
Cell fates and complex body plans are established 
through an elaborate succession of signals that define 
complex and precise patterns of gene expression. 
Genetic studies have uncovered highly regulated pro-
grams of gene expression, which are governed by large 
interconnected regulatory networks (recently reviewed 
in REFS 1,2) that drive the stereotypic development of 
embryos. However, this tightly regulated view of devel-
opmental networks is at odds with recent global data 
revealing many features — including stochastic gene 
expression, bidirectional promoters, pervasive tran-
scription and widespread binding of transcription fac-
tors (TFs) — that suggest transcriptional regulation 
may be a rather ‘leaky’ process. This review focuses 
on the operational properties of TFs at enhancer ele-
ments and aims to bridge the current views of tran-
scription that are emerging from genomic studies and 
our understanding of the highly ordered process of 
development as shown by genetic studies.

Gene expression is regulated through the integrated 
action of many cis-regulatory elements, including core 
promoters and promoter-proximal elements (recently 
reviewed in REF. 3), as well as a various cis-regulatory 
modules that are localized at greater distances from the 
transcription start sites (TSSs), such as enhancers4,5,  
silencers6–8, insulators9 and tethering elements10,11. Among 
this constellation of elements, enhancers and their 
associated TFs have a leading role in the initiation of 
gene expression, and identifying enhancer locations 

has been a major focus of many studies. Enhancers are 
small segments of DNA, typically a few hundred base 
pairs (bp) in length, that serve as operational platforms 
to recruit TFs through short, specific DNA sequences 
(motifs) to regulate transcription. They have the inher-
ent capacity to function in a modular and autonomous 
manner, with some exceptions (BOX 1). How these 
pieces of DNA give rise to complex patterns of tem-
poral and spatial activity, and how TFs interpret the 
genome to ‘read’ the right sequences at the right time 
of development, have been the subject of intensive 
investigation since the discovery of enhancers some 
30 years ago12. Information on the genome-wide occu-
pancy of individual TFs has provided novel and impor-
tant insights into their activities. However, as TFs 
rarely act alone at enhancers, their functions should 
be considered in a more integrated, combinatorial 
manner. In the discussion here, we therefore focus on 
how interactions at different levels (between TFs, and 
between enhancer elements and other cis-regulatory 
elements) act to convert relatively ‘relaxed’ individual 
activities into more specific transcriptional programs 
that ensure the robust, stereotypic development  
of embryos.

We first consider models of enhancers, the differ-
ent modes and rules that govern the binding of TFs 
to enhancer elements and how they generate dif-
ferent types of transcriptional output. We then dis-
cuss how dynamic, sequential changes occur during 
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Core promoter
The region of a gene to which 
RNA polymerase II and the 
general transcription factors 
(GTFs) bind to initiate 
transcription. Core promoters 
span ~40 base pairs upstream 
and downstream of the 
transcription start site.

Silencers
DNA sequences to which 
repressor factors bind and 
mediate the silencing of 
promoters through interactions 
with the basal transcriptional 
machinery or enhancers.
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Abstract | Developmental progression is driven by specific spatiotemporal domains of 
gene expression, which give rise to stereotypically patterned embryos even in the 
presence of environmental and genetic variation. Views of how transcription factors 
regulate gene expression are changing owing to recent genome-wide studies of 
transcription factor binding and RNA expression. Such studies reveal patterns that, at 
first glance, seem to contrast with the robustness of the developmental processes they 
encode. Here, we review our current knowledge of transcription factor function from 
genomic and genetic studies and discuss how different strategies, including extensive 
cooperative regulation (both direct and indirect), progressive priming of regulatory 
elements, and the integration of activities from multiple enhancers, confer specificity and 
robustness to transcriptional regulation during development.
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Insulators
Chromatin elements that act as 
barriers against the influence 
of positive signals (from 
enhancers) or negative signals 
(from silencers and from 
heterochromatin).

Tethering elements
Cis-regulatory elements that 
contribute to directing a 
remote enhancer activity 
towards a specific gene among 
the surrounding genes. They 
are usually close to the 
promoter-proximal region of 
the target gene.

Bone morphogenetic 
protein
(BMP). A group of molecules  
of the transforming growth 
factor-α (TGFα) family that can 
induce bone formation and 
ventralize the vertebrate 
embryo. Decapentaplegic 
(DPP) is the fly homologue of 
the vertebrate BMPs.

developmental progression to regulate enhancer occu-
pancy and output, and end by considering how 
enhancers act within broader regulatory landscapes 
that include multiple regulatory elements and complex 
three-dimensional genomic conformations.

Modes of TF occupancy and transcriptional output
TFs typically recognize small 6–12 bp-long degener-
ate DNA sequences. This intrinsic, fairly low sequence 
specificity suggests that more complex rules, other 
than the simple affinity of individual TFs for DNA, are 
involved in controlling both enhancer occupancy and 
the functional outcome. As discussed in the following 
sections, TF binding and its impact on gene expres-
sion are influenced by many different mechanisms,  
thus giving rise to a robust, concerted action.

Combinatorial occupancy and spatiotemporal activi-
ties of enhancers. TFs typically bind to enhancer 
regions that contain clusters of different TF bind-
ing sites, a property that has been used to define and 
identify regulatory elements. When the associated 
TFs are expressed in overlapping spatial domains in  
an embryo, this combinatorial binding can result 
in discrete and precise patterns of transcriptional 
activity13–17. For example, the recruitment of broadly 
expressed activators and spatially restricted repres-
sors gives rise to more refined expression patterns, 
such as the stripe patterns that are regulated by many 
gap gene enhancers during the early segmentation of 
the Drosophila melanogaster embryo18,19. Similarly, the 
spatially defined activation of effector TFs in response 
to signalling cascades can lead to a more restricted 
activity of enhancers when acting together with 

additional TFs with overlapping expression domains. 
For example, in D. melanogaster, pMAD (the phos-
phorylated form of MAD) is the effector of decapen-
taplegic (DPP) and bone morphogenetic protein (BMP) 
signalling and provides the competence for cells to 
adopt particular cell fates. This activity requires the 
combinatorial binding of pMAD with cell-type-spe-
cific TFs on target enhancers, for example, Tinman 
in the dorsal mesoderm20,21 and Scalloped in the wing 
imaginal disc22, thus restricting a particular cell fate 
to only those cells that contain both pMAD and the 
second TF. Similarly, in vertebrates, the SMAD pro-
teins — which are MAD orthologues — require dif-
ferent tissue-specific partners to bind to specific sets 
of enhancers in different cell types23,24. Therefore, 
cell-type-specific factors, typically key developmen-
tal regulators, provide the competence for pMAD or 
SMADs to bind to specific subsets of enhancer ele-
ments, whereas pMAD or SMAD occupancy provide 
the ability to activate an enhancer at a precise time 
and place following an extracellular signalling cue. 
The same TF (for example, pMAD or a SMAD) can 
thereby induce different cell fates owing to differences 
in its interaction partners.

Analyses of TF occupancy at different develop-
mental stages or in different conditions demonstrated 
that TFs can often occupy diverse sets of enhanc-
ers depending on the stage or condition considered. 
For example, examining the binding properties of  
mesoderm-specific TFs throughout a time course  
of D. melanogaster embryogenesis identified enhancers 
that were occupied continuously at all stages examined, 
as well as enhancers that were bound by the same TF 
exclusively at either early or late stages of development, 
even though the TF was always present and availa-
ble16,25,26. A similar temporal shift in TF occupancy has 
been observed in mammals for myoblast determination  
protein 1 (MYOD1) during myoblast differentia-
tion27, E2A during B-cell specification28 and erythroid 
krüppel-like transcription factor (EKLF; also known 
as KLF1) during erythrocyte differentiation29. These 
observations highlight that it is not simply the timing 
of expression of a TF, but rather the timing of its DNA 
occupancy, that controls the temporal nature of gene 
regulatory networks (GRNs) driving developmental  
progression.

How then is temporal binding regulated? In some 
cases, this context-dependent occupancy may corre-
spond to the relative affinity30 or number25 of binding 
sites for the TF, which would affect occupancy if the 
concentration of the TF changes over time. However, 
accumulating evidence from many model systems 
indicates that the combinatorial interplay of multiple 
TFs, each with its own partially overlapping tempo-
ral windows of expression, is a prominent regulator 
of context-specific binding: enhancers with context-
dependent occupancy have differential motif enrich-
ment for additional TFs16,27,28,31,32, are co-occupied  
by other TFs in a time-dependent manner 16,26,31 
and require this co-occupancy for additional TF 
recruitment23,24,33.

Box 1 | Defining enhancers

Over many decades, enhancers have been defined predominately on the basis of 
operational functional assays, such as transgenic reporters in embryos or assays in 
transiently transfected cells. By their nature, these methods select for compact 
elements that can function in an autonomous manner. However, it is important to 
bear in mind that the modularity and boundaries of an enhancer are not always 
obvious in vivo when considering the entirety of the transcriptional control of a 
given gene. For example, it is possible to define a core minimal enhancer for the 
Drosophila melanogaster even-skipped (eve) gene that is sufficient to recapitulate 
the expression pattern in the stripe 2 domain of the embryo that is seen for the 
endogenous gene13. However, to generate the robust stereotypic output that can 
withstand variation in natural conditions (for example, temperature fluctuations) 
requires the presence of additional sequences flanking the core element156. The 
large spread of chromatin modifications — which typically span regions on the 
order of 2 kb encompassing many enhancer elements73 — suggests that for many 
genes, the regulatory landscape may be more continuous and widespread than is 
generally assumed and that a collection of regulatory elements (modular or 
continuous) contributes to the overall expression pattern. These large domains may 
correspond to ‘extended’ enhancers containing a minimal core flanked by 
modulatory elements that confer robustness and fine-tuning (both spatial and 
quantitative) as discussed for eve, or may correspond to separable modules with 
highly overlapping activity (for example, shadow enhancers). Other regulatory 
elements function as distributed dispersed elements that integrate non-contiguous 
information over relatively large genomic regions, such as the 1.7 kb element 
controlling stripe 7 expression of eve157, or the 5 kb region within the runt locus that 
cannot be truncated into different functional sub-elements158.
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Different modes of binding yield different types of out-
put. Combinatorial TF occupancy can lead to diverse 
types of transcriptional output, depending on how the 
TFs interact with each other34. In some cases, enhancer 

activation is proportional to the concentration of the 
individual TF (an additive model), as recently demon-
strated for nuclear factor-κB (NF-κB)35. In contrast to 
these graded enhancer outputs that are characteristic 
of additive TF binding, cooperative binding leads to a 
nonlinear relationship between TF concentration and 
the degree of occupancy of their respective sites on spe-
cific enhancers. Cooperative binding is often associated 
with protein–protein interactions between TFs bound 
to adjacent sites (but not always, as discussed below), 
and the resulting transcriptional response can pro-
duce switch-like effects. Such a binary ‘on’/‘off ’ mode 
of enhancer activity was first observed for the phage-λ 
cI repressor36, and it is often seen in developmental 
contexts in which it acts as a genetic switch for cell-
fate decisions or to create sharp boundaries of expres-
sion. For example, cooperative homotypic binding of 
Bicoid only occurs above a very precise concentration, 
leading to sharp expression patterns of Bicoid target 
genes along the anteroposterior gradient of Bicoid 
protein concentration in the early D. melanogaster 
embryo37. This mechanism thereby allows the same set 
of TFs to function at different concentration ranges. 
For example, low levels of the TFs Dorsal and Twist 
cooperatively regulate neurogenic genes in ventro- 
lateral regions along the dorsoventral axis of the  
D. melanogaster embryo38,39, whereas high levels of  
Dorsal activate enhancers in the ventral region  
of the embryo40. Cooperative binding and switch-like 
enhancer activation may also have ecological and 
evolutionary importance, as cooperative binding can 
buffer variation in the levels of individual TFs, as long 
as the expression of the relevant TF reaches a threshold 
level41. In this way, embryogenesis may be protected 
from some variation in the molecular components that 
drive individual gene expression events.

Mechanisms modulating TF occupancy
Indirect mechanisms of TF cooperativity. Cooperative 
binding to DNA is often thought to result from direct 
protein–protein interactions between TFs that are 
bound to adjacent sites on DNA, thus reinforcing each 
other’s occupancy, as discussed above. However, other 
more indirect modes of cooperativity among TFs exist 
(FIG. 1). The transcriptional cooperativity between the 
yeast Gal4 protein and the rat glucocorticoid receptor 
(GR)42 was an important demonstration of this alterna-
tive, as their cooperativity is unlikely to result from direct  
protein–protein interactions (as they come from different 
organisms), but rather from interactions with common 
conserved components of the transcriptional machinery. 
Such transcriptional synergy is probably frequent because 
many TFs interact with common co-activators (such as 
the p300–CREB-binding protein (CBP) family43 (FIG. 1a)) 
or co-repressors (such as Groucho), as well as with  
members of the Mediator, SAGA and TAFIID complexes.

Cooperativity between two TFs at a given enhancer 
can also occur without co-binding: co-expression of 
two TFs that compete for the same binding site does 
not necessarily result in the quenching of either fac-
tor’s activity as might be expected, but can lead to an 

Figure 1 | Indirect mechanisms of transcription factor cooperativity. There are 
many indirect mechanisms by which transcription factors (TFs) can act cooperatively 
to regulate enhancers. a | Two or more TFs co-bound to the same enhancer element 
may recruit a common cofactor (for example, p300)43, or different components of a 
multiprotein complex (for example, the Mediator or SAGA complexes), which may 
lead to a net increase in the affinity of each TF for their binding site (or may increase 
the retention time of the TFs at the enhancer). b | Some TFs may act cooperatively by 
activating chromatin remodelling. The binding motifs for the AP1 and glucocorticoid 
receptor (GR) TFs are located in a nucleosome-bound region of the DNA. Following 
AP1 binding at site 1, the nucleosome is actively repositioned, which exposes the GR 
binding site (site 2), allowing GR to bind. AP1 thereby acts as a pioneer TF and assists 
the occupancy of GR, without a requirement for a direct interaction between the two 
TFs101. c | By remaining bound to a given site, a TF (TFA in the figure) can prevent 
nucleosome repositioning and may therefore serve as a place-holder to facilitate the 
binding of another factor (TFB in the figure) to a neighbouring site that otherwise 
could become inaccessible if the place-holder factor was removed44,45. This may act as 
a passive method of enhancer priming. d | Some TFs (for example, HMG1) can induce 
local DNA bending, which can increase the affinity of other TFs for sites in the 
enhancer47, or may promote recruitment and complex formation.
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Bicoid
A maternally deposited 
Drosophila melanogaster 
transcription factor that is 
localized at the anterior end  
of the embryo and forms a 
concentration gradient that 
decreases from the anterior to 
posterior. This transcription 
factor regulates transcription at 
different concentrations along 
its expression gradient, which 
is essential for establishing the 
segmentation of the early 
blastoderm embryo.

Mediator
The ~30-subunit co-activator 
complex that is necessary for 
successful transcription at 
class II promoters of metazoan 
genes. Mediator coordinates 
the signals between enhancers 
and the general transcription 
machinery through its 
interaction with RNA 
polymerase II and site-specific 
factors.

SAGA
A multiprotein complex 
involved in the regulation of 
transcription that possesses 
histone acetyltransferase and 
TATA-box-binding protein 
(TBP)-binding activities. The 
budding-yeast complex 
includes Gcn5, several proteins 
of the Spt and Ada families, 
and TBP-associated factors 
(TAFs); analogous complexes in 
other species have analogous 
compositions.

Nucleosome-depleted 
regions
(NDRs). DNA is usually 
wrapped around histone 
octamers, forming 
nucleosomes that contribute 
to genome compaction in the 
nucleus. The distribution of 
nucleosomes is variable and 
regulated, and some genomic 
regions, termed NDRs, show a 
lower density or absence of 
nucleosomes.

increased occupancy of each TF44. The rapidly alter-
nating occupancy of each TF is proposed to counter-
act nucleosome repositioning, and therefore lead to a 
net increase in TF binding. This indirect cooperativity, 
which the authors termed ‘assisted loading’44 is similar 
to the ‘collaborative competition’ model that was previ-
ously described in yeast45 (FIG. 1c). TF binding can also 
trigger local bending of DNA, which assists the binding 
of a neighbouring TF to an enhancer46,47 (FIG. 1d). These 
mechanisms suggest that a large proportion of the func-
tional cooperativity that is detected between TFs bound 
to the same enhancer may occur through indirect effects 
rather than the formation of stable ternary complexes, 
and these mechanisms may help to convert low-affinity 
DNA interactions into robust binding events.

Modulation of TF sequence-specificity by cofactors. 
Cooperative binding between two TFs results in a net 
increase in the affinity of the two factors for their motifs, 
while their inherent sequence specificity remains the 
same. Two recent studies report an alternative mecha-
nism whereby protein–protein interactions with a cofac-
tor can change the DNA sequence specificity of a TF. In 
yeast, interaction with the cofactor Met28 enables the 
centromere-binding factor (Cbf1)–Met4 heterodimer to 
recognize an extended motif, compared with the motif 
recognized by Cbf1–Met4 alone, even though Met28 
does not contain a known DNA-binding domain48. 
Another family of TFs, the homeodomain-containing 
Hox proteins display very similar binding specificities 
to each other, both in vitro49 and in vivo, at least for the 
highly bound regions50; yet, they have very different 
phenotypes when mutated in vivo. Interactions between 
extradenticle (EXD) and different D. melanogaster Hox 
proteins were recently shown to induce subtle, but poten-
tially important, changes to the DNA-binding specifici-
ties of the Hox proteins in vitro, which is referred to as 
latent specificity51. These cofactor-induced differences in 
sequence specificities may contribute to some of the dis-
tinct and specific functions of Hox proteins on different  
target genes in vivo.

Chromatin accessibility and TF binding. TF occu-
pancy is also influenced by nucleosome positioning 
at an enhancer, where histones and TFs can ‘compete’ 
for access to the DNA. TF occupancy patterns in vivo 
are highly correlated with nucleosome-depleted regions 
(NDRs) in yeast52, D. melanogaster 53 and mamma-
lian systems54,55, suggesting that nucleosome position-
ing helps to determine which sites a TF can occupy. 
Nucleosome displacement is particularly important for 
the occupancy of low-affinity motifs56,57, and chromatin 
remodelling before TF binding is required in some cases: 
for example, in mammals, loading of GR at a number 
of sites requires remodelling by the SWI/SNF enzyme 
BRG1 (REF. 58); and hormone-responsive elements 
(HREs) require the chromatin-remodelling complexes 
BAF and PCAF to facilitate receptor binding59. Yet, 
interactions between nucleosomes and TFs are complex 
and reciprocal: the removal of some TFs (for example, 
Myb proteins in yeast60,61) results in a reduction in the 

size of NDRs, whereas the binding of other factors (for 
example, Gal4 in yeast62,63) is sufficient to disrupt a well-
positioned nucleosome. Thus, TFs can have a role in the 
modulation of nucleosome positioning.

The interplay between TFs and nucleosomes may 
also be influenced by post-translational modifications of 
histone tails within nucleosomes. Specific histone modi-
fications are observed at active or inactive promoters, 
and in the body of transcribed genes64–66, and are also 
found to have dynamic and cell-type-specific patterns 
at cis-regulatory elements67,68 (see recent reviews5,69,70). 
Histone H3 monomethylation on lysine 4 (H3K4me1) 
and acetylation on lysine 27 (H3K27ac) are modifica-
tions that are strongly associated with cis-regulatory ele-
ments, and H3K27ac in particular is highly correlated 
with enhancer activity and the expression of the closest 
proximal gene71–73. Transient placement of H3K79me3 
and RNA polymerase II (Pol II) at enhancers is also 
highly correlated with active developmental enhancers 
and is predictive of the precise timing of enhancer activ-
ity during development73. Although chromatin modifi-
cations thereby provide a useful readout of enhancer 
activity, it is currently unclear if the placement of these 
marks is a consequence or cause of TF occupancy or 
enhancer activation; their function in enhancer activa-
tion, if any, remains unknown. Several studies using 
similar B-cell model systems showed that binding of TFs 
(PU.1 in one study74 and PAX5 in another75) is required 
for the placement or maintenance76 of H3K4me1, but 
another study suggested that H3K4me1 is a pre-requisite 
for TF binding77. These somewhat contradictory results 
probably reflect the complexity, dynamics and diversity 
of regulatory interactions at active enhancers in any 
given cell type. In future studies, it will be important 
to disentangle the role of Pol II and chromatin modi-
fications at enhancers and how they relate to enhancer 
activation.

Sequence motifs and enhancer architecture
Cooperative occupancy can in some cases be inferred 
from the motif architecture of cis-regulatory elements, 
and the presence of specific motif arrangements have 
indeed provided valuable insights into how an enhancer 
functions. Two properties of enhancers have been inves-
tigated in detail: motif composition and motif position-
ing. Motif composition is the presence within enhancers 
of binding motifs for specific TFs that are essential for 
driving expression in a given cell type. A good exam-
ple is the regulation of dopaminergic genes by an ETS 
factor in the Caenorhabditis elegans nervous system78. 
In various cases, common signatures of TF occupancy 
on enhancers are sufficient to predict the temporal and 
spatial aspects of enhancer activity for large sets of regu-
latory elements defined by chromatin immunoprecipitation 
(ChIP)79. This study79 and others80–82 indicate that there 
are global predictive regulatory rules, which often rep-
resent loose codes of motif composition, that govern 
enhancer activity.

Motif positioning — often referred to as motif ‘gram-
mar’ — is the relative order, orientation and spacing 
of TF motifs within an enhancer (FIG. 2) and is often 
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Chromatin 
immunoprecipitation
(ChIP). A technique for 
identifying potential regulatory 
sequences that are bound by a 
protein of interest. Covalently 
crosslinked DNA–chromatin 
extracts (complexes of DNA 
and protein) are isolated using 
antibodies that recognize 
specific DNA-binding proteins. 
In ChIP–chip, the ChIP step  
is followed by microarray 
analysis, whereas in  
ChIP–seq, it is followed by 
high-throughput sequencing.

observed as strict sequence constraints within regulatory 
elements83,84. Motif positioning typically ensures that TFs 
are positioned appropriately to facilitate protein–protein 
interactions and thereby promote cooperative binding, 
as well as the recruitment of cofactors and the transcrip-
tional machinery. One of the best-studied examples is 
the interferon-β enhancer, at which small sequence 
changes within the 55 bp element alter the binding 
potential of all eight factors that occupy the enhancer46,85. 
This has led to the ‘enhanceosome’ model of enhancer 
activity85,86 (FIG. 3a), in which the recruited TFs form a 
highly ordered protein interface that requires a strict 
and specific positioning of TF-binding motifs relative 
to each other in the DNA. Cooperative TF recruitment 
in such an ordered structure leads to a sharp, switch-like 
activation that may be essential for the rapid responses 
that are required during viral infection. However, most 
developmental enhancers do not seem to be occupied 

in such a highly ordered manner; instead, a subset of 
TFs may bind to the enhancer cooperatively83, whereas 
other TFs bind in an additive or independent manner. 
This allows a more flexible positioning of motifs and has 
led to the ‘billboard’ model of enhancer activity87, which 
suggests that enhancers serve as ‘information display’ 
elements where TFs can act cooperatively but with few 
constraints on the relative positioning of their binding 
sites87,88 (FIG. 3b).

Accumulating evidence suggests that there may be 
no generalizable motif positioning rules when exam-
ining many enhancers that have a given activity. For 
example, a single combination of TFs (that is, enhancer 
input) can generate multiple outputs depending on the 
relative positions of motifs and on the larger regulatory 
context84. Conversely, highly similar spatiotemporal 
activity (enhancer output) can be generated from dif-
ferent combinations of TFs (enhancer input)79,89,90. At 
the sequence level, this is indicated by an absence of any 
consistent motif positioning and by diversity in motif 
composition among enhancers with similar activities. 
As an extreme example, a recent study of five TFs that 
are involved in cardiac development revealed that all 
five TFs co-bind and regulate a large set of enhancers 
that harbour motifs for diverse subsets of the occupy-
ing TFs91. When one TF was removed, all other TFs 
failed to activate the enhancers in vitro, suggesting that 
this co-recruitment may represent cooperative binding 
in vivo. The previously characterized protein–protein 
interactions that are known to occur between these TFs 
probably facilitate this ‘all-or-none’ recruitment in the 
absence of any obvious shared motif grammar (FIG. 3c). 
This mode of regulation — termed a ‘TF collective’ — 
suggests that the determinants of the overall output of 
enhancers extend beyond a linear sequence-based code 
to include protein–protein-based interactions.

From occupancy to function? In recent years, many 
regulatory interactions have been inferred from TF 
occupancy patterns under the assumption that bind-
ing implies regulatory function. However, compari-
sons between TF binding events (in the vicinity of 
potential target genes) and expression profiling data 
(identifying genes that are differentially expressed in a 
loss-of-function mutant for that TF) in yeast92,93, D. mel-
anogaster 25,26,94 and mammalian systems7, revealed a 
relatively small overlap between TF occupancy and 
the expression of neighbouring genes. The overlap was 
~50% of TF binding events in yeast and 10–25% in 
higher eukaryotes. Although there are several features 
that could lead to an under-estimation of the function-
ality of TF binding to specific regions (such as a lack of 
sensitivity of expression profiling, or regulatory redun-
dancy), growing evidence questions the proportion of 
TF binding events that are indeed functional (BOX 2). 
Some studies suggest that the vast majority of individ-
ual binding events may be non-functional and merely 
reflect chromatin accessibility53,54. Other studies indicate 
that although some TF binding events do not lead to an 
immediate response in terms of gene expression, they 
may have a functional role in chromatin remodelling27 

Figure 2 | Motif positioning (grammar) facilitates direct cooperativity  
between transcription factors. The left hand column depicts examples in which two 
transcription factors (TFs) have a direct protein–protein interaction that promotes 
their cooperative binding. a | One of the TFs (shown in red) binds to a non-palindromic 
motif (site 2; 5ʹ-CACTTGA-3ʹ). When the relative orientation of site 2 is reversed, that 
TF cannot be recruited to DNA in a manner that will present the appropriate protein 
interface to interact with the other TF (shown in blue). b | Similarly, when the position 
of site 2 relative to site 1 is changed, direct protein–protein interactions between the 
two factors cannot occur. c | There are approximately 10 base pairs (bp) per helical 
turn of DNA. If two TFs cooperatively bind to DNA through a direct protein–protein 
interaction, they typically need to be positioned on the same face of the DNA. This is 
facilitated by having a spacing of ~10 bp, 20 bp or 30 bp between the two motifs. 
When site 1 and site 2 are separated by spacings such as ~5 bp, 15 bp or 25 bp, the TFs 
will be positioned on opposite faces of the DNA helix, thereby blocking their ability to 
bind directly to each other (right column). Spacing rules between motifs can also 
occur at larger distances, which reflects DNA wrapping around nucleosomes. In all 
three cases, the motif composition has not changed, yet the direct cooperative 
occupancy of the two TFs cannot occur.
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or nucleosome positioning56,95, which can influence 
gene expression at a later developmental stage or have 
an additional non-transcriptional function (for example, 
in the case of E2F1 (reviewed in REF. 96)). The functional 
consequences of TF binding may also depend on tempo-
ral dynamics: a recent study in yeast using competitive 
ChIP demonstrated that measuring TF kinetics (that is, 
residence time), rather than steady-state occupancy, is 
a much better measure of functional binding events97.

Enhancers and developmental progression
As mentioned above, the composition of TFs bound to 
a given enhancer can undergo dynamic changes during 
development16,25–29, which not only reflects the activity 
status of the enhancer at a given time point, but may also 
be relevant for enhancer function at subsequent stages. 
Developmental enhancers are not simple transcriptional 
switches: they undergo progressive changes that are trig-
gered by successive waves of TF activity and chromatin 
remodelling98,99. As we discuss below, these successive 

events, from priming to activation, may have an impor-
tant functional role in the precision and accuracy of gene 
expression programs, even though any single event may 
not have a discernible effect on gene expression.

Developmental control of accessibility: pioneer factors. 
In the context of embryonic development and cell dif-
ferentiation, many TFs initiate the assembly of tran-
scriptional complexes at specific enhancers, which in 
turn trigger nucleosome repositioning so as to increase 
accessibility for other factors. This ‘pioneer’ function 
was first identified in yeast100 and subsequently at the 
mouse albumin enhancer during endoderm develop-
ment (reviewed in REF. 95). Pioneer factors can bind to 
DNA that is inaccessible to other factors (presumably 
motifs that are within nucleosomal DNA or where the 
DNA exits the nucleosome) and can recruit chromatin-
remodelling complexes that lead to nucleosome reposi-
tioning. For example, the binding of the transcription 
factor AP1 facilitates the loading of GR to co-bound 

Figure 3 | Current models of enhancer activity. a | The enhanceosome model represents a situation in which all 
transcription factors (TFs) that bind to an enhancer are essential for the cooperative occupancy and activation of the 
enhancer. The DNA motif composition and its relative positioning (motif grammar) act as a scaffold to cooperatively 
recruit all TFs, which form a higher-order protein interface to regulate transcription86. b | The billboard model.  
For any given enhancer, the positioning of TF binding sites is flexible and subject to loose distance or organizational 
constraints. Only a subset of sites in the enhancer may be active at a given time88. c | The TF collective represents a 
situation in which the same set of TFs bind to many enhancers (five TFs are illustrated). They can occupy each one of 
these enhancers in a different manner (with a diverse subset of TFs, or all TFs, directly touching DNA). For cases in 
which the motifs for only a subset of TFs are present, the remaining TFs are still recruited to the enhancer through 
protein–protein interactions between the participating TFs. The collective binding can therefore occur using diverse 
motif composition and flexible motif positioning91.
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Maternal-to-zygotic 
transition
(MZT). A period of embryonic 
development that coincides 
with the transcriptional 
activation of the zygotic 
(embryonic) genome. Most of 
the RNA and proteins that are 
present in the embryo before 
the MZT are provided by the 
mother, through maternal 
loading into the oocyte.

TAGteam motifs
A collection of related 
heptamer motifs (consensus 
sequence CAGGTAG) that are 
enriched in the vicinity of 
genes that are transcribed 
during the early blastoderm 
stages of Drosophila 
melanogaster embryogenesis; 
these motifs are recognized by 
the transcription factor Zelda.

regions by recruiting BRG1, which keeps chromatin in 
an open state101 (FIG. 1b). Pioneer TFs thereby provide 
the sequence specificity to endow general chromatin-
remodelling complexes with enhancer-specific roles.

The binding of a pioneer TF by itself is usually not 
sufficient to form an activating complex at an enhancer76 
(that is, occupancy does not imply an immediate func-
tion) but they nevertheless play an essential part by 
initiating a series of changes that allow the enhancer to 
subsequently recruit its full complement of TFs, thus 
triggering activation at a later stage in development 
(FIG. 4). Given this priming function, many pioneer 
TFs — such as MYOD1 (REF. 102), PAX5 (REF. 75), PU.1 
(REF. 76), forkhead box protein A1 (FOXA1; also known 
as HNF3α)103, and CCAAT/enhancer-binding protein-β 
(C/EBPβ)104 — act at the top of GRNs. At some enhanc-
ers, they have a transient early role and are replaced by 
other TFs as the enhancer becomes fully active105–107, 
whereas in other situations they confer multi-lineage 
priming of enhancers that are used differentially in  
subsequently distinct lineages77.

Recent studies in D.  melanogaster identified a 
new transcriptional regulator, Zelda (also known as 
Vielfaltig), that is required for the activation of many 
enhancers in the early embryo at the maternal-to-zygotic 
transition (MZT)108,109. Zelda has two unusual properties. 
First, Zelda occupies ~64% of its TAGteam motifs in the 

genome110. This is in contrast to other factors, which 
generally occupy a small fraction of their potential tar-
get sites throughout the genome (for example, ~2.5% of 
MYOD1 E-box sites in the mouse genome are occupied 
by MYOD127). Second, Zelda binding is tightly linked to 
changes in gene expression109,110. It remains to be deter-
mined whether Zelda acts as a global pioneer factor 
for the activation of early zygotic transcription, which 
is suggested by its prior binding to enhancer elements 
before the MZT110 and its requirement for the occupancy 
of additional TFs110,111. The temporal delay in activation 
that is observed for some genes in zelda mutants109 indi-
cates that in some cases Zelda potentiates, rather than 
being strictly required for, gene expression. This suggests 
that Zelda may function to lower the threshold for gene 
activation in these cases. Given its important and global 
role, it is surprising to note that Zelda is not conserved 
in vertebrates. This suggests that either a sequence-
diverged functional orthologue performs this role or 
that this major transcriptional event in development, 
the MZT, is supported by an alternative mechanism in 
vertebrates.

In addition to nucleosome repositioning, protection 
from DNA methylation within enhancers may also play 
a part in the enhancer occupancy of TFs during develop-
ment. The methylation of cytosines in DNA generally nega-
tively influences TF binding (recently reviewed in REF. 112).  

Box 2 | The relationship between transcription factor occupancy and function

Distinguishing experimentally between functional and non-functional transcription factor (TF) binding events is not a 
simple task. For example, considering TF occupancy data alone, there are conflicting reports on the usefulness of using 
the peak height of a chromatin immunoprecipitation (ChIP) signal for a TF to distinguish between functional and 
non-functional binding events27,159. An emerging trend indicates that TF occupancy events that are temporally 
dynamic or condition-dependent are highly enriched for functional events26,27,31 and globally predictive of 
spatiotemporal activity79. That is not to say that ‘continual’ binding over many time-points is non-functional, but rather 
that condition-dependent binding events are, by their very nature, enriched in regulated binding events, the majority 
of which are likely to be functional.

To assess the contribution of a TF binding event to gene expression, a functional assay is required. However, the 
definition of ‘functionality’ is often dependent on the experimental assay used to assess it. A TF may be able to 
regulate an enhancer in vitro outside of its normal context (for example, in a luciferase reporter assay) but may not be 
required or sufficient to regulate that enhancer in vivo. Similarly, overexpressing a TF in vivo outside its normal 
expression domain will identify genes for which the contribution of the TF is sufficient to activate gene expression, but 
will miss other genes for which activation requires cooperativity with a tissue-specific cofactor or prior priming of the 
enhancer. Thus, the set of TF targets identified by overexpression assays can only partially overlap with a set obtained 
by examining a loss-of-function situation for that TF. Moreover, a particular binding event may not seem to be 
functional owing to conditional redundancy with other TFs occupying the same enhancer or through redundancy with 
an alternative (shadow) enhancer for the same gene, as occurs at the Drosophila melanogaster eyes absent (eya) 
locus160. Redundancy is likely to be much more prevalent in developmental networks than is currently envisaged. In the 
comparatively simpler yeast system, an extensive genetic analysis of the epistatic relationships between pairs of TFs 
revealed that site-specific factors function more redundantly in regulating their target genes compared with general 
components of the basal transcriptional machinery161.

TF binding can also have functions other than directly regulating the expression of a target gene, but such 
contributions can be difficult to evaluate experimentally. For example, a pioneer function of a TF may not be observed in 
a transgenic enhancer-reporter assay (or in in vitro systems) as the enhancer is not acting within its normal chromatin 
and regulatory context. An example of the scale of such pioneer functions for a TF residing at the top of a gene 
regulatory network (GRN) comes from the mammalian master regulator myoblast determination protein 1 (MYOD1). 
Integrating MYOD1 binding with expression profiling data from mouse C2C12 cells revealed that only ~4% of genes 
with a MYOD1 binding event in their vicinity had significant changes in their expression after removal of MYOD1 
(REF. 27). Examining the other 96% of MYOD1-bound genes revealed that although their expression levels were not 
altered, MYOD1 occupancy was associated with a significant increase in histone H4 lysine acetylation at these gene 
loci27. What this response to binding means in terms of gene expression remains unclear, but it may render genes in a 
primed state for subsequent transcriptional activation that is dependent on the occupancy of additional factors.
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Figure 4 | Dynamic changes at enhancers during developmental 
progression. At early stages of development, some enhancer elements are 
covered by a condensed nucleosomal array that prevents access to 
transcription factor (TF) binding sites. Expression of a pioneer factor (the 
light blue circle) at a particular stage in development can initiate chromatin 
remodelling, reposition nucleosomes (perhaps in a dynamic manner, with 
competition between TFs and nucleosomes), and prime the enhancer for 
future activation. At later stages, the pioneer factor can be maintained or 
replaced by a different factor (dark blue circles). Depending on the context 
(for example, the presence of binding sites for other TFs), an enhancer may 
become active and thus associated with the corresponding epigenetic 
signature (H3K4me1, H3K79me3, H3K27ac and RNA polymerase II 

binding71–73), or may stay repressed73,120 (or poised72) as manifested by the 
presence of repressive histone marks (such as H3K27me3), even though 
activating TFs might be bound. As development continues, the binding of 
additional TFs or changes in cofactor availability may change the state  
of enhancer activity. For example, enhancer 1 may become bound by 
additional factors (orange circle) in cell-type I to maintain enhancer activity, 
whereas in cell-type II, binding of a repressor (orange triangle) could 
suppress enhancer activity. This repression may occur even though the 
binding of the earlier activating TF or TFs is maintained, thus forming a 
remnant footprint of the developmental history of the cell91. Expression of 
new factors (yellow circles) may lead to the activation of enhancers that were 
poised or repressed at an earlier stage, as shown for enhancers 2 and 3.
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Splanchnic mesoderm
The part of the mesoderm that 
associates with the endoderm 
and that will develop later into 
gut muscles and heart. In 
Drosophila melanogaster the 
splanchnic mesoderm is 
located dorsally, whereas in 
vertebrates it is ventral.

A recent study of mammalian embryonic stem cells 
revealed that several enhancers seem to be protected 
from DNA methylation113, suggesting that specific 
mechanisms may prevent enhancer silencing to facilitate 
their subsequent activation later in development. For 
example, motifs bound by FOXA1 have generally low 
DNA methylation levels, and their methylation levels are 
further reduced after binding of FOXA1 (REF. 114). This 
could represent a general feature of mammalian enhanc-
ers, as a recent study reported that many enhancers have 
low levels of DNA methylation that are cell-type specific 
and are influenced by TF binding115.

Enhancer priming and developmental progression. 
Developmental progression and cell determination is 
regulated by large, highly interconnected GRNs. Recent 
studies suggest that the sequential expression of struc-
turally related TFs that bind to similar target sequences 
and participate in a given developmental process (for 
example, SOX factors in neurogenesis116, or MYF fac-
tors in myogenesis117), play a central part in the pro-
gressive deployment of GRNs. For example, as noted 
above, early binding of FOXD3 to the albumin enhancer 
prevents DNA methylation of a crucial FOXA1 bind-
ing site that is required at later stages of development106. 
Similarly, in embryonic stem cells, SOX2 is bound to 
multiple regions: some are active enhancers that are 
required to maintain embryonic stem cell pluripotency 
and others are inactive but will become active after the 
cells are specified to become neurons118 or B cells105. 
Importantly, following differentiation, SOX2 is replaced 
at these sites in a tissue-specific manner by SOX3 and 
SOX11 in neurons and by SOX4 in B cells. It is unclear 
if this ‘priming’ role of SOX2 is actively regulated or is 
a passive mechanism whereby it acts as a ‘place-holder’ 
to avoid nucleosome repositioning or DNA methylation 
over generic SOX binding sites, but it suggests that such 
a system could be used to prepare crucial enhancers that 
control regulatory activity at the next level of the GRN 
or the next stage of development.

These findings imply that TF binding alone is not 
always indicative of activity in the traditional sense 
(BOX 2), but it might ‘label’ regions that will be used 
subsequently, perhaps by different TFs (FIG. 4). Priming 
specific enhancers may therefore facilitate develop-
mental transitions by reducing the rate-limiting step of 
chromatin remodelling. Indeed, many enhancers are 
decorated with specific histone tail modifications in 
progenitor cells (for example, H3K4me1 or H3K4me2 
(REFS 71,72,103,119)), even though these elements are not 
associated with strong regulatory activity at that stage. 
It has been suggested that the presence of H3K4me1, in 
the absence of H3K27ac, indicates enhancers that are 
in a ‘poised’ state ready for rapid upregulation of their 
activity72. However, as the majority of active enhanc-
ers do not seem to be poised at the previous develop-
mental stage72, this type of epigenetic priming is not a 
pre-requisite for enhancer activation, and may only be 
required for a subset of elements, as is observed when 
human embryonic stem cells are differentiated into neu-
roectodermal spheres72. The presence of H3K4me1 in 

the absence of H3K27ac can also correspond to enhanc-
ers that are actively repressed — which are often also 
marked by H3K27me3 (REFS 72,73) — to avoid inappro-
priate target gene expression, as was recently observed 
at developmental enhancers in D. melanogaster73 and in 
mammalian cells120.

The importance of active gene repression is fur-
ther underscored by data examining TF occupancy. 
In some cases, enhancer priming can lead to inappro-
priate TFs being bound at later stages of development; 
such TF binding events may reflect a molecular ‘relic’ 
of the developmental history of the cells. For example, 
TFs that are expressed in the D. melanogaster cardio-
genic mesoderm occupy enhancers that are active in the 
neighbouring visceral mesoderm in addition to cardiac 
enhancers91. As both cell types are derived from the 
splanchnic mesoderm, this dormant TF occupancy sig-
nature may represent a footprint of the developmental 
history of these cells, reflecting earlier priming of these 
enhancers throughout the splanchnic mesoderm. Such 
promiscuous binding of TFs at enhancers that were 
made accessible owing to events at earlier stages of 
development indicates a requirement for repression to 
prevent inappropriate activation of primed enhancers (as 
depicted in FIG. 4 for enhancer 1 in cell-type II).

Regulatory landscapes
Similar to the activity of an individual enhancer, which 
is regulated by the combined activities of many TFs that 
can function over different timescales, the expression 
of a gene typically requires the interplay between mul-
tiple enhancer elements, different ‘available’ promoter 
elements and a three-dimensional arrangement that is 
only beginning to be explored. As discussed below, the 
spatiotemporal expression of a gene often requires a spe-
cific genomic architecture, which can involve hierarchi-
cal interactions between regulatory elements, to ensure 
both precise and robust expression.

Integrating the activity from multiple enhancers for 
gene expression. Most developmental genes are regu-
lated by multiple enhancer elements, each controlling 
a specific spatiotemporal aspect of the expression of 
the gene. Recent studies showed that this multiplicity 
of enhancers may also include ‘secondary’ enhanc-
ers that display overlapping, or even identical, spatial 
activities to primary enhancers that are closer to the 
gene promoters121,122 (FIG. 5a). This distinction between 
‘primary’ and ‘secondary’ elements is generally based 
purely on the physical distance to the gene promoter or 
on the order in which the enhancers were discovered: 
it does not imply any functional hierarchy or relative 
functional importance per se. Often, the activities of the 
two elements seem to be almost equivalent, leading to 
the hypothesis that the secondary enhancer is a ‘shadow 
enhancer’ that may provide the phenotypic robustness 
that is essential for a highly deterministic process such as 
embryonic development123. For example, this secondary 
enhancer could act by shielding gene expression from 
environmental perturbations or fluctuations that could  
otherwise affect the primary enhancer124,125 (FIG. 5a).
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Yet, how the separate inputs provided by distinct ele-
ments are integrated remains poorly understood. At a 
mechanistic level, this may be achieved in different ways. 
In some cases, the overall output (the spatial expression 
patterns of a gene) is different from the sum of the indi-
vidual activities of each enhancer element. This may cor-
respond to cross-repression, whereby repressors that are 
bound to one enhancer can also restrict the activity of 
another enhancer that is regulating the same gene126,127. 
Alternatively, enhancer integration may lead to synergis-
tic action, as occurs at, for example, the D. melanogaster 
brk128 and slp1 (REF. 129) genes. In mice, many enhanc-
ers that drive diverse patterns of activity in the devel-
oping limb bud are spread across a large 800 kb region 
upstream of the HoxD gene cluster130–132. Chromatin 
conformation capture experiments revealed pervasive 
physical proximity between these different modules, 
suggesting that what appears as a dispersed ‘regulatory 
archipelago’ may come together to act on HoxD gene 
promoters as a single regulatory unit132 (FIG. 5b), leading 
to an expression pattern that is wider than the sum of the 
activities of the isolated modules.

This type of enhancer synergy can also provide 
robustness to the expression of a gene, as shown for 

the HoxD locus132. Multiple enhancers with overlap-
ping activities could stabilize target gene expression by 
increasing the frequency of transcriptional bursts133. 
Accordingly, in mouse embryos, Shh transcription is 
robust in the floor plate (where it is controlled by at least 
two distinct and autonomous enhancers), whereas its 
transcription is much more sporadic in the limb (where 
a single element is used)134,135.

The action of distinct modules can also be associated 
with hierarchal relationships. For example, PU.1 expres-
sion in myeloid cells and B cells relies on a common 
enhancer (known as the upstream regulatory element 
(URE)), but in myeloid cells, an additional nearby ele-
ment (known as the –12 kb enhancer) is required for full 
expression136. Remarkably, C/EBPα binding to the URE 
is required to modify the chromatin over the –12 kb 
enhancer, so as to allow binding of its associated TFs, 
including PU.1 itself (FIG. 5c). In this system, the URE not 
only regulates gene expression in its own right, but also 
primes a distinct adjacent regulatory element depending 
on the cellular context and available TFs. Such complex 
hierarchal cis-interactions are probably common and 
could play a central part in controlling the progressive 
activation of a given gene during development.

Cis-regulatory architecture of the genome. For many genes 
that are regulated by remote enhancers130,137–140, large chro-
matin loops are generally thought to bring enhancers and 
target genes into close physical proximity, leading to sim-
ple pairwise interactions. Indeed, chromatin conformation 
capture technologies have provided many examples of this 
phenomenon141. Promoter-specific elements142, tethering 
elements10,11 and insulators9 are thought to provide logic, 
specificity and boundaries to such interactions. Yet, many 
key developmental enhancers act not only on their biologi-
cally relevant target gene, but also on unrelated neighbour-
ing genes130,143–145. In fact, most locations of the genome 
seem to be at least ‘scanned’ by tissue-specific enhanc-
ers146. These ‘bystander’ effects suggest that the systems 
governing promoter–enhancer interactions may not be as 
specific as is typically depicted. It is conceivable that such 
bystander interactions could fine-tune gene expression lev-
els, either by titrating enhancer activity or by contributing  
to the stabilization of complex regulatory structures.

It is important to consider the integration of enhancer 
modules and enhancer–promoter communication in  
the context of the three-dimensional organization of the 
genome. This is emphasized by various developmental 
phenotypes that are associated with structural changes in 
genome organization that affect the loci of developmen-
tal genes147–149, suggesting that the relative arrangement 
of regulatory elements is essential to their collective out-
put, particularly when remote enhancers are involved. 
In keeping with this, enhancer locations with respect to 
genes and other cis-regulatory elements are often under 
evolutionary constraint150–152. Thus, similar to the output 
of an enhancer, which can be influenced by the relative 
positioning of TF binding sites84, the transcriptional out-
put may be shaped by the overall architecture of a locus, 
including the relative position of genes, enhancers and 
possible interspersed structural elements.

Figure 5 | Robustness through enhancer–enhancer interactions and redundancy.  
a | Shadow enhancers: between redundancy and cooperativity. The presence of two 
enhancers with overlapping activity provides robustness to gene expression (left 
panel), especially across a range of environmental conditions (for example, high 
temperature), thus establishing precise boundaries of gene expression. However, these 
boundaries may become blurred and result in variegated expression when the activity 
of one of the enhancers is compromised124,125. It is currently unclear if this robustness is 
associated with the formation of a stable, three-dimensional, multi-enhancer complex 
that contacts the promoter, or through dynamic alternative activation by each element 
separately (depicted in the right panel), which would reduce periods of transcriptional 
inactivity in a manner that is analogous to ‘assisted loading’ of transcription factors (TFs). 
b | Robustness of the regulatory archipelago. The regulatory archipelago at the mouse 
HoxD locus is an example of cis-cooperativity between multiple enhancer elements. 
These elements are spread across >800 kb and form a complex structure that is 
characterized by multiple cross-interactions (that are either simultaneous or 
dynamic)132. Some interactions are already present in a ground state (in ‘inactive’ cells) 
even though some enhancers could act locally on individual genes. In distal limbs, 
many enhancers become active and engage in new or stronger interactions, thereby 
activating the expression of several genes in their vicinity. In the limb, the absence of 
some elements (through deletions or other chromosomal rearrangements) may not be 
detrimental as long as other enhancer elements can compensate. Thus, the 
archipelago seems to be resilient to changes and provides robustness to HoxD 
expression through a dense network of cis-three-dimensional interactions between 
limb regulatory elements, each of which displays slightly different autonomous 
enhancer activities. c | cis-priming and hierarchical cooperation. The mouse PU.1 (also 
known as Sfpi1) gene is regulated by at least two enhancers that have different roles in 
different haematopoietic cell types136. In B cells, binding of TFs — including E2A, 
forkhead box O1 (FOXO1) and PU.1 — to the upstream element (red box; 
hatched = inactive, filled = active) is sufficient to activate PU.1 gene expression. In 
myeloid cells, CCAAT/enhancer-binding protein-α (C/EBPα), instead of an E2A–FOXO1 
complex, binds to this element, which triggers chromatin changes over a neighbouring 
regulatory element (yellow box, switching from inactive to active). This allows the 
binding of PU.1 and other factors (for example, early growth response protein 2 (EGR2)) 
to this neighbouring element, the activity of which is essential to maintain expression 
of PU.1. Thus, in myeloid cells, the autoregulatory loop that controls PU.1 expression is 
formed by cis-priming of the proximal enhancer by TFs that are bound elsewhere. 
These two elements and their interaction play a central part in the distinct 
PU.1-dependent gene regulatory networks (GRNs) in myeloid and B cells.
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