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Following the discovery of widespread enhancer transcrip-
tion, enhancers and promoters have been found to be far
more similar than previously thought. In this issue of
Genes & Development, two studies (Henriques and col-
leagues [pp. 26-41] and Mikhaylichenko and colleagues
[pp. 42-57]) shine new light on the transcriptional nature
of promoters and enhancers in Drosophila. Together,
these studies support recent work in mammalian cells
that indicates that most active enhancers drive local tran-
scription using factors and mechanisms similar to those of
promoters. Intriguingly, enhancer transcription is shown
to be coordinated by SPT5- and P-TEFb-mediated pause-
release, but the pause half-life is shorter, and termination
is more rapid at enhancers than at promoters. Moreover,
bidirectional transcription from promoters is associated
with enhancer activity, lending further credence to mod-
els in which regulatory elements exist along a spectrum
of promoter-ness and enhancer-ness. We propose a general
unified model to explain possible functions of transcrip-
tion at enhancers.

Enhancers are regulatory elements that activate promoter
transcription over large distances and independently of
orientation (Serfling et al. 1985). While both promoters
and enhancers are known to bind transcription factors
(TFs), only promoters were thought to initiate transcrip-
tion by RNA polymerase II (Pol II). With the advent of
high-throughput sequencing, molecular features at en-
hancers and promoters have been revealed in unprece-
dented detail: Enhancers produce RNAs (eRNAs) in vivo
(Kim et al. 2010) with an initiation and chromatin archi-
tecture remarkably similar to that of promoters (Core
et al. 2014; Scruggs et al. 2015). This has greatly renewed
interest in the overlooked finding that mammalian en-
hancer activity can co-occur with promoter activity (Ser-
fling et al. 1985; Arnold et al. 2013; Dao et al. 2017). In
this issue of Genes & Developement, two reports further
clarify the role of enhancer transcription. Henriques
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et al. (2018) perform detailed genome-wide analyses of
pausing and termination at unannotated transcription
start sites (T'SSs) and show a striking overlap with enhanc-
ers identified previously by the episomal STARR-seq
(self-transcribing active regulatory region [STARR| with
sequencing) assay (Arnold et al. 2013). Mikhaylichenko
et al. (2018) compare transcriptional strength and direc-
tionality with enhancer and promoter activities in vivo.
Both studies rely on short capped RNA sequencing tech-
niques—Start-seq and PRO-cap (a precision nuclear run-
on sequencing variant)—that identify TSSs across the ge-
nome with high sensitivity.

Henriques et al. (2018) offer a detailed characterization
of enhancer transcription in Drosophila S2. cells by com-
paring production of short capped RNAs to enhancer
activity. The investigators found that 49% of Start-seq-
identified previously unannotated TSSs overlap with
STARR-seq-called enhancers. Furthermore, 94.2% of en-
hancers found within accessible chromatin in vivo show
at least five RNA reads, consistent with most enhancers
driving some level of transcription. The level of short
capped RN As showed moderate correlation with episomal
enhancer activity (p = 0.24), suggesting some quantitative
connection between enhancer transcription and activity.
Interestingly, the investigators report that most enhancers
are divergently or convergently transcribed or both.

Similar results were obtained by Mikhaylichenko et al.
(2018), who investigated where and when enhancer tran-
scription and enhancer activity occur in Drosophila em-
bryos. By generating whole-embryo PRO-cap and CAGE
(cap analysis of gene expression) data at matched time
points, the investigators compare transcription with trans-
genic reporter activity at thousands of previously charac-
terized developmental enhancers. The results validate
the concept that enhancer transcription generally coin-
cides with its functional activity and that active enhancers
can possess a range of transcription levels and direc-
tionalities. The inability to detect eRNA production
from every functional enhancer leaves open the possibility
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for untranscribed but active enhancers in vivo or may sim-
ply reflect the reduced sensitivity of whole-embryo assays.
The concept of diverse enhancer mechanisms is supported
by the variety of changes in transcription and chromatin
detected upon induced TF binding (Vihervaara et al. 2017).

To quantify transcriptional strength and directionality
from regulatory elements, Mikhaylichenko et al. (2018)
developed an elegant transgenic assay with dual vectors
that simultaneously assess the element’s ability to func-
tion as an enhancer and a promoter in vivo. In a limited
set of representative elements, most enhancers with bidir-
ectional transcription functioned as weak promoters in
both directions. This promoter activity occurred predom-
inantly in the same tissue or subset of cells as the ele-
ments’ endogenous enhancer activity, indicating that
enhancers and promoters depend on the same regulatory
components. Furthermore, promoters with bidirectional
transcription harbored some enhancer activity, appearing
to function as an enhancer and promoter for the same
gene, similar to recent results in human cells (Dao et al.
2017). In contrast, the majority of promoters with unidi-
rectional transcription did not show enhancer activity,
and the endogenous direction of transcription correlated
with the orientation in which the element functioned as
a promoter. Together, these results are consistent with
upstream promoter sequences and their upstream anti-
sense TSSs behaving similarly to distal enhancers (Ser-
fling et al. 1985; Arnold et al. 2013; Scruggs et al. 2015;
Dao et al. 2017).

The unified chromatin architecture and transcription at
promoters and enhancers suggests shared mechanisms of
regulation (Core et al. 2014). For example, one of the major
rate-limiting steps at most promoters is pause-release,
regulated by SPT5 and P-TEFb. Henriques et al. (2018)
demonstrate that these same factors regulate pausing at
enhancers. Importantly, the study provides elegant time-
course data that estimates pause half-lives genome-wide
and demonstrates less stable pausing at enhancers than
promoters. Furthermore, sequencing oligo-adenylated
intermediates from exosome-deficient cells uncovered
premature termination at enhancers, suggesting that
enhancer activity may rely on local recycling of terminat-
ed Pol II. Finally, the investigators report that in mouse
ESCs, “superenhancers” and many promoters contain
large clusters of TSSs, indicating similar regulatory mech-
anisms at these loci. Intriguingly, such sites have ex-
tremely rapid pause-release, perhaps driven by high
local concentrations of P-TEFD, and thus appear resistant
to loss of pausing factors. Altogether, Henriques et al.
(2018) confirm and extend our mechanistic understanding
of initiation, pausing, and termination and clarify patterns
of histone modification and lineage-defining TFs at
enhancers.

Profound challenges in the field remain to be resolved to
further clarify enhancer mechanisms. A major challenge
is to rigorously assign functional enhancer—-promoter con-
nections and quantify enhancer strength with regard to
each target gene in its endogenous context. Too often,
we have to rely on the “closest gene estimate,” which is
inadequate in vivo (Fulco et al. 2016). Another challenge
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is identifying enhancers genome-wide. Henriques et al.
(2018) show convincingly that the H3K4mel/H3K4me3
ratio fails to identify highly transcribed enhancers, con-
sistent with reports in mammalian cells (Core et al.
2014; Dao et al. 2017). These results indicate that enhanc-
ers are difficult to distinguish from promoters by histone
modification patterns alone and highlight the utility of us-
ing unstable bidirectional transcription for enhancer iden-
tification. The features and mechanisms that specify rapid
Pol II termination and eRNA instability at these sites re-
main to be fully identified.

Enhancers and promoters share many features, includ-
ing similar sequence motifs, transcription machinery,
chromatin environment, and changes in activity upon
binding of activators or repressors (Core et al. 2014;
Scruggs et al. 2015; Fulco et al. 2016; Vihervaara et al.
2017). However, the functional role of transcription
from enhancers remains elusive. It is tempting to specu-
late that transcription itself helps mediate enhancer—pro-
moter colocalization, perhaps through Pol Ils affinity for
common coactivators such as Mediator, CBP, Integrator,
remodeling complexes, and histone modifiers. Alterna-
tively, transcription may simply maintain open and ac-
tive chromatin architecture (for example, Scruggs et al.
2015), thus allowing enhancer-promoter interactions
through factor binding. Either model of transcription-
driven enhancer and promoter connectivity helps to ex-
plain their extreme similarities in initiation and pausing
behaviors.
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