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Summary

A new paradigm has emerged in recent years characterizing transcription initiation as a
bidirectional process, encompassing a larger proportion of the genome than previously thought.
Past concepts of coding genes thinly scattered among a vast background of transcriptionally inert
noncoding DNA have been abandoned. A richer picture has taken shape, integrating transcription
of coding genes, enhancer RNAS, and various other noncoding transcriptional events. In this
review we give an overview of recent studies detailing the mechanisms of RNA Pol Il-based
transcriptional initiation and discuss the ways in which transcriptional direction is established, as
well as its functional implications.
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What is bidirectional transcription?

The determinants of transcriptional initiation are intricate and interwoven. What is clear
from the high proportion of the human genome that is transcribed (estimated at 60%) in
comparison to the small proportion that is coding (2%) [1, 2] is that transcriptional processes
involve much more of the genome than was once thought. High-resolution analyses and
detailed catalogs of transcription start sites (TSS) obtained using next-generation sequencing
methods have shown that transcription initiation frequently occurs in both directions from a
given promoter region [3, 4]. These studies have raised the question of whether
transcription initiation is an inherently bidirectional or unidirectional process. In one model,
biases in the direction of transcription arise as emergent properties from the complex
regulatory restrictions placed upon inherently bidirectional promoter elements. In an
alternative model, transcription at its core is unidirectional, with the appearance of
bidirectionality arising due to the adjacent placement of individual unidirectional core
promoters in opposite orientations. In the latter model, the similar needs of two separate
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gene promoters to coordinately regulate transcription factor (TF) recruitment might select
for divergent transcript orientations. Transcription occurring in two directions from a single
core promoter and divergent transcription originating from two distinct core promoters have
not always been well distinguished in the literature. The conflation of these two categories
has led to some ambiguity. Here we refer to transcription arising from a core promoter in
opposite directions as bidirectional, whereas transcription of two outward facing transcripts
from independent core promoters is termed divergent transcription. To some extent, the
terminology that researchers in the field adopt depends on variability in the definitions and
size estimates of what constitutes a promoter and how far divergent genes may lie from one
another. In this review we discuss the evidence for each model to illustrate the current
understanding of transcriptional initiation, and also consider the related issue of sense and
antisense transcription at genes. Ultimately, we suggest a more nuanced view of promoters
as non-directional, conducive regions of DNA prone to the occurrence of an open chromatin
structure, the transcriptional potential of which is channeled either bidirectionally or
unidirectionally in a context dependent manner. The regulatory constraints of the various
layers of regulation then work additively to produce specific transcriptional states (Figure 1,
Key Figure).

Assaying the transcriptome

eRNASs

High resolution methods to define the transcriptome have revealed that transcription initiates
not only in the expected location downstream of promoters, but also within promoter regions
upstream of coding sequences and bidirectionally at active enhancers. Both these sources of
noncoding transcription generally produce short unstable RNAs that are rapidly degraded [5,
6]. Transcription has also been observed to originate within transcript bodies [7], and from
the 3' ends of genes in antisense orientation [8](Figure 2). Numerous techniques have been
used to detect nascent transcripts (Table 1). Unstable transcripts can be identified when RNA
degradation pathways are inhibited, causing the persistence of unstable RNAs [9, 10]. These
experiments have been used to interrogate the genomic sites of transcriptional initiation and
classify them broadly into 3 types based on their bidirectional potential: stable/stable, stable/
unstable, and unstable/unstable. These categories reflect the functional directionality of a
promoter but don't specify whether initiation actually occurs in both directions. For an in-
depth account of the various noncoding transcripts that have been described and the
techniques that have been used to identify them, see the review by Steinmetz et al [11].

In mammalian cells, transcriptional activity at enhancers is widespread and dynamically
regulated, generally producing unstable transcripts in both directions when actively
functioning as an enhancer [12]. It should be noted though that the majority of putative
enhancers identified by chromatin profiling have not been experimentally validated as being
functional. A small subset of enhancers produce stable long noncoding RNAs (INncRNAS) as
one of their transcript pairs. During changing conditions or cell states, enhancer RNA
(eRNA) production is the most rapid and salient transcriptional response, preceding even the
transcription of TFs in response to the change [13]. The question of whether the majority of
eRNAs are functional remains open. Post transcriptional knockdown of a handful of eRNAs

Trends Genet. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bagchi and lyer Page 3

has revealed cases where they are necessary for enhancing transcription at interacting genes
[14] and for promoter-enhancer loop formation [15]. However, there are also many instances
where knockdown of these eRNAs does not inhibit the function of the enhancer [16]. On
average, however, eRNA transcription is a good predictor of enhancer activity [12]. For
further discussion of the potential functions of eRNAs see Li et al [17].

PROMPTs

Within promoter regions, noncoding RNAs termed PROMPTSs (promoter upstream
transcripts, Figure 2) have been detected after depletion of components of the exosome, an
RNA degradation complex [4]. Similar transcripts have been noted by other groups and have
been termed bidirectional noncoding RNAs (BNCs) [18], cryptic unstable transcripts
(CUTSs) [3] or stable unannotated transcripts (SUTS) [3, 11]. In mammalian cells, PROMPTs
have been observed to be transcribed in both the sense and antisense directions [10, 19].
These transcripts are generally transcribed by RNA polymerase 11 (RNA Pol 1) but can
originate upstream from Pol | and Pol 111 transcribed genes also [4]. Antisense PROMPT
transcription has been reported to be correlated [10] and anti-correlated [4] with downstream
coding genes. Skewing in initiation direction may reflect trade-offs where the presence of
activated open chromatin generally recruits more of the transcription machinery, but also
where a transcript's abundant expression may monopolize the pool of available RNA Pol II.
In contrast to stable mMRNASs, most PROMPTs and eRNAs are depleted for 5' splice sites [5]
and enriched for polyadenylation sites [6], features which target them for early
transcriptional termination and degradation. While the majority of PROMPTSs are rapidly
degraded, some stable noncoding transcripts produced from promoter regions have been
shown to be functional [20, 21]. Some promoter transcripts are reproducibly observed in
specific tissues, cell lineages, and cancers, while others are ubiquitous [22].

The similarity between PROMPTSs and eRNAS supports the characterization of promoters as
a specific type of a general class of origin of transcription, one in which a stable transcript
with coding potential is produced. It has been suggested that promoters and enhancers
should be viewed as a unified category of transcriptional initiation sites that are differentially
regulated [10, 19, 23]. Generally, eRNA transcription occurs bidirectionally, with both
directions producing roughly equivalent levels of RNA [12]. In contrast, while it is likely
that most promoters produce PROMPTS, or antisense transcripts, transcription is generally
skewed towards the sense direction [22]. While depletion of exosome components leads to
increases for both eRNAs and PROMPTS, eRNA increases are significantly higher [12]. In
some cases, intragenic enhancers can produce multi-exonic enhancer RNAs (meRNAS)
which are spliced and polyadenylated just like coding genes, but are unlikely to have coding
potential [24]. Interestingly, not only are enhancers being recognized as resembling
promoters, but promoters have been characterized with enhancer functions. Like enhancers,
promoters often interact with other promoters, and in these cases, can have enhancer-like
effects on their interacting partners [24, 25]. In this context, both elements should be
regarded as sites of transcriptional initiation that are differentially characterized by the types
of transcripts they produce.
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Core promoter elements work synergistically to establish transcriptional
directionality

Core promoter elements are vital components in determining whether transcriptional
initiation occurs and the direction in which it occurs. The most widely recognized of these
sequences, the TATA box, has often been regarded as a directional element, in part due to a
strong bias in its appearance at sites of asymmetric, directional transcription [18]. In
humans, TATA box like features occur at about 29% of unidirectional promoters compared
with only about 9% of bidirectional promoters [26]. Some experiments suggest that the
TATA sequence orientation matters. For example, inversion of the TATA box in the yeast S.
cerevisiae HIS4 promoter in vivo causes a failure of H/S4 transcription [27]. However,
examples of inverted TATA elements can be found in natural genomic contexts [28]. In vitro,
isolated TATA boxes support bidirectional transcription [28] (Figure 1B, Key Figure). In
yeast, the TATA box is able to promote transcription in both orientations but the orientation
does affect the level of transcriptional output [29]. Inversion of asymmetric TATA boxes in
reporter plasmids transfected into human cells still produced transcriptional activation of the
downstream genes they regulated [30]. These experiments indicate that the position of the
TATA box in relation to other promoter elements is more important for determining
directionality than the TATA box orientation itself.

If TATA elements have the potential to stimulate bidirectional transcription, what then
accounts for the significant enrichment of TATA boxes at sites of unidirectional
transcription? In yeast, TATA-containing genes tend to exhibit either high or low expression
levels, are enriched for genes up-regulated in response to environmental stress, and are
depleted for housekeeping genes [31]. Additionally, TATA boxes have been associated with
tissue specific promoters [32, 33]. If TATA-regulated genes are less likely to be
constitutively expressed, it is possible that divergent transcription occurs from these
promoters only under specific conditions. The promoters of genes localized near telomeres
are also enriched for TATA boxes [31]. The expression levels of these genes may need to be
more dynamically regulated, as telomere-adjacent gene regions show less evolutionary
conservation compared to centrally located regions [34]. These results support a model
where the regulatory requirements of TATA containing genes are more variable and
demanding, selecting for their independent regulation from potential upstream transcripts.

Core promoters lacking TATA boxes also impart directional preferences to the transcription
originating from them. Unidirectional transcription (as measured by luciferase reporter
assays) from the insulin-degrading enzyme (IDE) gene promoter is achieved through the
presence of an upstream transcription blocking element (UTBE) [35, 36](Figure 1B, Key
Figure). The downstream core promoter in isolation can promote transcription in both the
sense and antisense directions. However, in the presence of a UTBE, antisense transcription
is abrogated [36]. When promoters cloned into luciferase reporters in both orientations and
transfected into 4 different cell lines were assayed, some showed strong directional
preferences that varied based on cell line, and deleting one TSS often increased activity from
the oppositely oriented one [26]. This indicates that the directionality associated with some
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promoter sequences is not solely due to intrinsic sequence factors, but relies on interactions
with trans-acting cell specific factors.

Some core promoter elements are more likely to be associated with regions of bidirectional
transcription. In particular, bidirectional promoters are more likely to have a higher GC
content and to fall within CpG islands. In humans, about 90% of bidirectional promoters are
found within CpG islands compared to only about 45% of unidirectional promoters [37].
Other elements slightly more common in unidirectional promoters include the downstream
core promoter element (DPE) and the initiator (Inr), while the CCAAT box is almost twice
as likely to occur in bidirectional promoters [26]. Characterization of the enhancer-
associated unstable/unstable TSSs reveals that they display a lower CpG frequency than
other bidirectional transcripts. However, they have core promoter elements (including TATA
boxes and Inrs), predominantly bind the same TFs, and exhibit a canonical TSS structure
with a nucleosome-depleted region (NDR) bordered by two well-positioned nucleosomes [9]
suggesting a similar mode of transcriptional regulation as promoters.

For higher eukaryotes, bidirectional transcription seems to be most closely associated with
the production of noncoding RNA in at least one direction. There is some debate concerning
whether human promoters are inherently unidirectional or bidirectional [38, 39]. To some
extent, the answer to this question rests on which cell types are being examined, the
thresholds used to call antisense transcription and the exact methods of detection.
Independent studies support the idea that bidirectional transcription is most often a result of
separate core promoter elements flanking a NDR. For divergent transcripts with well defined
core promoter elements, it may be that despite the potential for bidirectional activity at
individual core elements, the majority of these transcripts face some selective pressure to
independently regulate expression, favoring the maintenance of individual promoters which
retain greater potential for independent regulation.

At sites of bidirectional transcription in yeast, two pre-initiation complexes (PICs) generally
flank the NDR in an inverted orientation [40]. Similarly, in mice, bidirectional transcription
involves the formation of 2 distinct PICs, more TF binding, a larger, more distinctly defined
NDR, and on average higher gene expression [41]. When only one core promoter is present
however, an explanation is needed for the asymmetric binding of RNA Pol Il on opposite
strands, which is needed to allow for bidirectional transcription (Figure 1B). Non-consensus
binding of PIC components to the NDR has been suggested to explain binding of general
TFs to promoter regions without any discernable recognition sequences [42]. Such binding
was promoted by the TF Rebl in yeast and inhibited by CTCF in human cells [43]. NDRs
with two PICs are further characterized by a greater occupancy of the —1 nucleosome [43],
suggesting that the chromatin structure at the NDR promotes opening of a transcription
bubble and is conducive to bidirectional transcription, with PICs forming in both directions
at the edges of the flanking nucleosomes. Secondary regulation may then generate a
predominant direction of transcription either through pre- or post- initiation regulation. The
fact that promoters can be unidirectional in some tissue types and bidirectional in others [22]
supports the notion that core promoter sequences allow for bidirectional transcription but
that this capacity is then regulated by secondary mechanisms such as cell-type specific TFs
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that promote either one or both transcripts in the pair in response to the different needs of the
cell.

Transcription factors can modulate the directionality of transcription

initiation sites
The binding motifs for a number of TFs, including NF-Y, Nrf-1, YY1, GABP, MYC, E2F1,
and E2F4 are overrepresented in bidirectional promoters [44]. These factors may act as
determinants of transcriptional direction, not just passively associate with it. For example,
the introduction of a GABP binding site into unidirectional promoters caused the appearance
of bidirectional transcription in 67% of tested promoters [45]. In addition to coding gene
promoters, TFs are also associated with other origins of transcription. Sites producing
unstable/unstable transcript pairs in B-cell derived lines showed histone modifications
typical of enhancers (high levels of H3K4me1l) and were preferentially bound by the
immune specific transcription factor PU.1 [9]. Sites producing two stable divergently
arranged coding transcripts showed enrichment for GABP (GA binding protein) localization
[9]. Finally, sites producing stable transcripts only in one direction were associated with
CTCF binding, which likely involves modulating chromatin structure [9, 46].

The notion of pioneer transcription factors raises the prospect of this special group of TFs
being implicated in modulating directionality. Pioneer transcription factors possess the
ability to open up local chromatin conformation upon binding their motifs, facilitating the
binding of additional settler TFs in a cooperative and hierarchical fashion [47, 48]. While the
majority of pioneer TFs open chromatin on both sides of their motifs, several (including
Creb/ATF, KIf/Sp, NFYA, and Zfp161) open chromatin in a directional manner [49]. These
directional motifs represent a plausible mechanism by which transcription from inherently
bidirectional core promoter elements is converted to unidirectional activation in genomic
contexts (Figure 1B, Key Figure).

The chromatin landscape and transcriptional directionality

By altering the chromatin landscape in the vicinity of the TSS, transcription in either
direction can be promoted or prevented. In particular, the +1 nucleosome in the direction of
transcription plays an important role by presenting a barrier to the progression of RNA Pol
I1. This barrier can be lowered by incorporation of the histone variant H2A.Z which has
been proposed to destabilize the nucleosome and allow progression of RNA Pol Il [50-52].
Covalent modifications on the N-terminal tail of H2A.Z could modulate chromatin
accessibility downstream of the promoter. Mono-ubiquitination of H2A.Z has been shown to
induce transcriptional repression [53], and its de-ubiquitination is necessary for the
activation of androgen receptor mediated genes [54]. By contrast, acetylated H2A.Z is
associated with increased levels of gene expression [55].

S. pombe cells lacking H2A.Z exhibit increased antisense transcription, implying a role for
the histone in transcriptional repression [56]. However in S. cerevisiae, H2A.Z incorporated
at the 3’ ends of gene bodies promoted overlapping antisense transcription [8]. It is not clear
if these studies reveal a difference in the role of H2A.Z in these two species, or if they reflect
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different covalent modification states of H2A.Z promoting different functional outcomes.
But they do suggest that altering H2A.Z incorporation at the +1 and —1 nucleosomes may be
a mechanism for modulating the permissibility of nucleosomes bordering the NDR to
polymerase progression, thereby promoting or inhibiting transcription in each direction from
the TSS. Another histone variant incorporated into NDR proximal nucleosomes, H3.3, is
also recruited to promoters and enhancers during transcriptional activation and causes
destabilization of nucleosome structure [57]. At enhancers, asymmetric H2A.Z and H3.3
incorporation levels are associated with asymmetric Pol 1l enrichment [58].

Covalent modification of histones represents an integral component in the regulation of
sense versus antisense transcription. Several chromatin remodelers and related factors have
been shown to modulate antisense transcription originating from promoters. In S. cerevisiae,
mutations in the histone chaperone complex Chromatin assembly factor 1 (Cafl) [59], the
histone methyltransferase Set2 [60], the histone deacetylase Set3 [61], the histone
deacetylase Rpd3S [60], and the chromatin remodeler Chd1 [62] all result in increased levels
of divergent antisense transcripts. By modulating levels of antisense transcripts, these
complexes help enforce directional transcription. Chd1 has also been shown to help
overcome promoter-proximal stalling of RNA Pol I, facilitating productive elongation of
sense transcripts [63]. In the opposing direction, deletion of Hda2 or the histone
methyltransferase Setl increases sense transcription by decreasing the presence of
transcribed antisense RNA [64, 65].

Specific histone modifications characterize divergent human promoters, which are enriched
for marks associated with transcriptional elongation (such as H3K4me2-3 and H3K27ac) in
both the downstream and upstream directions, while unidirectional promoters lack this
enrichment in the upstream direction [38]. Methylation marks across gene bodies recruit
chromatin remodelers and histone deacetylases to modulate transcription initiating in those
locations. The Set and Rpd3 histone methyltransferases and deacetylases exemplify the
mechanisms by which the spread of co-transcriptional modifications can in turn regulate
transcription (Figure 2). Processes leading to asymmetric chromatin enrichment patterns
across transcriptional initiation sites can similarly be inhibitory or conducive to transcription
in either direction.

A further level of chromatin-based regulation of transcriptional directionality involves
chromatin loops. Polyadenylation complex factor Ssu72 facilitates the formation of gene
loops between the 3* and 5° end of genes, and loss of these gene loops leads to increased
levels of divergent transcription at yeast promoters [66]. In mammalian cells, CTCF and
cohesin facilitate chromatin loop formation [67, 68], and display a biased association with
unidirectional transcripts [46](Figure 2). In these genes, CTCF and the cohesin component
Rad2 are often found a short distance (60-80 bp) upstream of the TSS and their enrichment
level is anti-correlated with antisense transcription. These data emphasize the importance of
loop formation in directing transcription. The many epigenetic factors involved in repressing
antisense transcription support a view of promoters where an inherent predisposition towards
bidirectional transcription must be actively controlled.
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Chromosomal looping also occurs between enhancers and promoters, and this interaction is
vital for the transcription promoting activities of enhancers. Surprisingly, enhancers and
promoters not only share the ability to serve as sites of transcription initiation, but also share
the ability to promote transcription at locations that they physically interact with. Just as
enhancers increase the likelihood of transcription at interacting promoters, TSS that
physically interact with enhancers through loops stimulate the production of eRNAs [69].
These analyses have also revealed that in some cases promoters can function as enhancers
for other promoters [24, 25]. For a review of the determinants of promoter/enhancer
interaction specificity see the review by van Arensbergen et al [70].

Functions of ncRNAs

Although there are many known examples of transcriptional regulation by ncRNA or
antisense RNA, it has been difficult to ascribe functional relevance to the majority of
PROMPTSs and eRNAs. For example, deletion of exosome component RRP6 increases
upstream antisense transcription and represses sense transcription of a certain subset of
genes. Whether this is through titration of TFs and RNA Pol Il away from the downstream
gene, or effects of the transcribed PROMPT RNAs themselves remains to be determined
[71]. The effects of overlapping transcription on coding gene transcription are likely to be
highly context specific and depend on the direction of the overlapping transcription, the
length of the coding gene, and the types of co-translational chromatin modifications. As an
example, for many Set3 regulated genes, upstream originating overlapping transcription
places Setl dependent H3K4me2 over promoters and causes deacetylation by the Set3
complex, thereby repressing coding gene transcription. Loss of transcription from these
overlapping transcripts or from internal antisense cryptic transcripts de-represses the coding
genes [61] (Figure 2).

Other sources of overlapping transcription also modulate the likelihood of a gene being
transcribed. In particular, a group of stochastically controlled "promoter switches" regulates
the genes for the class | major histocompatibility complex (MHC) receptors in mouse and
humans [72]. Within these promoters, antisense transcription upstream of the primary
transcript is generally associated with a transcriptionally off state while sense-directed
transcription originating upstream of the promoter represents an on state (Figure 2). Changes
to the direction of transcription within the switch can thereby switch the activation state of
the downstream gene. Similarly, antisense transcription originating from within gene bodies
and converging on the promoter is a feature found within a group of low expression genes
[73].

Some TFs have been shown to bind RNA as well as DNA [74, 75]. YY1 binds RNA at
promoters and enhancers. When RNA transcription occurs, the nascent RNAs can bind YY1
and increase its occupancy at the NDR, creating positive transcriptional feedback. This
RNA-mediated effect has led to the hypothesis that trapping of TFs (especially ones with
RNA binding domains) at the TSS by RNA may be a general mechanism by which RNAs
regulate transcriptional processes. This also provides a plausible function for upstream
antisense transcription in recruiting TFs to the NDR so that they may promote downstream
coding gene transcription [75]. In a different form of RNA based regulation, YY1 has also
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been shown to interact with a long intergenic noncoding RNA (IncRNA) transcribed from its
own promoter region. When Linc-Y'Y1 binds to YY1 it can de-repress YY1 target genes by
causing the eviction of YY1 and PRC2 from gene promoters [20]. Two other well
characterized IncRNAs that have been shown to bind PRC2 include COLDAIR in
Arabidopsis which mediates repression of the flowering control gene FLC [76, 77] and
HOTAIR in Drosophila which regulates the HOXD locus [78]. The individual transcriptional
regulatory activities of a number of different IncRNAs have been previously discussed in a
review [21].

Concluding remarks

The model that current knowledge in the field presents is one where a bidirectional core
promoter element recruits the transcription machinery to an accessible NDR. Additional
promoter elements, TF binding sites and chromatin features then specify the directionality of
transcription originating from this location. Post-initiation factors can then modulate the
elongation and stability of transcripts. These regulatory features may vary in response to
changing environmental conditions and in metazoans, according to cell type. Finally,
overlapping sense transcription and 3' end originating antisense transcription can spread
chromatin signatures, which further encourage or repress transcription. The transcriptional
output is likely to rely on a hierarchical ordering of these factors, the complex interactions of
which are organism and context dependent (Figure 1A).

Several issues remain to be addressed (See Outstanding Questions Box). Given the
propensity for bidirectional genes to show correlated expression, future experiments must
determine the factors that promote concordant regulation of bidirectional transcripts. There
is also a need to determine whether PROMPTS, especially sense strand PROMPTS (Figure
2), and promoter switches arise from core promoter element-like sequences. Further, the
characterization of bidirectional promoters needs to distinguish between promoters from
which transcription is initiated in both directions (such as a PROMPT-coding gene pair) and
from which stable transcripts are produced in both directions (such as coding gene pairs) as
these two categories are often conflated.

More work needs to be done to define how the directional specificities of specific core
promoter elements and transcription factor binding sites are integrated to determine
transcriptional direction. It remains to be determined which individual core promoter
sequences are capable of initiating bidirectional transcription and whether they actually do
so in their genomic contexts. For the majority of TFs, changing the orientation of their
binding sites does not significantly change their influence on gene expression [79], and co-
varying expression levels provides further evidence that TF binding increases the likelihood
of transcription in both directions. Differential regulation of outward-facing transcripts in
yeast is associated with the presence of insulator-like DNA binding factors Thfl and Mcm1
[80]. Two possibilities present themselves as a way of explaining the phenomenon of
bidirectional transcription. In the first, antisense transcription is a by-product of forward
transcription and an NDR, meaning that the cell may need to utilize mechanisms to prevent
the accumulation of detrimental antisense transcripts. In the second, there is a function for
antisense transcripts with a number of possible effects including the regulation of sense
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transcripts. While these functions do not need to be mutually exclusive, they could create a
dichotomy between two different types of TSSs. If antisense transcription is a necessary
outcome of forward transcription, a single core promoter might be the most commonly
encountered situation. However, two independent promoters would allow for more precise
regulation of the different transcripts. Ultimately, the regulation of transcriptional direction
is accomplished by both pre and post initiation factors and integrates many factors such as
promoting and repressing the initiation of transcription, regulating elongation and
termination, and targeting unstable transcripts for rapid degradation.
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Glossary

+1 nucleosome

-1 nucleosome

Bi-directional
transcription

Convergent
transcription

Core promoter

Core promoter
element

Divergent
transcription

Enhancer RNA
(eRNA)

H2A.Z

Long Noncoding

RNAs (IncRNASs)

Nucleosome-
Depleted Region
(NDR)

The first nucleosome that appears within the DNA encoding a
transcript, appearing immediately downstream of a genes
nucleosome depleted region.

The first nucleosome that appears upstream of a gene's
nucleosome depleted region.

Transcription emanating outward from a single core promoter
region in opposite directions.

Transcription originating from opposite strands of DNA with the
direction of transcription converging.

A DNA sequence, generally found within a nucleosome-depleted
region, with the ability to independently initiate transcription.

A DNA sequence located within a core promoter region and
regulates transcriptional output.

Transcription emanating outward from two separate core promoter
regions in opposing directions.

RNA that is usually bidirectionally transcribed from intergenic
regions which act as enhancers.

A histone variant that can replace the canonical H2A histone
within nucleosomes and is associated with sites of transcriptional
initiation.

Stable non coding RNAs that are produced either upstream of
coding genes or from other intergenic initiation sites. Many have
been shown to have structural or regulatory functions.

An area of the genome associated with the presence of a
transcription start site which is depleted for nucleosomes in the
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middle and typically has strongly positioned nucleosomes on
either side.

Promoter A regulatory region of DNA, occurring upstream of a transcript

and consisting of a core promoter and core promoter elements,
which is required for the proper regulation of gene expression.

Promoter Upstream Noncoding transcripts originating from within a promoter region.
Transcripts
(PROMPTS)
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Outstanding Questions

What factors promote concordant versus discordant regulation of bidirectional
transcripts?

Is RNA-dependent regulation by transcription factors that have both RNA and DNA
binding sites a common phenomenon?

How do eRNAs relate to other short ncRNAs such as miRNAs, and do they possess
overlapping functions? If not how are they differentially recognized?
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Trends Box
Most core promoters are bidirectionally competent with respect to initiation.
Promoters and enhancers share common features which are conducive to transcriptional
initiation.
Transcriptional directionality is determined in an additive and hierarchical way.

Noncoding transcription can alter coding transcription levels by both spreading specific
chromatin modifications and by producing functional RNAs.

Trends Genet. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bagchi and lyer

Page 18

A

Binding of Directional
Transcription Factors

q Canonical Transcript_

Direction of Transcription

B

Divergent
- ® CTCF/ Cohesin/ Ssu72 binding site
« B UTBE

{ = Bi-directional TF
{ = Unidirectional TF
© H2AZ
[ Core promoter element

Uni-directional

Figure 1. Key Figure. The determinants of directionality
(A) The different factors that go into establishing directionality at a transcriptionally

permissive site. (B) Contributors to divergent and unidirectional transcription located within
an NDR. For outward-facing, head-to-head coding genes, most transcripts arise from two
separate core promoter elements. Bidirectional transcription from a single core element may
be characterized by unstable transcripts in the antisense direction in the case of coding
genes, and in both directions in the case of enhancers. Finally, a subset of promoters show
predominantly unidirectional transcription. As the majority of TFs have bidirectional
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activities, the number of truly unidirectional promoters may be relatively small. These
categories may overlap and vary depending on differential conditions and tissue types. In
each case, the presence or absence of transcription is subject to secondary regulation
including TF expression and binding, CTCF and cohesin mediated looping, Ssu72 mediated
5’ to 3’ gene looping, and modifications to H2A.Z which may further promote or antagonize
the progression of RNA Pol II.
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Figure 2. Regulation by covalent chromatin modifications and noncoding transcription
The interplay between histone methyltransferase (purple) and histone deacetylase (yellow)
activities influences noncoding transcription. During transcription RNA Pol Il is
phosphorylated on its C terminal domain (CTD) first at serine 5 (Ser5P) near the 5' end of
genes and then at serine 2 (Ser2P), allowing RNA Pol 1l to enter into the elongation phase of
transcription, and establishing correct chromatin structure across transcribed regions [89].
Setl interacts with RNA Pol Il Ser5P and creates a gradient of H3K4 methylation starting
with tri-methylation at the 5’ end and ending with mono-methylation at the 3’ end. These
methyl marks are then targeted by two separate histone deacetylases. Rpd3L (the larger
complex) deacetylates histones with H3K4me3 marks at the 5’ ends of transcripts [90]. Set3
deacetylates histones with H3K4me2 marks within gene bodies and represses 5 proximal
cryptic transcripts [91]. Set2 mediated H3K36 methylation takes place within gene bodies
and towards the 3’ regions of the genes. This H3K36 modification is then targeted by Rpd3S
(small complex) which removes the acetylation that co-occurs with transcriptional
elongation, thereby suppressing cryptic transcripts originating within gene bodies near the 3’
end [92]. These transcripts are thought to arise because of chromatin remodeling
concomitant with transcription, leading to increased accessibility of intragenic regions to
TFs and Pol 11 [93]. Rpd3S has also been implicated in the repression of antisense
transcripts, thereby promoting sense strand directed transcription [60].
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Table 1

Genomic techniques for assaying transcriptional initiation.

Technique Method Results References
RNA Pol 11 Chromatin is fragmented, Identifies DNA that is [81, 82]
ChIP Seq Pol 11 is immuno- bound by RNA Pol Il'ina
precipitated, and the non-strand specific fashion
interacting DNA is at ~200 bp resolution.
sequenced.
cap analysis of RNA is treated with 5' cap- Identify 5' ends from stable [18, 83, 84]
gene expression | specific enzyme tobacco capped RNAs at single
(CAGE)/ acid pyrophosphatase (TAP) | nucleotide resolution.
SMORE-seq/ and subjected to cDNA
TIF-seq sequencing.
global run-on Run on assay which restarts | Identify nascent RNAs and [9, 85, 86]
sequencing RNA Pol Il in vitro in the post initiation pause sites at
(GRO-seq) and presence of a labeled ~50 bp resolution. Since
GRO-cap nucleotide (BrUTP) in order | transcription is restarted in
to purify nascent RNA. vitro, it can detect unstable
transcripts which would
normally be rapidly
degraded in vivo.
precision Run on assay which restarts Identifies nascent RNAs and | [87]
nuclear run-on RNA Pol Il in vitro using post-initiation pause sites at
and sequencing | biotin-labeled <50 bp resolution. Since in
(PRO-seq) ribonucleoside triphosphate GRO-seq type assays
analogs. By supplying only transcription is restarted in-
1 of the 4 nucleotides at a Vitro, it can detect unstable
time, run-on transcription is | transcripts which would
limited and resolution is normally be rapidly
improved over GRO-seq. degraded in vivo.
native RNA Pol Il associated RNA Identifies nascent RNA at [60, 73, 88]
elongating is purified, and the single nucleotide resolution.
transcript associated RNA is When combined with CTD
sequencing sequenced. phosphorylation specific
(NET-seq) immunoprecipitation,
different populations of
RNA can be identified
based on the modification
status of their transcribing
RNA Pol 1.
RNA-seq Different components of Identifies RNAs regardless [6]
combined with various RNA degradation of stability. Resolution is
inhibition of pathways are inhibited (such | variable depending on the
RNA as exosome components) to RNA seq method employed.
degradation enable the isolation of
pathways unstable RNAs.
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