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Repression of trx 
- introductory remarks
 Repression - confusing language

 Cis-elements termed silencers, extinguishers, operators, negatively acting 
sequences, URS etc. - not informative with respect to mechanism

 Multiple mechanisms for repression of transcription
 Repressors can target multiple steps in the trx process
 A multitude of mechanisms

 Repressors for long considered less important than 
activators
 Only a minor fraction of all genes ( ≈ 7%) are transcribed at any time, 

considered improbable that the remaining 93% were actively repressed
 Chromatin  closed ground state - why repressors needed?

 Still - a large number of repressors identified
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A complementary universe

 Activators - repressors
 GTFs - positive but also 

negative
 Coactivators - 

corepressors
 HATs - HDACs
 Opening chromatin - 

closing chromatin
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Repressive effects on several levels:
 Specific TFs with repressor 

function can be classified in 
two categories: 
 passive and active or indirect and direct
 Indirect [passive] = those that target a 

specific activator and interfer with its 
action [repression = anti-activation]

 Direct [active] = those that directly 
target PIC-assembly (or chromatin) and 
thus repress basal transcription

Repression

Indirec

Direc

Interfers with TF-
activation

Remodeling
chromatin

Anti-PIC
assembly
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TFs with repressor function: 
two categories
 Indirect and direct

 Indirect [passive] = those that target a specific activator and interfer with its 
action [repression = anti-activation]

 Direct [active] = those that directly target PIC-assembly (or chromatin) and thus 
repress basal transcription
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Represjon
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Repressive effects - chromatin

 Ground state of chromatin 
repressed
 nucleosomes as general inhibitors of TF-

binding and PIC-assembly
 transactivation also anti-repression of the 

inhibitory effect of nucleosomes
 Active repression mechanism 

operating at the chromatin 
level: 
 further changes of chromatin structure  

totally silenced with cis-elements 
unavailable for TFs
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Indirect repressors

 Repressors that interfere                             
with activators (Indirect repression)
 Interfering with nuclear localization of activators
 Interfering with assembly of multisubunit-activators

 Inhibitory partners in heterodimeric TFs
 Cross-talk between different responsive TFs

 Interfering with DNA-binding of activators
 Interfering with transactivation of DNA-bound 

activators

+ +
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Indirect repressors may interfere 
with nuclear localization of TFs
 Classical example: IκB-family

 Binds members of the Rel-family TFs
 IκB cause retention of NFκB in the cytoplasm
 Topic of later lecture

+ +

R
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Indirect repressors may interfere 
with DNA-binding of activators

 Repressor and activator may bind 
competitively to the same cis-element
 Sp1 competed out by GC-box binding proteins

 Generally not most common mechanism
 Requires several activators bound over long streches of DNA
 Requires several competitive repressors

 Two activators compete for the same/
overlapping cis-element
 ex.1: the human osteocalcin gene

 AP1 and RAR: overlapping cis-element

R
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Indirect repressors as inhibitory 
partners in heterodimeric TFs
 Many TFs only active 

as dimers - homo- or 
heterodimers

 A killing partner 
used for repression

++

R
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Indirect repressors may be inhibitory
partners in heterodimeric TFs
 Repressors that titrate out activators →  

heterodimeric inactive in DNA-binding
 bHLH: The Id protein forms a complex with HLH-TFs that is 

inactive in DNA-binding
 bHLH: The Drosophila emc gen-product has “HLH” but not 

“b” and forms a complex with HLH-TFs that is inactive in 
DNA-binding

 bZIP: CHOP heterodimerizes with C/EBP and generate 
inactive dimers due to 2 prolines the in the basic domain 
(adipocytt differentiation CHOP↑)

b Z I P

CHOP

emc
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Indirect repressors may interfere 
with activity of DNA-bound TFs

 General idea of quenching: 
 repressor and activator may both bind to same DNA-segment
 repressor masks the TAD of neighboring activator (quenching)
 some repressors may be recruited through prot-prot interactions 

without being themselves bound to DNA
 short-range repression

 examples:
 Mammalian c-myc promoter: myc-PRF interfers with myc-CF1
 Yeast: GAL80 interfers with GAL4

Repressoractivator

R
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Advantages of quenching 
and short-range repression
 Signal integration

 Pos and neg factors on same promoter - composite outcomes
 Activators and repressors interplay limited to a 

defined regulatory segment
 even-skipped gene in Drosophila: 20kb with regul.modules responsible 

for distinct stripes in embryo
 repressors that work on one stripe don’t affect neigbours

enhancer 1 enhancer 2 enhancer 3

Repressor

R
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Direct repressors of transcription

 Works directly on the basal trx.app. or locally 
on chromatin - not indirectly through inactivation of an 
activator
 General repressors that interfer with PIC-assembly and which contains 

transferable repression domains
 Co-repressorer which themselves are not DNA-binding, but that are 

recruited to TF-complexes and that has or becomes associated with 
remodelling HDAC-complexes
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Active repressors
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Active repressors have often 
transferable repressor domains
 Transferable modular repressor-domains

 Present in WT1, eve, engrailed, c-ErbA
 Distinct feature (in some): high content of A, Q, P + few charged aa 
 probably several classes similar to what is true for TADs (3 TAD-classes)

 Advantage of active direct repressors
 Effective inactivation of genes independent of nature and number of 

activators
 Probably important in cell type specific genes
 Evolutionary simple way of turning off totally a gene with a complex 

mechanisms of regulation (“main switch”)

R

R
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Direct repressors of PIC-assembly

 Dr1/Drap1 complex
 Heterodimer Dr1(NC2β) + Drap1(NC2α)
 Conserved from yeast to humans
 Mechanism: binds TBP in a way that blocks binding of 

TFIIB, thus hindering PIC-assembly
 Possibly also an induced change of conformation that 

blocks TFIIA-binding

 Mot1
 Also TBP as target
 Removes TBP from DNA in a ATP-dep. reaction
 Counteracted by TFIIA (competitive)

 Srb10/Srb11 complex
 CTD-phosphorylation of free RNAPII 
 Hinder PIC assembly

 Not complex
 Not1 has direct interaction with TBP

TFIIA

TBP

TFIIB

Dr1/Drap1

Mot1
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Mechanisms - hypotheses on how 
active repressors may work
 Structural mechanism: Repressors can affect an early 

stage of PIC assembly and block further recruitment of 
factors

 Functional mechanism: Repressors may “freeze” PIC 
in an inactive conformation

 Response mechanism: active repressors without 
effect on basal trx. can still make PIC insensitive for 
activators

 Chromatin-related mechanism: active repressors may 
remodel nucleosomes/chromatin-structures and 
enhance their repressive effect



Direct repressors 
- at the chromatin level
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Changing the chromatin-template
to keep transcription turned off
 1. CLOSING of chromatin through 

directed modication of histone tails 
(deacetylation and methylation)

 2. CLOSING of chromatin through 
directed nucleosome mobilization 
allowing access for repressors
 ATP-dependent process

Swi/Snf

HDACs
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Deacetylation → chromatin silencing

GROUND STATE

1. Step

2. Step

 Early evidence: human 
deacetylase ≈ Rpd3p from yeast

 Rpd3p = global regulator in 
yeast

 A role in repression
 Act together with the repressor Sin3p
 Model: DNA-bound TFs recruit Sin3p repressor 

and the Rpd3p deacetylase. Repression + 
Deacetylation amplify the repressive effect. 
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Chromatin and HDAC

 Mechanism for active 
repression in several 
systems - reverse 
effect of acetylation

 Histone deacetylases 
(HDACs) catalyze the 
deacetylation of lysine 
residues in the histone 
N-terminal tails

 HDACs are found in 
large multiprotein 
complexes with 
transcriptional co-
repressors
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Co-repressors 
- a link to chromatin remodeling

 Co-repressors 
themselves not DNA-binding, but which are recruited to complexes 
through protein-protein interactions
 yeast:  SSN6(Cyc8)-TUP1  and   ARE1-4
 Human: N-CoR/SMRT/TRAC and Groucho

 Bridges between DNA-bound repressors and HDACs
 Thyroid hormone receptor: a chain of proteins 

mediates active repression: TR/N-CoR/Sin3/RPD3

T RR X 
R without ligand - active repressor

N-CoR = a corepressor

Sin3= a link

Rpd3= histon deacetylase

thyroid hormone receptor

Closes 
chromatin
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Co-repressors 
- a link to chromatin remodeling
 Mad-Max: same chain of proteins cause active 

repression: Mad-Max/Sin3/N-CoR/RPD3

Ma
d

Max

N-CoR = a corepressor

Sin3= a link

Rpd3= histon 
deacetylase

Repressor variant in the Myc network

Close 
chromatin
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Recruitment - getting repression to 
work in the correct local region
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Two large multiprotein 
corepressor-complexes with HDAC
 Sin3-complexet

 HDAC core complex (HDAC1+HDAC2+histone-binding proteins RbAp46/48)
 8 polypeptides probably using Sin3 as a scaffold (4 PAH-domains)
 Targeted through several TF-interaction domains
 involved in active repression of NRs by the corepressors N-CoR and SMRT
 Several examples of recruitment by TFs
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Two large multiprotein 
corepressor-complexes with HDAC
 Mi-2/NuRD-complexet

 Unique by having both ATP-dep remodelling activity + HDAC
 Central factor : Mi-2ß (CHD4) contains both chromodomain + DNA 

helicase/ATPase à la SWI/SNF
 MTA-2 is a metastasis-related zinc finger + leucin-zipper
 some examples on recruitment (Ikaros)
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Families of HDACs

 Eighteen distinct human HDACs are grouped 
into three classes based on their similarity to 
known yeast factors: 
 Class I HDACs (HDAC1, -2, -3, -8 and -11) are homologous to the 

yeast transcriptional repressor yRPD3, share a compact structure, and 
are predominantly nuclear proteins expressed in most tissues. 

 Class II HDACs are homologous to yHDA1 and are subdivided into 
two subclasses, IIa (HDAC4, -5, -7 and -9) and IIb (HDAC6 and 
HDAC10), based on sequence homology and domain organization. Class 
IIa HDACs all shuttle between the nucleus and the cytoplasm. This class 
are expressed in a restricted number of cell types.

 Class III HDACs are homologous to ySIR2 and show no homology to 
class I and II proteins
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Why so many HDACs ?

 Division of Labor among HDACs
 Schematic representation of an idealized yeast chromosome emphasizing 

the division of labor among five different HDACs. 
 Differently colored bars represent intergenic regions that are 

hyperacetylated in cells lacking the indicated HDAC. 
 Not shown are the ribosomal gene promoters that are hyperacetylated after inactivation of Hos2p. 

Class II Class 
IClass III

Centromere
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Class IIa HDACs interact with several 
partners through distinct domains
 CtBP acts as a trx repressor
 14-3-3 proteins plays a critical role in the nucleocytoplasmic shuttling of 

class II HDACs.
 CaMK-mediated phosphorylation of HDAC4, -5, -7 and -9 promotes their association with 

14-3-3 proteins and stimulates their nuclear export to the cytoplasm

 interact with two closely related co-repressors, SMRT (silencing mediator for 

retinoid and thyroid receptors) and N-CoR (nuclear receptor co-repressor).
 HP1 - see later

Illustration of the 
complex action of 
one specific HDAC
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Repression through specific histone 
methylations

 Repression (H3-K9, H3-K27, H4-K20)
 Numerous reports on silencing effects linked to H3-K9 methylation
 Heterochromatin formation linked to H3-K9 methylation and HP1 binding
 Highly condensed centromeric regions related to methyl addition to H3-K9. 
 H3-K9 and H3-K27 methylation might be important for the X chromosome 

inactivation process. 
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Repression through ATP-dependent 
remodeling

 SWI/SNF-remodelling not only important 
for activation of specific genes, but also 
for repression of genes
 Expression-analysis in yeast : Only 6% of genes 

influenced by loss of SWI/SNF
 NB! Most affected genes negatively regulated by the 

SWI/SNF-complex
 probably because the SWI/SNF-complex also makes 

chromatin available for repressors
 NuRD/Mi-2 complex induces repression 

through remodelling + deacetylation of 
chromatin
 A complex with both remodelling and HDAC activity
 Model: Remodelling activity mobilizes histones such that 

HDAC gets access
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Changing the chromatin-template
to keep transcription turned off
 1. CLOSING of chromatin through 

directed modication of histone tails 
(deacetylation and methylation)

 2. CLOSING of chromatin through 
directed nucleosome mobilization 
allowing access for repressors
 ATP-dependent process

Swi/Snf

HDACs



Silencing and 
heterochromatin
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Long-term repression in cellular 
differentation

 > 50% of the genome 
is silenced in any 
particular cell type
 Genes specifically turned on 

during early embryogenesis 
are subsequently silenced 
and then remain in this state 
throughout development.

 Most tissue-specific genes 
are set up to be repressed at 
an early stage of 
development and they too 
are maintained in this form 
in almost all cell types, only 
undergoing reactivation in 
their tissues of expression.
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Euchromatin versus 
heterochromatin
 Euchromatin

 Open, genes inducible
 Modifications: histones hyperacetylated, H3-mK4 present, cytosine 

hypomethylation, irregular nucleosome packing dispersed with HS (DNase 
hypersensitive) sites

 Silenced chromatin = facultative chromatin
 Heterochromatin = constitutive heterochromatin

 Condensed, rich in repetitive DNA with low gene density, regular nucleosome 
arrays, genes silenced, histone hypoacetylated, H3 mK9 present, cytosine 
hypermethylatoin
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Short-range versus long-range
 Long-range

 Long-range corepressors such as Groucho or 
Sir3/Sir4 may recruit HDACs to nearby histone 
tails, resulting in an altered chromatin structure. 

 The corepressors may then spread along 
chromatin. Through a repetitive process, a large 
chromosomal locus may be organized into a 
repressed state.

 Short range
 Short-range corepressors such as CtBP can also 

recruit HDAC. The local deacetylation of 
nucleosomes creates an altered chromatin 
structure. 

 As a result of the hypothesized inability of 
shortrange repressors to polymerize, the effect 
may be strictly local. 
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Long-term repression in cellular 
differentation
 Several mechanisms 

may explain long-term 
silencing
 sequence-dependent repression 

factors
 Histone modifications
 DNA methylation
 late replication timing

 operate either 
individually or in 
combination to generate 
layers of repression
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Sequence-dependent repression

 In this strategy, the 
genes are marked by 
specific regulatory 
sequences that can bind 
repression factors
 IKAROS bring about the 

relocation of a gene region from 
its euchromatic position to 
specialized regions of 
heterochromatin, where they are 
exposed to a repressive 
environment.

Ikaros
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Sequence-dependent repression

 Coordinated repression 
NRSE + REST
 The neural restrictive silencer element 

(NRSE) motif functions as a mark for 
many neuron-specific genes. 

 NRSE is recognized by the RE1-silencing 
transcription factor (REST), which is 
constitutively expressed in all cell types 
except neurons

 Polycomb proteins function 
as long-term repressors for 
embryonically expressed 
genes that are turned off 
during later development
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Silencing by Polycomb

 Polycomb group (Pc-G) - long range repression of 
homeotic genes
 The genes of the Polycomb group (PcG) and trithorax group (trxG) are part of a 

widely conserved cell memory system 
 that prevents changes in cell identity by maintaining transcription patterns, set in the first stages 

of embryonic life, throughout development, and in adulthood. 
 PcG and trxG control, respectively, repressed and active transcriptional states of 

several loci in the genome, 
 including developmentally and cell cycle-regulated genes. 

 Both groups encode components of multi-protein complexes that control 
chromatin accessibility. 
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Exchanging histone types

 Octamer interrupted. 
 In yeast, the transcriptionally silenced chromatin of 

telomeres is formed by the association of the Sir2, Sir3, 
and Sir4 proteins (dark blue) with nucleosomes. 

 Replacement of H2A/H2B histone dimers (yellow) with 
H2A.Z/H2B dimers (red) containing the variant histone 
protein H2A.Z prevents the spread of Sir proteins into 
adjacent regions of unsilenced chromatin. 

 This histone replacement acts as a buffer halting the 
spread of chromatin silencing. 

 The Swr1 complex mediates the removal of H2A/H2B 
dimers from nucleosomes and their replacement with 
H2A.Z/H2B dimers.
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Formation of heterochromatin
- interplay between several systems
 Histone deacetylation
 Histone H3 K9 methylation
 DNA methylation

Form together a self-
reinforcing network
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Histone hypoacetylation as a mark for 
Heterochromatin and silent domains
 Hypoacetylation (H3 + H4) 

associated with hetero-
chromatin domains

 Facilitate repressive structures
 Model: the yeast SIR complex

 A repressive complex that interacts (Sir3 & 
Sir4) specifically with histone tails in 
hypoacetylated form

 Sir2 is a NAD-dependent protein deacetylase
 Recruitment, deacetylation and spreading

 TSA (HDAC inhibitor) causes 
relaxation of silencing
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Methylation of H3 on K9 and assoc. 
with HP1 mark heterochromatin
 Modification of H3 Lys9   - 

a molecular mark for 
heterochromatin?
 Repression also associated with 

methylation of H3-K27 and H4-K20
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Methylated H3 K9 recognized by a 
specific protein: HP1
 HP1 is 

bifunctional 
reagent
 Heterochromatin 

protein 1 (HP1) is a 
methyl-lysine binding 
protein specific for H3-
mK9.

 HP1 recruits SUV39H1 
leading to propargation 
of methylation
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Spreading of heterochromatin 
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Cytosine methylation patterns as a 
mark for Heterochromatin

 Cytosine hypermethylation in 
heterochromatin
 Patterns established & maintained in a 

dynamic process
 Enzymes: Dnmt1, 3a and 3b
 How patterns are generated??  - 

elusive
 Recent evidence suggest that 

H3 mK9 heterochromatin code 
may determine mC-DNA pattern
 Cytosine methylation may lay downstream of 

histone methylation

http://www.genesdev.org/content/vol15/issue18/images/large/38945-13f6_C4TT.jpeg
http://www.genesdev.org/content/vol15/issue18/images/large/38945-13f6_C4TT.jpeg
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DNA methylation

 Methylated promoters = OFF
 Tissue-specific genes that lack CpG-island promoters are automatically methylated, which 

brings about global repression that is maintained without the need to recognize specific 
regulatory elements.

 Methyl binding proteins
 Methylated CpGs are recognized by methyl-binding domain proteins (MBP) that can recruit 

histone-modification enzymes such as histone deacetylase (HDAC) and histone methyl 
transferase (HMT) that alters the local chromatin environment.

 Methyl groups might also have a ubiquitous role in the positioning of nucleosomes and may 
cause alterations in higher order chromatin structure. 

 Maintenance
 Patterns of methylated 

CpGs are maintained 
during replication 
because of the 
specificity of DNMT1.
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Late replication timing

 There is a strong correlation between late replication and gene 
repression at the level of individual genes
 Housekeeping genes seem to be arranged in clusters that replicate early, whereas many tissuespecific 

genes replicate late in most tissues, but become early-replicating in cells in which they are expressed

 late replication may contribute to maintain repression
 HDAC2: an integral part of the replication complex, but only during late S phase
 During early S phase, newly added nucleosomes would carry pre-acetylated H4, but these Ac groups 

would be removed from DNA that replicates during late S phase
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Formation of heterochromatin
- interplay between several systems
 Histone deacetylation
 Histone H3 K9 methylation
 DNA methylation
 Late replication timing
 Repressors

Form together a self-reinforcing 
network
With many layers of repression


