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COMMENTARIES

Using both strands: The fundamental nature of
antisense transcription

Struan C Murray and Jane Mellor*
Department of Biochemistry; University of Oxford; Oxford, UK

ABSTRACT. Non-coding transcription across the antisense strands of genes is an abundant, pervasive
process in eukaryotes from yeast to humans, however its biological function remains elusive. Here, we
provide commentary on a recent study of ours, which demonstrates a genome-wide role for antisense
transcription: establishing a unique, dynamic chromatin architecture over genes. Antisense transcription
increases the level of nucleosome occupancy and histone acetylation at the promoter and body of
genes, without necessarily modulating the level of protein-coding sense transcription. It is also
associated with high levels of histone turnover. By allowing genes to sample a wider range of
chromatin configurations, antisense transcription could serve to make genes more sensitive to changing
signals, priming them for responses to developmental programs or stressful cellular environments.
Given the abundance of antisense transcription and the breadth of these chromatin changes, we propose
that antisense transcription represents a fundamental, canonical feature of eukaryotic genes.
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It is well established that the transcription of
genomes is not limited to the transcription of
genes alone. Transcription is a universally per-
vasive and interleaved process,' with transcrip-
tion events initiating not just from gene
promoters but from those regions between genes
and within genes as well, and from regulatory

sequences such as enhancers.”® What is more,
in recent years it has become apparent that tran-
scription events often initiate at the 3’ ends of
genes, in a manner that appears carefully
orchestrated by the transcription initiation
machinery, revealing an inherent symmetry to
gene structure (Fig. 1A).*> This leads to
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FIGURE 1. (A) The symmetrical nature of genes. Eukaryotic genes typically display transcription
across both the sense and antisense strand (red and blue arrows respectively), driven from 2 con-
vergent, opposed promoters. Shown are the average levels of TBP and TFIIB, 2 factors that play a
critical role in transcription initiation, as well as nucleosome occupancy, relative to the start site and
end site of the sense transcript.* This reveals the presence of 2 promoter architectures at both
ends of the gene, one directing sense transcription and the other antisense transcription, referred
to here as the sense and antisense promoters respectively. (B) Transcription occurs extensively on
both the sense and antisense strands of genes across the yeast genome. Shown is the level of tran-
script arising from a given region of S. cerevisiae chromosome IV, measured by RNA-seq, and the
level of transcription measured by NET-seq. Reads have been colored as reflecting either sense
(red) or antisense (blue) transcription/transcript based on the orientation of their nearest gene.
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transcription along the antisense strand of the
gene, giving rise to non-coding, antisense tran-
scripts, the function of which is poorly
understood.

While it is now clear that antisense tran-
scription occurs to some extent at most
genes, what is less clear is why. To begin to
elucidate a possible role of antisense
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transcription, it is important to establish just
how abundant a process it is. Attempts to
estimate genome-wide levels of antisense
transcription have been confounded by the
fact that the majority of antisense transcripts
are extensively degraded by exonucleases.®’
Recently, however, a technique has been
developed that allows us to assess strand-
specific, nascent-transcription on a genome-
wide scale. Native FElongating Transcript
Sequencing (NET-seq, Fig.1B) is a
modification of RNA-seq in which RNA
polymerase II (RNAPII) is immunoprecipi-
tated, and the nascent RNA in its active site
purified and sequenced.” Using NET-seq
measurements in S. cerevisiae, we previously
demonstrated that the level of antisense tran-
scription across a gene is, on average, one-
tenth of the level of protein-coding sense
transcription,’ increased to one-fifth when
considering those genes with a previously
defined antisense transcript (approximately a
third of genes).”® Considering that coding
transcription plays a fundamental role in
protein biosynthesis, while antisense tran-
scription does not, this is a staggering ratio,
posing the immediate question: if so much
energy is being invested in producing tran-
scripts that are themselves being extensively
degraded, then why is this transcription hap-
pening in the first place?

ANTISENSE TRANSCRIPTION IS
ASSOCIATED WITH A UNIQUE
CHROMATIN ARCHITECTURE

Since most antisense transcripts are exten-
sively degraded in spite of their prolific synthe-
sis, one might reasonably hypothesize that it is
the act of antisense transcription, rather than
the transcripts themselves, that exert a mean-
ingful biological function. In our recent publi-
cation,” we asked how genes in S. cerevisiae
differ depending on the amount of antisense
transcription they experience, to begin to tease
apart what this function might be. Using a com-
bination of genome-wide data, computational
analyses and experimental, single-gene studies,
we identified a broad array of relationships

between antisense transcription and other fun-
damental gene features. These relationships are
specific to antisense transcription — they do not
apply to protein-coding sense transcription —
and revolve around changes in the chromatin
structure of the gene body and the canonical
gene promoter (henceforth called the sense pro-
moter — i.e. the promoter directing sense tran-
scription). The changes are summarized in
Figure 2. Antisense transcription is associated
with high nucleosome occupancy at the sense
promoter, coincident with increases in histone
turnover and levels of the chromatin remodel-
ing enzymes/complexes Iswl, Isw2 and
INOBO. It is also associated with high levels of
histone acetylation (H3K4ac, H3K9ac,
H3K14ac, H3K56ac and H4ac) over the sense
promoter and gene body, and low levels of
H3K36me3, H3K79me3 and H2BK123 ubiqui-
tination over the gene body. To put it simply,
antisense transcription is associated with an
increase in dynamic, remodeled, and highly
acetylated chromatin across the sense promoter
and gene body.

In addition to these associations, we were fur-
ther able to demonstrate that antisense transcrip-
tion can in fact cause these chromatin changes.
Using an experimental system in which we varied
the level of antisense transcription over the sense
promoter of the GALI gene, we demonstrated that
decreasing the level of antisense transcription led
to a decrease in the level of histone H3 and histone
H3 acetylation, and an increase in H3K36me3.
Also, by combining NET-seq data and ChIP-seq
data obtained in a variety of mutants known to
have altered genome-wide patterns of antisense
transcription (setIA, set2A, eaf3A and rcol A)?
we found that changes in antisense transcription
resulting from these mutations were coincident
with changes in nucleosome occupancy, histone
acetylation and H3K36me3.

Taken together, our results demonstrate that
antisense transcription can itself establish a
dynamic, acetylated chromatin architecture.
We present a unique function of antisense tran-
scription not associated with other forms of
gene regulation. Given the abundant, pervasive
nature of antisense transcription, we therefore
propose that antisense transcription should be
considered a fundamental, canonical feature of
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FIGURE 2. A summary of the findings presented in Murray et al.® Shown are the average levels of
nucleosome occupancy (1), H3K4 acetylation (2), histone turnover (3), H3K79me3 (5) and TBP (6)
in 5 different gene classes selected on the basis of their level of antisense transcription. The
median level of antisense transcription in these groups relative to one another is shown in the bot-
tom right inset. Also shown in (4) is a scatter plot of the change in sense transcription versus the
change in antisense transcription in 5,183 S. cerevisiae genes following a change in growth condi-
tions (a shift from glucose- to galactose-containing medium). Green vertical strips represent
approximate positions of nucleosomes. Arrows show the direction of sense and antisense tran-
scription (red and blue respectively). PIC = pre-initiation complex. RNAPIl = RNA polymerase II.

TBP = TATA-box binding protein.
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ANTISENSE TRANSCRIPTION IS NOT
A UNIVERSAL REPRESSOR OF
SENSE TRANSCRIPTION

A persisting idea in the discourse surround-
ing antisense transcription is that antisense
transcripts and/or transcription itself should
have a negative regulatory effect on sense
transcription. This is in part due to a small
number of early, single-gene studies suggest-
ing antisense transcription might be repres-
sive.'®!! It is perhaps also due to the pleasing

notion that an antisense-transcribing polymer-
ase complex might collide with and disrupt
either the sense-transcribing polymerase, or
else the pre-initiation complex on the sense
promoter. However, Hongay et al.'? found that
antisense transcription did not occur at the
same time as sense transcription within the
same cells, while Castelnuovo et al."® and
Nguyen et al.'* found that the PHOS84 or
HMS?2 sense and antisense transcripts were
very rarely present simultaneously within the
same cell. Furthermore, mathematical models
of transcriptional interference by Sneppen
et al.'> have shown that in order for transcrip-
tion in one direction to impact transcription in
the opposite direction, very high levels of tran-
scription are required, possibly above what is
typically observed.
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In Murray et al.” we demonstrate that antisense
transcription is not correlated with sense transcrip-
tion genome-wide, either positively or negatively.
This lack of correlation remained when consider-
ing only subsets of genes with different levels of
antisense transcription. Furthermore, an increase
in antisense transcription was not associated with
changes in the levels of TBP or the general tran-
scription factor TFIIB at the sense promoter, sug-
gesting that the levels of key components of the
pre-initiation complex are not being modulated by
antisense-transcription. Perhaps the most striking
demonstration of this lack of correlation was
shown using NET-seq data obtained in a number
of different mutant strains of S. cerevisiae,2 all of
which showed changes in their patterns of anti-
sense transcription to varying extents. Using this
data, we found that there was no correlation (or
inverse correlation) between changes in antisense
transcription and changes in sense transcription —
i.e., the extent of the change in antisense transcrip-
tion at a given gene in the mutant strain relative to
wild-type could not be used to predict how the
sense transcription levels would change.

Clearly, the relationship between sense and
antisense transcription is more nuanced and
complex than a simple repression model. Of
course, at some genes an increase in antisense
transcription following one of these 4 muta-
tions is coincident with a decrease in sense
transcription, while at other genes the 2 either
both increase or both decrease. We propose
that, while the universal role of antisense
transcription is to set up a dynamic chromatin
environment at the sense promoter, the effects
of this new environment might be context
dependent, and so gene-specific, as shown in
Figure 3A i) and ii).

THE MECHANISM OF ANTISENSE
TRANSCRIPTION-MEDIATED
REGULATION

It is evident that antisense transcription plays
a genome-wide role in chromatin modulation.
What remains unclear is how antisense tran-
scription might affect such changes. Our work
demonstrates that antisense transcription has
associations with chromatin that are distinct

from sense-transcription/chromatin  associa-
tions. For example, histone turnover is much
more strongly associated with antisense tran-
scription than it is with sense transcription,
while H3K36me3 is positively correlated with
sense transcription in the gene body but nega-
tively correlated with antisense transcription.
This raises the intriguing possibility that anti-
sense transcription and sense transcription
might in some way be fundamentally distinct
processes. But how might they differ?

While it has been demonstrated that anti-
sense promoters recruit the same components
of the RNAPII pre-initiation complex machin-
ery as sense promoters,” there are other ways in
which the polymerase complex could differ,
which could explain how antisense transcrip-
tion affects the observed changes in chromatin,
and also why antisense transcripts are so often
extensively degraded.®’ One possibility is that
the subunit composition of the elongating
polymerase could itself differ. For example,
RNAPII contains a subunit, Rpb4, which is
only found in approximately 20% of cells under
optimal conditions, but is found at higher per-
centages under conditions of stress,'® demon-
strating that RNAPII subunit composition can
be regulated to functional ends. RNAPII sub-
unit composition has been shown to be altered
by the HMG-protein Nhp6a and the mediator
component Med3p,'” while the RING finger
ubiquitin ligase Asrl can disengage the Rpb4/
Rpb7 heterodimer from the polymerase com-
plex via ubiquitination.'® RNA processing fac-
tors have also been found to modulate
chromatin. The cap binding complex, for
example, has been shown to support Set2-
dependent H3K36me3.'® Differential process-
ing of antisense transcripts might also result in
the polymerase complex having unique
chromatin-regulating activities — for example,
the transcript might be capped but not associ-
ated with cap binding proteins.

How might an antisense-transcribing RNA-
PII recruit chromatin remodelers? Although
such enzymes are generally thought to be
recruited by direct interaction with transcrip-
tional activators, or by binding to specific his-
tone modifications, there is evidence that they
might be recruited directly by RNAPII. The
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FIGURE 3. (A) Three, mutually inclusive models for how antisense transcription might regulate
genes. i) A gene with a single, nucleosome-occluded transcription factor (TF) binding site (purple
box) in its promoter shows a moderate level of sense transcription. In the presence of antisense
transcription (blue arrow), chromatin remodeling leads to the movement of this nucleosome, result-
ing in increased sense transcription (indicated by the larger red arrow). In ii) the situation is
reversed, with antisense transcription leading to occlusion of a different binding site (turquoise
box), causing reduced sense transcription. iii) Here, antisense transcription sets up a dynamic chro-
matin at the promoter allowing switching between different chromatin states, each with a distinct
sense transcription output. In a population of cells this would result in noisier gene expression.
(B) A view of transcription of both strands (forward and reverse) of a region of chromosome 21 in
human Hela cells, analogous to Figure 1B. Shown are the levels of transcript, measured using
ChrRNA-seq (a modification of RNA-seq that aims to measure both processed and unprocessed
transcript levels), and transcription, using NET-seq.3? Reads have been colored as reflecting either
sense (red) or antisense (blue) transcription/transcript based on the orientation of their nearest
gene.
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independent of histone modifications.”' It is
entirely plausible then that an antisense-proc-
essing transcription complex might introduce
chromatin remodeling enzymes and histone
chaperones to the sense promoters and gene
body, and in doing so bring about the observed
changes in chromatin.

One finding from our recent work that may
shed further light is the fact that, while sense
transcription is strongly correlated with phos-
phorylation on Ser2 of the RNAPII C-terminal
domain (CTD), antisense transcription is not.
Modification of the CTD is known to play
important roles at all stages of the transcription
process,?* including roles in the recruitment of
histone modifying enzymes, chromatin remod-
eling enzymes and transcription elongation fac-
tors. This change in CTD modifications could
be what marks the antisense-transcribing RNA-
PII complex as distinct from the sense-tran-
scribing complex, resulting in differential
recruitment of chromatin modulators and so
explaining their unique associations. Moreover,
these differences could explain differential
processing and fate of antisense transcripts.

ROLES FOR DYNAMIC CHROMATIN

Our work demonstrates a clear genome-wide
role for antisense transcription in the establish-
ment of a unique, dynamic and acetylated chro-
matin architecture across the sense promoter
and gene body. What remains uncertain, how-
ever, is what the role of such an architecture
might be, and why and when specific genes
might have need to turn on antisense transcrip-
tion and so adopt this architecture.

One likely consequence of having dynamic
chromatin is an increase in gene expression
variation. There are numerous different sorts of
gene expression variation, such as plasticity,
which is the variation in the expression of a
given gene across different environments, and
noise, which is the variation in expression of a
gene across a clonal population of cells. If one
imagines that a gene has a finite number of
chromatin configurations that it can adopt, each
with a distinct potential expression output, then
having a dynamic chromatin might allow a

gene to be constantly switching between these
configurations, sampling different chromatin
states. This would result in a greater variety of
expression values across a population, leading
to increased noise, and might also allow access
for a greater variety of potential transcription
factor binding events in response to changing
environments, thus increasing plasticity, as
shown in Figure 3Aiii). Indeed, using available
genome-wide measurements of noise obtained
by Newman et al.>* and plasticity by Tirosh
and Barkai,>* we have found that the level of
antisense transcription across a gene is well
correlated with both features (unpublished
data). In support of this, Xu et al.>* also showed
that genes with defined overlapping antisense
transcripts showed a higher variation of gene
expression across 5 different environmental
conditions compared to those genes that did
not. Another possibility is that antisense tran-
scription might enforce the stochastic,
‘burstier’ mode of sense transcription that is
characterized by infrequent, rapid bouts of tran-
scription initiation, which can be observed as
bright dots using RNA-FISH, and which is
known to be inherently noisy.?® Noisy gene
expression is thought to be a fundamental com-
ponent of cell differentiation during organismal
development,”” and of the stress response in
yeast,”® while Thattai and Oudenaarden®
developed mathematical models to show that
heterogeneous populations could achieve
higher growth rates than homogenous popula-
tions under rapidly changing environmental
conditions. Antisense transcription might there-
fore represent a means by which genes can
adopt a more stochastic mode of expression to
the benefit of the organism.

IS ANTISENSE TRANSCRIPTION
PREVALENT IN MAMMALIAN
SYSTEMS?

There is convincing evidence that the sort of
antisense transcription described here is not a
unique feature of yeast, but is also present in mam-
mals and other organisms such as flies. A study in
human cells by Conley & Jordan® identified
many thousands of antisense promoters using
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CAGE analysis, which characterizes the 5" ends of
transcripts, and found that such promoters were
generally present toward the 3’ ends of
genes. Antisense transcription from these
promoters was abundant, though not as high
as from sense promoters, in agreement with
our findings in yeast,* varied between differ-
ent cell types, and showed evidence of acti-
vatory histone marks at their promoters that
correlated with the level of RNAPII occu-
pancy. Perhaps most importantly, they found
that the activity of sense promoters did not
correlate with the levels of activity of their
associated antisense promoter. Mammalian
antisense transcription has also been shown
to extend into the sense promoter, as in
yeast. Recent studies by Mayer et al.>' and
Nojima et al.*> employing nascent RNA-seq
or NET-seq in human cells, found evidence
of extensive antisense transcription into the
sense promoters of genes. Strikingly, when
comparing NET-seq profiles in HeLa cells
with those obtained by RNA-seq, one sees a
very similar picture to that in yeast — i.e. the
level of nascent transcription on both strands
of genes is much less biased toward the cod-
ing strand than one would predict based on
transcript level (Fig. 3B), with a lot of anti-
sense transcription across the sense promoter
of coding genes. Antisense transcription was
found to associated with decreased DNase I
sensitivity over the sense promoter in mam-
mals,31 indicative of increased nucleosome
occupancy, agreeing with our findings in
yeast.

There is evidence that antisense transcrip-
tion in mammals might also be involved in
mediating the response of a sense promoter
to changing environmental cues. Xu et al.?
found that genes with evidence of antisense
transcription displayed greater variation in
sense transcription across 5 different human
cell lines — i.e., that these genes were more
transcriptionally plastic. Furthermore, Sigova
et al.*® identified several thousand noncoding
divergent transcripts in murine embryonic
stem cells that underwent changes in tran-
scription level during differentiation, while
Tong etal** have found evidence that

antisense transcripts may play a role in pluri-
potency maintenance. Thus, as in yeast, anti-
sense transcription may play a crucial role in
increasing chromatin dynamics and so prim-

ing genes toward changing cellular
environments.
CONCLUDING REMARKS

The recent study described here demon-
strates a fundamental role for the antisense
transcription of genes in establishing dynamic
chromatin across a gene.9 Based on this, and
the abundant nature of antisense transcription
genome-wide,* we propose that antisense tran-
scription should be considered a canonical fea-
ture of genes, as opposed to an idiosyncrasy
particular to just a subset of genes. Future work
should seek to understand the function of the
dynamic chromatin established by antisense
transcription. For example, the relationship
between antisense transcription and a wide
array of histone acetylation marks is particu-
larly exciting. Every acetylation mark we
investigated was strongly correlated with anti-
sense transcription, while H3K9, 14, 18, 23 and
H4 acetylation all showed an increase in
response to increased antisense transcription. It
is tempting to suggest that this increase in acet-
ylation is due to increased histone deposition —
soluble histones tend to be hyperacetylated,
thus incorporation of new histones would
replace the pre-existing modifications with
acetylation instead.>® However, a recent study
suggested that histone turnover does not alter
acetylation levels, or vice-versa, despite their
strong correlations.®® Understanding the rela-
tionship between antisense transcription, acety-
lation and histone turnover may go some way
toward explaining the role of these 3 funda-
mental processes in gene regulation. Clearly,
antisense transcription represents an additional,
pervasive mechanism of regulation, present in
both yeast and mammals, which demands that
we reassess our view of genes and gene
regulation.
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