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Summary

o Different cell types have the same DNA
® [ranscriptional control
® [ranscriptional regulators

® Activators

® REePressors
® Understanding other regulatory systems

e Combinatorial gene control and cell types



Maintaining specialized cell types
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[ranscription regulators can cause each gene to be transcribed at the right place and time
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Different cell types

progeny cells

Differentiated cells maintain their identity

A
e Progeny will remain the same cell type - cell | — CELL
memOI’y parent cell QAV
. Sqme are terminally differentiated (no further NE A CONTINUES
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Cell memory

DNA methylation can be inherited when cells divide

cytosine 5-methyl cytosine
. . . H R H H
* DNA methylation occurs on cytosine (largely in N7 SN
sequence CG) H.C
e Maintenance methyl transferases act on these LA }k methy'at'O”H /k
newly-made CG sequences (paired with methylateo NTO NT O
CG sequences) | |
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histone modifying
enzyme (“writer"”)

transcription regulator that
represses gene expression l

o Eg h|Stone modlfylng enzymes |ead|ng to code “reader” protein l
repressive chromatin state

e Some proteins bind specifically to methylated DNA

e Synergistic action of chromatin structure and DNA
methylation

DNA methylase enzyme l

|

methyl group l
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DNA methyl-binding protein
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Genomic imprinting

e \ammalian cells are diploid (one set of gene from the father and one from the mother)

e For a small subset of genes, expression depends on whether they have been inherited from the
mother or the tather - when one copy iIs active, the other one is silent, and vice versa

® [his phenomenon is called genomic imprinting

® 300 genes In humans

Genomic imprinting is an epigenetic phenomenon that causes genes to be expressed or not, depending on

whether they are inherited from the female or male parent.
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Genomic imprinting

egg sperm ( ]{\

dominant alleles > (,"’“fmg\ recessive alleles
s ‘,-’.’T‘-—\? N \ l y
A dislikes spicy foods /;f if’(}% ? ( d eats jalapefno doughnuts
B normal risk of cancer 5\\ ‘% ‘( : “;’,"‘;,,",;: ™ ~ b high risk of cancer
C proficient at crossword _F},/ / ,,/ \ . C not especially good at
puzzles s % \\ crossword puzzles
A A a
B \ b
/\y g
female imprinted male imprinted
gene gene
| ; —
Tim's Tim's \
genotype phenotype A
\
Aa | dislikes spicy foods B
*b high risk of cancer C
C* proficient at crossword
puzzles :
somatic cell
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Genomic imprinting

female mouse male mouse
AR £
@ BOTH PARENTS EXPRESS C
imprinted allele THE SAME ALLELE OF GENE A

of gene A
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} chromosome inherited from father{
'Y Y

*‘
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somatic cell somatic cell

I I
REMOVAL OF IMPRINTING IN GERM CELLS, FOLLOWED BY MEIOSIS
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\ | tee
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Genomic imprinting

e Example: Insulin-like growth factor-2 (Igf2) in mice

e Mice that do not express Ifg2 are smaller than
normal mice

e Only the paternal copy of Igf2 is transcribed

e Mice with a mutated pateral gene are smaller
whereas mice with a mutated matemal gene are
normal

® |n the embryo, these genes are marked by
methylation according to whether they derive from
egg or sperm chromosome

e DNA methylation is used to distinguish the 2
coples

AN EXAMPLE OF IMPRINTING

|gf2

13

\ Igf2 receptor

In mammals, the growth factor Igf2
interacts with the Igf2 receptor.

Deleting the mother’s Igf2
receptor gene produces overly
large offspring.

Deleting the father’s Igf2 gene
produces dwarf offspring.

(

Genes from mom:
Igf2 receptor - ON
Igf2 - OFF

Genes from dad:
lgf2 receptor - OFF
Igf2 - ON

In mice, the genes for Igf2 and the 1gf2
receptor are both imprinted.

Deleting the mother’s Igf2
receptor gene AND the
father’s Igf2 gene produces
normally sized offspring.



Genomic imprinting

e Methyl Imprint can silence or activate nearby gene expression

e or |gf2, methylation of an insulator element of the patemal
chromosome Pblocks its function

e [Nhis allows a distant cis-regulatory element to activate the
transcription of Igf2

14

Igf2 gene insulator Cis-
element regulatory
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lgf2 gene insulator cis-
element regulatory
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X chromosome Inactivation

e Males and females differ in their sex chromosomes (XX and XY)
e ~emale cells contain twice the amount of X genes as do male cells
e [he X chromosome contains > 1000 genes, whereas the Y <100 genes

¢ \ammals achieve dosage compensation by the transcriptional inactivation of one of the two X chromosome in
female somatic cells
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X chromosome Inactivation

cell in early embryo

CONDENSATION OF A RANDOMLY
SELECTED X CHROMOSOME

| | |
AN AN AN AN

only Xn, active in this clone only X, active in this clone

* |n early embryo, one X chromosome (random) becomes
highly condensed

e Once inactivateq, it remains silent for all subsequent
divisions

e [t happens after several hundred cells are formed In the
embryo, so every female is a mosaic of clonal groups of
cells with either X chromosome silenced

® [hese clonal groups tend to remain close together auring
development

e Reversed during germ-cell formation
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X chromosome Inactivation

XX genotype: l

Chromosomes
after X inactivation: OR
O O O

Fur color:

https://www.nature.com/scitable/blog/student-voices/ 18



X chromosome Inactivation

active inactive
X chromosome X chromosome

How IS the entire chromosome inactivated”
X chromosome X chromosome
from father

from mother

* initiated from a single site near the middle of the X = the :2
X-inactivation center (XIO) 'y
oWithin the XIC, a INcRNA (long non-coding RNA) is )

-tranSCrlbed — XISt X-inactivation centers chromatin Xist R\NA

¢ Xist spreads over the chromosome and silences

deres - E= - == _

Xist/ ﬁ"

e Xist recruits histone-modifying enzymes st

Xist RNA binds histone-modifying

Xist RNA spreads
and continues to spread

transcription of Xist RNA
“hand-over-hand”

from one X chromosome

® 10% of the genes (including Xist) escape the silencing

Both imprinting and X-inactivation lead to monoallelic gene expression - only one of the two copies of a gene IS expresseo
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Epigenetic inheritance

= [he abllity of a daughter cell to retain a memory of the gene expression patterns that were present in the parent cell
® Heritable alteration in a cell's phenotype

e Does not result from changes in the sequence of DNA

* 4 mechanisms of epigenetic inheritance

21



Epigenetic inheritance

.

DNA unmethylated HISTONE active chromatin
I\/IETHYLATION DNA region I\/IODIFICATION
methylated DNA region inactive chromatin
NEW DNA NEW
METHYLATION CHROMATIN
STATE STATE
INHERITED INHERITED
DNA METHYLATION HISTONE MODIFICATION
(A) EPIGENETIC MECHANISMS THAT ACT IN CIS
POSITIVE protein A CONFORMATION normal folded
FEEDBACK not made CHANGE TO protein
LOOP AGGREGATED
ACTIVATED protein A made STATE misfolded protein (prion)
NEW GENE NEW PROTEIN
EXPRESSION CONFORIVIATION
PATTERN STATE
INHERITED INHERITED
POSITIVE FEEDBACK LOOP BY PROTEIN AGGREGATION STATE

TRANSCRIPTION REGULATOR

(B) EPIGENETIC MECHANISMS THAT ACT IN TRANS
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Post-transcriptional controls

START RNA
TRANSCRIPTION

POSSIBLE
ATTENUATION
CAPPING

SPLICING
AND 3'-END
CLEAVAGE

POSSIBLE
RNA EDITING

NUCLEAR
EXPORT

SPATIAL
LOCALIZATION
IN CYTOPLASM

START
TRANSLATION

POSSIBLE
TRANSLATIONAL
RECODING

POSSIBLE
RNA
STABILIZATION

\ RNA
transcript

I aborts

nonfunctional
MRNA
sequences

\

retention and
L» degradation

in nucleus
N
R R
'L, translation
blocked

\

\

L> RNA degraded

CONTINUED
PROTEIN SYNTHESIS
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Transcription attenuation

The expression of some genes is Inhibited by premature termination of transcription

e [he nascent BRNA chain can adopt a structure that causes it to interact with the RNA
polymerase

® [Nis |leads to the abortion of transcription

* \\'\nen the gene is needed, proteins bind to the RNA and remove the attenuation

25



Transcription attenuation

The expression of some genes Is inhibited by premature termination of transcription

LOW TRYPTOPHAN: Anti-terminator sequence formed, transcription continues (operon expressed)

2 O Anti-terminator: Prevents formation of the attenuator
Growing Stalled

leader peptide ribosome (allows RNA polymerase to continue transcription)

mRNA

Adjacent

Trp codons RNA polymerase

HIGH TRYPTOPHAN: Attenuator sequence is formed, transcription stops (operon not expressed)

Leader Ribosome blocks Attenuator: Stops transcription

peptide the anti-terminator

(Trp operon will not be expressed)

o,

mRNA
I |
/ DNA
e
STOP codon e
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Riboswitches

e Short sequences of RNA that change conformation upon metabolite binding

* |he conformational change regulates gene expression
e Often at 8’ end of MRNA, folding during mRNA synthesis

* Blocking or permitting progress of the RNA polymerase

riboswitch

RNA polymerase

/

—
genes for purine
(A) biosynthesis |ON (B)

27

guanine

transcription

terminator

]
genes for purine
biosynthesis |OFF



Alternative RNA splicing

e Splicing = removes the introns from the mMRNA precursor

e Alternative splicing allows to make different polypeptide chains from the
same gene

e ~ 90% of human genes produce multiple proteins this way

28

exon skipping

S

intron retention

-

alternative 5 splice site

-

alternative 3’ splice site
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mutually exclusive exons
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Alternative RNA splicing

repressor

pre-mRNA transcript “
el E—
CONTROL S —

o RNA splicing can be regulated negatively (i.e. a SPLICING NO SPLICING

regulatory molecule prevents the splicing ) )

machinery from accessing a site) I B MRNA I EEEE MRNA
e RNA splicing can be regulated positively (i.e. a tivator

regulatory moleogle helps direct the splicing re-mRNA transcrit

machinery to a site) EIPSTIVE o — — EE = .

NO SPLICING SPLICING

\
I ] BN mRNA  EEE I mRNA
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Transcript cleavage and polyA addition

cleavage

and poly-A

signals
RNA p(ilymerase encoded

in DNA

\ CPSE
PAP

I $z———— \_ ] | --- \

AAUAAA AAAAAAAAAAAAAAAAA

~RNA l ‘

additional
POLY-A LENGTH p:’('}t"e?r;b'”d'”g
REGULATION P
" \ |
\j
additional .‘
&3 cleavage ARUAAA — AAAAAAAAAAAAA "
?\)V factors .
v [ |
4
\. RNA CLEAVED 200AAAAAAAAAAAAAA _ »
poly-A polymerase
(PAP) N C o0 O
mature 3’ end of
RNA an mMRNA molecule
\ polymerase
. eventually
poly-A-binding |  terminates
protein

\
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Transcript cleavage and polyA addition

e Cells can control the site of cleavage and polyA (leading to longer or shorter proteins)

polyadenylation sites polyadenylation sites

weak strong
| / !
— —
DNA 3 e ——
‘ CstF

pre—mRNA—/\ \ AAA

weak strong
' I I
DNA 3/ e ——
CstF

pre-mRNA I AAA

‘ 3’ noncoding RNA 3’ noncoding RNA
MRNA I /AAA MRNA I A AAA

}
&
X ok

N

B cell with membrane-
bound antibodies

(A) resting B cell, low levels of CstF

B cell secretes antibodies

(B) activated B cell, high levels of CstF
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RNA editing

e Alters the nucleotide sequence of RNA transcripts

e deamination of adenines to produce inosine (A-to-
editing)

e deamination of cytosine to produce uracil (C-to-U-
editing)

e |f it happens in a coding region, it may change the
amino acid seguence of the protein

e |f it happens outside of a coding region, it may affect
splicing, transport of MRNA, efficiency of translation,. ..

32

apolipoprotein B gene
CAA TAA

BT —

no editinﬂ bditing, CAA— UAA

MRNA CAA UAA RNA UAA UAA

R |

A
new stop codon

| |

protein protein

protein made in liver protein made in intestine
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RNA transport

e Normally only happens once the mRNA has been
processed

* |n case of RNA viruses (e.g. HIV), the entire RNA has to
come out of the nucleus to be packaged in new viral particles

e [he HIV encodes a protein (Rev) that binds to a specific
RNA seqguence and interacts with a nuclear export receptor

e [his directs the movement of RNA to the cytosol (despite
the presence of introns)

e Importance of the 3’-UTR region of the mRNA (beyond the
stop codon)

34
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unspliced /
?

RNAs

?

\
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‘ fully spliced
MRNAs
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retention and
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(B) late HIV synthesis

integrated viral DNA

/\

O

NUCLEUS

&

NUCLEUS
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RNA transport

e Once out of the nucleus, the mRNA can reach different
locations In the ceall

® —Or membrane or secreted proteins, the mRNA Is targeted to the
endoplasmic reticulum

e Many mRNAs are directed to specific intracellular locations,
close to sites where the protein is needed

e [his allows the establishment of asymmetries in the cytosol of
the cel

35
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random diffusion
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generalized degradation
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Translational control

é STOP
5, ALJG—v3, 5’ v 3’ OFF

Jc> STOP
Q)
H N s cooH ON
protein made lINCREASED
TEMPERATURE \ :
translation repressor protein /{\ o ® N bactena, trarjslahonal c_zontrol Nappens
- STOP 5 e ¥y by interfering with the Shine-Dalgarno
(A)S' ooommede S . " oo sequence (upstream of the AUG codon)
® N Eukaryotes, translational repressors
e pind to the ’ of the mMRNA
> STOP STOP
AUG v , , AUG \ 4 '
e — 3 5 e— e —— 3 ON
N cooH N CooH e bind to the 3’-UTR
small molecule
. i
e STOP MiRNAs

3 3
OFF M OFF
3’ !
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Translational control

e Cells decrease protein synthesis in response to stresses (low nutrients, infection, temperature increase, etc.)

* |n Eukaryotes, this happens through the phosphorylation of the translation initiation factor el-2

guanine nucleotide exchange

factor, elF2B

inactive
elF2
GDP -

(A)
inactive
elF2 P
|
GDP GDP
e

PROTEIN KINASE
PHOSPHORYLATES
elF2

(B)

GDP

elF2B

P
|
GDP
>

PHOSPHORYLATED
elF2 SEQUESTERS
ALL elF2B AS AN
INACTIVE COMPLEX

38

active
elF2

GTP
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INACTIVE, GDP-
BOUND FORM
AND PROTEIN
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DRAMATICALLY



Translational control

® |eaky scanning (scanning ribosomal units ignore the first AUG codon) leads to proteins with different N-terminus
and same C-terminus

® [his can be used to produce proteins with different signal sequences, that will be sent to different
compartments

39
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MRNA stability

N bacteria,

e Most mRNA are very unstable (half-life of <few minutes)

e Exonucleases (degrade from 3’ to &') are responsible for the degradation of
MRBNAS

In Eukaryotes, _
coding sequence 3" UTR

cap
0 - | | |
e MRNASs are more stable (half-lives from 30min to 10n) 5/ . E——— AAAAA ., 3
e shortening of the polyA tail by exonucleases (count down of the mRNA l gradual poly-A shortening
half-live)
5’ © I A_ 5 3

e when the polyA reaches ~ 25 nt

deg;eg;)r:g ;OI,CISV;, continued 3'-to-5’

e cap is removed and mRNA is degraded from 5’ degradatlon degradation

e MRNA continues to be degraded from 3’

41



P-bodies and stress granules

* P-bodies are large aggregates of proteins that work
together and are held in close proximity, where mRNas
are degradeo

e Stress granules keep the mRNA "translation-ready”

NUCLEUS

—_— |

CYTOSOL

\/
MRNA @=="""= AAA

——

N 2/ _»l'
N ==X

translation

P-body stress granule

L J

42



Noncoding RNAs - RNA interference (RNAI)

e Short single-stranded RNAs (20-30 nucleotides) serving as guide RNAs that bind other RNAs in the cell
e \Vnen the target is an mMRNA, it prevents its translation or catalyzes its degradation

e \Vhen the target is an RNA being transcribed, it can direct the formation of repressive chromatin

e MmicroRNAs (miRNAs), small interfering RNAs (siRNAs) and piwi-interacting BNAs (piRNAs)

m

interfering RNA target

processing RNA
I (s

double-stranded /
RNA Argonaute or Piwi
proteins
¢ i R
cleavage of translational repression formation of heterochromatin
target RNA and eventual destruction  on DNA from which target RNA

of target RNA is being transcribed
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MIRNAs regulate mRNA translation and stability

* >1000 miIRNASs in the human genome, controlling at least
1/2 of the coding genes

e pase-palr with mRNAs to fine-tune their translation and

CLEAVAGE
® S\ L. = =
/\/A () O CROPPING
AAAAA NUCLEUS
CYTOSOL

\J CLEAVAGE

I r“—O “DICING"
A

stability - i
ONE STRAND DEGRADED
Argonaute and

e made by RNA polymerase Il, capped and poly- okl bao bt ' e

adenylated extensive IWIOHSWC‘ match

. . . . RNA RNA -

® special processing and assembly with a set of proteins o - ARAAA @ S AAAAA

forming the RNA-induced silencing complex (RISC) | "sucinG*

© IJ\’,H LU LR AAAAA
® [he complex searches for complementary sequences il
. . ] ADP q‘

® o single MIRNA can regulate a whole set of different BIEE rabaade Fos v

MRNASs e AAAAA
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RNA interference as cell defense

e Degradation of foreign RNA (especially double-strandeo
RNA, as present in some viruses)

e [he presence of dsKNA attract the protein complex
containing Dicer (as for processing of mMiRNAS)

e [his protein cleaves dsRNA into small fragments (~23
nt) called small interfering RNAs or siRNAs

ADP

CLEA;/AGE

“CROPPING™

AAAAA

\J

ALl

NUCLEUS

CYTOSOL
CLEAVAGE

T "DICING"
A O

]

Argonaute and
other proteins 3’

ONE STRAND DEGRADED

5' RISC

extensive match less extensive match

l

IR, A AAAA

&
“SLICING"

111111111111 AN

l RISC released for reuse

e One strand is degraded and the other bound to the RISC ™=
complex
® [he complex now targets and degrades complementary °
RNA
@
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RNA Interference and heterochromatin formation

double-stranded RNA

. . ® |[n some cases, RNAI shuts off synthesis of mMRNA
1 DICER CUTS RNA

sl LI e RITS = RNA-induced transcriptional silencing complex

Argonaute and SIS LT Argonaute and X I P

other RISC proteins other RITS proteins
\‘/ \‘/ e Causes the formation of heterochromatin (H3K9me3
mark)
RISC S —.— RITS - | |
e Maintains transposable elements in the silent form

l

PATHWAY NOW FOLLOWS ONE OF
THOSE SHOWN IN Figure 7-78

|

\

l RNA polymerase

HISTONE METHYLATION
DNA METHYLATION
TRANSCRIPTIONAL REPRESSION
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PIRNAS protect the germ-line from transposable elements

e piRNAs = Piwi-interacting RNAs, where Piwi is a class of proteins related to Agronaut
* |n the germ-line, many histone modifications are erased, releasing transposons from their “normal contraints”

e pDIRNAS are transcribed from a specific cluster as long single-stranded RNA, that are further processed ano
assembled with Piwi proteins

e {hey then bind to complementary RNA, and both cleave the RNAs and package the chromatin into repressive
forms
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Arms race between cell’s DNA and parasitic elements

e bven with our defense mechanisms, parasitic DNA (transposons, viruses, ...) make up nearly half of our DNA
e siRNA and piRNA are survelllance systems (based on RNA-base pairing)

e Additional system with sequence-specific DNA-binding proteins (KRAB-/PF proteins)

® [hey recognise viral or transposon sequences

e [hey recruit histone writers that place H3K9me3 marks on the nearby histones

e [hey recruit DNA methylases that methylate the surrounding DNA

® [hey recognise sequences that are crucial for the virus replication or transposon transposition
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Bacteria use CRISPR to protect themselves from viruses

e CRISPR = clustered regularly interspersed short palindromic repeat

DNA virus new viral
bacterium infection

cleavage of CRISPR locus dotible:
l V|ra| DNA e § [==-1 [====]
e 0 e = == strand
integration T viral DNA
repeat sequences
‘-—J P q 1 transcription Seaved
e _F —3' BTN SEEEE W
— = SR pre-crRNA o
DNA sequences acquired . processing
from previous infections Cas protein i
CRISPR locus in bacterial g
genome crRNAs
STEP 1: short viral DNA sequence STEP 2: RNA is transcribed from STEP 3: small crRNA in
Is integrated into CRISPR locus CRISPR locus, processed, and complex with Cas seeks
bound to Cas protein out and destroys viral

sequences
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Long non-coding RNAs (IncRNA)

o >200 nt
e fuNnction mostly unknown
e > 5000 In the human genome

o =xamples: BNA in telomerase, Xist
RNA, RNA involved In imprinting

® [hey can work as scaffold RNA
molecules, guide sequences to

bind specific RNA/DNA, or affect
transcription

(A)

(B)

By 0

INcRNA

DNA
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Summary

® [ranscriptional contro
® (Genomic imprinting
® X-chromosome inactivation
® -pigenetic inheritance
® Post-transcriptional control
® RNA processing
o RNA export
® [ranslational control

e mMRNA stability

DNA transcript

1
transcriptional
control

RNA

51

NUCLEUS

2
RNA
processing
control

CYTOSOL

MmMRNA — . mRNA

3
RNA
transport
and
localization
control

mRNA
degradation
control

translation
control

Inactive mRNA

5

protein
activity
control

6
protein

inactive
protein



Have a nice day!



