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a Target gene

Target gene

Target gene

Activator-dependent recruitment

- Target gene

Promoter clearance

Target gene

.
T
Release from promoter-
proximal pausing

Nature Reviews | Genetics

(Weake and Workman (2010) Nat Rev Gen)



TFIIB Downstream
recognition Initiator core promoter
element TATA box element element

= gmcccc-unu-vnnwv- RGHFCGTG

=25 +1 +30
/L’ »)
¥ [ ..
Regulatory Core Transcription

promoter promoter start site



ONOORA N =~

Chromatin opening
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Recycling
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a Open promoter: constitutive
-1 Nucleosome +1 Nucleosome

CH2AZ o H2AZ | ,

Positioned NDR Strongly ‘Statistically’
Poly (dA:dT)  positioned positioned
often TATA-less

b Covered promoter: regulated

i Step 1
¢ regulated binding

Step 2:
remodelling and
additional binding

TATA-containing
variable placement
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A H3K4me3

NELF = Negative ELongation Factor

- developmental genes are under
strict control

- the chromatin is open at these
promoters and Polll can bind

- Polll is stalled, however, but can
be released easily (by removing
NELF), and transcription can
commence



NELF = Negative ELongation Factor

(Weake and Workman (2010) Nat Rev Gen)
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(Ferenc Mdller)



But is there really a “typical” core promoter?
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Cap-analysis gene
expression (CAGE) —
identifies the 5’ end of
the mRNAs

(Ferenc Mdller)
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Align to Maternal start site:
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Check DNA sequence:

Maternal TSS

-500 -250 +1 250 500
Position relative to maternal dominant TSS (bp)

Vanja Haberle, Yavr Hadzhiev, Nan Li, BOris Lenhard



~ Co-regulator

Enhancer region Proximal sites
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GTF = General Transcription Factors



1. - DNase footprinting
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3. - Chromatin immunoprecipitation (ChiP)

(http://bioweb.wku.edu/courses/biol350/Transcriptome17/Review.html)




Treat chromatin with DNase |
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qPCR detection
with primers
for candidate loci

¥ !

Total amplification

y

Hybridization with a microarray
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ChlP-on-chip
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Crosslinking and
shearing

Immunaprecipitation
with an antibody to
a protein of interest

N

Cloning inte a plasmid library

v

Tag extraction and concatenation

v

|
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Sequencing
E- and calculation
misennems  of relative tag
representation
ChIP-PET

Nature Reviews | Genetics

(Spivakov and Fisher (2007) Nature)
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- a few examples for the binding sites
of the Drosophila Kruppel TF

- strict consensus

- degenerated consensus

- PSSM (Position-Specific Scoring
Matrix)

-Sequence Logo

(e.g.:
http://weblogo.berkeley.edu/logo.cqi )

(Turatsinze et al. (2008) Nat Prot)
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(Kasowski et al. (2010) Science)
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Genomic distribution of DNasel
footprints in each cell type
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Protein sequence [Ec
DNA sequence CTGCAGTCCATCACCAGGGGECHCAGCACC
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- Some triplets are favoured because of TF binding
site conservation

STOP:
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TF preference for
Stop codon trinucleotides
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oAAl* ~ xp< 10"
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TAG| -
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Difference in frequency of trinucleotide
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. STOP codons are
underrepresented in TF
binding sites

(Stergachis et al. (2013) Science)



oM
chr19: 39,360,650 39,360,700I 39,360,750 g%
R'NL RCVELLLAVKRRPACAAHLHALREHIRSRLAPAPSQGEPGPGQAGPPGAGARLATQR : O
00 c
r58110393 wd
oo M.l WALMMIMAIAY, ol oL, <
(GM12865) n.u | ] |‘| n_.u LI.I

DNasel-seq
A/A
e re) I UL N JURAEN T, (L
<<< R 5>5>))

CTCF i SP1 i SP1

Allele-specific chromatin
accessibility in het. (¢/A) cells

0 100 200 300 400 500
 allele

p<10®
A allele

DNAseq. GGCEGEEEC @

Qﬁgﬁgg~_

SP1 motif

(Stergachis et al. (2013) Science)



- There are big differences in the TF-binding sites of orthologous sequences in
functionally conserved liver cells

SRR S

Chromatin IP .—A— coee .—_L
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HNF4a 137 | 119 | 146

HNF6 28 60 | 115
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HNF1a 38 | 39 1
HNF4o 58 93 4
HNF6 11 36 0

- Most of these differences are genetic in their origin as a piece of a human
chromosome will have a similar TF-binding profile in a mouse to its endogenous binding

profile

(Wilson et al. (2008) Science)




CEBPA: liver specific TF
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(Schmidt et al. (2010) Science)



Promoter TF footprints in orthologous cell types

- In average half of the TF binding sites in
- — every tissue are speC|es-§peC|f|c, and even in
= rt’h@—h the case of “conserved” sites, for many
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(Stergachis et al. (2014) Nature)
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(Stergachis et al. (2014) Nature)
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TRENDS in Genetics

- a conserved binding site can be used to suspect conserved DNA-protein interaction
2. -butitis NOT proof (proximal sequences can change so the TF looses physical access
to the binding site)
3. -evenifaTF has a conserved role in regulating one particular gene, that does not mean it

will have a conserved bindig-site: TF binding site turnover is very high (in the genes of
liver-specific enzymes only 7-48% of binding sites are conserved)



Specific Transcription Machinery




a Observation

ﬂ expressed
Ve E in brain and limb

Brain-expressed
transcription factors
Hh O

¢ Model
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a 1 megabase | Wild type "+ Limb enhancer deleted
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3 -

Limb enhancer Shh gene

Mouse embryo
e 105 305 329 404
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ATGGCCAGAG%GTAOCACAC AGAGOAGGAICAAAGATTT ATATOTTTC%ATCCTGTGTC CCTTGTACTQTATTTTATG



RefSeq,(IBenes
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CNE: DNA pieces of several hundred basepair that show higher (!!)
conservation that protein coding sequences



In transgenic reporter assays CNEs act as
conserved enhancers e

HCNR C81 from human chromosome 16 shows similar
enhancer activity in zebrafish and mice

(Royo et al. (2011) PLoS One)



De nincs egyeértelmu funkcio ami CNE-hez
rendelheto i

Genomi régid fuggé HCNR C60

B
Reprodukalhatdé enhancer: HCNR C32

(Royo et al. (2011) PLoS One)
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Ultraconserved
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Enhancer deletion(s)

(Dickel et al. (2018) Cell
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The position of essential TF-binding sites is not
conserved in homologous CNEs vt

control

Shhar-A - i )
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ctgf upt

shh ar-C —_ shharA

(Rastegar et al. (2008) Dev Bio)



Hoxb2a
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(Scemema et al. (2002)
J Exp Zool B)



Importance of distance and relative directionality of =
TF binding sites for gene expression ik

7 9 10 18
- - ——

RS 6 + 2bp RS 6 + 2bp OF Bra Shadow Bra Shadow RE

4l zc. 4l 5Ra<060 <l ETSRaz060

- Distance between binding sites can affect gene

_ - Similarly, the directionality of the binding sites can
expression

be important as well

(Farley et al. 2016 PNAS)
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Adverse
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(Holbert (2010) Curr Bio)



Proportion of read mass
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(van Bakel et al. (2010) PLoS Bio)
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(Arner et al. (2015) Science)



Chromatin modification

Transcription-factor
complex

NN
eRNA O NN AAAA
. NS mRNA @~~~ AAAA

We do not understand:
- if eRNAs have a function themselves?
- or only the loosening of the chromatin at enhancers is important?

(Ren (2010) Nature)



The boundary between enhancers and promoters is

blurred

- Enhancers with
high eRNA
transcription can
act as promoters

- Alternative
promoters can
also act as
enhancers
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(Mikhaylichenko et al. 2018 GenesDev)
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- It is still not quite clear how these things evolve

(Mikhaylichenko et al. 2018 GenesDev)



Activation

Protein-coding gene Activating ncRNA gene
siRNA knockdown of ncRNA -
Loss of
activation
Protein-coding gene Activating ncRNA gene

(9rom et al. (2010) Cell)
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Promoter

Pluripotency program _| Lineage program

(Guttman et al. (2011) Nature)




Sliding

SWI/SNF
family
Assembly and )
organization 2 ) ”

g ' 7_ -3: > Ejection
C) svk —
ATP ADP insertion

ISWI - help to conduct chromatin assembly and organization and provide consistent
spacing of nucleosomes

SWI/SNF - provide access to binding sites in nucleosomal DNA, mainly through
nucleosome movement or ejection

SWR1 - reconstruct nucleosomes by inserting the histone variant H2A.Z into
nucleosomes, specializing their composition and leading to an unstable nucleosome
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- If the right TFs bind to their consensus sites in the nucleosome-free region, the nearby
nucleosomes will rearrange themselves and the TSS becomes accessible

- In the absence of histones nucleosomes can not reform and transcription becomes
permanent even after TF-binding is gone for some genes

- For other genes nucleosome rearrangement is a necessary but not sufficient
prerequisite for successful transcription
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- on ChromEMT pictures
one can’t see the higher
level chromatin structures
posited by earlier in vitro
experiments — DNA on
histones is just more packed

(Ou et al. (2017) Science)
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- Genome rearrangement breakpoints are enriched at TAD boundaries

(Krefting et al. (2018) BMC Bio)
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Table 1.

Phenomena complicating the concept of the gene

Phenomenon

Description

Issue

Gene location and structure
Intronic genes

Genes with overlapping reading frames

Enhancers, silencers

Post-transcriptional events
Alternative splicing of RNA

Alternatively spliced products with alternate
reading frames

RNA trans-splicing, homotypic trans-splicing

RNA editing

A gene exists within an intron of
another (Henikoff et al. 1986)

A DNA region may code for two different
protein products in different reading
frames (Contreras et al. 1977)

Distant regulatory elements (Spilianakis et al.
2005)

One transcript can generate multiple mRNAs,
resulting in different protein products (Berget
et al. 1977; Gelinas and Roberts 1977)

Alternative reading frames of the INK4a tumor
suppressor gene encodes two unrelated
proteins (Quelle et al. 1995)

Distant DNA sequences can code for transcripts
ligated in various combinations (Borst 1986).
Two identical transcripts of a gene can
trans-splice to generate an mRNA where the
same exon sequence is repeated (Takahara et
al. 2000).

RNA is enzymatically modified (Eisen 1988)

Two genes in the same locus

No one-to-one correspondence between DNA
and protein sequence

DNA sequences determining expression can be
widely separated from one another in
genome. Many-to-many relationship between
genes and their enhancers.

Multiple products from one genetic locus;
information in DNA not linearly related to that
on protein

Two alternative splicing products of a pre-mRNA
produce protein products with no sequence in
common

A protein can result from the combined
information encoded in multiple transcripts

The information on the DNA is not encoded
directly into RNA sequence

(Gerstein et al. (2007) Genome Res)
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“The gene is a union of genomic sequences encoding a coherent set of

potentially overlapping functional products.”
(Gerstein et al. (2007) Genome Res)

“A gene is a DNA sequence (whose component segments do not necessarily
need to be physically contiguous) that specifies one or more sequence-related
RNAs/proteins that are both evoked by GRNs and patrticipate as elements in
GRNs, often with indirect effects, or as outputs of GRNSs, the latter yielding
more direct phenotypic effects.”

(GRN - Gene Regulatory Network)
(Portin and Wilkins (2017) Genetics)
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ENCODE - Encyclopedia of DNA Elements

“The vast majority (80.4%) of the human genome
participates in at least one biochemical RNA-

Hypersensitive 3 = M7
5“7?33\)] and/or chromatin-associated event in at least
Do) / .
Rad | - ¢ one cell type. Much of the genome lies close to a
N e regulatory event: 95% of the genome lies within
T - > 8 kilobases (kb) of a DNA—protein interaction (as
S T assayed by bound ChlP-seq motifs or DNase |
core. repressor) e, msuitors) (it Eaiaeion T A . . vgp

T footprints), and 99% is within 1.7 kb of at least one

of the biochemical events measured by ENCODE.”

(ENCODE Consortium (2012) Nature)

BUT: <2% of the human genome encodes proteins, thus if the majority of the non-coding
sequence is functional, it has to code fro ncRNAs or has to be regulatory sequence

BUT2: If indeed >80% of the genome is functional, how come that only ~8% is under
selection?
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(Rands et al. 2014 PLOS Genet)



What does “function” per ENCODE really mean?

bl e A C-value paradox: genome size can change
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- Animal genomes are rich in “jumping genes” (transposons) - 30-70% of the genome —
and these once active sequences sometimes can reactivate

- Genes are born and die contiuously, and in many phases of this process we will detect
transcription

- Similaryl, TF s can bind the genome randomly (at non-functional binding sites) and in
these cases transcription could be detected in the loose chromatin

- The original definition of ENCODE considers noise functional!




Table 1
Replacement Level Fertility Values in Humans As a Function of the Deleterious Mutation Rate (uqe) and the Fraction of the Genome that is Functional®®

Functional Fraction of the Genome

Hdel

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.50 0.80 1.00
40x10°" 11 13 14 1.6 18 21 24 2.7 34 7.1 12
50x107"° 1.2 14 16 25 29 34 46 12 22
60x10°° 1.2 14 1.7 25 3.0 36 44 6.3 19 40
70x10°"° 1.2 15 29 36 45 5.6 8.6 31 74
80x10°" 13 1.6 ; 34 44 5.6 7.1 12 51 136
90x10° 13 1.7 X 3.0 40 5.3 6.9 9.1 16 83 252
1.0x10°%® 14 25 34 46 6.3 86 12 22 136 466
20x 10 % 34 6.3 12 22 40 74 136 466 19x 10" 22x10%
30x10°%® 7 6.3 16 40 100 252 633 16x10°%  1.0x10® 25x10% 1.0x10%
40x10%® 34 12 40 136 466 16x10% 54x102 19x10 22x10"® 35x10% 4.7x10"
50x10°%° 46 2 100 466 22x10%  1.0x10% 47x10% 22x10%® 47x10% 47x100 22x10"
60x10°% 63 40 252 16x10%  1.0x10%® 64x10% 40x10% 25x10%® 1.0x10® 64x10'2 1.0x10
70x10°” 86 74 633 54x 10" 47x10" 40x10" 34x10%® 30x10” 22x10® 88x10" 48x10"
80x10°® 12 136 16x10% 19x10% 22x10% 25x10% 30x10” 35x10® 47x10"° 12x107 22x10¥
90x10°® 16 252 40x10% 64x10% 1.0x10% 16x10” 25x10%® 40x10® 1.0x10? 16x10"° 1.0x10%
1.0x10°% 22 466 1.0x10% 22x10% 47x10%® 1.0x10%® 22x10% 47x101° 22x10° 22x10" 48x10®
20x10°% 466 22x10%® 1.0x10% 47x100 22x10™% 10x10® 48x10"® 22x10*' 48x10% 49x10% 23x10%

*Values above 1.8 are unrealistically high in humans.
A more comprehensive table can be found in supplementary material, Supplementary Material online.

Lq4e=4x10-%nucleotide/generation — if only nonsense mutations are deleterious
M,.=2x10-8/nucleotide/generation — if missense mutations are deleterious, too

(Graur 2017 Genome Bio Evol)



