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Summary

A significant fraction of the eukaryotic genome is transcribed into RNASs that do not encode
proteins, termed non-coding RNA (ncRNA). One class of ncRNA that is of particular interest is
antisense RNAs, which are complementary to protein coding transcripts (MRNAS). In this article,
we summarize recent studies using different yeasts that reveal a conserved pattern in which
meiotically expressed genes have antisense transcripts in vegetative cells. These antisense
transcripts repress the basal transcription of the mRNA during vegetative growth and are
diminished as cells enter meiosis. While the mechanism(s) by which these antisense RNAs
interfere with production of sense transcripts is not yet understood, the effects appear to be
independent of the canonical RNAi machinery.

Early examples of antisense RNAs

Before the advent of tiling array and next-generation sequencing technology, relatively few
ncRNAs had been identified in vegetatively growing yeast. One of the first antisense RNAs
identified in S. pombe was one that overlaps the meiosis-specific gene, spo6™ [1]. In spo6
cells, meiotic progression is blocked after meiosis I, and no mature asci are formed [1]. The
spo6-antisense RNA is polyadenylated and encompasses the entire spo6* gene as well as its
promoter region [1]. Though this study documented the presence of the antisense RNA, its
possible regulatory role in spo6 sense expression was not explored.

The first antisense RNA in yeast with a clear regulatory function was found in S. cerevisiae.
This antisense transcript overlaps a meiotic regulator, IME4, that is required for the
induction of genes early in meiosis [2,3]. The IME4 antisense transcript was subsequently
named RME2 (Regulator of MEiosis) [4]. Similar to the spo6 antisense transcript, RME2
spans the coding region of IME4 and encompasses the IME4 promoter region (Figure 1).
Transcription of IME4 is regulated by cell type and RME2 contributes directly to that
regulation. In MATa or MATa cells, RME2 is actively transcribed and inhibits IME4
expression. In MATa/MATa cells, RME2 is repressed through an al/a2 repressor binding site
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present in its promoter and IME4 is now transcribed ([2]; Figure 1). Deletion of the al/a2
site allows expression of RME2 in MATa/MATa cells and results in loss of IME4 expression
[2]. Thus, the RME2 antisense RNA regulates the cell type specificity of IMEA4.

These two examples demonstrate that antisense RNAs exist in both S. pombe and S.
cerevisiae and may have regulatory functions. More recently, genome-wide studies of
transcription in both budding and fission yeasts indicate that, far from being isolated cases,
antisense RNA is a common feature of the yeast transcriptome [5-9].

Transcriptome studies

While the generation of MRNAS used for translation is well understood, advances in
genomic technologies have led to the uncovering of a surprisingly complex RNA
transcriptome in eukaryotic cells [5,9]. The complementary strands of protein-coding genes
as well as intergenic regions are frequently transcribed into ncRNAs. Estimates of how large
a portion of the genome in yeast is transcribed vary somewhat with organism and
experimental platform in yeast ranging from as high as 99.6% down to 74.5% [6,10].
Whatever the precise number, it is clear from these studies that there is extensive
transcription of the genome outside well-defined coding regions.

A wide variety of ncRNAs have been identified including siRNAs and various small RNA
species associated with promoter regions [11-14]. These different types of ncRNA vary in
size, stability, and polyadenylation. Some ncRNAs have clear functions in regulating
transcription or chromatin states (reviewed in [15,16]); however, for the majority of
ncRNAs their function is unclear. For instance, transcripts from most intergenic regions or
antisense strands are of very low abundance and may simply represent transcriptional
background noise [6]. Of particular interest from a functional standpoint, is a class of longer,
polyadenylated ncRNAs that are transcribed from the complementary strand of protein-
coding genes, that is, antisense RNA. The prevalence of antisense RNAs and their overlap
with coding regions suggests that they could play a regulatory role in the cell.

Expression of Meiotic Genes

In both fission and budding yeasts starvation can induce diploid cells to undergo meiosis and
meiotic development requires the expression of specific genes [17,18]. Expression of these
meiotic genes is repressed during vegetative growth and induced upon entry into the meiotic
program. The mechanisms of induction are different in the two yeasts and include both
increased transcription and mRNA stabilization [19-21]. However, studies described below
suggest that antisense RNAs play a conserved role in maintaining low basal expression of
these genes during vegetative growth.

Genome wide studies reveal a large number of antisense RNAs in yeast

The relatively small genome size of yeasts has allowed for detailed studies of the
transcriptome under a variety of growth conditions, including synchronized cell cycle,
meiosis, stress, different carbon sources, nutrient deprivation and individual mutant strains
[9,14,22-25]. These studies have identified many antisense RNAs and revealed that
expression of antisense RNAs, like regulated coding genes, is often restricted to certain
conditions. Here we focus on those antisense RNAs that are relevant to meiotically-induced
genes.
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Fission yeast

Tiling array studies of S. pombe identified a large number (>2000) of ncRNAs in vegetative
cells growing in rich medium [6,9]. A strong correlation was noted between coding and
noncoding transcription suggesting that highly transcribed regions might be susceptible to
"noise", producing antisense transcripts. However, when different growth conditions, for
instance, heat shock [7] were examined, it was found that most sense/antisense pairs do not
correlate in expression; i.e.., the sense and antisense transcripts are independently regulated
indicating that the presence of the antisense transcript is not simply a product of an open
chromatin state. Importantly, some sense/antisense pairs exhibit a strong anti-correlation that
is, they are inversely transcribed, suggesting these particular pairs may regulate each other’s
expression, as for IME4 and RME2 in S. cerevisiae.

Two studies specifically looked at genes that have dominant antisense RNA, that is, higher
levels of antisense than sense transcripts in vegetative cells [7,24]. Both studies found ~200
genes that fit this criterion. Analysis of the genes demonstrated that these antisense RNAs
are highly enriched for genes whose sense expression is induced during meiosis. The
transcriptional start sites of these antisense RNAs can be divided according to where their
transcription initiates: (1) those that initiate at novel transcription start sites (Figure 2A); (2)
those that initiate from a bidirectional promoter of a neighboring gene (Figure 2B); or (3)
those that are created by an extended 3’ untranslated region (UTR) of a neighboring gene
transcript. (Figure 2C). It is noteworthy that these extended 3’UTRs are unusual, given that
the average length of a 3’'UTR in S. pombe is 170 to 280 nucleotides [6,9], suggesting that
their presence is not accidental. Interestingly, like the spo6 antisense RNA, most of these
antisense RNAs cover the entire coding region of the sense gene and have their 3* end
positioned slightly beyond the transcription start site of the sense RNA, indicating that
antisense transcription continues through the promoter region of the coding gene [24].
Moreover, these antisense RNAs generally show decreased expression and/or different
transcript boundaries during meiosis when the sense genes are induced [24].

Importantly, these antisense RNAs are functionally significant. Disruption of the
transcription of antisense RNAs associated with three different meiotic genes: spo4*, spo6™,
and mug28*, led to a corresponding increase in the sense RNA in vegetative cells [24]
though the level of expression was still low compared to the levels of the sense transcripts in
meiotic cells. These results indicate that these antisense RNAs suppress the basal expression
of meiotic genes in vegetative cells but that additional activation of sense transcription is
required for full induction during meiosis.

A comparative transcriptome study of the fission yeast clade, comprising S. pombe, S.
octosporus, S. cryophilus and S. japonicus, revealed that the set of genes with higher
antisense than sense expression in vegetative cells is significantly enriched for meiotic genes
across all four fission yeasts [8]. 60% of the specific sense/antisense pairs seen for S. pombe
meiotic genes are conserved in at least one other species. For instance, the antisense RNA
shown to suppress basal transcription of the spo4* gene [24], is conserved in all four fission
yeasts [8]. Taken together, these data suggest that antisense RNA may be a conserved
mechanism for the repression of meiotic gene expression in vegetative cells.

Budding yeast

Tiling array studies of budding yeast reveal that the prevalence of ncRNA and the
coincidence of antisense transcripts with meiotic genes is not limited to fission yeasts.
Around 500 long, polyadenylated antisense RNAs have been identified in vegetatively
growing budding yeast [5,22]. Similar to the situation in S. pombe, these antisense
transcripts are frequently associated with meiotic genes [26]. The correspondence between
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meiotic genes and antisense transcripts is even evident in genome-wide studies of
nucleosome distribution, as histone modifications indicative of promoter regions are
frequently associated with the 3' ends of meiotic genes -- presumably representing the
promoter region of the antisense transcript [27]. These studies make clear that the presence
of antisense transcripts and their association with meiotic genes in vegetative cells is a
feature of both fission and budding yeasts and, therefore, likely conserved throughout the
ascomycetes.

Mechanisms of antisense RNA-mediated regulation

An important area that remains to be fully explored is the mechanism(s) by which antisense
RNAs act to influence expression of sense genes. One obvious possibility would be that base
pairing between the sense and antisense transcripts would create a double stranded RNA
substrate to trigger the RNAI pathway. Indeed, S. pombe has a canonical RNAi pathway
[28]. However, in S. pombe deletion of agol, dcrl or rdpl, encoding the three major
components of the RNAI pathway, does not affect the ability of antisense RNA to inhibit
sense expression [24], indicating that the RNAI pathway is not required for antisense
regulation of meiotic genes. Moreover, S. cerevisiae lacks a functional RNAi system [29],
ruling this out as the basis of antisense effects in budding yeast.

In the case of the IME4/RME2 sense/antisense pair, antisense transcription acts in cis to
interfere with sense expression [2]. This suggests that it is the act of transcription, rather
than the antisense RNA per se that is important for regulation. A common feature of
antisense RNAs is that they extend through the promoter of the sense gene, suggesting that
active transcription might occlude binding of transcriptional regulators to the sense
promoter. Such a mechanism has been proposed for ncRNAs (though not antisense RNAS)
at the SER3 and FLO11 loci in S. cerevisiae. In both cases, transcription of an ncRNA in the
promoter region inhibits expression of the protein-coding gene [30,31]. However, studies of
IME4/RMEZ2 indicate that antisense transcription through the promoter region is not
necessary for inhibition of sense expression [4]. Rather, antisense transcription through the
coding region of the gene inhibits sense expression, suggesting that RME2 transcription
blocks elongation rather than initiation of the IME4 transcript.

Analysis of tiling array data under different growth conditions in S. cerevisae reveals that, in
addition to meiotic genes, antisense RNAs are associated with other genes that display large
changes in expression level under some condition (eg. heat shock) [32]. Studies of one such
gene, PHO84, normally induced by low phosphate, show that expression of the PHO84-
antisense RNA leads to recruitment of a histone deacetylase complex. This is proposed to
create a local chromatin environment that inhibits sense transcription [33]. Whether similar
mechanisms function at meiotic genes remains to be tested.

Not all regulation by antisense RNAs is repressive. For the PHO5 gene, antisense
transcription of the promoter region promotes rapid induction of the sense transcript,
perhaps by maintaining a more open chromatin configuration at the promoter [34]. Thus,
antisense transcription may fine tune sense expression in multiple ways, both inhibiting
basal expression and priming the sense gene for rapid induction.

Conclusion

The mechanism(s) by which antisense RNAs influence sense transcription, and whether
these mechanisms are conserved between yeasts, remain to be fully elucidated. Nonetheless,
the explosion of yeast transcriptome data has made clear that antisense RNAs are
widespread and, potentially, play important regulatory roles in the control of gene
expression. Antisense RNA-mediated control of meiotic genes is a conserved regulatory
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scheme in ascomycetes. It will be of interest to learn if antisense-mediated regulation plays a
similar role in other developmental transitions and in other fungi.

Highlights

>Antisense RNAs are common in the yeast transcriptome. > Antisense RNAs are
enriched at meiotically-induced genes during mitotic growth. > The antisense RNAS
interfere with basal expression of these genes. > This is a conserved regulatory strategy
for meiotic genes in budding and fission yeasts.
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Figure 1. The RME2 antisense RNA controls IME4 expression

In cells of a or a mating type, RMEZ2 is expressed and blocks expression of the IME4 coding
gene. In a/a cells, the repressor al/a2 inhibits RME2 transcription, allowing IME4
expression.
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Figure 2. Sources of antisense RNA

A) An antisense RNA with a unique promoter. The coding region of a gene that is associated
with an antisense RNA is shown as a dark blue box. The dashed black line with an
arrowhead represents the sense transcript. The solid red line with arrowhead indicates the
antisense RNA. B) An antisense RNA from a bidirectional promoter of a neighboring gene.
The coding region of a gene that is associated with an antisense RNA is shown as a dark
blue box. The dashed black line with an arrowhead represents the sense transcript. The
coding region of a neighboring gene is shown as a light blue box and the transcript of the
neighboring gene is indicated by the dashed red line. The solid red line with arrowhead
indicates the antisense RNA. C) An antisense RNA created by an extended 3'UTR of a
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neighboring gene. The coding region of a gene that is associated with an antisense RNA is
shown as a dark blue box. The dashed black line with an arrowhead represents the sense
transcript. The coding region of a neighboring gene is shown as a light blue box. The solid
red line with arrowhead indicates the antisense RNA.

Curr Opin Microbiol. Author manuscript; available in PMC 2012 December 1.



