1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Trends Genet. 2005 June ; 21(6): 339—-345. doi:10.1016/j.tig.2005.04.009.

Transcriptional interference — a crash course

Keith E. Shearwin?l, Benjamin P. Callen?, and J. Barry Egan1
1 School of Molecular and Biomedical Science, University of Adelaide, Adelaide, Australia 5005

2 School of Biological Sciences, University of Liverpool, Liverpool, UK L69 7ZB

Abstract

The term “transcriptional interference’ (T1) is widely used but poorly defined in the literature. There
are a variety of methods by which one can interfere with the process or the product of transcription
but the term T1 usually refers to the direct negative impact of one transcriptional activity on a second
transcriptional activity in cis. Two recent studies, one examining Saccharomyces cerevisiae and the
other Escherichia coli, clearly show TI at one promoter caused by the arrival of a transcribing
complex initiating at a distant promoter. Tl is potentially widespread throughout biology; therefore,
it is timely to assess exactly its nature, significance and operative mechanisms. In this article, we
will address the following questions: what is T, how important and widespread is it, how does it
work and where should we focus our future research efforts?

What is transcriptional interference?

In this article, we wish to define transcriptional interference (T1) specifically as the suppressive
influence of one transcriptional process, directly and in cis on a second transcriptional process.
Our definition of Tl (see Glossary) excludes the kind of interference that results from the
following: (i) the binding of a repressor to its operator overlapping a promoter [1]; (ii) promoter
modification, such as methylation [2]; (iii) hindering the progress of an elongating RNA
polymerase (RNAP) by DNA-bound obstacles (other than a second RNAP) [3]; (iv) the
inactivation of RNAP by RNA regulators [4]; (v) the insulation of an enhancer site [5]; and
(vi) RNA interference (RNAI) in which the product of one transcriptional unit interferes with
the half-life of the product of a second transcriptional unit [6]. We exclude from our definition
of Tl examples whereby transcription interferes directly with a cellular activity rather than with
transcription associated with cellular activity (e.g. the interference with chromosome
replication in Saccharomyces cerevisiae as a result of transcription across its site of initiation
[7]). We also exclude those cases of ‘negative interference” whereby one transcriptional
process, directly and in cis, enhances rather than suppresses a second transcriptional process,
such as the fortuitous positioning of a gene within an active chromatin domain [8], chromatin
remodelling that promotes intergenic transcription [9] and transcriptional coupling in which a
promoter is activated by the activity of an upstream divergent promoter [10].

Tl is often asymmetric and results from the existence of two promoters, the strong (aggressive)
promoter reducing the expression of the weak (sensitive) promoter (Figure 1). These promoters
can be either: (i) convergent promoters directing converging transcripts that overlap for at least
part of their sequence (Figure 1a); (ii) tandem promoters, one upstream of the other but
transcribing in the same direction, with their transcripts possibly but not necessarily
overlapping (Figure 1b); or (iii) overlapping promoters, either divergent, convergent or tandem,
in which the two RNAP-binding sites share at least a common DNA sequence (Figure 1c).
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What is the importance of transcriptional interference?

In a genome, interfering promoters can exist naturally either as an integral part of a genetic
network or as a reflection of the arrival of a transposable element. Alternatively, they can exist
as a result of either an intended experimental manipulation (e.g. in the studies of Proudfoot
[11-13], Eszterhas et al. [14], and Padidam and Cao [15]) or an unintended manipulation (e.g.
the insertion of foreign cloned DNA [16-18]). We first turn our attention to the importance of
the natural occurrence of TI.

In a genetic network, it appears that T1 provides a platform for gene regulation. This can be
illustrated by the following examples.

Convergent promoters: in the lysis—lysogeny switch of the temperate coliphage 186,
the strong lytic promoter reduces the activity of the weaker convergent lysogenic
promoter (which lies 62-bp downstream) by 5.6 times [19,20] (Box 1). The repression
of the strong lytic promoter by the immunity repressor prevents the lytic promoter
interfering with the convergent lysogenic promoter and so provides the positive
autoregulation important in maintaining a stable lysogenic state [19].

Tandem promoters: during growth of S. cerevisiae in a rich medium, the upstream
SRGL1 promoter is active and its activity interferes with the tandem downstream
promoter of the serine biosynthetic gene SER3, thereby blocking the unnecessary
biosynthesis of serine [21]. The presumption is that in a nutritionally poor medium,
repression of the upstream SRG1 promoter by an as yet uncharacterized mechanism
relieves its interference of the promoter of SER3, enabling SER3 expression and
synthesis of serine (Box 1).

Overlapping promoters: in Escherichia coli, the P1 promoter of aroP, the gene
encoding the permease responsible for the general import of aromatic amino acids, is
overlapped by the divergent promoter P3. RNAP binds to P3 in the presence of the
aromatic amino acid bound form of the TyrR protein, thus reducing the activity of P1
[22]. This system provides a feedback mechanism whereby the intracellular
accumulation of any (or all) of the aromatic amino acids blocks their transport into
the cell from the extracellular medium by this permease.

Box 1

Two recent papers underpin the timeliness of a review on TI.

Recent advances in transcriptional interference

Callenetal. [20], in studies of the lysis—lysogeny switch in the temperate coliphage
186, used a single copy LacZ-reporter system demonstrate a 5.6-times reduction
in the activity of the weaker lysogenic promoter by the activity of the stronger
convergent lytic promoter, which lies 62-bp downstream. The two promoters were
variously rearranged to test different models of interference, and mechanisms
involving RNA-RNA hybridisation and promoter competition were excluded.
Terminating transcription from the strong promoter before it reached the sensitive
promoter dramatically reduced interference, indicating a requirement for the
passage of a converging RNAP across the sensitive promoter. Based on in vitro
experiments showing a slow rate of escape for open complexes at the sensitive
promoter, and their sensitivity to ‘head-on’ collisions with an elongating RNAP,
a “sitting duck’ model of interference was proposed (see Figure 2b) and supported
with in vivo permanganate footprinting. The authors concluded that interference
was not caused by occlusion or collision between elongating complexes, and
supported their model by the analysis of a different set of prokaryotic convergent
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promoters that showed a lower level of interference of a sensitive promoter known
to have a reduced ability to form sitting ducks.

ii. Martens et al. [21], in studies with Saccharomyces cerevisiae, used chromatin
immuno-precipitation assays and transcription run-on experiments to determine
the presence of transcription upstream of the SER3 promoter under repressive
conditions. Using northern analysis and primer-extension analysis, they
determined the existence of an in-tandem transcript, initiating 480-bp upstream of
the SER3 TATA element and terminating in its vicinity. Mutational inactivation
of the associated TATA element eliminated repression of the SER3 promoter and
they named this non-coding sequence the SER3 regulatory gene 1 (SRG1). The
inhibition was cis-limited and therefore not RNA-mediated. Premature termination
of this transcript before the SER3 upstream activating sequence (UAS) de-
repressed the SER3 promoter, eliminating promoter competition as the cause of
inhibition. When they replaced the SER3 UAS with a known activator site they
obtained activation of the SER3 promoter that remained sensitive to repression by
SRGL1. They concluded that transcription of SRG1 interfered with binding of the
activator(s) for transcription from the SER3 promoter, but did not discriminate
between preventing the activator from binding by occlusion or ejecting the bound
activators by the sitting duck mechanism.

In higher eukaryotes, TI has been demonstrated with artificial promoter arrangements [14,
18], but examples also exist of gene regulation by T1 for genes within their natural chromosomal
context. Thus, the N-ras gene, which belongs to a family of small GTPases, is down-regulated
by transcription of the unrelated upstream unr gene [23]. In the mouse, deletion of the promoter
of unr leads to elevated transcription of N-ras and embryonic lethality for the homozygous
mutant. An analogous situation applies to the defect in expression of the human a-globin genes
in a-thalassemia, as a result of mutational read-through from the upstream promoter of the
a2-globin gene [24].

In addition to these examples, T1 is exploited in the regulation of some cellular activities, such
as the initiation of plasmid replication [25,26]. There is also the potential of TI to: (i) contribute
to the overall interference accorded to RNAI, caused by the presence of in cis intergenic
convergent promoters [13,27,28]; and (ii) provide a different gene product, by alternative gene
splicing from the extended transcript, following the interference of a downstream promoter by
the activity of an upstream in-tandem promoter [29].

The importance of Tl associated with transposable elements results from the transcription of
flanking DNA from a promoter within the transposable element, as illustrated in the pioneering
work of McClintock [30], in which she determined that the basis of variation in kernel
pigmentation in maize was due to the in cis transcriptional activity of ‘controlling
(transposable) elements’. Based on this potential for disturbing the expression of neighbouring
genes, Whitelaw et al. [31,32] proposed a role for retrotransposons as epigenetic mediators of
phenotypic variation in mammals. This is consistent with the abundance of retrotransposons
in mammalian genomes — Smit [33] estimates that retroelements form >40% of a mammalian
genome. In a similar vein, Nigumann et al. [34] recognized the potential of long interspersed
nuclear elements (LINES) for ‘epigenetic control of different cellular genes’ in the human
genome, based on the frequent transcription of neighbouring DNA from the antisense promoter
located in the 5" untranslated region (UTR) of the human L1 retrotransposon.
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How widespread is transcriptional interference?

Nasser et al. [35] have suggested that the use of promoter interactions as a mechanism of gene
regulation co-evolved with factor-dependent regulation or that there was a primordial RNA-
polymerase-dependent homeostatic regulation and an extra level of control by transcription
factors has evolved during the course of evolution. Examples of Tl as a means of gene
regulation are common in the genomes of ‘extrachromosomal’ elements such as bacteriophages
[19,36-38], transposable elements [39], insertion sequences [40] and plasmids [25,26]. Perhaps
the highly compact nature of these genomes favours the evolution of convergent transcription
to regulate gene expression. In addition, natural examples of Tl have been described in bacteria
[22,35,41,42] and yeast [21,43,44], but less frequently for higher eukaryotes [23,24,34,45].

Prediction of the transcription units and promoters of E. coli is relatively straightforward,
enabling an estimate of the occurrence of promoter arrangements that are likely to give rise to
TI. Analysis of the 4462 known or predicted E. coli promoters in the RegulonDB database (v.
4) [46], reveals 166 non-overlapping tandem promoters pairs (with starts sites that are >70-bp
apart) and 54 non-overlapping convergent promoter pairs with starts sites >40-bp and <200-
bp apart [47]. In addition, there are 54 convergent, 89 divergent and 292 tandem promoters
whose start sites are separated by <40 bp and so could be classified as overlapping promoters
[25]. Thus, in E. coli there is much potential for interference because of the tandem, convergent
or overlapping arrangement of promoters. In addition, transcriptome analysis using
oligonucleotide tiling arrays [48] of E. coli identified a set of 1102 transcripts in the intergenic
regions of the genome, 334 of which could not be classified as either part of operon elements,
5'UTRs or 3'UTRs. Many of these transcripts might be antisense non-coding RNAs produced
as a result of convergent transcription.

The highly compact, gene-rich genome of S. cerevisiae contains several adjacent and closely
spaced gene sets with a bias towards divergent transcription suggestive of evolutionary pressure
against convergent transcription [13,49]. The difficulty of reliably predicting promoter
sequences of eukaryotes in silico [50] has perhaps led to an underestimation of the frequency
of promoter arrangements that are likely to give rise to Tl. However, the recent wave of
transcriptome analyses hints that Tl might be a relatively widespread form of gene regulation,
in addition to conventional factor-dependent regulation [51]. For example, measurement of
transcript levels in yeast has enabled calculation of the degree of correlation (either positive
or negative) of expression levels of adjacent gene pairs [52]. A subset of those with a negative
correlation of transcription levels might represent examples of genes regulated by TI. In higher
eukaryotes, large intron size allows for nested genes (i.e. genes that reside within the intronic
regions of other genes [53]), providing the potential for Tl as a result of either tandem or
convergent transcription. Analysis of the sequence of human chromosomes 20, 21 and 22
[54] revealed the existence of overlapping sequences for 182 genes, of which 106 were arranged
convergently (sharing either their 5’ or 3’ regions), 35 were arranged in tandem and 41 were
examples of a gene within a gene (either tandem or convergent). Thus there is great potential
for TI.

Transcriptome analysis of several organisms, including Arabidopsis [55], Drosophila [56],
mouse [57] and human [58-60] all reveal elevated levels of non-coding RNAs resulting from
intergenic transcription. For example, analysis of the Drosophila transcriptome [56] indicates
that non-coding RNAs are abundant and developmentally regulated, with 41% of the non-
coding regions of the genome being expressed. In addition, in each of these genomes there are
numerous sense—antisense pairs of transcripts [27]. In the mouse, for example, 2431 sense—
antisense pairs have been identified [57], suggesting the potential for TI as a significant
mechanism of gene regulation.
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How does transcriptional interference work?

Although reports of Tl in both prokaryotes and eukaryotes have been published over many
years, few studies have addressed the underlying mechanisms. The earlier publications that
have influenced our understanding of the mechanisms involved are in vivo studies on
convergent promoters by Ward and Murray [61], an in vitro study on promoters arranged both
convergently and in-tandem by Horowitz and Platt [62] and, in particular, the in vivo study of
a convergent promoter pair by Elledge and Davis [63]. In eukaryotes, pioneering in vivo work
has been performed by the Proudfoot laboratory [11] on promoter pairs that are arranged
tandemly.

Of the mechanisms of T1 that we will outline (Figure 2), three are implemented at the initiation
phase of transcription and two at the elongation stage.

Promoter competition

TI arises because the occupation of one promoter by RNAP precludes its occupation of the
second promoter. Thus, restricting RNAP-binding to one promoter enhances the activity of the
second (Figure 2a). In the overlapping promoter example described earlier, Wang et al. [22],
used diagnostic DNasel-footprint analysis to show that RNAP occupation of the promoter P3
precluded RNAP occupation of P1, the promoter of aroP.

Promoter competition is also used to describe T1 in eukaryotes in which two promoters share
the same enhancer site: the transcription factors associated with the enhancer, while interacting
with the first promoter, are precluded from interacting with the second promoter [43,64]. A
duplication of that enhancer site eliminates the interference [65].

Sitting duck mechanism

Occlusion

If the RNAP complex at the sensitive promoter is slow to transit from the open complex to the
elongation complex (i.e. it is slow to “fire”) it can be considered a “sitting duck’, available to
be “hit’ and dislodged by the arrival of an elongation complex originating from a strong
convergent (or tandem) promoter (Figure 2b). The sitting duck mechanism was proposed by
Callen et al. [20] to explain the observation in coliphage 186 that interference of the weak
lysogenic promoter by the strong lytic promoter disappeared if transcription from the
aggressive promoter was terminated before it reached the sitting duck complex at the sensitive
promoter. Although their studies involved prokaryotic promoters, the concept could equally
well apply in eukaryotic systems, should the transcribing RNA polymerase remove from the
DNA either the initiation complex bound at the sensitive promoter or transcription factors
associated with it. This is discussed in the following section.

Mathematical modelling [47] of Tl indicates that sitting duck interference increases as the ratio
of the strength of the aggressive to the sensitive promoter increases. Interference as a result of
the sitting duck mechanism is maximal when the rate of formation of the initiation complex at
the sensitive promoter is equal to its rate of firing. Should the ratio of these rates be different
from 1, then sitting duck interference is reduced; if it is <1, then the roost of the sitting duck
isshortand less likely to be hit, and if it is >1 then any sitting duck dislodged is rapidly replaced
by another. Sitting duck interference is the dominant mechanism when the two promoters are
close together (but not overlapping), because under these circumstances collisions between
elongating polymerases make a minimal contribution to interference.

This term was first introduced by Adhya and Gottesman [41] to explain the TI caused by the
limitation in time available for an RNAP to bind to a promoter as a result of its transient
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occupation by the passage of an elongating RNAP initiating at a tandem promoter (Figure 2c).
However, unless the upstream promoter is very strong, calculations suggest that interference
as a result of occlusion is minor. Thus, for E. coli RNAP the transit time across a standard
promoter is 2-3 s, and therefore this type of interference, even by a strong promoter such as
phage lambda pL, which fires once every 4.5 s [66], would only reduce the activity of the
sensitive promoter by about half. The thirty-fold interference originally observed was probably
due to sitting duck interference, unless the transit time across the sensitive promoter was
extended as a result of pausing. The extent of interference caused by occlusion thus depends
on the size of the sensitive promoter, the strength (rate of firing) of the aggressive promoter
and the speed of transcription across the sensitive promoter. It applies to both convergent and
tandem promoters.

In several eukaryotic studies [14,67], Tl attributed to the loss of transcription-factor binding
as a result of transcriptional activity from an interfering promoter has been inappropriately
termed occlusion. However, as recognized by Bateman and Paule [68] and others [23], the
same experimental result would be seen whether the absence of a bound transcription factor
reflected the prevention of binding (occlusion) or dislodgement (sitting duck), and we suggest
a distinction be maintained. Because transcription-factor-binding is part of the transcriptional
process, interference with this binding is captured within our definition of TI, which we
purposely avoided restricting to RNAP-RNAP interactions. Similar to prokaryotic systems,
the likelihood of interference by occlusion in eukaryotic systems will depend on the frequency
with which the interfering polymerase transcribes over the site, the rate of transcription and
the size of the site. Again, similar to prokaryotic systems, we suspect that occlusion will make
a significant contribution to TI only for a strong aggressive promoter.

Collisions between converging elongation complexes lead to the premature termination of the
transcriptional progress of one or both complexes (Figure 2d). This was clearly shown by
Prescott and Proudfoot [13] with the gal7 and gal10 genes of S. cerevisiae when these genes
and their associated promoters were arranged convergently and the termination signals in the
intergenic space were then deleted. This observation could well underpin the evolutionary
pressure against convergent transcription in the yeast genome [49]. It is not known whether
both polymerases stall during collision and both “fall off’, whether one polymerase (randomly)
is rescued from that stalled state by host factors and the other polymerase ‘falls off” [69] or
whether a cooperative ‘push’ from following polymerases can influence the result [70]. We
found that interference with transcription from the weak pL promoter of coliphage 186
increases the further its distance from the convergent strong pR promoter [20]. Our modelling
[47] confirms the expectation that TI caused by collisions should increase as the distance
between two convergent promoters is increased and as their activity is increased. Natural
examples of T1 as a result of collision in genome networks are rare, with the convergent
promoters pR and pRE of coliphage lambda being a possibility and thereby an inviting follow-
up of the seminal study of Ward and Murray [61].

The DNA-bound Lac repressor has been shown to block the progress of RNAP initiating
upstream of the ‘roadblock’ or obstacle [3] (Figure 2e). Theoretically, an open complex bound
at a promoter could act as a roadblock to the progress of an RNAP from another promoter. The
in vitro data from Callen et al. [20] indicate that the open complex at the coliphage 186 pL
promoter does not hinder the progress of an elongating RNAP from pR. It is conceivable that
some open complexes are so tightly bound that they could act as roadblocks rather than sitting
ducks, but this possibility has not been confirmed.
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Eszterhas et al. [14] set out to obtain some systematic understanding of the mechanisms
operating in Tl in mouse leukemic cells. They studied the expression of two reporter genes
each bounded by a CMV promoter and an SV40 large T antigen polyadenylation signal. They
studied all arrangements (convergent, divergent and tandem) in both orientations and integrated
them at two different chromosomal loci and concluded that ‘the two transcriptional units
interfere with each other in ways that cannot be fully explained by simple models’, certainly
not by the simple models we have presented here. Furthermore, genome context modulated
the interference that was observed. Most notably, the transcription of the downstream gene
influenced transcription of the upstream gene and was itself influenced by transcription of the
upstream gene, despite the positioning of a polyA signal between these genes. Again,
convergent transcription showed mutual interference despite the presence of a polyA signal.
Indeed, recent work indicates that RNA polymerase Il can continue past the polyA site [71,
72]. Thus, although some confirmation of the efficiency and precise location of termination in
this system is required, the complexity of both chromatin structure [73] and different
transcription-initiation complexes [74] will present challenges in the design of mechanistic
studies of Tl in higher eukaryotes. However, as with the development of molecular biology
itself, studies in simple systems might provide direction. Mathematical modelling [47] is one
approach to provide focus for future studies on the important parameters for each Tl
mechanism. Furthermore, examining the consequences of RNAP meeting a DNA-bound
obstacle, such as Lac repressor [3] will provide vital clues for future studies that will help us
understand what happens when an elongating RNAP meets a variety of DNA-bound obstacles,
including, for example, a RNAP-like obstacle.

Concluding remarks

T1 occurs in most genomes and has probably persisted during evolution because of its potential
use in regulating gene expression. A variety of mechanisms have been identified and
successfully studied, at least in simple systems. A major aim for the future is to exploit
mathematical modelling to characterize TI, and a major issue to explore further is the fate of
an elongating RNAP when it meets a DNA-bound obstacle, either moving or stationary.
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Glossary

Transcriptional the suppressive influence of one transcriptional process, directly and

interference in cis, on a second transcriptional process

Promoter occupation by RNA polymerase (RNAP) of one promoter directly

competition precludes RNA-polymerase binding at a second promoter. This can be
extended to include competition between two promoters for the same
enhancer

Occlusion transcription across a promoter from an external promoter transiently
precludes its occupation by RNAP and/or associated transcription
factors

Sitting duck a transcriptional-initiation complex that is slow to “fire’ is a sitting

duck, and can be ‘hit’ by a RNA polymerase transcribing from an
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external promoter. This can be extended to include dislodgement of
transcription factors by an RNA polymerase transcribing from an
external promoter

Collision of two converging transcription elongation complexes
Roadblock an immobile block to the progress of a transcription-elongation
complex
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Figure 1.

Promoter arrangements that can lead to transcriptional interference (TI1). Tl can arise as a result
of several different promoter arrangements: (a) convergent promoters, such as the coliphage
186 lytic and lysogenic promoters [20]; (b) tandem promoters, for example, the promoters of
yeast SRG1 and SER3 [21]; (c) overlapping promoters, such as the E. coli aroP P1 and P3
promoters [22]. Although the example of overlapping promoters shown in (c) shows a divergent
promoter pair, both tandem and convergent promoter pairs can also overlap. RNAP-binding
sites are indicated by grey boxes, the starting points (+1) of transcription are shown as black
arrows and transcripts as green arrows.
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Figure 2.

Mechanisms of transcriptional interference (TI). Five possible mechanisms by which TI can
occur are: (a) promoter competition; (b) sitting duck interference; (c) occlusion; (d) collision;
and (e) roadblock. For the example shown here where a strong (aggressive) promoter pA is
oriented convergently to a weak (sensitive) promoter pS, all five mechanisms are possible. For
promoters arranged in tandem, all mechanisms except the collision mechanism [shown in (d)]
can apply. When the promoters are arranged divergently, only the promoter competition

mechanism shown in (a) can apply, but only when the promoters are also overlapping.
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