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Abstract 

The proper activities of enhancers and gene promoters are essential for the coordinated transcription 

within a cell. While diverse methodologies have been developed to identify enhancers and promoters, 

most have tacitly assumed that these are distinct. However, studies have unexpectedly shown that 

regulatory elements may have both enhancer and promoter activity. We here review these results, 

focusing on factors that determine promoter and enhancer activity of regulatory elements. We discuss 

emerging models defining regulatory elements by accessible DNA and their non-mutually exclusive 

abilities to drive transcription initiation (promoter activity) and/or to enhance transcription at other such 

regions (enhancer activity). 
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Introduction 

Transcriptional regulatory elements in complex genomes are key players in the dynamic usage of the 

genome during development, cell and tissue homeostasis, responses to external stimuli, and disease. 

They overlap a sizeable fraction of trait-associated genetic variants in pathologically relevant cell types1–

3, and their alterations have been implicated in several congenital diseases and cancers4–6. 

Understanding the functions of regulatory elements and the determinants thereof is therefore a major 

challenge in the field. 

 

Classical definitions of activating regulatory elements are focused on two classes: promoters and 

enhancers, where the first defines where transcription is initiated and the other amplifies such 

transcription initiation7–10. Their historical definitions are in hindsight vague, using arbitrarily sized 

regions, and dichotomic. Powered by diverse genomics techniques, the field has made substantial 

progress in identifying promoters and enhancers driving important biological processes. While these 

techniques have made it possible to identify regulatory elements genome-wide, they have also led to 

the realization that enhancers and promoters share several properties and functions. For example, their 

chromatin and sequence architectures are remarkably similar11–16, there are several examples of 

promoters with enhancer activity17–20, and active enhancers are able to drive local transcription initiation 

at their boundaries by themselves3,21,22, thereby working as promoters. Therefore, the distinction 

between enhancers and promoters is becoming increasingly unclear and motivates new models that 

allow regulatory elements to have varying degrees of promoter and enhancer potential. In order to build 

such models, it is necessary to decouple effects from other regulatory elements and the larger chromatin 

environment around a regulatory element of interest. Several studies have presented methods to 

measure the promoter or enhancer potential of regulatory elements on a massive scale. From these 

data, features are emerging that may explain why a regulatory element has promoter and/or enhancer 

potential.  
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Here, we review recent results on the characteristics of promoters and enhancers and the determinants 

of their regulatory functions with a focus on vertebrates. We contrast the new findings with old definitions, 

suggest an updated model of regulatory elements based on DNA accessibility and enhancer/promoter 

potential, and outline open questions and challenges to further our understanding of transcriptional 

regulatory elements. 

 

Transcriptional regulatory elements  

Regulation of RNA polymerase II (RNAPII) activity has been the subject of decades of research. At the 

center of this process lies the selection of the RNAPII transcription start site (TSS), defined as the first 

transcribed genomic nucleotide of a transcript. The process of TSS selection is influenced by the 

presence and DNA-binding activities of general transcription factors (GTFs), reviewed in refs.23,24, which 

together with RNAPII and other factors form the RNAPII pre-initiation complex (PIC). Binding of such 

GTFs to specific DNA sequence elements is typically contained within a size-constrained region around 

the TSS called the ‘core promoter’, typically defined as the +/- 50 base pair (bp) region around the TSS. 

The role of the core promoter is thought to be to determine the precise location of the TSS and the 

direction of transcription, by means of GTFs and RNAPII binding to specific core promoter sequence 

elements, which are located at specific distances to the TSS (reviewed in refs.10,25).  

 

The most well-known core promoter elements are the TATA box and the Initiator (INR) element. The 

TATA box was initially believed to be a universal element roughly 24-30 bp upstream of each TSS, 

recognized by the TATA-binding protein (TBP), a central part of the PIC26. This was also true for the 

pyrimidine-purine INR element located at the TSS, but characterization of many TSSs using genome-

wide methods have shown that core promoter architectures are complex and diverse (reviewed in 

refs.10,25). For instance, only a small fraction of mammalian core promoters have a clear TATA box27. 

This may be due to that GTFs are complexes of multiple interchangeable proteins with various sequence 
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preferences28, e.g. the GTF TFIID consists of TBP and TBP-associated factors (TAFs)29, allowing 

flexible and degenerate core promoter recognition.  

 

While core promoters contain sufficient information for the transcriptional machinery to select TSSs, the 

rate of RNAPII initiation can be modulated by integration of other signals. DNA-binding transcription 

factors (TFs)30,31 can directly or indirectly, via recruitment of co-activators (e.g. CBP–P30032, Mediator33, 

or the SAGA complex34), influence core promoter RNAPII recruitment, initiation, or elongation. Their 

input may come from either local or distal binding of TFs, with respect to core promoter genomic 

proximity, and often through cooperation between multiple TFs in so-called cis-regulatory modules 

(reviewed in refs.35,36). Because some TFs bind proximally to, but not within, the core promoter region, 

a larger arbitrarily sized region around the TSS encompassing the core promoter and this 'proximal 

promoter’ region is often referred to as the ‘promoter’, even though only part of this region may be 

important for regulation of transcription initiation. Finding out which regions are important within such a 

promoter region requires exhaustive ‘promoter bashing’, a technique where selected sub-regions 

upstream of a TSS are fused with a reporter gene (Box 1). Therefore, if the term ‘promoter’ refers to a 

genomic region, it is almost always arbitrarily defined based on the locations of TSSs. 

 

Transcriptional regulation may also be achieved by integrating input from more distal TF binding events 

at genomic regions termed ‘enhancers’, some of which can be up to 1 Mb away from the core promoter37. 

Regulatory input from distal locations is enabled by a favourable folding of the genome, that places 

regulatory elements close in three-dimensional space38,39. Enhancers were first identified in Simian virus 

70, followed by identification in mammalian genomes, and were found to be able to increase reporter 

gene expression regardless of their orientation or distance to the core promoter40–44 (for a historical 

review of enhancers, see ref.45). Most early enhancer work relied on reporter gene assays, in which a 

candidate enhancer sequence was placed up- or downstream of a minimal core promoter upstream of 

a reporter gene (in many ways similar to ‘promoter bashing’ discussed above; Box 1). This technique 
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remains a workhorse in enhancer biology and has lately been scaled up using high-throughput 

sequencing techniques (see below).  

 

Although various modes of enhancer function have been proposed (reviewed in refs.9,46,47) following 

their discovery almost four decades ago, including transactivation, RNAPII transfer, RNAPII promoter 

pause-release, or anchoring TF-RNAPII condensates, almost all definitions of enhancers tacitly assume 

that enhancers and promoters are placed far apart in the genome and have distinct molecular functions 

and abilities.  

 

Regulatory element insights from genomics methods 

A slew of techniques based on high-throughput DNA sequencing have enabled the study of enhancers 

and promoters genome-wide and at a large scale, including their role in diverse biological processes 

such as development, cell-type differentiation and specialization, and disease3,48–51. Here, we briefly 

review the main methods for their detection and quantification, which will also serve as a background 

for how our collective understanding of transcriptional regulatory elements has gradually shifted away 

from the originally clear-cut promoter/enhancer dichotomy.  

 

Various methods developed to identify gene TSSs directly from 5’ end sequencing of steady state or 

nascent RNAs (Box 2), have enabled the field to map core promoter regions for the vast majority of 

mammalian cells. Together with indirect inference of promoters from stalled RNAPII, derived from 3’ 

end sequencing of nascent RNAs, these techniques have revealed a number of unexpected features 

that were not evident from earlier works based on single-gene reporter assays (Figure 2A). These 

features include the following observations. First, RNAPII initiation is often dispersed over a local area, 

within the same nucleosome-depleted region (NDR), resulting in multiple close-by TSSs with varying 

initiation frequencies. This gives rise to a spectrum of core promoter TSS distribution ‘shapes’27 

(reviewed in ref.10). Second, most genes have many distinct TSS clusters (termed ‘alternative 
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promoters’)27,52,53 arising from independent core promoters in separate NDRs typically separated by 

several hundred or thousand bp, where the choice of alternative promoter may alter the final protein 

product54. Third, RNAPII pauses downstream of the TSS before entering a state of active elongation55–

57.  Fourth, and perhaps most unexpectedly, the vast majority of gene TSSs are accompanied by an 

additional, proximal, upstream TSS on the opposite strand55,57,58. This latter feature, termed ‘divergent 

transcription’ (reviewed in refs.59,60), arises in a configuration where each TSS is positioned in 

independent core promoters close to the edges of nucleosomes flanking an NDR12,13. Generally, the 

upstream, divergent TSS produces a short (<500 bp), unspliced transcript, termed promoter-upstream 

transcript (PROMPT58) or upstream antisense RNA (uaRNA55), that is degraded by the nuclear 

exosome, an exonuclease complex that degrades RNAs from the 3ʹ end58. The difference in exosome 

sensitivity between PROMPTs and mRNAs is, at least partially, due to a depletion of early poly-A (pA) 

sites and an enrichment of 5ʹ splice sites (5ʹSS) downstream of mRNA TSSs, and the opposite patterns 

downstream of PROMPT TSSs61,62. 

 

In parallel, chromatin immunoprecipitation coupled to microarrays (ChIP-chip) or high-throughput 

sequencing (ChIP-seq)63, made it possible to measure bound TFs and the chromatin state around gene 

TSSs, in particular in terms of specific post-translational modifications of histones. It was found that 

transcriptionally active TSSs are depleted of nucleosomes and have an enrichment of tri-methylation of 

histone H3 lysine 4 residues (H3K4me3) and acetylation of histone H3 lysine 27 residues (H3K27ac) in 

the first nucleosomes downstream of TSSs64–67. The same techniques also showed that the vast majority 

of bound TFs around gene TSSs locate within the NDR between the divergent TSS pair13,68, and that 

most active gene promoters have accumulated levels of stalled or paused RNAPII69–71 (Figure 1A). 

Techniques based on ChIP and DNA accessibility (reviewed in refs.63,72) were instrumental in early 

genomics studies of enhancers (Box 3). Characterization of various histone modifications, in particular 

methylations and acetylations, around inferred binding sites of enhancer-associated co-activators or 
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around well-studied enhancers, allowed the establishment of rules designed for discriminating 

enhancers from gene promoters (Figure 1B). These specific patterns, such as high H3K27ac signal73 

and a high H3K4me1:H3K4me3 ratio at putative enhancers74,75, quickly became the state of the art and 

were the basis for several large consortia (e.g. Encyclopedia of DNA Elements (ENCODE), Roadmap 

Epigenomics) in genome segmentation algorithms76–78 used to classify genomic regions into different 

classes of transcriptional regulatory elements.  

 

An unexpected finding when combining RNA sequencing and ChIP-seq techniques was that many 

enhancer candidates initiated transcription of so-called enhancer RNAs (eRNAs) at the edges of their 

NDRs in a divergent manner21,22. eRNAs are short, typically unspliced and non-polyadenylated 

transcripts that are degraded by the exosome and therefore share many similarities with PROMPTs 

arising from gene promoter NDRs3,12 (Figure 1B). In contrast to gene promoters, where PROMPTs tend 

to be less transcribed than the mRNA, the divergent transcription associated with candidate enhancers 

were generally more bidirectionally balanced, and both transcripts were exosome substrates3. We and 

others showed that, based on these properties, it is possible to predict enhancers from 5ʹ end RNA 

sequencing data alone3,79,80. Furthermore, transcribed enhancer candidates were more likely to validate 

in reporter assays than non-transcribed enhancer candidates predicted by histone modifications alone3.  

 

Collectively, these findings show that promoter and enhancer candidates, as defined by respective 

methodology above, share some characteristics and abilities but may differ in others. This motivates a 

critical investigation of the similarities of such regulatory elements. 

 

Similarity and duality of enhancers and promoters 

We will here summarize similarities of enhancer and promoters, taking recent genomics data into 

consideration, to arrive at the conclusion that enhancers and promoters are, in contrast to their historical 
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definitions, unexpectedly similar in terms of overall chromatin, sequence, and core promoter 

architecture. When active, both are encompassed by NDRs, bound by RNAPII, and initiate transcription 

divergently at NDR edges11,12,14,81. While protein-coding gene promoters give rise to mRNAs on their 

sense strands and PROMPTs on their antisense strands, enhancers are transcribed into eRNAs in both 

directions. This means that gene promoters and enhancers share the same promoter architecture12, 

both having a pair of divergent TSSs, each with its own core promoter3,12,13,15,16 (Figure 1). This promoter 

architecture also seems to be shared with respect to sequence preferences: the TSSs often have INR 

elements and there is a weak preference for upstream TATA boxes even at eRNA TSSs. 

 

One marked difference between mammalian gene promoters and enhancers is the overall CG content. 

Roughly 50% of gene promoters overlap CpG islands, while almost no enhancers do3 (Figure 1). 

Another apparent difference is the amount of associated transcriptional activity and RNAs 

produced11,12,82. While many candidate enhancers can act as autonomous promoters in vitro83, active 

gene TSSs produce on average 17-fold more RNAs (as assessed by cap analysis of gene expression 

(CAGE)) than candidate enhancer TSSs in HeLa cells in vivo12, and are associated with 2-3-fold more 

transcriptional activity (as assessed by precision nuclear run-on sequencing (PRO-seq)) in GM12878 

cells11. Thus, enhancers initiate less transcription and, on top of that, generate RNAs that are often 

degraded in the nucleus, thus further depleting the final RNA copy number. 

 

However, it is important to consider that this average difference will be driven by a subset of highly 

expressed gene TSSs and that the overall chromatin modification and sequence properties of regulatory 

elements are highly correlated with their transcriptional output. For instance, highly transcriptionally 

active and/or ubiquitously expressed TSSs are more likely to reside within CG-rich areas84, and are 

much more likely to be enriched by flanking H3K4me3-modified histones85,86, which are two key features 

that have been used to distinguish enhancers and promoters (Figure 1). In fact, many candidate 

enhancers are associated with H3K4me387,88, and the level of chromatin modification association with 
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respective TSSs is highly similar if the difference in transcriptional activity is taken into account11,88,89 

(Figure 2). Thus, most of the features used to distinguish enhancers and promoters reflect differences 

in transcriptional activity and RNA output. Hence, classical enhancer-promoter discerning histone 

modifications are not optimal in terms of classifying regulatory elements by their function, as they likely 

only reflect the ability to initiate transcription (promoter activity), not the ability to enhance distal 

transcription (enhancer activity).  

 

Early attempts at defining enhancers and promoters assumed that they had distinct and separable 

functions. As stated above, many regulatory elements with enhancer activity also have promoter activity, 

since they can initiate local transcription. To make it even more complex, recent studies have shown 

that gene promoters may also have enhancer activity. For instance, 17 out of 45 identified regulatory 

elements with in vivo enhancer activity in human embryonic stem cells around the POU5F1 gene locus 

were annotated gene promoters17, 3% out of 20,719 tested gene promoters in human K562 cells had 

strong enhancer activity in vitro18, and 5 out of 12 tested promoters of long non-coding RNAs (lncRNAs) 

acted as enhancers in mouse embryonic stem cells in vivo20. In addition, chromatin conformation data 

indicate that a sizeable fraction of distal regions that interact with gene promoters are in fact other gene 

promoters90–92, suggesting prevalent enhancer activity from gene promoters. Examples include the INS 

gene promoter, that interacts over a long distance with the SYT8 gene promoter to regulate its 

expression in human islets93, and hundreds of promoter-promoter interactions likely mediating the effect 

of expression quantitative trait loci (eQTLs) in human primary blood cells92. 

 

Thus, as a summary, regulatory elements previously designated as enhancers typically have promoter 

activity, and were typically predicted based on features more related to promoter activity than enhancer 

activity, and many known gene promoters have enhancer activities. This motivates new models and 

definitions of regulatory elements encompassing these findings.  
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An updated model of regulatory elements 

Because of the duality of many regulatory elements to act as both promoters and enhancers, we and 

others have proposed a model which does not assume that promoter and enhancer activity are mutually 

exclusive, but rather two capabilities that regulatory elements might have different degrees of81,88,89,94,95. 

In this model, any NDR that can affect transcription initiation either locally or distally is defined as a 

regulatory element. Specifically, based on the findings from genomics techniques reviewed above, a 

regulatory element has the following properties. First, it is centered and mostly contained within one 

NDR, which is often bound by TFs. Second, it may have a degree of promoter activity: the ability to 

recruit RNAPII and initiate transcription at either NDR edge. Third, it may have a degree of enhancer 

activity: the ability to positively influence transcription initiation at other regulatory elements (Figure 3A). 

 

The conceptual difference to previous models is that there is no imposed enhancer/promoter dichotomy: 

a regulatory element may have any combination or degree of promoter and/or enhancer capabilities, 

defining its functional repertoire. This model also deals with some of the historical problems in our 

conceptions and definitions of promoters and enhancers. Firstly, promoters in the literature are based 

on arbitrary lengths from gene TSSs (e.g. -300 to +100, or -2000 to +200), and it was commonly 

assumed that they had to initiate transcription of mRNAs or other functional/stable RNAs. In our 

proposed model above, the lengths of regulatory elements are based on accessible DNA, and the types 

of RNAs produced and their stability are decoupled from the concept of promoter activity, which only 

refers to the ability to initiate transcription locally. The latter makes sense because RNAPII transcription 

initiation at regulatory elements seems to follow the same rules regardless of the type of RNAs produced 

and whether the regulatory element also has enhancer function. Thus, a regulatory element with strong 

enhancer activity that initiates eRNA transcription will also be considered to have a degree of promoter 

activity. Secondly, in the classical definition, an enhancer must be able to enhance distal transcription 

initiation regardless of distance and orientation. Why would a regulatory element that is able to enhance 

transcription initiation at another locus, but that is only effective within a moderate distance or in a 
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specific orientation not be considered to have enhancer activity? In the framework above, no such 

constraints are imposed.   

 

Measuring enhancer and promoter potential en masse 

The model framework proposed above is only of conceptual interest unless we can measure the intrinsic 

enhancer and promoter strength of a regulatory element and, secondly, deduce what drives respective 

potential. Conceptually, there are two major, and complementary, experimental avenues towards 

answering these questions: CRISPR-based in vivo methods (Box 4) and massively parallel reporter 

assays (MPRAs) (Box 5). 

 

CRISPR-based in vivo genome editing methods (Box 3) take genomics context and regulatory 

redundancy into account, typically using technology based on CRISPR allowing direct editing, 

mutagenesis, and deletion17,19,20,96–99 (CRISPR-Cas9), or indirect interference17,100 (CRISPRi) and 

activation101 (CRISPRa) of regulatory elements with enhancer and/or promoter activity, followed by 

measuring the resulting RNA output from one or more regions of interest. The main advantage of such 

methods is that they take the complexity of the genome organization into account, including local 

chromatin context and interactions between multiple regulatory elements, because loci are targeted in 

their endogenous genomic context. There are two main drawbacks. First, it can be difficult to assess 

the causality and impact of individual regulatory elements in a larger region; for example, two regulatory 

elements with enhancer activity within the same larger genomic region may be redundant in the sense 

that they can compensate for the loss of the other. Second, these methods are hard to scale up beyond 

detailed investigations of one or few  regions around one gene or a gene cluster. This means that while 

such methods can give unprecedented insights for a chosen genomic region, it is challenging to build 

generic, quantitative, and predictive models from such data. 
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MPRAs (Box 5) attempt to decouple the intrinsic promoter and/or enhancer potential of single 

sequences from the regulatory potential provided by their native genomic contexts. In essence, these 

methods build upon classical enhancer and promoter reporter assays but are, through barcode 

integration and coupling to high-throughput sequencing, scaled up to be able to test thousands of 

candidate elements. The main advantage beyond the scale of plasmid-based MPRA methods is also 

their in-built disadvantage versus in vivo genome editing methods: they can assess enhancer/promoter 

potential of regulatory elements decoupled from their native context, including local chromatin state, as 

discussed above. Thus, with such data it is possible to model what intrinsic features of putative 

regulatory elements drive their promoter or enhancer potential. For this reason, we mainly focus on 

MPRA-derived features in this review, although, as we point out below, in vivo genome editing methods 

and MPRAs are complementary and such methods/data should ideally be combined.  

 

Determinants of enhancer and promoter potential 

MPRA-based methods have resulted in several new insights. In particular, it has been possible to gain 

a first view, beyond single loci, on what sequence features drive strong promoter and/or enhancer 

activity. MPRA approaches have also enabled the study of the relation between these activities. For 

example, is it possible for a regulatory element to have both strong enhancer and promoter activity? Do 

all regions with enhancer activity have some promoter activity? Here, we review studies aiming to 

answer such questions (Figure 3B).  

 

Nguyen et al.102 used promoter and enhancer MPRAs to test both candidate enhancers and gene-

associated promoters associated with increased H3K27ac and CREBBP co-activator binding upon 

mouse cortical neuron activation. Interestingly, the MPRA readouts demonstrated a moderately positive 

correlation between enhancer and promoter activity. However, most candidate enhancers had limited 

promoter activity and tested gene promoters tended to have strong promoter activity but, surprisingly, 

similar enhancer activity as tested candidate enhancers. These results indicate that regulatory elements 
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intrinsically have both enhancer and promoter activity, but that some have features that specifically 

encode substantially stronger promoter activity. 

 

These findings are reflected in studies using MPRAs aiming to identify features that are indicative of 

promoter activity (Figure 3B, right panel). First, the overall CpG content is positively correlated with 

promoter activity but not enhancer activity102. However, it is probably not the CpG dinucleotides 

themselves that cause higher promoter activity but rather TFs that favor CpG-containing binding site 

sequences102. Indeed, studies have shown that a subset of TF binding sites or other sequence patterns 

(either predicted or measured by e.g. ChIP-seq) are associated with promoter activity. It is important to 

consider that these results are likely to be at least to some degree context-specific, as the repertoire 

and availability of TFs is different between cells. Weingarten-Gabbay et al.103 showed, using MPRAs, 

that strong promoter activity is highly associated with the presence of core promoter elements, in 

particular strong TATA and INR sites with canonical spacing and orientation. This is expected and 

recapitulates the body of work in small-scale reporter assays. Predicted sites for certain TFs, e.g. SP1, 

ETS, CREB, and RFX, have also been found to be associated with high promoter activity102–104. 

Interestingly, only some TFs, e.g. ETS and SP1, have additive effects, for which the number of predicted 

binding sites within a region are correlated with promoter activity. On top of this, high promoter activity 

is associated with having several overlapping predicted binding sites for different TFs, in particular 

ubiquitously expressed ones104. This is in turn related to general DNA accessibility: regulatory elements 

within high chromatin accessibility typically have high promoter activity, and the degree of accessibility 

is related to the expression levels of bound TFs104. Indeed, introduction of nucleosome-repellent 

sequences results in an overall higher promoter activity103. 

 

Characterization of selected enhancer candidates through saturation mutagenesis have demonstrated 

that mutations associated with a change in enhancer activity often fall in TF binding sites105–108,98 and 

affect the activity in a cell-type specific manner107, demonstrating the importance of TFs in driving not 
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only promoter activity but also cell-type-specific enhancer activity. Similar to promoter activity, the 

presence of binding site sequences for certain TFs, their combinations, and the number of such sites 

are associated with enhancer strength109,110,111. However, contrary to TFs that are associated with high 

promoter activity, mRNA gene promoters that also have high enhancer activity were enriched with 

predicted binding sites of TFs favouring low CG content3,18,102 (Figure 3B, left panel). In addition, an 

MPRA study assessing the core promoter response to various co-activators found that restricted 

compatibilities between certain co-activators and core promoters were partly explained by their CG 

content112. Thus, in addition to the core promoter strength and binding site complexity discussed above, 

differences in enhancer and promoter potential may be influenced by which TFs, or TF-recruited co-

activators, bind to a regulatory element. Indeed, binding of AP1 and NFY is biased towards regulatory 

elements with enhancer activity, whereas binding of other TFs, e.g. CREB, are biased towards those 

with promoter activity102,107,113–115. Because high CpG content regions are generally nucleosome 

repelling116, there may be a specific need for binding of certain TFs favouring low CpG sequences, like 

AP13, to CpG-poor regulatory elements to modulate chromatin accessibility117. These may include so-

called pioneer TFs, that are able to bind nucleosomal DNA and recruit chromatin remodelers118. Indeed, 

activation of candidate enhancers has been linked to proper recruitment of the SWI/SNF (BAF) 

chromatin remodeling complex119, and genetic variants both disrupting TF binding-sites and affecting 

chromatin accessibility are highly enriched in candidate enhancers114. 

 

Thus, if differences in CpG content are taken into account, regulatory elements with MPRA-inferred 

enhancer activity are to a large extent similar to those with low promoter activity102. This suggests that 

sequence features encoding enhancer activity also generalize to (low) promoter activity, but not 

necessarily in the other way around, as indicated by sequence-based machine learning120. In an 

interesting parallel in flies, it has been shown that the enhancer strength of regulatory elements depends 

on clusters of sub-optimal TF binding site sequences121,122, and that optimization of TF binding affinity 

leads to increased promoter activity and loss of enhancer activity. Certain exceptions to the relationship 
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between low promoter activity and high enhancer potential exist. Regions with high promoter activity at 

gene TSSs that also had high enhancer activity were found to be highly expressed17,18, and it remains 

to be identified what determines such a strong duality. The general lack of distinct features driving 

enhancer activity, apart from a few biased TFs, may explain why known regions with high enhancer 

activity and weak promoter activity feature much higher evolutionary turnover in comparison to gene 

promoters123. High promoter activity may require selection for certain features while the constraints to 

have enhancer activity may be lower. Alternatively, it may mean that there are many more diverse ways 

to encode enhancer activity, which in turn may be more specific to particular cell types or contexts.  

 

Models explaining enhancer-promoter duality 

Given the pervasiveness of regulatory elements with both enhancer and promoter potential, it is 

worthwhile to speculate on the origin and reason behind this duality. Several models have been 

suggested that present functional roles of eRNAs or the act of enhancer transcription (reviewed in 

refs.9,124), thereby providing a reason for promoter activity of regulatory elements with high enhancer 

activity. Since many eRNAs are lowly transcribed, subject to nuclear degradation, and transcribed from 

DNA with high evolutionary turnover, hypotheses of eRNA functions that are contingent on high copy 

numbers and/or sequence-specific interaction are unlikely to be true in the large majority of cases. 

Functions that are based on the act rather than the product of transcription are more likely since they 

are not affected by the constraints discussed above. For instance, divergent transcription may induce 

negative supercoiling and thereby affect the chromatin structure and accessibility around the regulatory 

element, or it may spread permissive histone modifications to flanking nucleosomes through RNAPII 

carboxy terminal domain-associated acetyltransferases and methyltransferases, thereby acting as a 

barrier to spreading repressive marks60. Alternatively, it may simply be a way of displacing RNAPII from 

the NDR. An opposing view is that transcription from regulatory elements with enhancer activity may 

merely be noise caused by spurious transcription of RNAPII at accessible chromatin125 in foci with high 
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RNAPII concentrations. However, candidate regions with enhancer potential primed for subsequent 

activation are generally accessible but not transcribed51.  

 

Alternatively, the recruitment and initiation of RNAPII (promoter activity) may instead lead to enhancer 

activity. In this model94, which bears resemblance with the hub and TF-RNAPII liquid condensate models 

of transcriptional regulation46, regulatory elements that associate in three-dimensional space, possibly 

through homotypic protein attraction39, work in concert to increase or maintain the local concentration 

of TFs, GTFs, co-activators and RNAPII that transiently bind, engage, and relocate between physically 

proximal elements. In this view, having multiple regulatory elements in close three-dimensional proximity 

increases the probability of TF and RNAPII recruitment to target gene TSSs (Figure 4). A feature of such 

a TF and RNAPII-centric model of cooperation between regulatory elements is that differences in TF 

binding potential or responsiveness provide an explanation for observed enhancer or co-activator 

incompatibility between certain regulatory elements112,126. Furthermore, competition between regulatory 

elements when recruiting the transcriptional machinery may explain why certain elements have a 

stronger enhancer potential and weaker promoter potential, and vice versa, but it remains to be 

investigated why certain TFs allow simultaneous strong enhancer and promoter activities. 

 

As discussed above, given the high evolutionary turnover observed for most regulatory elements with 

enhancer activity, it is unlikely that enhancer potential as a generic ability is selected for in most cases, 

even though there clearly are cases of such elements that are highly conserved127,128. Rather, the results 

discussed in this review point towards a model in which enhancer potential (and intrinsically low 

promoter potential) is directly encoded by binding sites for TFs and other components of the 

transcriptional machinery. High promoter potential requires additional constraints and is acquired on top 

of this basal enhancer potential, which may or may not lead to reduced enhancer potential. We note 

that in such a model, enhancer activity and low promoter activity is the ground state of activating 

regulatory elements (Figure 3A). Transposable elements have lately been recognized as a prominent 
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source of regulatory innovation129 and their intrinsic enhancer potential and weak promoter activity may 

serve as a basis for further changes. This way, transcribed regulatory elements with enhancer activity 

may be repurposed into having stronger promoter activity for longer, and more highly transcribed RNAs 

through changes in NDR-associated and downstream DNA sequences14,130,131.  

 

Conclusions, perspectives and challenges ahead 

Although transcriptional regulation is one of the most research-intensive subject areas in biology, it is 

only now that we can begin to interpret the underlying logic of regulatory elements systematically. The 

opportunity is enabled by the development and application of high-throughput methods for in vitro and 

in vivo assessment of regulatory activities. We here list some of the challenges and opportunities ahead 

in this endeavor. 

 

Much research on transcriptional regulation in recent years has been descriptive, e.g. focusing on 

finding genomic patterns associated with enhancer activity and using these patterns genome-wide to 

predict ‘maps’ of candidate active enhancers for cells or tissues of interest. While laudable and highly 

useful, there are clear risks with such approaches, outlined below. Importantly, the number of well-

characterized regulatory elements with strong enhancer potential in vertebrates is small, and these may 

not be the most representative regulatory elements with enhancer potential. Thus, the patterns of 

features (chromatin modifications, eRNA production, etc.) used to predict regulatory elements with 

enhancer capabilities genome-wide are based on a very small base of training cases. This has led to a 

situation in which candidate enhancers are predicted by one type or set of data (e.g. ChIP-seq) and then 

validated by other predictions (e.g. those based on divergent transcription, or vice versa). This carries 

clear risks of ascertainment bias, overfitting, oversimplification and ‘validation creep’132, where previous 

predictions are treated as validated entities. 
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Developments in MPRA and CRISPR-based screening methods of the promoter and enhancer potential 

of a large number of genomic regions either as plasmids or within genomes hold great promise in 

understanding the features underlying regulatory elements with clear enhancer or promoter activity, and 

those covering the spectrum of both activities, with much less ascertainment bias. Combining genomics 

or transcriptomics approaches with MPRA and/or CRISPR-based screening are likely to open new 

avenues for building predictive and quantitative models for enhancer and promoter activity. 

 

In general, we lack MPRA experiments that measure both the enhancer and promoter potentials of the 

same set of sequences. This is necessary to model and understand features determining respective 

activity. The Nguyen et al.102 study reviewed above is one of the few examples employing this strategy, 

but only considered one cell type and a limited number of candidate sequences. Another important 

limitation in many MPRA studies is that sequences tested for enhancer activity are fused to the same 

minimal core promoter. Testing many core promoters is important because the sequence-encoded 

enhancer potential of one regulatory element is likely dependent on which promoters it can enhance. 

Thus, an ideal experiment would randomly fuse all proposed regulatory elements testing the enhancer 

activity of one by the promoter activity of the other, in all combinations.  

 

It will also be important to find ways to bridge the MPRA methods and CRISPR-based approaches, so 

that the enhancer and promoter potential inherent in regulatory elements measured by MPRA can be 

complemented with effects from their surrounding regulatory elements and chromatin contexts or vice 

versa, thus capitalizing on the advantages of each method. It is unlikely that any of these challenges 

can be addressed by a single research group, but will require substantial collaborations between 

research groups focusing on screening methods (MPRA and/or in vivo genome editing techniques), 

genomics or transcriptomics approaches, and statistical modelling. In other words, we believe this is a 

key area for cross-pollination of machine learning, biophysics, genomics, and bioinformatics fields. 
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Some key outstanding questions to be answered are as follows. First, why can certain TFs drive 

promoter but not enhancer activity, and why do only some TFs have additive effects? Second, what TFs 

(or co-activators), and what combination of binding sites, drive promoter and/or enhancer activity in a 

given cell type? Third, enhancer activity seems to be much more diversely encoded by sequence, 

suggesting that there are many different ways in which a regulatory element can attain enhancer activity, 

or that many subtle signals cooperate. But what are those different ways in a given system, and what is 

the interaction between signals (if any)? Fourth, what are the mechanisms underlying strong gene 

promoters that also have strong enhancer activity? Finally, what is the logic behind compatibilities of 

regulatory elements (a regulatory element may enhance the transcription of some, but not all, regulatory 

elements with promoter activity)? 

 

Although we have primarily focused our review on TF and sequence-associated features determining 

activating (enhancer and promoter) functions of regulatory elements, transcriptional activity of genes 

also depends on additional regulatory events and determinants, including chromatin remodelling, the 

activity of proximal silencers and insulators, the binding of repressors, the folding and dynamics of its 

surrounding three-dimensional chromatin topology, and the responsiveness of regulatory elements to 

developmental or external cues. Many of these factors are likely related, e.g. CpG-rich regulatory 

elements are less dependent on chromatin remodeling events for their regulatory activity compared to 

AT-rich regulatory elements, which in turn may also affect their ability to be dynamically regulated133. 

Nonetheless, it will be important to analyze and integrate large-scale quantitative measures of such 

factors with those of enhancer and promoter potential. In the general model we proposed above, only 

enhancer and promoter capabilities were considered, but the same model could be extended to allow 

for additional functionalities such as local or distal repressive activity. For instance, a regulatory element 

with enhancer activity for a gene promoter might act as a silencer or insulator for others in certain 

contexts134, or to regulate replication timing during mitosis135. 
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Despite the large challenges ahead, we are now in a highly promising and exciting time for research in 

transcriptional regulation. Our current knowledge, together with the approaches outlined above, holds 

the promise of finally understanding much of the logic underlying transcriptional regulation. This will 

have profound importance in science, medicine and biotechnology, furthering our understanding of 

sequence variation and evolution, regulatory robustness, and enabling the design of regulatory elements 

with custom strength, inducibility and robustness for applications in biotechnology and medicine. In other 

words, we may be in a transition time where the field of transcriptional regulation is moving from 

describing and classifying regulatory phenomena towards building quantitative biological models of 

gene regulation. 
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Figure legends 

 

Figure 1 | Features used to distinguish promoters and enhancers. The figure shows a summary of 

the key features often used to distinguish mRNA gene promoters (part a) and enhancers (part b). On 

top of each panel, a schematic of nucleosome and nucleosome-depleted region (NDR) placements are 

shown, together with binding of transcription factors (TFs) within center of the NDR and  the pre-Initiation 

complex including RNAPII positioned at NDR edges. The second row shows produced RNAs as black 

boxes, initiating at the edges of the NDR (enhancer RNAs (eRNAs)) at enhancers, and pairs of 

promoter-upstream transcripts (PROMPTs; also known as uaRNAs) and mRNAs at mRNA promoters. 

The remaining rows show typical signal intensity levels from experiments used in enhancer/promoter 

identification and characterization, as follows. The first two rows show typical signals from techniques 

detecting transcription start sites (TSSs) by sequencing the 5’ ends of steady-state RNAs (e.g by 

CAGE), with or without depleting the nuclear exosome. Signal intensity (number of mapped reads) are 

represented as bar plots with color and arrows indicating the direction of transcription. Next row shows 

typical results from techniques sequencing 5’ ends of nascent RNAs (e.g. GRO-cap or Start-seq) in 

normal cells using the same graphical representation. Note that because some RNAs are subject to 

exosomal degradation, signals from steady state RNAs from cells with depleted exosomes are more 

similar to that of nascent RNA techniques in normal cells.  Sequence features including poly(A) (pA) 

and 5ʹ splice sites (5ʹ SS) and CpG dinucleotides are visualized as grey scale bars showing average 

pattern density. Black indicates higher density. Importantly, pA site density at PROMPTs and eRNAs 

are roughly the same as genomic average, but lower downstream of mRNA TSSs. Chromatin features 

from DNaseI hypersensitivity sequencing (DNase-seq) and chromatin immunoprecipitation coupled to 

sequencing (ChIP-seq) for H3K27ac, H3K4me1 and H3K4me3 histone modifications are visualized as 

colored bars showing average signal intensity.  
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Historically, promoter activity and gene TSSs have been identified by 5ʹ end RNA/cDNA sequencing 

methods, whereas enhancers were typically predicted by the H3K4me1 to H3K4me3 signal ratio, and 

later also by detection of bidirectionally transcribed eRNAs by e.g. CAGE or GRO-cap methods. As 

discussed in the main text and Figure 3, most such measurements are directly related to promoter 

activity and only indirectly to enhancer activity.  

 

Figure 2 | Chromatin features used to identify and distinguish enhancers and promoters are 

correlated with the promoter activity of regions, regardless of genomic location. In this analysis, 

based on chromatin and global run-on sequencing (GRO-seq) data from HeLa cells12, intergenic 

nucleosome-depleted regions (NDRs) (potential enhancers), identified from DNase hypersensitive sites 

(DHSs), and NDRs overlapping annotated mRNA transcription start sites (TSSs) are compared (left and 

right columns, also shown with the cartoon on top as in Figure 1). The average intensity of chromatin 

immunoprecipitation coupled to sequencing (ChIP-seq) data for typical histone modifications used to 

predict enhancers/promoters, and DNaseI hypersensitivity sequencing (DNase-seq) intensity, as a 

function of location relative to the DNase-seq signal summit position of DHSs (referred to as DHS 

midpoint, x axis) are shown as colored bars, where color intensity corresponds to average signal 

intensity (same colors as in Fig. 1). DHSs in each category are split by their total transcription level on 

both strands (measured by GRO-seq) into 6 bins (row groups, see label on the right). Note that there is 

no substantial difference between intergenic and mRNA TSS-overlapping chromatin states if the 

transcription level (and thereby promoter activity) is taken into account. Therefore, chromatin-based 

classification of enhancers/promoters is likely to reflect promoter rather than enhancer activity.  

 

Figure 3 | General model of regulatory elements and features associated with promoter and 

enhancer potential.  A | A regulatory element is defined as a nucleosome-depleted region (NDR) that 

can affect transcription initiation either locally or distally (graphics as in Figure 1, but simplified). 
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Regulatory elements may have various degrees of promoter and enhancer activities, and these 

capabilities are not necessarily associated with regulatory elements in a mutually exclusive manner.  B 

| Features associated with high enhancer (left) and high promoter activity (right) from massively parallel 

reporter assays (MPRAs); graphical elements organized as in Figure 1-2. Brief summaries of features 

are shown as cartoons and bullet points; see main text for further discussion. PROMPT, promoter-

upstream transcript; TF, transcription factor; uaRNA, upstream antisense RNA; eRNA, enhancer RNA. 

 

Figure 4 | A TF and RNAPII-centric cooperative  model of transcriptional regulation. In this 

conceptual model, regulatory elements, with varying degrees of enhancer and promoter activities, work 

together to increase or maintain the local concentration of transcription factors (TFs) RNA polymerase 

II (RNAPII), general transcription factors (GTFs), and co-activators, thereby increasing the probability of 

recruitment of TFs or coactivators and RNAPII to target gene transcription start sites (TSSs). White 

arrows indicate enhancer activity, black arrows indicate promoter activity. Thick black lines indicate 

exons, which may be joined by splicing as indicated. Colored blocks indicate TFs or co-activators, where 

colored gradients represent their local concentration or probability. RNAPII and GTFs are not shown, 

but are expected to follow similar patterns. Two regulatory topologies, (left and right) with different 

regulatory complexities and characteristics are illustrated: the left topology features two regions with low 

promoter and high enhancer activity, enhancing the transcription of a region with high promoter activity, 

producing a promoter-upstream transcript (PROMPT)–mRNA pair. The right topology shows two 

regulatory elements with high promoter activity, producing PROMPT–mRNA pairs. One has dual 

activity, carrying high enhancer potential, enhancing the transcription of the other PROMPT–mRNA pair. 

The three remaining regulatory elements have low promoter activity and high enhancer activity. Note 

that one of these are located within a gene intron; this is common as roughly 50% of the human genome 

is intronic. Transcription of two of these regions is enhanced by the regulatory element with dual potential 

(this phenomenon has to our knowledge not been conclusively demonstrated but follows from the 
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models proposed). The right topology also demonstrates the notion that regulatory elements with 

enhancer potential may be able to enhance transcription of some, but not all, other regulatory elements.   
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Boxes  

 

Box 1 | Overview of promoter and enhancer reporter assays.   

In a promoter reporter assay (see the figure, part a), the DNA sequence from a genomic region 

suspected of being able to drive transcription is fused to a reporter gene, encoding a protein which gives 

a signal when the gene is expressed and the protein translated (e.g. green fluorescent protein). A series 

of sequential deletions of the sequence is made, followed by measurement of the reporter gene activity. 

This can pinpoint sub-sequences carrying all or much of the capability of driving transcription initiation 

within the genomic region. The sequential deletion process is often referred to as ‘promoter bashing’. 

Enhancer reporter assays work similarly (see the figure, part b) but fuse the DNA sequence of a genomic 

region suspected of having enhancer activity either up- or downstream of a minimal promoter, which 

needs enhancer activity in order to transcribe the reporter gene. This makes it possible to test the ability 

to enhance the minimal promoter for different enhancer candidates.  

 

Box 2 | Identification of gene TSSs and core promoters genome-wide 

Because transcription start sites (TSSs) are central to the identification of core promoters, techniques 

based on sequencing of RNAs have been highly instrumental in this task. These techniques have either 

been based on full-length cDNA sequencing (flcDNA-seq)136, typically based on large-scale Sanger 

sequencing, or high-throughput sequencing the first 20–50 nucleotides of such full-length cDNAs (e.g 

cap analysis of gene expression (CAGE)137 and TSS-seq138) (see the figure, part a). The latter methods 

have the advantage that they allow for both the identification of the location of TSSs as well as estimating 

the abundance of produced RNAs.  

A set of complementary techniques that assess the rate of transcription rather than the amount 

of steady state RNAs emerged later. These were either based on incorporation of labelled nucleotides 

into cells and sequencing either the 3ʹ (global run-on sequencing (GRO-seq)55 and precision nuclear 

run-on sequencing (PRO-seq)139) or 5ʹ ends (GRO-cap140, PRO-cap139, 5ʹGRO-seq141) of nascent 
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RNAs, or through isolation of RNAs bound either by  RNAPII or chromatin (e.g. native elongating 

transcript sequencing (NET-seq)142, mammalian NET-seq (mNET-seq)143, 3’ end of nascent transcripts 

sequencing (3’NT-seq)144, start site-associated RNA sequencing (Start-seq)145) (see the figure, part b). 

Technically, methods sequencing 3’ ends of nascent RNAs are not designed for detection of TSSs, 

since they may capture RNAs from elongating RNAPII within gene bodies or stalled RNAPII at splice 

sites; however, because RNAPII pauses shortly after transcription initiation, peaks of reads from such 

methods can be used as proxies for transcription initiation and thereby promoter detection.   

The advantage of nascent RNA sequencing techniques is that RNA turnover will have limited 

effect, and therefore transcription, rather than steady-state RNA levels, is measured. Conversely, 

steady-state techniques often require only small amounts of RNAs, and can therefore be used for 

applications with limited number of cells. 

  

Box 3 | Identification of enhancers by DNA-binding proteins and DNA accessibility  

Chromatin immunoprecipitation (ChIP) coupled to microarrays (ChIP-chip) and ChIP coupled to 

sequencing (ChIP-seq) techniques have been central for the identification of candidate enhancers, 

either by targeting known important transcription factors of the cells or tissues of interest50,146, or by 

assessing enrichment of histone modification patterns genome-wide (see the figure, part a), sometimes 

in combination with targeting proteins expected to be involved in enhancer activities, such as the P300–

CBP histone acetyltransferase50,74,85,147–149. Other approaches also assessed DNA accessibility72, first 

through DNaseI hypersensitivity150 and more lately through the assay for transposase-accessible 

chromatin (ATAC-seq)151 (see the figure, part b) as means to predict enhancers. Through analysis of 

histone modifications around P300 binding sites and a few handfuls of well characterized enhancers 

available from earlier works and strongly active gene promoters, a pattern emerged in which enhancers 

displayed higher levels of H3K4me1 than H3K4me374,75, setting them apart from gene promoters (see 

the figure, part c). It was possible to train computational models based on these patterns to predict the 

locations of enhancers (and gene transcription start sites (TSSs)) based on these histone marks alone. 
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H3K27ac was later suggested to distinguish between active and inactive enhancers73, and other histone 

acetylations have later been suggested to have similar or specific predictive performances compared to 

H3K27ac152,153.  

 

Box 4 | In vivo CRISPR-based methods to modulate enhancer and promoter activity 

Recent technology developments based on CRISPR to target enzymes (e.g. Cas9) via single-guide 

RNAs (sgRNAs) to cleave specific strands of DNA (CRISPR–Cas9)154 have enabled precise and 

accurate genetic perturbation of regulatory elements17,20,96–98. In particular, CRISPR–Cas9 has been 

used to systematically delete regions within a loci (tiling deletions) followed by gene expression readouts 

(see the figure, part a).  

Based on this system, variant assays have been developed. CRISPR interference (CRISPRi) 

uses sgRNA to target a nuclease-deficient Cas9 (dCas9) to regions of interest, alone or fused with 

repressive domains such as the Krüppel-associated box (KRAB) and the SIN3A interacting domain of 

MAD1 (SID), whereby interference with regulatory activity is achieved through steric blocking and/or 

repression99,100,155,156 (see the figure, part b).  

The dCas9 system may further be utilized to activate regulatory elements, termed CRISPR 

activation (CRISPRa), through fusion of dCas9 with transcriptional activators99,101,157, e.g. VP64 (see the 

figure, part c). The versatility of the CRISPR toolbox thus demonstrates great promise to study native, 

context-aware transcriptional regulation (for further reading, see ref.158). 

 

Box 5 | Massively parallel reporter assays to measure enhancer and promoter potential 

Massively parallel reporter assays (MPRAs) have adopted the classical vector design of reporter 

assays, in which candidate regulatory sequences are placed in reporter gene vectors (Box 1). In the 

case of testing enhancer potential, the candidate sequence is placed up- or downstream of a specified 

minimal promoter (see the figure, part a), and promoter testing is done by placing the candidate region 

directly in front of the reporter (see the figure, part b), which can be done with or without a fixed enhancer 
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element. Upscaling from classical reporter assays, which test one sequence at a time, is achieved 

through high-throughput sequencing and quantification of barcodes (see the figure, part c-d), typically 

integrated in the 5ʹ or 3ʹ untranslated region (UTR) of the reporter gene, associated with each sequence 

out of thousands of candidate regulatory sequences. It is thus the RNA level of the reporter that is used 

as readout rather than the amount of produced reporter protein. Although several different MPRA 

strategies have been developed83,105,106,159,160, including versions in which the enhancer candidate itself 

serves as a barcode115,161,18, many approaches rely on episomal plasmids and are limited to testing short 

sequences (<200 bp). Furthermore, the MRPA readout can be affected by the nature of additional 

regulatory elements beyond those being tested — such as the minimal promoter tested in combination 

with candidate enhancer sequences, or the fixed enhancer that is often tested in combination with 

candidate promoter sequences126,162 — which indicates restricted compatibilities between some 

enhancers and core promoters. Despite this, most enhancer MPRA studies test all candidate enhancer 

sequences with the same minimal promoter. Lastly, plasmid-based MPRAs are limited in the sense that 

they cannot determine the contextual, chromatin-aware, potential of regulatory elements. To this end, 

lentiviral MPRAs160 have been developed that test large numbers of candidate regulatory elements in 

their native chromatin contexts. This can be viewed as a hybrid between the in vivo approaches in Box 

3 with the in vitro approaches described here.  
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Glossary 

ATAC-seq  

(Assay for transposase-accessible chromatin). A method for identifying accessible regions of the 

genome, based on transposase activity. See Box 3.  

 

Ascertainment bias 

Drawing general conclusions based on biased sampling of non-representative examples.  

 

CAGE:  

(Cap analysis of gene expression). A method to identify transcription start sites by sequencing the 5ʹ 

ends of capped, steady-state RNAs. See Box 2.  

 

ChIP-seq: 

(Chromatin immunoprecipitation coupled to sequencing). A method for finding DNA–protein interactions 

by combining immunoprecipitation and high-throughput DNA sequencing. See Box 3.  

 

CpG island: 

Genomic sequences that are not depleted of CG dinucleotides, which occurs by 5-methylcytosine 

deamination. They often overlap or are near transcription start sites. Most definitions set a minimum 

length (for example, 200 or 500 bp) and a minimum observed/expected CpG ratio. 

 

CRISPR-cas9: 

A method to edit DNA. See Box 4.  

  

DNAse-seq: 
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A method for identifying accessible regions of the genome, based on DNAseI hypersensitivity.  See box 

3.  

 

DHS: 

DNase hypersensitive site. Highly accessible genomic region, identified by DNAse-seq. 

 

General transcription factors: 

(GTFs). Proteins that together with RNA polymerase II (RNAPII) make up the pre-initiation complex.  

 

Homotypic attraction: 

Force driving chromatin with similar characteristics or associated proteins to self-associate. May be 

formed by protein bridges or liquid-liquid phase separation. 

 

Enhancer RNAs: 

(eRNAs). Short RNAs (<500 bp) that are transcribed from enhancers, with many similarities to promoter-

upstream transcripts (PROMPTs).  

 

INR: 

Initiator sequence. A sequence pattern often overlapping the transcription start sites. 

 

Liquid-liquid phase separation: 

Process in which molecules separate into liquid condensates with specific compositions. 

 

Massively parallel reporter assay: 

(MPRA). A method that can measure the promoter-or enhancer activity of many candidate DNA 

sequences in parallel. See Box 5.  
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Nascent RNA methods: 

A wide range of methods aimed at capturing RNA as it is being transcribed. See Box 2. 

 

Nucleosome-depleted region: 

(NDR). Region depleted of nucleosomes, often identified by DNAseI hypersensitivity, and often carrying 

regulatory potentials.    

 

Nuclear exosome: 

A multi-protein complex responsible for degradation of RNAs from the 3ʹ end.  

 

pA site:  

A sequence pattern (AT/ATAA) associated with 3ʹ ends of genes, but also occurs with high frequency 

in intergenic DNA.  

 

Pioneer transcription factor: 

(Pioneer TF). A transcription factor (TF) that can directly bind nucleosomal DNA, possibly in compacted 

chromatin. 

 

Promoter-upstream transcript: 

(PROMPT; also known as upstream antisense RNA (uaRNA)). Short RNAs that are transcribed 

upstream and on the opposite strand of mRNA transcription start sites, typically degraded by the 

nuclear exosome. Has many similarities to enhancer RNAs.     

 

Pre-initiation complex: 
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(PIC). A polypeptide complex consisting of RNA polymerase II and general transcription factors. This 

forms around the transcription start site and primes RNA polymerase II for transcription. 

 

Quantitative trait locus: 

(QTL) Region of DNA associated with the variation of a quantitative trait, such as blood pressure, height, 

etc. Expression QTLs (eQTLs) refer to cases where the quantitative trait is the expression of one or more 

genes.  

 

RNA polymerase II: 

(RNAPII). Catalyzes the transcription of DNA to RNA, including mRNAs and many long non-coding 

RNAs.  

 

TATA-box: 

A T/A-rich sequence that lies upstream (typically 24–30 bp) of transcription start sites, with a role in 

positioning the pre-initiation complex. 

 

Transcription factor: 

(TF), Sequence specific DNA binding protein with a role in regulating transcription.  

 

Transcription start site: 

(TSS). The first transcribed genomic nucleotide of a transcript. 

 

Validation creep: 

Treating predictions as validated entities, either in the same study or subsequent studies; related to 

ascertainment bias and overfitting.   
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Reference highlights 

● Ref 3 (Andersson et al): The largest study to date defining active enhancers from divergent TSSs 

of eRNAs. Demonstrated exosome decay of eRNAs and found transcribed enhancers to better 

validate in in vitro reporter assays than enhancers predicted from histone modifications. 

● Ref 11 (Core et al): Demonstrated a unified divergent architecture of candidate enhancers and 

promoters, and observed a correlation between H3K4me3 and transcription levels. 

● Refs 17-18, 20 (Diao et al, Dao et al, Engreitz et al): These studies observed, using in vivo 

genome editing and in vitro MPRAs, gene promoters with high enhancer strengths. 

● Refs 21-22 (Kim et al, de Santa et al): First studies to observe bidirectional transcription of 

eRNAs from candidate enhancers at large scale. 

● Refs 40-41 (Moreau et al, Banerji et al): These two studies were the first to discover enhancers 

through the identification of a 72 bp repeat sequence that could enhance gene transcription in 

SV40. It was further shown that such enhancers could act both upstream and downstream, and 
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at various distances, of a reporter gene. 

● Refs 55, 57-58 (Core et al, Seila et al, Preker et al): These studies were the first to independently 

observe divergent transcription from mammalian gene promoters. 

● Refs 74-75 (Heintzmann et al, Robertson et al): Identified a signature of high H3K4me1 and low 

H3K4me3 at candidate enhancers that could be used to discern enhancers from promoters and 

predict their locations genome-wide. 

● Ref 102 (Nguyen et al): First study to systematically compare promoter and enhancer potential 

of a large number of candidate sequences using MPRAs. 
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  Common antibody targets for 
enhancer identification include key 
TFs for cell system of choice and 
co-activators (e.g. P300)

Common antibody targets for 
enhancer (and promoter) 
identification: H3K4me1,H3K4me3, 
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Chromatin accesibility methods 
(DNaseI-seq and ATAC-seq) are 
not antibody-based, but will identify 
accessible DNA, which is relevant 
for all regulatory elements.
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