Science Advances 2015 with long-range genetic and epigenetic alterations. Genome Research 2016
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Differential chromatin interactions
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Three-dimensional disorganization of the cancer genome occurs coincident with long-
range genetic and epigenetic alterations. Genome Research 2016
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Dynamics of chromosome interactions
In health and disease

Health Disease
Translocation A> 14 15176 7, ;,

t(8:12) A @*—“w‘%

Repositioning & Reorganization of NHCCs

Interchromosomal interactions: A genomic love story of kissing chromosomes. J Cell Biol 2019
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Chromosome conformation

Chromosome territories

TADs Chromatin loop
e i 5

Histone variants
Nucleosome Enhahicer

Protein
effector

L~
Repressed pS / \” F @

domain Active
proximal
promoter

5 mRNA

sestatetetetenas (methl sce, phcsphr..)
s-MethyIC ch island '\S-Rydroxymethylc

Regulation of gene transcription by Polycomb proteins. Science Advances 2015
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ENCODE

CH,
W O’\RNA polymerase
o B
518 DNase-seq WGBS Computational RNA-seq | | CLIP-seq
ChIA-PET | | FAIRE-seq RRBS predictions RIP-seq
Hi-C ATAC-seq methyl array
/ v \\ » Genes
: # R e
Long-range regulatory elements Promoters N N
(enhancers, repressors/silencers, insulators) Transcripts

https://www.encodeproject.org
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Roadmap Eplgenomlcs Project

'- .’ DNA methylation ‘
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e 2/ sites )
y Q )
¥
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Chromatin Histone
Modifications

The NIH Roadmap Epigenomics Mapping Consortium was launched with
the goal of producing a public resource of human epigenomic data to
catalyze basic biology and disease-oriented research.

http://www.roadmapepigenomics.org
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Single-cell epigenomics

Single-cell epigenomics is the study of epigenomics in
individual cells by single cell sequencing.

——— DNA accessibility

scNOME-seq
Transcription factor binding SCATAC-seq

TF binding interacts with DNA
methylation and chromatin accessibility

scDNAse-seq

Chromosome organization

scHIC

Transcription and RNA maturation

Histone modifications

Modifications can be active marks

(e.g.,H3K4me3 in green) or repressive TreCHipron

marks (e.g., H2K27m3 in red) SCRNA-seq

DNA modifications

Oc @ smc

§ 5hmC / 5fC / 5¢caC DNA modifications
i scBS-seq

Chromosome orgamzatmq - scAba-seq

Higher-order chromatin organization CLEVER-seq

into LADs and TADs

Histone modifications
scChIP-seq

Single-cell epigenomics: Recording the past and predicting the future. Science 2017
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Single-cell DNA Methylation

A T B m chr16: 46,385,812 - 46,419,987 (length: ~34 kb)
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Genetic sub-lineages
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Genetic sub-lineages: JINC | A0 = A1 A2 A3 A4 B0 B1

For patient CRCO01, we obtained 534 single cells (after quality control) from adjacent normal colon
(NC) tissue and 16 tumor regions, including the primary tumor (PT), the lymph node metastasis
(LN), the liver metastasis (ML), and a posttreatment liver metastasis (MP) after chemotherapy.

Single-cell multiomics sequencing and analyses of human colorectal cancer. Science 2018
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Single-cell HI-C

A compartment
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Hlgh expression
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Further Reading
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