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Abstract  
Promoters with enhancer activity have been described recently. In this point of view, we will 
discuss current findings highlighting the commonality of this type of regulatory elements, their 
genetic and epigenetic characteristics, their potential biological roles in the regulation of gene 
expression and the underlining molecular mechanisms. 
 
 
Keywords: Enhancer, Promoter, Epromoter, gene regulation, reporter-assay, CRISPR/Cas9 
 
 
Disclosure of potential conflicts of interest 
No potential conflicts of interest were disclosed. 
 
Financial disclosure statement 
The authors declare that there is no financial disclosure.  
  



 2 

Introduction  
Gene expression in higher eukaryotes is precisely regulated in time and space through the 
interplay between promoters and gene-distal cis-regulatory regions, known as enhancers 1. 
Promoters are located in close proximity to the 5' end of genes and capable of inducing gene 
expression. Based on the classical definition, enhancers are located distally with respect to the 
5' end of genes and activate transcription over large distances and independently of orientation. 
However, this basic dichotomy of cis-regulatory elements has been challenged by broad 
similarities between genetic and epigenetic properties of promoters and enhancers, including 
recruitment of the RNA-PolII and general transcription factors, divergent transcription 
initiation (eRNAs) and context dependent histone modifications 2,3.  
 
Besides the shared architectural characteristics with enhancers, promoters frequently form 
long-range contacts with other promoters and some promoter elements have been shown to 
function as enhancers in ectopic enhancer reporter assays 4-6, suggesting that a fraction of 
promoters might display enhancer functions. Here, we will focus on recent high-throughput 
functional screens and in vivo genetic experiments that have revealed the commonality and 
physiological functions of these enhancer-like promoters and discuss the potential impact on 
our current understanding of genome organization and gene expression regulation.  
 
1. Genome-wide identification of promoters with enhancer activity 
Survey of the early characterized enhancers using episomal reporter assays revealed that many 
are located close to, or overlapping with, the promoter region of inducible genes, such as 
metallothioneins, histones of early cleavage stages, viral immediate-early genes (of some 
papovaviruses, cytomegaloviruses and retroviruses), heat-shock genes and the antiviral 
interferon genes 6, including the first identified enhancer in the early 80's, which corresponded 
to the promoter of the Simian Virus 40 (SV40) early gene 7. 
 
The development of various powerful techniques that incorporate high-throughput sequencing 
into reporter assays such as Massively Parallel Reporter Assay (MPRA) and Self-Transcribing 
Active Regulatory Region sequencing (STARR-seq), have enabled quantitative and 
straightforward measurements of enhancer activity of thousands of regulatory elements in 
parallel 1,8. Strikingly, one recurrent observation of these studies is that a number of regions 
with enhancer activity are actually located proximal or overlapping core promoters 9-16. 
 
A screen of the whole Drosophila genome using STARR-seq showed that 4.5% of DNA 
fragments with enhancer activity overlapped with transcription start sites (TSS) 9. A subsequent 
study from the same group compared the specificity of enhancers with the use of different core 
promoters from either housekeeping or developmentally regulated genes, using a library from 
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pooled BACs representing ~5 Mb of D. melanogaster genomic DNA. Enhancers identified 
with the housekeeping promoter were preferentially found proximal to or overlapping the TSS 
of a gene 10.  
 
Several high-throughput reporter studies in mammals assessing either selected genomic 
regions (e.g. open chromatin regions or transcription factor binding sites) or human whole 
genomes have also found a substantial proportion of enhancers overlapping TSS-proximal 
regions 11-17. In an effort to systematically characterize the type of promoter with enhancer 
activity, we assessed the enhancer activity of all human core promoters of coding genes by 
performing CapStarr-seq, a high-throughput reporter assay coupling capture of regions of 
interest to STARR-seq 18. For each coding-gene, a region roughly overlapping the core 
promoter (-200 to +50 bp with respect to the TSS) was captured and the enhancer activity tested 
in two human cell lines commonly used in the ENCODE project: the cervix adenocarcinoma 
HeLa-S3 and the erythroleukemia K562 cell lines (Fig. 1A) 12. Remarkably, we found that 2-
3% of human promoters displayed enhancer activity in a given cell line 12, with a significant 
overlap of enhancer activity between the two cell types. We then denoted this new type of 
regulatory elements "Epromoters". Consistently, a recent whole genome study in HeLa-S3, 
using an improved version of the STARR-seq approach, also identified TSS-overlapping 
enhancers 14 (Fig. 2A; also see below). These reporter-based studies clearly showed that a 
substantial number of promoters from drosophila to mammals have the intrinsic properties to 
work as enhancers. This type of regulatory sequences (denoted either Epromoters, TSS-
overlapping enhancers or enhancer-like promoters) should be distinguished from promoter-
proximal enhancers, which are “classical” enhancers located in proximity, but not overlapping, 
the core promoter of genes. 
 
2. Distal gene regulation by enhancer-like promoters  

High-throughput reporter assays have several intrinsic caveats that might over or under-
estimate the actual number of promoters with enhancer-like activity 1,8. Besides, the fact that 
some promoters display enhancer capacity when tested in episomal reporter assays, does not 
necessarily implies that they actually regulate the expression of distal genes in vivo. Therefore, 
a critical issue is whether some gene promoters are able to function as bona-fide enhancers by 
influencing the activity of other promoters in their endogenous context.  
 
A pioneer study using knockout mouse models reported that intragenic enhancers frequently 
act as alternative promoters and induce the expression of long non-coding RNA (lncRNA) 
transcript isoforms 19. Subsequently, several independent studies using CRISPR genome 
editing demonstrated that some promoters function as enhancers in their endogenous context. 
Systematic genomic editing of promoters of lncRNAs co-regulated with neighbored coding 
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genes demonstrated that the studied lncRNA promoters regulate the expression of the 
associated neighbor genes 20. Further genetic manipulation of these loci showed that regulation 
of the target genes do not require the lncRNA transcript itself, but instead involves enhancer-
like activity of the lncRNA promoters 20. Similar finding have been published for other 
promoters of non-coding transcripts 19,21. Using a CRISPR/Cas9-based promoter deletion 
strategy, we demonstrated that selected promoters of coding genes with enhancer activity, 
identified in our human STARR-seq reporter assay (i.e. Epromoters), are indeed involved in 
cis-regulation of distal gene expression in their natural context, therefore functioning as bona 
fide enhancers 12 (Fig. 1B). These enhancer-like promoters were shown to physically interact 
with the promoters of the regulated genes, in some cases involving several target genes, 
implying that in these promoter-promoter interactions, one promoter acts as a distal regulatory 
element of the other(s). Inversion of one of the model promoters still retained significant 
enhancer activity, suggesting that, like classical distal enhancers, enhancer-like promoters 
might display orientation independent enhancer activity.  
 
Two independent studies performing CRISPR/Cas9-based screening of cis-regulatory 
elements found that distal gene promoters control to some extent the expression of other genes 
22,23. By using a CRISPR/Cas9 epigenetic activation approach, another study showed that two 
heterologous promoters interacting with the promoter of the T cell inducible gene CD69 
regulate the expression of CD69 after T cell activation 24. Altogether, these studies provided 
solid evidences that a subset of promoter elements regulate the expression of distal genes in 
vivo, supporting the idea that enhancer-like promoters are involved in complex regulatory 
networks with interconnected neighbor genes.  
 
3. Characteristics of enhancer-like promoters  

In comparison with other promoters, the enhancer-like promoters differ in motif content, 
transcription factor binding and histone modifications 11,12,14. They bind higher levels of p300, 
a cofactor usually associated with active enhancers 25 and display increased ratio of H3K27ac 
over H3K4me3 12, this ratio correlating with enhancer activity in different cell lines. The 
enhancer-like promoters are preferentially bound by general inducible transcription factors 
such as AP1, STAT and ATF/CREB family of transcription factors 11,12,14, suggesting a link 
with housekeeping and stress response functions. Another striking feature of enhancer-like 
promoters is that they harbor a higher density of distinct motifs and bound transcription factors 
12, key properties shared with distal enhancers.  
  
Cis-regulatory elements are commonly associated with transcriptional initiation sites flanking 
the regulatory sequences 2. Promoters can be associated with either unidirectional or 
bidirectional transcription, in the latter the signal intensity being biased towards the sense of 
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the gene. Enhancers have been shown to generally produce bidirectional unstable transcripts 
with no particular orientation bias 26-29 and their relative abundance is positively correlated with 
enhancer activity 27-29. A study analyzing transcription initiation at promoters induced during 
immune challenge in macrophages suggested that the size of the nucleosome-depleted region 
associated with divergent transcription contribute toward enhancer-like properties 30. Indeed, 
we found in our study that enhancer activity was predominantly detected among bidirectional 
promoters with unstable divergent transcripts 12, a hallmark of active enhancers 26. A recent 
study developed a transgenic assay in drosophila embryos with dual vectors that simultaneous 
assesses the ability of the regulatory element to function as an enhancer or a promoter in vivo 
29. This study revealed that gene promoters that were bidirectionally transcribed in the 
endogenous context displayed both promoter and enhancer activity in the transgenic assay, 
while unidirectional promoters displayed only promoter activity 29. A plausible explanation of 
these observations will be that divergent transcription at enhancer-like promoters might 
provide enlarged nucleosome depleted regions serving as a hub for transcription factor binding 
and establishment of highly active chromatin to further regulate or enhance proximal and distal 
gene expression.  
 
4. Correlation between promoter and enhancer activities 
The fact that enhancer and promoter functions overlap within the same regulatory element rise 
the question of whether the same regulatory components control either activities or whether 
these properties can be separated. A study using distinct reporter assays to test for either 
enhancer or promoter activity of regulatory elements observed a clear positive correlation 
between both functions 11. Furthermore, they used synthetic sequences with tandem repeats of 
DNA motifs to assess the intrinsic properties of transcription factor binding sites to display 
promoter or enhancer activities. The study found that distinct DNA motifs were required for 
either type of activity 11. For example, the presence of the AP1 motif resulted in significant 
enhancer activity, but little promoter activity, while motifs for EGR, CREB, and RFX families 
of transcription factors generated preferential promoter activity. Thus, it is plausible that within 
the same regulatory sequence different motifs provide specific enhancer or promoter function.  
 

Another related question is whether promoter and enhancer activities are correlated between 
them and across different tissues. Enhancer activity of promoter regions assessed by STARR-
seq appears to be well correlated with endogenous expression levels in Drosophila 31, but not 
in human 12. However, some of the human enhancer-like promoters displayed high levels of 
both promoter and enhancer activity, whereas for others both activities were anti-correlated. 
Consistently, integrative analysis of epigenomes across human tissues revealed that a given 
genomic region could have epigenetic features of enhancer or promoter in different tissues, 
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suggesting that the type of regulatory activity (i.e. enhancer or promoter) might be tissue-
specific 32. Overall, depending on the locus, enhancer-like promoters might display coordinated 
enhancer and promoter activities (for example, to control the mRNA expression of clusters of 
co-regulated genes) or display context-dependent activities. 

 
5. Physiological functions 
Enhancer-like promoters appear to be preferentially associated with housekeeping and stress 
response genes, including interferon response genes 10,12,14,15. The study of Zabidi et al. showed 
that enhancers overlapping promoters in Drosophila were associated with housekeeping 
functions 10. Reminiscent of these findings, analysis of random insertion of reporter constructs 
in Drosophila suggested that promoters of housekeeping genes might influence the expression 
of neighbor loci 33. Barakat et al. developed a novel approach combining ChIP enrichment of 
target genes and STARR-seq in human ES cells 15. They found that the proportion of active 
enhancers proximal to the TSS was higher for housekeeping genes than for tissue-specific 
genes 15. By comparing enhancer activity between two mouse cell lines, we also found that 
TSS-proximal enhancers were less tissue-specifics than distal enhancers 12. Overall it appears 
that enhancer-like promoters might play a role in the regulation of ubiquitous genes, in sharp 
contrast with the function of distal enhancers that mainly control the expression of tissue 
specific genes.    
 
The studies from Stark and our laboratories also suggested the involvement of enhancer-like 
promoters in interferon/stress response 12,14. In the context of an inflamed tissue, the 
inflammatory response mediated by the type I (IFNa/IFNb) and II (IFNg) interferons (IFNs)-
stimulated genes triggers the activation of a complex transcriptional program that is both cell-
type- and stimulus-specific and involves the dynamic regulation of hundreds of genes 34. In 
particular, expression of type I interferons can be induced in virtually all cell types upon 
recognition of viral components, especially nucleic acids. Noteworthy, some cell lines might 
induce an IFN response following plasmid transfection or have an active interferon response 
by default, and this in turn could biased the interpretation of high-throughput reporter assays 
14.  
 
Enhancer-like promoters in HeLa-S3, but not in K562, were significantly associated with 
interferon response genes 12,14. As pointed out in the above studies, the discrepancy between 
the two cell lines might come from the fact that HeLa-S3 cells have a basal activation of 
interferon-response genes. However, when distal interacting genes were taking into account, a 
significant association with the interferon response was found 12. More generally, stimulation 
of cell lines with IFNa (including K562) shows a rather specific activation of interferon-
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associated enhancer-like promoters, roughly overlapping the ones found in HeLa-S3 cells 
(unpublished results). Strikingly, we observed that clusters of interferon response genes were 
generally associated with at least one induced enhancer-like promoter, including several well-
known IFN-response clusters such as OAS1-3 or IFIT1-5 family of genes.  
 
To control for potential bias due to the interferon response, Muerdter et al. performed whole 
genome STARR-seq in HeLa-S3 cells treated or not with a combination of two inhibitors of 
type I interferon response 14. To test whether there is a specific regulation of interferon response 
genes by enhancer-like promoters we reanalyzed the data from the Muerdter et al. study (Fig. 
2A-B). This study identified 5245 enhancers in untreated HeLa-S3 cells and 9613 enhancers 
after treatment with the interferon inhibitors 14. In untreated HeLa-S3 cells, active enhancers 
were significantly over-represented in TSS-proximal regions (P < 2.2 x 10-15 and 1.5 x 10-6 for 
the locations less than 1kb of the closest TSS of annotated genes, respectively; hypergeometric 
test; Fig. 2A). However, this was not the case after interferon inhibition. While 8% (429) of 
enhancers were found less than 1kb of the closest TSS in untreated cells, the proportion 
dropped significantly to 2.6% (247) after interferon inhibition (P < 2.2 x 10-16; Z test for two 
proportions; Fig. 2A). Moreover, functional analyses demonstrated that enhancer-like 
promoters (enhancers located less than 1kb from the TSS) in untreated HeLa-S3 cells were 
significantly associated with the interferon response, while distal enhancers were associated 
with differentiation processes (Fig. 2B). Interestingly, after interferon inhibition, the enhancer-
like promoters were still enriched for defense response processes. Although the use of 
interferon inhibitors is recommended to improve the discovery of cell-type specific enhancers 
14, the comparison between treated and untreated cells actually provided a strong support to the 
idea that enhancer-like promoters are functionally linked with interferon response and other 
mechanisms to fight against pathogens.   
 
Aside the current evidence for the role of enhancer-like promoters in the interferon response, 
it is likely that this type of regulatory elements could be more generally involved in the rapid 
response of genes to cellular stress. Indeed, a common characteristic of most of the early-
characterized promoters with enhancer activity is that they are associated with inducible genes 
that have to quickly respond to environmental stress 6. Therefore, we hypothesize that, within 
clusters of co-regulated genes, enhancer-like promoters play an essential role in the 
coordination of rapid gene induction during the inflammatory response, and likely upon other 
cellular responses to intra- and extra-cellular stress signaling (Fig. 2C). This idea fits well with 
the notion of transcription factories defining discrete membrane-less sub-nuclear 
compartments containing high concentration of RNA polymerase and transcription factors and 
where efficient transcription can be triggered 35,36. The enhancer-like promoters could either 
facilitate the assembly or maintenance of the transcription factories by tightening promoter-
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promoter interactions or bringing specific transcriptional regulators required for the regulation 
of the neighbor genes.  

 
6.   Perspectives 

Provided evidences from high-throughput reporter assays and CRISPR/Cas9-based genetic 
editing have highlighted the commonality of enhancer-like promoters and suggested that their 
function might be particularly relevant in the case of rapid and coordinated regulation of gene 
expression in response to environmental or cellular stimuli. Future work will be required to 
address the underlying mechanism(s) of action of enhancer-like promoters and to determine 
whether they define a new type of regulatory elements (i.e., Epromoter) or the "missing link" 
of a continuum spectrum of cis-regulatory elements. Some outstanding questions might 
involve: What are the specific regulatory components driving promoter versus enhancer 
activity? Can one function be regulated independently of the other? What is the specific 
contribution of enhancer-like promoters to the regulation of gene expression within the context 
of transcription factories?  
 
The shared architectural characteristics of enhancers and promoters have also suggested that 
new genes might originate from enhancer elements 2,29,37,38. As enhancers already have 
promoter potential (i.e. are transcribed), rapid evolutionary changes in enhancer-flanking DNA 
(introducing splicing sites or disrupting polyadenylation sites) might give rise to new gene 
origination. For instances, the majority of hominoid-specific de novo protein-coding genes 
appear to have acquired a regulated transcript structure and expression profile before acquiring 
coding potential 39. Indeed, analysis of evolutionary conservation revealed that some of these 
hominoid-specific loci are likely derived from intergenic enhancers in mouse 37. In this context, 
it will be interesting to examine the dynamic evolution of enhancer-like promoters and assess 
whether they might represent evolutionary remnants of new genes originated from enhancers.  
 
Finally, these findings have significant implications for the understanding of complex gene 
regulation in normal development and open the possibility that genetic variants lying within a 
subset of promoters might influence distal gene expression. In this regards, our study 
demonstrated that human genetic variation within enhancer-like promoters influence distal 
gene expression 12 (Fig. 1B). It might be envisioned that disease-associated variants lying 
within enhancer-like promoters could affect the expression of distal disease-causing genes.  
 
 
Abbreviations 
TSS: transcription start site; IFN: interferon; STARR-seq: Self-Transcribing Active Regulatory 
Region sequencing; MPRA: Massively Parallel Reporter Assay; ChIP: chromatin 
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immunoprecipitation; CRISPR:  Clustered Regularly Interspaced Short Palindromic Repeats; 
lncRNA: long non-coding RNA. 
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Figure legends: 
 
Figure 1: Functional assessment of promoters with enhancer function. A) STARR-seq 
screening to assess enhancer activity. A human gene promoter library was generated using a 
capture-based approach and cloned downstream of a core promoter and into the 3’UTR of a 
GFP reporter gene. After cell transfection, enhancers activate the core promoter and transcribe 
themselves resulting in reporter transcripts among cellular RNAs. These reporter transcripts 
are isolated separately by targeted reverse transcription PCR and analyzed by deep sequencing. 
Among 20,719 coding gene promoters tested in HeLa-S3 and K562 cell lines, we found that 2 
to 3% displayed enhancer activity (Epromoters) 12. B) Experimental strategies for the study of 
Epromoters function in their endogenous context using CRISPR/Cas9 genetic editing. In wild-
type cells, an Epromoter (red square) might control the expression of proximal and distal-
interacting target genes. When the Epromoter is deleted, the expression of target genes 
decreased. Enhancer activity is partially retained after inversion of the Epromoter. Allelic 
replacement of a single nucleotide polymorphism (SNP) overlapping the Epromoter and 
associated with the expression of a distal gene resulted in impaired expression of the target 
genes. Dotted lines denote promoter-promoter interactions. 
 
Figure 2: Enhancer-like promoters are preferentially associated with cell defense functions. A) 
Percentage of active enhancer at TSS-proximal regions based on whole genome STARR-seq 
experiments preformed in HeLa-S3 cells in the presence or absence of the TBK1/IKK inhibitor 
BX-795 and the PKR inhibitor C16 (IFN inhibitors). Data was retrieved from 14 and reanalyzed 
using the GREAT tool 40. B) Enrichment of biological process for TSS-proximal (< 1kb) or 
distal enhancers identified in the present or absence of IFN inhibitors. C) Model of enhancer-
like promoters and gene regulation. Under certain conditions (interferon signaling, stress 
response or other cell stimulations), chromatin interactions place promoters in close physically 
proximity (transcription factories), facilitating the recruitment of transcription factors and 
RNA-PolII necessary for the transcription of their associated genes. The presence of an 
enhancer-like promoter (Epromoter) within a cluster of co-regulated genes could facilitate the 
assembly or maintenance of the transcription factory by tightening the promoter-promoter 
interactions or bringing specific transcriptional regulators required for the regulation of the 
neighbor gene.  
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