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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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Activator-dependent recruitment

- Target gene

Promoter clearance
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.
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
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Chromatin opening

Preinitiation complex (PIC) forms
Initiation

Promoter escape

Escape from pausing

Elongacio

Terminacio

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 transzkripcié szabalyozasa: a fejlédést
szabalyoz6 genek nyitott promotere ;

A H3K4me3

NELF = Negative ELongation Factor

- a fejloédést szabalyoz6 gének
szigoru kontroll alatt vannak

- a kromatin nyitott ezeken a
genom ezen pozicidjaban, és a
Polll is oda tud kotoédni

- Polll megakad a promoternél, de
kdnnyen “tovabbengedhet6” (a
NELF elvonasaval), hogy
elinduljon a transzkripcio



NELF = Negative ELongation Factor

(Weake and Workman (2010) Nat Rev Gen)
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> 200 promoter-enhancer kombinacio (Mller Ferenc)



De létezik-e valéban “szabvany”-core promoter?
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Zygotic genome activation
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Cap-analysis gene
expression (CAGE) —
azt nézi, hogy hol van
az mMRNS-es 5’ vége

(Muller Ferenc)
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Align to Maternal start site:
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(Muller Ferenc)

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
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1. - DNaz “labnyom” (footprinting)

DNA molecules (a) End-label, add the regulatory
protein

o/./r-.’
-/./././

End-label b '/_./ \Bound protein

(b) Limited DNase | digestion

— P —O —
— @O

DNA molecules are cut
at any phosphodiester bond
o— —@— ot protected by the protein

— o

(c) Gel electrophoresis,
autoradiography

DNA fragment

Autoradiograph
sizes

= £

} ‘Footprint’

|

Position where the

Lane 1 : Control — no bound protein protein Is bound

Lane 2 : Test — DNA + bound protein

Lane 2 : DNA fragment +
bound protein

@
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A—
Agarose gel
Lane 1 : DNA fragment e

3. - Chromatin immunoprecipitacio (ChlP)

(http://bioweb.wku.edu/courses/biol350/Transcr

iptome17/Review.html)
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qPCR detection
with primers
for candidate loci

¥ !

Total amplification
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Hybridization with a microarray
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Crosslinking and
shearing

Immunaprecipitation
with an antibody to
a protein of interest
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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)



Treat chromatin with DNase |

XK, X XK

Conventional
Southern blot assay DNase-chip DNase-array
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Sucrose gradient

Streptavidin column
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Gel electrophoresis Microarray Microarray
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Kalie Ris
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- néhany példa a Drosophila Krippel
transzkripcios faktoranak kotohelyeire

-szigoru konszenzus

-degeneralt konszenzus

- PSSM (Position-Specific Scoring
Matrix)

-Sequence Logo
(pl ezzel:
http://weblogo.berkeley.edu/logo.cgi )

(Turatsinze et al. (2008) Nat Prot)
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A TF-kotohelyek iranya és tavolsaga is fontos lehet
a génexpresszio szempontjabol

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

4l . 4l 5Rra<060 <l ETSRaz060

- az egyes kotdhelyek kozti tavolsag nagyban

1 y=s < - hasonloképpen a kotbhelyek iranya is meghatarozo
befolyasolja az expressziot

(Farley et al. 2016 PNAS)
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Genomic distribution of DNasel
footprints in each cell type
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CTCF ChIP-seq
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- a TF kotbhelyek konzervaltsaga az oka, hogy
bizonyos tripletek favorizalva vannak ....

STOP:
STOP:
STOP:

TF preference for
Stop codon trinucleotides

Not preferred Preferred by TF

oAAl* ~ xp< 10"

TGA
TAG| -

-80% -40% 0% 40% 80%

Difference in frequency of trinucleotide
within vs. outside of DNasel footprints

(Stergachis et al. (2013) Science)

. a STOP kodonok pedig
nem
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(Stergachis et al. (2013) Science)



- szerkezeti és mikodési szempontbdl er6sen konzervalt majsejtek nagy kulonbségeket

mutatnak az ortholdg szekvenciak TF kotbhelyeiben
TF/Histone

Cis-

Trans-

ChIP Microarrays | Shared | girected | directed
s .k
wt ool = @ S 0 W S —
| . 5 A _{.'3:1"31" B4 &
— e o] | ool :

Chromatin IP .—._}L— —-— .—_L e £ —— &
HNF1ao 76 38 | 300 HNF1a 38 39 "
HNF4ao 137 119 | 146 HNF4a 58 93 4

HNF6 28 60 | 115 HNF6 11 36 0

- a kulonbségek tobbsége genetikai eredetll, hiszen egy emberi kromoszéma darab az

egérben nagyon hasonlé TF-kotési profilt mutat, mint emberben

(Wilson et al. (2008) Science)




CEBPA: maj specifikus transzkripcios faktor

n" & fn'l Motif occurrence in:
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(Schmidt et al. (2010) Science)



Promoter TF footprints in orthologous cell types
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@ @ Gene A
| - atlagosan minden szovetben a kotohelyek
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(Stergachis et al. (2014) Nature)
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(Vierstra et al. (2014) Science)

- bar a kotéhelyek nagy tobbsége nem
konzervalt, az egyes szovetekben a DHS-re
jellemzd TF-kotbhelyek leginkabb mas fajok
azonos szoveteire emlékeztetnek
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(Stergachis et al. (2014) Nature)
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TRENDS in Genetics
1. - bizonyitott kdtéhely konzervacidja j6 kiindulasi alap a DNS-fehérje kapcsolat

konzervaltasganak feltételezésére

2. -de NEM bizonyiték (egy-egy szekvencia kornyezete megvaltozhatott ugy, hogy a TF
fizikailag nem képes a kotbhelyhez férni)

3. -egy-egy TF adott gén szabalyozasaban megdrzott szerepe meég nem jelenti
automatikusan a TF-kotéhely meg6rz6dését: a valésagban a TF kotdhelyek turnovere igen
magas (majspecifikus enzimek esetében a kotohelyek 7-48%-a konzervalt csak!)
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Nature Reviews | Molecular Cell Biology

Klasszikusan inaktiv heterokromatint és aktiv eukromatint kulonitunk el.
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(van Steensel (2011) EMBO J)

Egy uj, 53 fehérje kromatin-eloszlasan alapul6 felosztas Drosophila sejtekben 6t domént kulonit el:
*FEKETE: sejtmag membranhoz tapado, valdban inaktiv DNS (az inaktiv gének kétharmada

ilyenben talalhato)

*SARGA: aktiv DNS, elsésorban haztartasi geének

-PIBOS: aktiv DNS, féleg szovet-specifikus gének, rengeteg fehérje kotédik hozza
*KEK: transzkripciot represszald polycomb komplexek kotdédnek hozza
«ZOLD: a korabban heterokromatin jelének tartott HP1 jellemzi, de transzkripcionalisan aktiv

részei is vannak!



Sliding

Ejection

SWI/SNF
family
Assembly and
organization 2 ) a :

— '

ATP ADP 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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TRENDS in Genelics

-a TSS el6tt (bar gyakran
nem kozvetlenll) egy
nukleszoOma-mentes régio
(NDR) talalhato

-a TSS-t6l tavolodva egyre
kevésbé sztereotip a

nukleoszémak pozicidja

(Bai and Morozov (2010) TiG)
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(Thurman et al. (20

12) Nature)



Substitution / Indel rate
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(Sasaki et al. (2009) Science)



Align to Zygotic start site: Check DNA and chromatin:

M‘__III_ILI : Zygotic TSS
" il I ! Dinucleotide frequency: =
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(a) Repressed Activated
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-5 +1
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(Bai and Morozov (2010) TiG)

- ha a megfelel6 transzkripcios faktorok az NDR-ben levd kotéhelyeikhez kdtnek, az a
nukleoszomak atrendez6désével jar; hozzaférhetéve valik a TSS

- szamos gennél hisztonok hianyaban nem tudnak ujraalakulni a nukeloszomak, és a
transzkripcio akkor is megmarad, amikor a TF-kotédés megszinik

- mas geneknél azonban a nukleoszémalis atrendez6dés szukséges de nem elégseges
feltétele az atirddasnak



Specific Transcription Machinery
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CNE: akar tobb szaz bp hosszusagu DNS darab, amely akar a
fehérje kodolo részeknél is nagyobb konzervaltsagot mutat



Transzgénikus vizsgalatokban a CNE-k esetenként
konzervalt enhancerként mikodnek b it

az emberi 16-0s kromoszéma HCNR C81 eleme hasonl6
enhancer aktivitast mutat zebrahalban és egérben

(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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Funkcionalisan homoloég CNE-kben a TF-kotéhelyek
nem rogzitettek

nkx2.2b A21 I
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ctgf upt

shh ar-C —— Shhar-A

(Rastegar et al. (2008) Dev Bio)
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(van Bakel et al. (2010) PLoS Bio)
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Chromatin modification

Transcription-factor
complex

NN
eRNA O NN AAAA
m NI MRNA g~ A AAAA

Még nem tudjuk:
-az eRNS-eknek van kozvetlen enhancer funckioja?
-az atirodasuk soran fellazulé kormatin a fontos csak?

(Ren (2010) Nature)
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(9rom et al. (2010) Cell)

HoTTIP
s R EEE B EBE Ehﬁ’i
SIGFP A13 A1l A10 A7 AB A5 Ad A2 A1
+75 =
Mmm R
SIHOTTIP
+75
+ D
R N YT T OO T T Y O P P O e
T 20 SIGFP
&) | |
odulbu . e bk sl s o
SIHOTTIP
$20 2

0-

§pHOTﬂP Control

ShHOTTIP
_ RCAS 2-2-1

HOTAIRM1

3

H3K4me3

H3K27me3

(Wang et al. (2011) Nature)



Bright

Oct4

< N
Chromatin writers

DAPI

Jarid1b
Ring1b
Setd8
Cbx3
Tip60/P400
Hdac1

I | suvaghi

74 lincRNAs

Neuroectoderm

Trophectoderm

NS
Chromatin erasers

Cluster 1:
K27 reader/writer,
K4 eraser

Cluster 2:

K27/K9 writer, K4 eraser
Cluster 3:

K9 writers

Cluster 4:

K9 writer/reader

(Guttman et al. (2011) Nature)



Promoter

Pluripotency program _| Lineage program

(Guttman et al. (2011) Nature)
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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-

and/or chromatin-associated event in at least

one cell type. Much of the genome lies close to a

regulatory event: 95% of the genome lies within

8 kilobases (kb) of a DNA—protein interaction (as

; .- assayed by bound ChlP-seq motifs or DNase |

e footprints), and 99% is within 1.7 kb of at least one
of the biochemical events measured by ENCODE.”

(ENCODE Consortium (2012) Nature)

DE: az emberi genom <2%-a kdédol fehérjét, vagyis ha a nem kodold rész nagy része
funkcionalis, akkor az vagy ncRNS-t kell kddoljon, vagy valami szabalyozészekvenciat

DE 2: Ha valéban ilyen mértékben funkcionalis a genom, akkor hogy magyarazhato, hogy
csak max.~8%-a van szelekcio alatt....?



Ervek az ENCODE “funkcié” definicidja ellen

e a— mammals C-value paradox: a genom méret azonos
pids —— reptiles
(o0 S Tamanders mm— csoporton belul is nagysagrendnyit valtozhat és
ungfishes w—— , . g s
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insects
[ arachnids I . TSI T
_ myriapods S moliuscs - pl tud6éshalak genomja 130 Gb koruli (az
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angiosperms
pteridophytes — PO
n:;noant;::s—_-c,,,d’;',’fj,',’:“ ) - ha egy genom 80%-a funkcionalis lenne, ilyen
fung algae mértékd redukcidé nem lenne elképzelhet6
protozoa p
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archea ==
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- sok allati genom 30-70%-a un. “ugralé génekbdl” és ezek az egykor aktiv szekvenciak,
amelyeket a sejt aktiv mdédon szupresszal, néha megnyilvanulhatnak

- geének keletkeznek és elpusztulnak és a folyamat fazisaiban fogunk transzrkipciot latni
- hasonlé modon, transzkripcios faktorok véletlenszeriien is hozzakothetnek a genomhoz
(mutaciok soran nem funkcionalis kotéhelyek keletkeznek), és az ilyenkor fellazulo

kromatinban transzkripcié is detektalhaté lehet

- az ENCODE definicidja lényegében a zajt is funkcionalisnak veszi



Table 1
Replacement Level Fertility Values in Humans As a Function of the Deleterious Mutation Rate (u4e) and the Fraction of the Genome that is Functional®®

Hdel Functional Fraction of the Genome

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.50 0.80 1.00
40x10°" 11 1.3 14 1.6 18 2.1 24 27 34 7.1 12
50x10°° 1.2 14 1.6 25 29 34 46 12 22
60x 107 1.2 14 1.7 25 3.0 36 44 6.3 19 40
70x10°" 12 15 1.9 ; 29 36 45 5.6 86 31 74
80x10° " 13 1.6 2.7 34 44 5.6 71 12 51 136
90x10°" 13 1.7 X 3.0 4.0 5.3 6.9 9.1 16 83 252
10x10°%® 14 25 34 46 6.3 86 12 22 136 466
20x10° % 34 6.3 12 22 40 74 136 466 19x 10 22x10%
30x 10 A 6.3 16 40 100 252 633 16x102% 1.0x10® 25x10% 1.0x10%
40x10%® 34 12 40 136 466 16x10% 54x10® 19x10 22x10® 35x10%® 47x10"
50x10°%° 46 2 100 466 22x10%  1.0x10% 47x10% 22x10% 47x10® 47x10 22x10"
60x10°% 63 40 252 1.6x10% 1.0x10™ 64x10% 40x10° 25x10% 1.0x10°® 64x102 1.0x10%
70x10°” 86 74 633 54x 10 47x10%® 40x10° 34x10%® 30x10” 22x10® 88x10" 48x10"
80x10°%® 12 136 1.6x10%% 19x10% 22x10%”® 25x10%® 3.0x107 35x10® 47x10" 12x10"7 22x10*
90x10°% 16 252 40x10% 64x10° 1.0x10% 16x107 25x10%® 40x10® 1.0x102? 16x10" 1.0x10*
10x10°%® 22 466 10x10% 22x10° 47x10% 1.0x10%® 22x10% 47x101° 22x10® 22x10" 48x10%*
20x10°% 466 22x10% 1.0x10% 47x10"0 22x10”® 10x10"® 48x10"® 22x102 48x10® 49x10%2 23x1053

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

Mqe=4x10-1%nukleotid/generacié — ha csak a nonsense mutaciot tekintjik karosnak
M,=2x10-8/nukleotid/generacié — ha minden missense mutacio is karosnak
(Graur 2017 Genome Bio Evol)
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(Rands et al. 2014 PLOS Genet)



