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- almost all cells in an organism are genetically identical 
- differences between cell types results from differential gene expression 
- the eukaryotic genome is large: 

(a) immense noncoding regulatory landscape 
(b)compacted and chromatinized DNA

gene regulation in metazoans

www.mechanobio.info

Slattery et al., TIBS (2014)
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TFs are key to cell identity

in any cell type: 
∼ 50% of genes expressed 
∼ 700 transcription factors

Lee&Young, Cell (2013)
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gene regulation in metazoans

Lenhard et al., Nat.Rev.Gen. (2012)

enhancers:
- small segments of DNA (a few hundreds of bp) 
- operational platform to recruit many TFs 
- with few exceptions function in a modular and autonomous manner 
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Lenhard et al., Nat.Rev.Gen. (2012)

enhancers:
- small segments of DNA (a few hundreds of bp) 
- operational platform to recruit many TFs 
- with few exceptions function in a modular and autonomous manner 

how do TFs “read” the right sequences at the right time to give 
rise to complex temporal and spatial transcriptional programs ?

gene regulation in metazoans
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complexity

- TF binding motifs usually 6-12bp (a 6bp motif occurs 
>200,000 in genome) 

- on average, less than 1% of consensus sites bound in vivo 
- of those 10-25% functional (based on transcriptional 

deregulation upon loss of function) 
- DNA-binding is temporally/tissue-specifically regulated 

=> other rules than simple affinity of individual TFs for DNA are 
involved in controlling both enhancer occupancy and the 
functional outcome 

combinatorial interplay of TFs
enhancer regions typically contain clusters of TF binding sites 
- additive (linear) 
- cooperative (non-linear)
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TF cooperativity

indirect cooperativity direct cooperativity 
(motif “grammar”)

Spitz&Furlong, Nat. Rev. Gen. (2012)
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enhancer models

Spitz&Furlong, Nat. Rev. Gen. (2012)
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murine embryonic stem cells

fertilised egg 8 cell early blastocyst late blastocyst

0.1mm

embryonic stem cells:
- self-renew 
- give rise to all embryonic cell types 

in vitro and in vivo
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TFs in murine embryonic stem cells
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identification of pluripotency TFs - Nanog

Chambers et al., Mitsui et al., Cell (2003)

Tír na nÓg
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Sall4

functional cloning:

bioinformatical identification:
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Chen et al., Cell (2008)

TFs cluster preferentially at distal sites (enhancers ?)
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enhancers cluster into “super-enhancers”

Whyte et al. & Hnisz et al., Cell (2013)

super-enhancers are enriched at cell identity genes:

super-enhancers are cell-type specific:
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enhancer clustering

super-enhancers:
- span larger genomic regions than normal enhancers (8,667bp vs 703bp in mES cells) 
- only a few (231 of 8,794 total enhancers in mES cells) 
- 77% contain 3 or fewer constituent enhancers 
- enriched for factors generally associated with enhancer activity (PolII, eRNAs, p300, CBP, 

histone modifications, chromatin accessibility) 
- can be identified in any cell type 
- are associated with genes with cell type specific functions 
- are enriched at oncogenes (and are often affected by genomic rearrangements in cancer)

super-enhancers, stretch enhancers, locus control regions (LCRs), 
clusters of open regulatory elements (COREs): 
may be functionally and conceptually equivalent. Discrepancies in 
numbers and locations may be explained by different empirical 
methods used to define them

enrichment for TF binding motifs (linear, 3D - see lecture Luca Giorgetti) 
=> increased TF cooperativity, e.g. leading to maximal activity at lower TF concentrations 
=> facilitates TF target search
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how do TF find specific target sites in the nucleus ?

Transcription factors (TFs) have evolved to rapidly find their specific binding 
sites among millions of nonspecific sites on chromosomal DNA. 
=> Brownian motion, 3D diffusion 

However, the bacterial lac repressor (lacI) finds its operator faster than the rate 
limit for 3D diffusion 
=> facilitated diffusion theory: the TF searches for binding sites through a 
combination of 3D diffusion and 1D diffusion (sliding) along DNA. In fact, lacI 
spends 90% of its time nonspecifically bound to and sliding on DNA.

Mueller et al., Crit. Rev. Biochem. Mol. Biol. (2013)
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how do TF find specific target sites in the nucleus ?

kinetic model incorporating 3D diffusion and DNA/chromatin binding for Sox2:

-appr. 75% of Sox2 not chromatin-bound 
-search time for binding a specific site: appr. 6min (assuming 7000 bound sites) 
- roughly 115,000 Sox2 molecules per nucleus => one cognate site sampled by Sox2 
approximately every 25 sec => 50-70% Sox2 temporal occupancy at specific sites and 
apps 4% at nonspecific target sites in ES cells

Chen et al., Cell (2014)
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how do TF find specific target sites in the nucleus ?

caveats: 
- unclear if “specific sites” are functional 
enhancers 
- assumption that nucleus is homogeneous

kinetic model incorporating 3D diffusion and DNA/chromatin binding for Sox2:

Chen et al., Cell (2014)

-appr. 75% of Sox2 not chromatin-bound 
-search time for binding a specific site: appr. 6min (assuming 7000 bound sites) 
- roughly 115,000 Sox2 molecules per nucleus => one cognate site sampled by Sox2 
approximately every 25 sec => 50-70% Sox2 temporal occupancy at specific sites and 
appr. 4% at nonspecific target sites in ES cells 

-Sox2 assists Oct4 to assemble on its in vivo targets in an ordered fashion; while Oct4 
appears to stabilise the Sox2/Oct4 complex
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how do TF find specific target sites in the nucleus ?

Liu et al., Elife (2014)

- Sox2 stable binding sites form 
clusters that are segregated from 
heterochromatic regions and partially 
colocalise with enhancer marks 

- Sox2 searches for targets via 3D 
diffusion dominant mode between 
clusters and within heterochromatic 
regions 

- inside clusters Sox2 3D diffusion is 
dramatically shortened (64% 
chromatin bound) due to high 
concentration of binding sites, non-
specific open DNA, or protein binding 
partners => likely involves 1D 
scanning (similar to lacI) 

- local concentration of binding sites 
may facilitates TF target search and 
allow a greater opportunity for re-
cycling pre-assembled TF complexes 
and taking advantage of cooperative 
interactions on chromatin.

Sox2 probability map in ES cell nuclei => local densities
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enhancers and developmental progression

Nord et al., Cell (2013)
Kieffer-Kwon et al., Cell (2013)

developmental progression requires the function of previously inactive enhancers: 
- enhancer selection 
- enhancer activation

Heinz et al., Nat. Rev. Mol. Cell Biol. (2015)

- transcription co-regulators (methyl 
transferases, deacetylases, 
chromatin remodellers ,mediator) 

- PolII (including pre-initiation complex 
and elongation factors) => eRNAs 
(that may contribute to enhancer 
activity), transcription itself ? 

- enhancers resemble promoters in 
many aspects (except proximal 
splice donors)
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pioneer TFs

Mango&Zaret, Curr. Op. Gen. Dev. (2016)

features of pioneer TFs:
- engage targets in closed, silent chromatin 
prior to gene activity 

- increase accessibility of target site that 
makes other proteins accessible to this 
site 

- play a primary role in cell programming 
and reprogramming and establish 
competence for cell fate changes
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induced pluripotent stem cells

1 Ecat1
2 Dppa5
3 Fbxo15
4 Nanog
5 ERas
6 Dnmt3l
7 Ecat8
8 Gdf3
9 Sox15
10 Dppa4
11 Dppa2
12 Fthl17

13 Sall4
14 Oct4 
15 Sox2 
16 Rex1
17 Utf1
18 Tcl1
19 Dppa3
20 Klf4 
21 b-Catenin DA
22 c-Myc DA 
23 Stat3 DA
24 Grb2 DN

Takahashi&Yamanaka, Cell (2006)
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reprogramming roadmap

Apostolou&Hochedlinger, Nature (2013)
efficiency ∼ 0.1%, duration > 20 days
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d2

Soufi et al., Cell (2012)

Oct4, Sox2, Klf4 (OSK) are pioneer TFs
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Oct4, Sox2, Klf4 (OSK) are pioneer TFs

- striking differences between 
the initial binding of the 
factors compared to later 
stages: reprogramming 
factors extensively engage 
distal regulatory elements 
first; thus, subsequent 
events are required for the 
factors to engage promoters 
and activate transcription. 

- O, S, and K act as pioneer 
factors at closed chromatin 
sites. 

- c-Myc has a direct function 
in enhancing the initial 
chromatin engagement of O, 
S, and K, but its chromatin 
association depends on 
OSK. 

- pioneer factor properties rely 
on ability to recognize partial 
motifs on nucleosomes. This 
is likely a widespread 
feature of pioneer TFs.

Soufi et al., Cell (2015)
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pioneer TFs

pioneer TFs bind only to a subset of their putative binding motifs and show distinct 
binding patterns in distinct cell types: 
- This may involve cooperativity with other TFs. Pioneer TFs can scan closed chromatin for 
potential target sites and then recruit other factors which in turn could stabilise binding to 
chromatin. 

- the most consistent chromatin feature predicting engagement with pioneer TFs is high 
intrinsic nucleosome occupancy. Contrary to the dogma that nucleosomes are inherently 
repressive to gene activity and must be removed for factor binding, pioneer TFs 
positively use the feature of high nucleosomal occupancy at enhancers as their functional 
binding property. 

- repressive histone modifications (H3K9me2 and H3K9me3) can block pioneer TF 
binding. This may be a means to stably retain cell fate. 

- pioneer TFs are typically retained at mitotic chromosomes (while most other TFs 
dissociate) although at fewer sites than in interphase (mitotic bookmarking). Associated 
genes are amongst the first to be transcribed after exit from mitosis. Mechanisms of gene 
reactivation after cell division may recapitulate, in part, the hierarchical processes by 
which different cells are specified in the first place.

Zaret, Dev. Cell (2014)
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enhancer priming

Choukralah&Matthias, Front. Immun. (2014)

- in ESCs (and other cell types), enhancers of genes associated with differentiation are pre-marked 
(primed, poised): bound by TFs and coactivators, and enriched for certain histone marks. 

- widespread epigenetic priming of developmental enhancers may be an important mechanism 
underlying anticipation of future developmental fates.
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enhancer priming

- in ESCs (and other cell types), enhancers of genes associated with differentiation are pre-marked 
(primed, poised): bound by TFs and coactivators, and enriched for certain histone marks. 

- widespread epigenetic priming of developmental enhancers may be an important mechanism 
underlying anticipation of future developmental fates.

Choukralah&Matthias, Front. Immun. (2014)

- many primed enhancers in ESCs are bound 
by core pluripotency TFs, such as Oct4 and 
Sox2. Therefore these TFs not only act in 
activating pluripotency transcription but also 
directing differentiation.

Loh&Lim, Cell Stem Cell (2011)
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models of TF involvement in enhancer priming

Buecker&Wysocka (2012)
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models of TF involvement in enhancer priming

Buecker&Wysocka (2012)

Bergsland et al., G&D (2011) Teo et al., G&D (2011)
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summary

- enhancers serve as integration hubs: genomic instructions (DNA sequence), cellular 
environment (TF cooperativity, enhancer clustering), signaling environment and 
epigenetic information (repressive chromatin, pioneer TFs) are brought together to 
establish cell type specific gene expression. 

- TF occupancy is not always indicative of activity but may label regions used 
subsequently (enhancer priming). 

- most developmental genes are regulated by multiple enhancer elements, each controlling 
a specific spatiotemporal aspect of gene expression or acting redundantly (“shadow 
enhancers”); this involves regulation of enhancer-promoter interactions at the level of 3D 
chromatin conformation (lecture Luca Giorgetti).

Smith&Shilatifard, Nat Struct Mol. Biol. (2014)
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