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Single-cell sequencing

% % &) =¢~= @

/ / / /

Cell Type A

—— Cell Type B

B

Bulk sequencing Single-cell sequencing

[Shalek & Regev, 2016]

Carl Herrmann



Single-cell sequencing

i
. | b
Single-Cell Analysis —

NN %

Each cell type has a distinct
expression profile

Single-Cell input

Tissue

e [

Bulk Analysis

>

Bulk RNA input Average gene expression

from all cells

[10x genomics]

Carl Herrmann

Reveals heterogeneity

and subpopulation
expression variability of
thousands of cells

?

Cellular heterogeneity
masked
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Adrenal medulla

single-cell RNA-seq of
developping adrenal medulla

Lapsuie

Adrenal gland
Zona glomerulosa

—~Zona fasciculata | Cortex
— Zona reticularis

)/~ Medulla

HORMONES
Capsule
Zona ] ’( Q‘;;’ Mineralocorticoid
;lomerulosa{ : =< (aldosterone)
Glucocorticoids
Zona (e.g., cortisol)
fasciculata
and
Androgens
Zona (DHEA and
reticularis{ 5, androstenedione)
N
Preganglionic
Medulla

Medullary
vein

Carl Herrmann
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cycling Neuroblasts

Bridge

Chromaffin cells
connecting progenitor cells
cycling SCPs

late Chromaffin cells

late Neuroblasts

late SCPs

Neuroblasts

SCPs
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Tumor heterogeneity

non-malignant cells

uw
“

EEmgy
ll.....
[
L
L J
L J
L

Glioblastoma

ennnus®® mm AC-like TAM-BDM

MES-like W TAM-MG

B NPC-like DC
OPC-like mmm CD4/CDS8

B Oligo e B cell
OPC - Endothelial

B Mono Mural cell

IPMB
Carl Herrmann m% HEIDELBERG

ZUKUNFT
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Single-cell regulatory genomics

Transcription factor binding

TF binding interacts with DNA
methylation and chromatin accessibility

Transcription and RNA maturation

Histone modifications
Modifications can be active marks
(e.g.,H3K4me3 in green) or repressive
marks (e.g., H2K27m3 in red)

Y

DNA modifications
Oc @ smc

2 5hmC/5fC / 5caC

Chromosome organization

Higher-order chromatin organization
into LADs and TADs

Carl Herrmann

—— DNA accessibility
scNOME-seq
SCATAC-seq
scDNAse-seq
Chromosome organization
scHIC
Transcription
scRNA-seq
DNA modifications
scBS-seq
scAba-seq
CLEVER-seq
Histone modifications
scChlIP-seq

[Kelsey et al., Science (2017)]
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I Single-cell multi-omics

scRNA-seq

Carl Herrmann

C,

transfer learning

find best mapping

between cells from
different assays

scATAC-seq

Institut fir Pharmazie und
Molekulare Biotechnologie
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I Single-cell multi-omics

C,

scRNA-seq ScATAC-seq

Accessibility & expression
[Cao et al. 2018]

[Clark et al. 2017]

[scCAT (Liu et al. 2019)]

Carl Herrmann 2 | uNveRsiTAT
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single-cell Multiome: ATAC / Expression

scRNA-seq

scATAC-seq

Cell type

late SCPs

SCPs

cycling SCPs

Bridge

connecting progenitor cells
Chromaffin cells

late Chromaffin cells
Neuroblasts

cycling Neuroblasts

late Neuroblasts

cluster structure is slightly
different between scATAC and scRNA!

Carl Herrmann @%
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Single-cell multi-omics

Carl Herrmann

>

Ny

scMethyl-HiC (2019)
ORCA (2019) snm3C-seq (2019)

scCAT-seq (2019)
Combined ATAC-RNA-seq (2019)

Chromosome
conformation

Accessible
chromatin

f ﬂ Nucleosome

Nucleosome
occupancy

Ly

ngNA./

Gene
expression
RNA /é 5mC
polymerase
DNA methylation N
mRNA

DR-seq (2015)
G&T-seq (2015)

Perturbation "~

Antibody barcode

)
ZON
Ve

scTrio-seq (2016)
scMT-seq (2016)
snmCT-seq (2018)

scM&T-seq (2016)

i-CAR (2018 CITE-seq (2017 - . ifi i
scCOOL-seq (2017) | scNMT-seq (2018) g(;\IIAFiE-s(eq (22)19) ?:eq CITE seq: identification
scNOMe-seq (2017) ~SC 2 Paired-seq (2019) ECCITE-seq (2019) Of su rface proteins

+ scRNA-seq

scNMT-seq: identification
of DNA-methylation
+ accessible DNA

[Zhou et al., Nature Methods (2020)]
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I Gene regulatory networks (GRNs)
— Gene 1

® Transcription factors (TFs) can regulate multiple TF > Gene 2
genes >
Gene 3

® (Genes can be regulated through multiple
transcription factors

N Gene 4

® These TF — target interactions are cell type and
context specific!

® All interactions form a gene regulatory network
(GRN)

http://califano.c2b2.columbia.edu/modeling-cell-regulatory-networks

UNIVERSITAT
HEIDELBERG
ZUKUNFT
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I Gene regulatory networks (GRNSs)

T
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=i}
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http://califano.c2b2.columbia.edu/modeling-cell-regulatory-networks
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AR

N

Gene regulatory network controlling the mesenchymal signature

of high-grade glioma
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Context dependent GRNs

Effect of interferon
treatment on cells

IFNa/IFNB

L

IFNAR2 ‘ IFNAR1
i
|

{

[STAT1 ~ STAT2
STAT1

_(RFo SILAE

= =D =

p—— = - . -
 —
Repressors of
OAS, IRF1, inflammatory
MX1 CXCL9 pathways
MEIRGT  AESIGRGT NesiGRGT
Antiviral | Inflammatory
response | response

Carl Herrmann

Interferon leads to
rewiring of GRN

Z;
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KYNU

SRGN
CTS|

S100A11

STAT

UBC

CD14

LIMS1

<>

HLA-DRB1
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Computing TF activity

Target genes are lowly expressed Target genes are highly expressed
— transcription factor is lowly active — transcription factor is highly active

Transcription factor activity can be defined through the expression
of the target genes of a TF

This is a proxy for the protein activity (e.g. phosphorylation state of
the transcription factor)

Carl Herrmann
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Computing TF activity

ETS1 100
FOXO1
SOX5
NR2F2
Fetal adrenal medulla SOX10
SOX13
SOx2

ASCL1
Bl MEST
: b 3 ATF3
51 Late e é%"é?ﬁ
SCPs . R HES6
NFIL3
NFATC1 0
JUN
JUND
BHLHE40
CUX1
FOSL2
FOS
EGR1
EGR4

SOX11
ALX3
TFAP2B
GATA3
HIVEP3

Late
10 neuroblasts

8 &8 38 8

T ¥ Connecting
SCPs Bridge M progenitor
Chromaffin 2 cells

cellsy
§ Late > - R
=18 chromaﬁin%j‘
cells

SCPs
Bridge

Connecting progenitor cells ll

Late SCPs

$]
3
re]
e
5
@
4

Chromaffin cells
Late neuroblasts

Late chromaffin cells

Transcription factor activity highlights cell type specific transcription
factors @ master regulators

Carl Herrmann @%
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3. reconstructing gene regulatory

networks
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Reconstructing GRNs

’@ ITCEAA [ real binding site

B X%-C

W ‘@b | non accessible
' binding site

TTC@ AAA |_) non functional

binding site

@: ? "@ distal
) \A@ l TTCT AA |_) binding site

Carl Herrmann
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Protein DNA interactions

No base contact
[CYS, MET, TRP]

Amino acids Mode of Recognised
interaction base
Hydrogen bond
[ARG, LYS] Multiple-donor G/complex
[HIS] Multiple-donor (bifurcate) G
[SER] Multiple-donor (bifurcate) G
Acceptor+donor complex
[ASN, GLN] Acceptor+donor Alcomplex
[ASP, GLU] Multiple-acceptor complex
van der Waals contacts
[PHE, PRO| Ring-stacking AT
[THR] Methyl contact T
|GLY., ALA, VAL, many (non-
LEU, ISO, TYR] specific)

[Luscombe et al., NAR (2001)]

Carl Herrmann

majority of protein-DNA interactions for TF
occur through a alpha-helix fitting into the
major groove (=DNA binding domain)

hydrogen bonds with specific bases

stabilization of the protein-DNA complex is
ensured by additional structures (helix,
beta-sheet) via van der Walls interactions

C { \,_ i ‘( -t
» L g
Asn/Gin \ R i \ \F Arg.(\ N
~ Y ™1 Y Y
)’ W & )’ v Y ), “

Guanine -

L —

[Cheng et al., JMB (2003)]
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I Structural family: Zinc coordinating

Cys2His2 Fold (“Zinc finger”)
— one of the most common family
of transcription factors in mammalians

Finger 1

- ' Finger3 Logo for MA0162.1

Egr1/Zif268

bits

cysteine

1 2 3 8

o 10 11
= R Ay e

S

LA A X
T T
es PRSI Ay

Finger 1 Finger2 Finger 3

histidine

Carl Herrmann
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Transcription factors

CATGGACTC

CATGGAGTC
CACGTGGACTC

Carl Herrmann
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Identification of binding sites using
ChiP-seq

1. Binding with transcription factor specific antibody

2. Sonication or fragmentation of the chromatin

Carl Herrmann



Identification of binding sites using
ChlIP-seq

Carl Herrmann

3. Pull-down

4. DNA purification

5. Sequencing

ggagtgctggcacagtctttggggaagtctctcgacaaactttctggacaaact
cagtgattgccagagaggcaggcatttcattgcacaattaagatgctgacaact
ctgtctttggacaggggactcagataaacagagaactccgecttctetgecact
actaaagttatttttggaatgtgggagagtaaaacaaattgtttttgcctcttt
ccttgeccatcctctgegatctggetccgaggactectecacagtagteteatt
gaagacagttggaaatgaataaaacaatcacttagaggtgctgagggccaaat
ggcctgaatggtagtgtggcagggtaagggtcatggggacctggtcacaccatt
tgttctagtagcccactaggggcctattggtccaagttcagtagttttatgati
tcctgtccatttacacaccttgcagagcagcgggaaggaacaaactgacctatt
aagttctaaggtcactttaaataactgaatctaatccttatttatggaggaact
gtgataagacaagcgtcactcccgecagecccacctgcagecctgecccgaact
attcacaggaaacttgtcttggaataagtgtaattgtgcctgggaaactatat:
ccgctgacataggtggecttgctaatgctgattaaatgtccagaacttctaac:
ttcctcttgcttgtagaaagtggatattttgccaattctgacatgtatacaace
ctctgggattcccagctgaggetctegeactcccgggtettgttttecctaac:
gagaacagccagagacaaggctagaagcagggagtccagttagatggtggceate
ggacttctggcttccctccagaagtcagaagttcaggcaatgcagggcaaaatt
taggagtcaaaaggtctgtatcctagcctggaatctccgtccatgtcctcaagi
ggttttaccacttgagaagtaattgggggattgtccattcttagatatttaati
gtctataccagattttttcagtcagtctcatttggctgtgctcagcetacacate
agtttcataatcagagtgacggtggagacagccaagctgacaccttccctgact
tcaaaggtcaataatagtgtcatgcatcacaagtcccttctcatgcectcacagi
ataaagtgacctagaccctggagaaaaaacgggggagagtcagcaactgattti
gagaaaaacaaaggaatgattctatctgtgctgaattggctaattcattgactt
tccaaagttgctagggctctaaaaggctctctctcacctccagectgectcatt
aagtctgtccgg ctgt aaga tgacttcagaci
catttcagatgcattaaagcgaaaatgctgcattatcagagagcccggcacac:
aatacccctcccttcccatctgccacacaaatcagagccactaatgaatatac:
tgtcagtacttctggtgcactgggacttccagctgcccacaccggeatgectti

Institut fir Pharmazie und
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I ChlIP-seq sequences

ChlIP-seq:

real binding site is hidden
in much longer sequence

Carl Herrmann

ggagtgctggcacagtctttggggaagtctctcgacaaactttctggacaaacs
cagtgattgccagagaggcaggcatttcattgcacaattaagatgctgacaacs
ctgtctttggacaggggactcagataaacagagaactccgccttctctgcecacs
actaaagttatttttggaatgtgggagagtaaaacaaattgtttttgcctcttt
ccttgcccatcctectgegatctggetccgaggactcctccacagtagtctceatt
gaagacagttggaaatgaataaaacaatcacttagaggtgctgagggccaaaty
ggcctgaatggtagtgtggcagggtaagggtcatggggacctggtcacaccatt
tgttctagtagcccactaggggcctattggtccaagttcagtagttttatgatt
tcctgtccatttacacaccttgcagagcagcgggaaggaacaaactgacctatt
aagttctaaggtcactttaaataactgaatctaatccttatttatggaggaact
gtgataagacaagcgtcactcccgccageccccacctgecageccctgecccgaacs
attcacaggaaacttgtcttggaataagtgtaattgtgcctgggaaactatat:
ccgctgacataggtggccttgctaatgctgattaaatgtccagaacttctaac:
ttcctcttgcttgtagaaagtggatattttgccaattctgacatgtatacaac:
ctctgggattcccagctgaggctctcgcactcccgggtcettgttttccctaac:
gagaacagccagagacaaggctagaagcagggagtccagttagatggtggcaty
ggacttctggcttccctccagaagtcagaagttcaggcaatgcagggcaaaatt
taggagtcaaaaggtctgtatcctagcctggaatctccgtccatgtcctcaagt
ggttttaccacttgagaagtaattgggggattgtccattcttagatatttaatt
gtctataccagattttttcagtcagtctcatttggctgtgctcagctacacaty
agtttcataatcagagtgacggtggagacagccaagctgacaccttccctgacs
tcaaaggtcaataatagtgtcatgcatcacaagtcccttctcatgcctcacagt
ataaagtgacctagaccctggagaaaaaacgggggagagtcagcaactgatttt
gagaaaaacaaaggaatgattctatctgtgctgaattggctaattcattgactt
tccaaagttgctagggctctaaaaggctctctctcacctccagectgectcatt
aagtctgtccggaaaacctgtgaggggcaagaggggaaagagtgacttcagact
catttcagatgcattaaagcgaaaatgctgcattatcagagagcccggcacac:
aatacccctcccttcccatctgccacacaaatcagagccactaatgaatatac:
tgtcagtacttctggtgcactgggacttccagctgcccacaccggcatgecttt

Institut fir Pharmazie und
Molekulare Biotechnologie




Different sources

Detailed information of matrix profile MA0001.1

# Home - Matrix>MAOOOL1

Profile summary

Sequence logo

& Download SVG

ChrtaaAl

Name: AGL3
Matrix ID: MAOOL.1 "
Class: MADS box factors 5
Family: MADS &
Collection: CORE
Taxon: Plants
Species: o* LY TR i
Data Type: : SELEX Y Frequency matrix
*
Validation: e, T _g®
amnns® Al 0 3 79

Uniprot ID: P29383

cl 9 75 4
Pazar TF:

Gl 1 0 3
TFBSshape ID: 10

T 2 19 n

Trencyclopedia IDs:

0 £ B T e

40 66 48 65 1 65 0 1
3 1 2 5 2 3 3 1
4 1 0 5 3 28 88 1
50 29 47 2 81 1 6 1

L —

Sequences for model MA0001.1

Site
acaaCCATATATAGtagccactgaat
ccaccCCATATATAGtagtgcgggtggtyg
CCATAAATAGataggcagactgtcgectgt
gtaaacataCCATAAATAGga
ttcaagaaactgCCATAAATAGcgat

tagaggtttttgtgCCATAAATAGgE

CCATAA atatcgggatga
ttgccattaatagattataCCATATATGG
tatcaacaacgataccaacCCATATATGG
tttCCAAATATAGaaggtgtggaaag
tCCAAATATAGtaaaatcgagtcgcggat
gactggggcCCAAATATAGcatgttc
atcattagcttttacttaCCATAAATGG
attcttttgCCATAAATGGtaactcg
CCATAAATGGcaagtctgtcgaataacgg
cCCATAAATGGcagggtattagcacg
CCAAAAATAGatatgtgtcgtaacagett
CCAAAAATAGggggacaatggaagtgggg
CCAAAAMATAGgccagacgtgtttacaacg
CCAAAAMATAGttaaataatgtcatacatt
ctacaccttCCAAAAATAGtaatct
ttgCCAAATATGGggttagagtgttc
gtctttaCCAAAAATGGtgatcctgt
ttgCCAAAAATGGagcgtttaccaat

atccaCCl aagtt:

ggagg

Occurences
1

1
1
1
1
1

1

1

1

1 B

1

1

1

1

1

1
1

J—

ChlP-seq: real binding
site is hidden in much

longer sequence

— |ower resolution

Detailed information of matrix profile MA0035.3

72

# Home - Matrix> MAD035.3

Profile summary

Sequence logo

& Download SVG

Name: Gatal
Matrix ID: MA0035.3 .
Class: Other C4 zin finger-type factors ”
Family: GATA-type zinc fingers
Collection: CORE
Taxon: Vertebrates
PR LEL T
Species: ® Mus musculus™ ¥ o
.
» .
DataType: g ChiP-seq ’. Frequency matrix
Y *
Validation: Tamamn®
Al 2035 506 0 17955 0 0 266 2502 1886 ]
Uniprot ID: P17679
Cl 4321 6406 14869 0 0 0 17955 0 6l66 50712 ]
Pazar TF: TF0000022
G[ 2530 2192 437 0 0 0 0 0 6687 1508 ]
TFBSshape ID: 258
TL 9069 8251 2649 17955 o 17955 o 15789 2600 9399 1
TrencyclopediaiDs: 187
Sequences for model MA0035.3
Site Occurences
atcattttctttattatctttttgtoctttttgtatgtgeggtg! ttttte 1
ta tcttgg tgcag 1
ttttaactttt ttctg taggta tgtgtgttoctececl
tt t ttttctgetgtgaactaggt t tggcttctggtgttttacccatatctaagatagl
tca tgtgtgag g tg aaaagal
agttecct tgagttctgctttcttatctg + |
t t gatl
tttga tcaccatagtggttggetgtggecl
" " + tttactaaat + tgl
tgaatt tctatccat 1
t ttat tcat tgtgl
gt tgtat gt gga agg atcaactat t 1
gtgtage ttggctcatg: tgaaagttatg tatt t 1
tet tt t t tg t tatgttttctattgctal
t tgtcal t tttcctotg tgagal
tgcgt: t taattgt t 1
taaactaggt t tctett aal
atccgttgag tg tg t t tgcecl
aataacaccttactgtggtcagtatttattgtct g tgetl
ttactctgtts gagttaaaa 1
ta ata tot 1
agg ttcctgctcggtacctag tETTCT tctg t tcttctotl
tatt tttgl
atctctactctacagat taggttaag ttgcaat tattaattcttcgal
agc tgtagat tatct ttcat: ttagl
a t gctcagl

L —
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*
Carl Herrmann .‘
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Predicting binding sites in sequences

~UAsAAUATAA

al 0.55
c| 0.08
gl 0.15
t| 0.22
T

p(S|M) = 0.2
= 4.5e-6

Carl Herrmann

0.02
0.02
0.88
0.08

G

0.95
0.02
0.02
0.02

A

0.02
0.48
0.02
0.48

C

2 * 0.88 * 0.95 * 0.

0.95 0.95 0.02 0.95 0.02 0.88 0.75
0.02 0.02 0.02 0.02 0.22 0.08 0.02
0.02 0.02 0.95 0.02 0.02 0.02 0.22
0.02 0.02 0.02 0.02 0.75 0.02 0.02

A C G A C C G

48 * 0.95 * 0.02 * 0.95 * 0.95 * 0.22 * 0.08 * 0.22
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I Predicting binding sites in sequences

-G TAA
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rrrrrrrrrrrr



75

Predicting TFBS on real sequences

Scale 588 kb | mm3
chri: 9,588, 008| 9,608, 808| 9,708, 008| 9,500, 000| 9,998, 808| 18,008, 008| 19,1088, 008| 198,200, 808| 18,308, 008| 18,408, 008| 18,508, 604|
TFBES matr ixscan
Matr ixscan o LI A A 1 U TR RN B LI O 1 | Y O AL L L UL (L O R L RA UL
SWEMBL HNF4a R=8,0801
I Y T 81 | Ik 1] (I I | . I= 1 kA | | | |1 | | |
| 11 | | | [ | | | | | | | | | |3 | | |
i 1] | i1 11 | | | | | | | | |
/| |5l | | |
| (|
| |
II |
UCSC Genes (RefSeq, GenBank, tRNAsS & Comparative Genomics)
Rrsi ) Mub 11 fHHHHH SGKS pessserto - Snha6 s Lrrce7 bd Csppt Hebdbdiebl  Arfoeft bR Cpat e + {H--
fAchfel HitHH-) AKB31519 m SGK3 b - Lrrc67 fedtdtite  Csppt pothib-fi-Hi-H-bH CpRab e+ ¥ e 4
Adhfel HiH- Vepipl pe—df SR b o e B LIrrCB7 kb AK134369
AANFEl HEeH-H AKBOBE6 07 b0 SEK3 r=—tHHH- CopsS j4H Arfoefl kg
261 B203C22R i K M-t SQKS rrsrrtisrrrssrtefo b copss §
261 8203C22R i K Fteed SKS == HHH- Csppl b
3110035E14R 1K f4-b-Hh 60638422M02R ik HH Csppi
60630422M02R ik HHH-HH Csppi trb BB
ShordsT | Csppl 1
csppi
Csppi
AKBTEI31 1
2l = Flacental Mammal Basewise Conserwvation by FhuloF
1ammal Cons @ —» 4. vie o v—ann Al Jkdidns L = F ORI W | Lt smadn i RS E A gt R AR WA M S R A 0G0 IO ) W B G, L) S 4 TR

Predicting HNF4a on a 1 Mb portion of Mouse chromosome 1
259 predicted TFBS using the TFBS motif

72 real binding events HNF4a ChIP-seq peaks (red)

— Many false positives / false negatives

IPMB
Carl Herrmann
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HEIDELBERG
ZUKUNFT
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Improving TFBS predictions

TFBS prediction suffers from a high degree of false-positive
and false-negative predictions

by TFs in vitro. In fact the methods do detect potential
binding sites, albeit not necessarily those of functional
importance. By most accounts, the three orders of
magnitude difference between true and false predic-
tions is intolerable, resulting in what we choose to term
the ruTiLITY THEOREM — that essentially all predicted
TFBSs will have no functional role. Fortunately, there
are biologically motivated approaches to overcome this
1000-fold excess of false predictions.

[Wasserman & Sandelin, Nat.Rev.Gen (2004)]
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Problem of sequence-only predictions

I 9,766, 068| 9,758, aoe|
® Large number of false-positive/ orediciions o P
. real binding 0 o "
false-negative o
the sequence looks like a binding — —
site, but the TF is not binding! — —~— —

- AlTelacelx

ACTTGCACAAT

- odol ok, dea) £, Ze8 3081 - lr7p. popl|5|o1e] ebo] = ad, ded] & ek, $o8 ool sVBoa] ool 3ded dodi b heb S
* Cellular/tissue-context not Why is CEBPE™= = L L ET S
= . ] ' A ‘ il
taken into account binding in RSNttt e et
1 . . . Some ' ] Ksse CEEFE 120 TARGCNTP-S2q S TkAT Fro ENCODE/SVER
a TF m Ig ht bl nd In One t|Ssue, but Cel/_llnes and___ T . Redd GEerE To6raR foRTPosa smo?n_eﬁcfﬁifs“vﬁr“‘

Hel 3-S5 CEBFE 1gG-rap ChiF-seq Sf§enal from ENCODE/SYDH

not in another (but the sequence ~ Motinothers? . . . o deid e
is the same...) —

Can we reduce/optimize the search
space for regulatory elements?

Carl Herrmann @%
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Phylogenetic footprinting

® Tagle et al. (1988) : study of the
promoter of globin genes in
vertebrates identifies conserved
regulatory elements

Phylogenetic footprinting

The pattern of murtations that have occurred during
evolution is an excellent indicator of functional constraints.
Genomes continually undergo mutations, but the outcome
of each mutation depends on its phenotypic effect
Mutations that are deleterious are generally eliminated by
natural selection, wherecas mutations that have no pheno-
typic effect (ncutral mutations) or that are only slightly
deleterious can be randomly fixed in the population
(genetc drift). The consequence of this i1s that mutations
accumulate much faster at nonfuncrional DNA bases than
at functionally constrained base positions. Hence, if one
detects a_sequence that has remained highly conserved
during evolution, then it probably means that this

sequence 1s funcuonal (but the reverse proposal is not true:

a sequence can be functional albeit nonconserved). Tagle
et al. [31) proposed the term ‘phylogenetic footprinting’
to describe the phylogenetic comparisons that reveal
onal elements in homologous

5'UTR ATG stopcodon 3'UTR

| T INTONS; m— V

protein-coding regions:
promoter enhancer regulatory elements: @ mRNA zipcode

polyA site shvlogenetic footprinting is

th shows the comparison of
. This comparison shows that
irs) of divergence (450 Myrs

similarity scale: ete elements in noncoding
[ no significant similarity X
5] 60-70% identity 'conscr\cd. Indeed, (hc.se
87 70-80% identity zions correspond to essential
BE 80-90% identity involved in transcription and
44000 bp i (Fig. 1). Thus, the simple
| \quences can reveal essential
transcription
altenuator -

< 1997 Current Opinion n Structural Biology

[Tagle et al., J.M.B. (1988)]

Carl Herrmann

M

[Duret & Bucher, Curr.OIpI.:Sbtdr.Igiol. (1997)]
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Phylogenetic footprinting

® Starting point : alignment of 2
orthologous regions
(e.g. promoter of orthologous genes)

® Compute the conservation inside a
sliding window (number of conserved
positions divided by length)

® TFBS search using PWM (fixed
threshold)

® Only TFBS inside highly conserved
regions are retained !

@® Choice of organisms to be compared is
crucial !

Carl Herrmann

. TTGCAGAATGCATACC
conservation =6/ 16 || | | | |

=37.5%
ATTCGATTCGAAGATC
human

mouse

ACGGATCGGATTAGCA
|| | || | | ||||| conservation =12 /16

— 0,
ACCGATTGCAATAGCA = 75%

Search Space I I I
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Deeply conserved non-coding elements

a 200+ bp

aR O A M A 0
Ultra-conserved I o LT 1T 11 RN B
elements ~450 million _e [ R AN T
perfect conservation years I [T T L T

over 200 bp o 0 T R

T
petween fuman and "= | - 1

mouse/rat e T

GATGAACCACCATTCTGGTTTCCTGATGCAGCCAAGATAGTTTTACATT TTCTATGCCTTTGCCATTTGGTCTGTGTAGTGTCAGCTTCGAGTGCTACTGA
GATGAACCACCATTCTGGTTTCCTGATGCAGCCAAGATAGTTTTACATT TTCTATGCCTTTGCCATTTGGTCTGTGTAGTCTCAGCTTCGAGTGCTACTGA
GATGAACCACCATTCTGGTTTCCTGATGCAGCCAAGATAGTTTTACATT TTCTATGCCTTTGCCATTTGGTCTGTGTAGTGTCAGCTTCGAGTGCTACTGA
GATGAACCACCATTCTGGTTTCCTGATGCAGCCAAGATAGTTTTACATT TTCTATGCCTTTGCCATTTGGTCTGTGTAGTCTCAGCTTCGAGTGCTACTGA
GATGAACCACCATTCTGGTTeCCTGATGCAGCCAAGATAGTTTTACATT TTCTATGCCTTTGCCATTTGGTCTGTGTAGTGTCAGCTTCGAGTGCTACTGA

GATGAACCACCATTCTGGTTSCCTGATGCAGCCAAGATAGTTT GACATT TTCTATGCCTTTGCCATTTGGTCTGTG

GATGAACCACCATTCTGGTTTCCTGATGCAGCCANGATAGTTTTACATT TTCTATRECCTTTGCCATTTGGTCTGTGTAGTGTCAGCT.CGAGTGCTACTGA
GATGAACEACCATTCTGGT T SCCTGATGCAGCCANGATAGTRERACAT T TTCTATGCCTTTIVACATTTGGTC TGTGT EGTGTCAGCTTCGARERCTACTGA |

Deep conservation

among other
vertebrates

Random integration ¢ Ectopic activity * Low reproducibility * Low transgenic rate (~12%)
Forebrain enhancer Limb enhancer
Enhancer @ LacZ reporter » 3 ]
| SN E
> -
Rand icl . .
andomgenomic focus b1 b2 mbs3 Embl  Emb2 Embs3

Cas9-assisted site-directed integration - ‘ * No ectopic activity * High reproducibility ¢ High transgenic rate (~50%)

Forebrain enhancer Limb enhancer
@B Enhancer g LacZ reporter \
- - e 6 6 |
: - b“ ‘1

f 3’ }
Cas +sgRNA 7
asI+sg Emb1 Emb2 Emb3 Emb1 Emb2

[Snetkova, I&E:tg%'vﬁ
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Important chromatin components

Some chromatin features are associated with open/accessible regions

Methylation of histone 3 Lysine 4 (H3K4me1)

acetylation of histone 3 Lysine (H3K9ac, H3K27ac,...)
Presence of Pol Il binding at active enhancers

Presence of modified form of H3 — H3.3

DNA accessibility (DNAse hypersensitive sites; ATAC-seq)

Developmental @ m @ /Z .
—> ‘}/ %o
Stages Embryo —> Larva—> Pupae 1 OR os
RNAPolymerase, R < Transcription / Adult Cell lines
1% Start Site Chromatin &
\ Histone Binding
Rephcanon Nucleosome ~Proteins
p physical & \ Transcription ucleus
R pre-Replicative properties Factors
Intron Complex hromosomes
Histone
Extract | 3 RNA tails Histone (
RNA ¢ B Modifications §
igi i s & Variants
\Long RNA Short RNA O”Q'T”m"":ﬁgp'”g o Nucleosomes <
mRNA  miRNA 7 8 Salt : w( ,h
hnRNA  piRNA 3'“9’ enFlaI Fractionation| | Chl:ma.t"." &»'«' ﬁé’ <% Chromatin
eplication mmunoPrecipitation
ncRNA siRN (ChlIP)
etc etc Mi -Generale Antlbodles
i@ GW(\rwr or Tagged Lines
Transcrlptlon/Spllcing Replication Epigenetics Transcription Reqgulation
R
IPMB
G . .% UNIVERSITAT
Carl Herrmann HEIDELBERG
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Motifs are not always binding events

® Compare in-silico TFBS to in-vivo binding event using ChIP data
® some bona fide motifs are not bound in-vivo : why ?

e example in Drosophila : heat-shock factor (HSF)

© 464 ChIP peaks containing a HSF-motif (p < 0.001) ;J in vitro c
© 708 unbound motifs (with p < 5e-6) nné AAg;EIT TA AAﬁ

] ] | ] | ] | | ] ] ] ] | ] ]
H3 H3.3 H3K4me3 H3K9ac H3K18ac HSF-bound

I —All Motifs

L —Within Promoters
—\Within RefGenes

| —Intergenic Bound sites have:
, ! A ¥ | HSF-free - high levels of lysine
Al Motis acetylation
H3K27ac Tetra-Ac H4 GAF BEAF RNApolll H3K27me3 y

* high levels of polll binding

* low levels of H3K27me3
(repressive mark related to
polycomb repression)

log, ChlP-chip Signal

COoO0o 22NN OO0 22N
Mmoo o Lo vmo v o
I N T T N SN N T B

-5000 0 5000 -50000 5000 -50000 5000 -50000 5000 -50000 5000 -50000 5000
Position Relative to Motif Center

[Guertin et al., PLb8 Bdh. (2016)]
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Histone code

Interpretation

H3K9me3 mark of closed heterochromatin

H3K27me3 polycomb associated mark — repressed chromatin

i UNIVERSITAT
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Histone code

IMRS0 H3K4me3 g

20 _
IMR90 H3K36me3

IMRO0 H3K8me3

20
IMRS0 H3K27me3

M‘
active marks mostly  strong activating marks repressive marks
mostly H3K4me3 H3K36me3 mostly H3K27ac H3K27me3

Histone modifications appear to occur in specific combinations
related to functional impact & combinatorial chromatin states

How can we define/annotate these chromatin states ?
— Hidden Markov model

Carl Herrmann EN




I Chromatin states
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Scale 28 kb} | ha19
chr4: | 174,290, a60| 174,295, aaa| 174,300, 000| 174,305, 008 174,310, 608| 174,315, aaa| 174,320, 600| 174,330, 008| 174,335, 009, 174,340, 600| 174,345, aaa| 174,359,088
CpG Islands (Islands < 388 Bases are Light Green)
CpG Islands
38 _ Brain Inferior Temporal Lobe H3K27ac Histone Modification by Chip-seq Signal from REMC/Broad (HOTSPOT_SCORE=8.255 Fcnt=S@
BITL H3K27ac 149
s oy Ak R
30 _ Brain Inferior Temporal Loke H3K27me3 Histone Modification by Chip-seq Sighal from REMC/Broad (HOTSFOT_SCORE=#8.1186 Fcnt=S
BITL H3K27me3 149
0 e prom Aa — e a r— A A a — i e i il Ads o e
38 _ Brain Inferior Temporal Lobe H3K36me3 Histone Modification by Chip-sSed Sighal from REMC/Broad (HOTSPOT_SCORE=8,21456 Pcnt=4
BITL H3K3Bme3 149
LI W Gy ¥ i P wm
30 _ Brain Inferior Temporal Lobe H3K4mel Histone Modification by Chip-sed Sighal from REMC/Broad (HOTSPOT_SCORE=6.232 Fcht=23
BITL H3K4mel 149
1 Jy ' o,
38 _ Brain Inferior Temporal Lobe H3K4me3 Histone Modification by Chip-sedq Signhal from REMC/Broad (HOTSFOT_SCORE=#8.34 )
BITL H3K4me3 149
8 _ ey alnan - P
38 _ Brain Inferior Temporal Loke H3K9me3 Signal from REMC/Broad (Hotspot_Score=8,8316 Fcnt=27)
BITL H3KSme3 12
[ S a—— s, P il PPV g PP . P YRy SR 3 a ta ol onn. i Bt i Bin PP S R 9 — -l b
Brain_Inferior_Temporal_Loke Chromatin State Segmentation by HMM from Roadmap
22_Quiest 3_TsEA 4_Quies3 _TxkK | 4_Tsswk @l 14_Enh [l 4_Tssuk |l S_Txik I
12_Enhik2 | Tssuk || 11_Enhik1 | 9_TXEnhG1 S_TssDi | 13_EnhA I 3_TssA |l 4_0Qu
_Quiest 4_TssMK || 11_Enhkk1 | 0 4_TssMK |
4_TssMWk | S_TxWk I 2_TssF |1 14_Enh [l 1_Enhiki
6_TssDz i 24_0Quie a_TxEnhG1 24_ouiesp
11_EnhuWkl 3_TssA @ 14_Enh — S_Tx
6_Tsso2 2_TssF @ 2
11_Enhiki 13_EnhA I
24_Quiesd 14_Enh [l
4_Tss! 24_0ui
PR Ranas Racad An RPaffan. 1hMiPratr . fanRanlk  ACENS and Camnarat ive Genomics
g
4o Emissions
Mammal Cons 1 Tss o i de
i " x A " A
2_TssFin e r
O e—— 3_TssFink T ———— .
4 _TssFink
5_Tx

Active Transcription

Start Site

= H3K4me3 + H3K27ac

Carl Herrmann

Active Enhancer 1
Active Enhancer 2
Weak Enhancer

Weak Repressed PolyComb

QuiescentiLow

Active Enhancer

= H3K4me1 + H3K27ac
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I Chromatin states

BITL

BITL

BITL

BITL

BITL

BITL

BITL
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Scale 28 kbl { heig
chra: | 174,425, 098] 174,430, 008| 174,435, 008| 174,448, 008| 174,445, 80¢| 174,458, 004| 74,455, 008| 174,468, 808| 174,465, 898| 174,478, 008| 174,475, 008| 174,450, 004|
CpG Islands (Islands < 388 Bases are Light Green)
CpG Islands | | | | | | | D
38 _ Brain Inferior Temporal Lobe H3K27ac Histone Modification by Chip-seq Signhal from REMC/Broad (HOTSPOT_SCORE=8,258 Pcnt=58)
H3K27ac 149
Lo Pty P Ahad o el ey Y a ot = e P i e a
38 _ Brain Inferior Temporal Lobe H3K27me3 Histone Modification by Chip-seq Signal from REMC/Broad (HOTSPOT_SCORE=8.8957 Fcnt=22)

H3K27me3 112

e
30 _ Brain Inferior Temporal Li

H3K36me3 12

be H3K36me3 Sighal frol

REMC /Broad (Hotspot_Score=8,1594 Pont=31)

0 |l . o PV P . B it anh oo e e e ol it Sesn il -
38 _ Brain Inferior Temporal Lobe H3K4mel Signal frof REMC/Broad (Hotspot_Score=8,234 Font=29)
H3K4mel 12
o
38 _ Brain Inferior Temporal Lobe H3K4me3 Signal from REMC/Broad (Hotspot_Score=8,2353684 Fcht=24)
H3K4me3 12
8 _
38 _ Brain Inferior Temporal Lobe H3K9ac Signal fromf REMC/Broad (Hotspot_Score=8.,232 Pcht=64)
H3K9ac 12
O - wnAfle nlne oAl . Aa. ad _an b dhe b d a st Alna S o ik P SE— -
b Brain Inferior Temporal Lobe H3KSme3 Histéne Modification by Chip

H3KSme3 149

Bl
Brain_Inferior_Temporal_Lobe Chromatin St.
16_ReprPCHEK 1S_EnhP 1S_Enh 1_TssP
17_ReprfFC 17_ReprfFC 1_TssP R 1S_EnhF
4 Teor mm 1 Tecr mm 17_ReprFC -
17_ReprFC

Emissions B

N ——
)-seq Signal from REMC/Broad (HOTSFOT_SCORE=#8.1167 Fcht=S5S)

te Segmentation by HMM from Roadmap
1_TssP R

17_ReprfFC 22_Quiesi
15_EnhF 16_ReprPCHK
17_ReprrC
16_ReprPCHkK

15_KIK27mes
17 _ReprfFC

UniFrot, Genb

ND 1286381 B

ank, CCDS anhd Comparative Genomics

1 Tss UCSC Gehes Based
2 _TssFin
3_TssFink
4 _TssFink
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Weak Repressed PolyComb

QuiescentiLow
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Roadmap chromatin segmentation in different

human adult tissues

E108 Skeletal Muscle F

E107 Skeletal Muscle b

E108 Skeletal Muscle F

E107 Skeletal Muscle b

E120 HSMM Skeletal h

E120 HSMM Skeletal h |
E120 HSMM Skeletal h I I
E121 HSMM cell deriv'
E121 HSMM cell denvq
E121 HSMM cell derive I
E100 Psoas Muscle AU ll

E100 Psoas Muscle Im

E100 Psoas Muscle Pri

E097 Ovary ImputedHh

EQ97 Ovary PrimaryHN

E097 Ovary AuxiliaryH'

E126 NHDF-Ad Adult C |
E126 NHDF-Ad Adult C |

[ [}
E126 NHDF-Ad Adult C | -
[

S

E127 NHEK-Epidermal

E127 NHEK-Epidermal |
E127 NHEK-Epidermal

E113 Spleen Auxiliaryl—.

E113 Spleen ImputedH

E113 Spleen PrimaryH|

E065 Aorta anaryHNq |

E085 Aorta ImputedHNM

EO065 Aorta AuxiliaryHN | |

E112 Thymus Primaryr

E112 Thymus Auxiliary "
E112 Thymus Imputedt

RefSeq genes HOXA1EH HOXA4M  HOXAsKE HOXASE) HOXA11E4 HOTTIPE-m
HOXA1= HOXA-AS3B->->-->- MIR196B! HOXA138
HOTAIRM1B-H HOXASK) HOXA-AS484
HOTAIRM15-3 HOXA-AS3H- >N HOXA10E~+44
HOXA2H HOXA7E} HOXA108)
HOXASEHH———x< HOXA10-HOXASEHA44444
HOXAZ~ HOXA11-ASEA

Some states correspond to regulatory

16_Repr
Weak Repressed PolyComb 17 _ReprPCW

15_EnhBi

18 _Quies

regions (active and poised enhancers) QuiescentiLow
— motif search can be restricted to
these regions
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EpiLogos

il

|
lml!'-!l-'l!_ . i) Irl-l,ll

chr7: 5,000,000 chr7: 5,200,000 chr7: 5,400,000 chr7: 5,600,000 chr7: 5,800,000 chr7: 6,000,000
I I

[W. Meuleman] https://epilogos.altius.org

\P5Z1 RBAK OR10AH1P WIPI2 SLC29A4 AC092171.2 FSCN OCM cCcCz1 AIMP2
i e R R W ot ' e b

4 4 HiH H-H— " X " <+ H— NAEREWAD
NIR4656 RADIL MMD2 AC092032.1 ZNF890P TNRC18 FBXL18 ACTB RNF216 RN7SL556P PMS2 El
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I Conclusions

Transcription regulation is a complex process with an interplay of
multiple components

Transcription factors play a central role, usually in combination
with other TF inside enhancers

Tissue / context specificity of the activity of regulatory elements is
given by the cell-specific chromatin state: open/accessible or
closed/compact

Many data types available to build integrative models of
regulatory activity

Single-cell genomics is becoming the new challenge in regulatory
genomics
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