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Extensive relationship between antisense transcription
and alternative splicing in the human genome
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To analyze the relationship between antisense transcription and alternative splicing, we developed a computational ap-
proach for the detection of antisense-correlated exon splicing events using Affymetrix exon array data. Our analysis of
expression data from 176 lymphoblastoid cell lines revealed that the majority of expressed sense—antisense genes exhibited
alternative splicing events that were correlated to the expression of the antisense gene. Most of these events occurred in
areas of sense-antisense (SAS) gene overlap, which were significantly enriched in both exons and nucleosome occupancy
levels relative to nonoverlapping regions of the same genes. Nucleosome occupancy was highly correlated with Pol Il
abundance across overlapping regions and with concomitant increases in local alternative exon usage. These results are
consistent with an antisense transcription-mediated mechanism of splicing regulation in normal human cells. A com-
parison of the prevalence of antisense-correlated splicing events between individuals of Mormon versus African descent
revealed population-specific events that may indicate the continued evolution of new SAS loci. Furthermore, the presence
of antisense transcription was correlated to alternative splicing across multiple metazoan species, suggesting that it may be
a conserved mechanism contributing to splicing regulation.

[Supplemental material is available for this article.]

Much of the complexity of mammalian biology can be attributed
to the regulation of gene expression via changes in the level,
splicing, and localization of RNA (Wang et al. 2008; Licatalosi and
Darnell 2010). One type of regulation occurs between genes that
are encoded in an overlapping and opposite orientation. Such
sense—antisense (SAS) gene pairs encode proteins and noncoding
RNAs that play key roles in development, and have been impli-
cated in diseases such as cancer (Vanhee-Brossollet and Vaquero
1998; Tufarelli et al. 2003; Reis et al. 2004; Chen et al. 2005; Engstrom
et al. 2006). Antisense transcripts have been identified at 50%-70%
of mammalian loci (Carninci et al. 2005; RIKEN Genome Explora-
tion Research Group et al. 2005), yet despite their prevalence, reg-
ulatory roles have only been elucidated for a small subset of SAS
genes (for review, see Vanhee-Brossollet and Vaquero 1998; Lavorgna
et al. 2004). Since a large proportion (40%) of antisense transcripts
are noncoding RNAs, they may act predominantly as regulators of
sense gene expression (Mattick 2004).

In a limited number of cases, antisense transcription has been
correlated to sense gene splicing (Mihalich et al. 2003; Louro et al.
2007; Annilo et al. 2009) or shown to regulate sense gene splic-
ing (Krystal et al. 1990; Kuersten and Goodwin 2003; Yan et al.
2005; Beltran et al. 2008; Allo et al. 2009). One well-characterized
example is antisense-mediated splicing regulation of the thy-
roid hormone receptor THRA by the antisense transcript NR1D1
(Hastings et al. 1997). At this locus, coexpressed sense and anti-
sense transcripts can form double-stranded RNA (dsRNA) over the
region of SAS overlap, leading to splice site masking and a conse-
quent shift in mRNA isoform production. Similar changes in
splicing can be achieved by the addition of synthetic antisense
oligonucleotides (Garcia-Blanco et al. 2004) or can be triggered by
siRNAs produced from endogenous antisense transcripts (Allo et al.
2009). In vitro and in vivo, synthetic antisense oligonucleotides
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can modulate splicing reactions in favor of specific isoforms of
disease-related genes, suggesting the possibility of therapeutic strat-
egies that influence disease outcomes (Garcia-Blanco et al. 2004).

To date, there are no genome-wide studies that have in-
vestigated the relationship between alternative splicing and anti-
sense transcription in the human genome. We therefore set out
to investigate this relationship, with the objectives of assessing
both the correlation between antisense transcription and splicing
events in normal human cells (i.e., antisense-correlated splicing),
and investigating possible mechanisms for antisense-mediated
splicing regulation.

Results

Exon splicing is strongly correlated to antisense
gene expression

Our goal was to examine the relationship between alternative
splicing and antisense transcription. To establish the parameters of
this relationship in normal human tissues, we analyzed expression
data from 176 lymphoblastoid cell lines (LCLs) (Huang et al. 2007).
These data were generated using Affymetrix Human Exon 1.0 ST
arrays, which measure expression using 1.4 million probesets
representing known and predicted exons on both strands over the
genome. Eighty-seven Center d’Etude Polymorphisme Humain
individuals from Utah (CEU) and 89 Yoruba individuals from
Iabadan, Nigeria (YRI) were included in the analysis (Huang et al.
2007).

Probesets mapping to the sense strand of Ensembl exons were
used to measure sense gene expression (see Methods) (Fig. 1A). We
focused our analysis on a total of 3530 genes found in 1765 SAS
loci, each with two gene members (Supplemental Table 1). When
analyzing the expression of these genes (denoted “known SAS”),
we used probesets mapping within the coordinates of the anno-
tated boundaries of each of the two genes in a pair.

To analyze antisense transcription at genes without an an-
notated antisense gene partner, we measured expression using
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Figure 1. Probesets mapping to known and novel SAS genes. (A)
Schematic diagram of a hypothetical known SAS gene pair shows the
structural arrangement of overlapping exons (red rectangles) and non-
overlapping exons (orange rectangles). In our analysis, each partner gene
is, in turn, treated as the antisense gene. Probesets (horizontal green
dashes) map to the sense strand of the gene in either exons or introns. (B)
A novel SAS sense gene. Since the structure of the transcribed antisense
RNA is unknown, an antisense construct (dashed-line box) spans the ge-
nomic coordinates of the sense gene and approximates antisense ex-
pression. All antisense probesets encompassed by that region are used to
infer the expression of the antisense construct. If the actual antisense
transcript extends beyond the sense gene boundaries, the antisense
construct expression under-represents the actual level of antisense tran-
scription at that locus.

probesets on the opposite strands of such genes (Fig. 1B). We found
probesets, mapping to the opposite strand of 8313 genes, which
had been designed based on previous evidence of transcription,
such as ESTs (expressed sequence tags) (Liu et al. 2003). The cate-
gory of genes without annotated antisense gene partners is here-
after referred to as “novel SAS,” and the expression values of the

probesets mapping antisense to these genes were summed into an
“antisense construct” (Fig. 1B; Supplemental Table 2). Probesets
mapping to introns were also analyzed since these may represent
alternative splice variants of annotated genes, including those
with novel exons, or exons with alternative 3’- and 5’-splice sites.
Retained introns may cause frameshifts in some isoforms and
trigger nonsense-mediated decay (NMD), while novel exons may
impart altered functionality to the encoded protein. We could not
discern between these two possibilities using the exon array data.

The alternative splicing of each probeset was measured by
normalizing its expression to the expression of the gene in each of
the 176 samples (as described in Methods). The resulting value (the
“splice index,” SI) represented an exon'’s relative inclusion (high SI)
or exclusion (low SI) in the expressed mRNA isoforms. SI values
were calculated for a total of 2995 probesets in 258 known SAS
genes expressed above background in the 176 LCL samples, as well
as 4187 probesets in 215 novel SAS genes. Next, the relationship
between the splicing of sense gene exons and antisense gene ex-
pression was inferred using Spearman correlations (as described in
Methods). Briefly, we measured correlations between (1) the SI values
of each probeset across the 176 samples, and (2) the expression of the
antisense gene (or construct) in the same samples. Spearman corre-
lation P-values were corrected for multiple testing using the stringent
Bonferroni method, yielding a conservative set of results.

This analysis revealed a widespread relationship between
splicing and antisense transcription in human LCLs. Of the
258 known SAS genes, the vast majority (191 genes, 74.1%) had
probesets whose relative inclusion in the expressed mRNAs (i.e.,
splicing) was significantly correlated to antisense gene expression
(i.e., antisense-correlated splicing events; Bonferroni-corrected P <
0.05). Overall, 24% of the 2995 expressed probesets had inclusion
levels that were significantly correlated to antisense gene expres-
sion (Fig. 2B; Supplemental Table 1, Bonferroni-corrected P < 0.05;
Supplemental Table 3). Of these 191 known SAS genes, 75.4% had
antisense-correlated splicing events in both gene partners, as
would be expected from a reciprocal relationship (see example in
Supplemental Fig. 3). On average, 32.3% of known SAS gene exons
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Figure 2. SAS genes tend to have concordant expression and antisense-correlated splicing events. (A) The majority of SAS gene pairs have positively
correlated gene expression values across the 176 LCL samples. (B,C) Individual probesets in known (B) and novel (C) SAS genes, have either positive or
negative correlations (x-axis) between their Sl values and the expression of the antisense gene or construct (the y-axis is the Bonferroni-corrected P-values

of Spearman correlations).
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had antisense-correlated splicing, suggesting that expressed alter-
native isoforms differed significantly from each other (Supple-
mental Fig. 2).

An example of antisense-correlated splicing is shown for the
MSH6 gene (mutS homolog 6), which is involved in DNA-mis-
match repair (Fig. 3A). At this locus, the splicing of three MSH6
probesets was significantly correlated to the expression of the an-
tisense gene, FBXO11 (F-box protein 11). These three probesets
mapped to two MSH6 exons; two probesets had SI values that were
negatively correlated to FBXO11 expression, indicating that the
corresponding exons were excluded from MSH6 mRNA isoforms
present during high FBXO11 expression (Fig. 3A). The third
probeset had SI values that were positively correlated to FBXO11

expression, indicating that the corresponding exon was preferen-
tially included during higher FBXO11 expression. Interestingly,
the MSH6 exon that encodes the core DNA mismatch repair motif
was profiled by two probesets (Fig. 3A). The splicing of the 5’-most
probeset was positively correlated to FBXO11 expression (id =
2481163; r = 0.56) (Fig 3C), while the inclusion of the 3'-most
probeset was negatively correlated to FBXO11 expression (id =
2481164;r=—-0.59) (Fig 3B). The 3’-most probeset maps within the
coding region of the DNA mismatch repair motif and thus distin-
guishes those MSH6 isoforms that contain the motif from those
isoforms that do not. Since the SI values of this probeset and of that
of another downstream probeset (id = 2481160; r= —0.63) (Fig 3B)
are negatively correlated to antisense gene expression, our analysis
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Figure 3. Antisense-correlated splicing events at the MSH6 gene. (A) The MSH6 (+ strand) and FBXOT 1 (— strand) known SAS locus is represented at the
top of the panel, with dotted lines indicating the area of interest displayed in the bottom panel. MSH6 isoforms are depicted as thick (coding) or thin
(noncoding) black bars (exons) connected by lines (introns) with directional arrows (“>" indicates + strand). The span of the longest known FBXO11
isoform is depicted on the — strand (“<"”). Three MSH6 probesets have either positive (r = 0.56; blue rectangle) or negative (r= —0.59; r= —0.63; red
rectangles) correlations between their respective Sl values (i.e., probeset inclusion in the mRNA) and the antisense gene expression (i.e., FBXO11 ex-
pression). Probeset locations correspond to their genomic location in the MSH6 locus. In Band C the probeset Sl values (left-hand y-axis) are shown along
with the antisense gene expression (right-hand y-axis) for all 176 LCL samples (x-axis); samples are ordered by increasing FBXO11 expression. Trendlines

(logy) for each data series are superimposed on the graphs.
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is compatible with the notion that FBXO11 expression is positively
correlated to short MSH6 isoforms.

Similarly to the known SAS gene category, 78.1% (168) of the
215 novel SAS genes had significant antisense-correlated splicing
events. A total of 19.8% of the 4167 expressed exons in these genes
had antisense-correlated SI values (Fig. 3C; Supplemental Table 4).
Genes contained (1) exons with positive antisense-correlated
splicing, indicating their inclusion in isoforms coexpressed with
the antisense gene; (2) exons with negative antisense-correlated
splicing, indicating their exclusion from expressed isoforms; and
(3) exons whose splicing was uncorrelated with antisense tran-
scription, indicating either constitutive expression or splicing
regulation mediated by independent factors. On average, 23.1% of
novel SAS gene exons had antisense-correlated splicing, suggesting
that expressed alternative isoforms differed significantly from each
other (Supplemental Fig. 2). More than a third of exons with an-
tisense-correlated splicing events encoded protein domains (Sup-
plemental Results), suggesting that these events have the potential
to modify primary amino acid sequences.

We reanalyzed the CEU and YRI data separately (see Supple-
mental Results), since previous studies have observed population-
specific differences in gene expression patterns (Spielman et al.
2007; Storey et al. 2007; Zhang et al. 2008). Such differences were
also evident in our data, as a higher proportion of novel SAS genes
showed antisense-correlated splicing events unique to the YRI
(35.6%) versus CEU (24.1%) individuals (Supplemental Fig. 4).
Although these novel SAS genes were not differentially expressed,
they had a significantly greater variability in SI values (P-value =
8.3 X 107%; considering all expressed probesets, as described in
Supplemental Results) than the known SAS genes. This indicates
that novel SAS genes have greater levels of alternative splicing
relative to known SAS genes in the YRI individuals.

Antisense expression affects both splicing and expression
of sense genes

Although previous studies identified correlations between anti-
sense transcription and sense gene expression (Chen et al. 2005;
RIKEN Genome Exploration Research Group et al. 2005), the cor-
respondence between antisense-correlated changes in splicing and
gene expression was undetermined. Using the 258 known SAS
genes expressed in LCLs, we calculated correlations between gene
expression values of partner genes across the 176 samples. Signif-
icant gene-level correlations were found for 68.2% of pairs (176
genes, Bonferroni corrected P < 0.05) (Fig. 2A; Supplemental Table
5). As shown in the previous section, antisense-correlated splicing
events occurred at 74.0% of the 258 known SAS genes. Thus, our
results are compatible with a model in which antisense transcrip-
tion affects splicing and expression of the partner gene to a similar
extent. For 170 genes, antisense transcription was significantly
correlated to both sense gene expression and splicing. A few genes
had antisense-correlated changes only in splicing (21 genes) or
only in expression (six genes). As observed in previous studies
(Chen et al. 2005; RIKEN Genome Exploration Research Group
et al. 2005), the expression of most SAS gene pairs was positively
correlated, indicating concordant expression (Fig. 2A).

Regions of SAS overlap are enriched in exons
with antisense-correlated splicing events

RNA-masking of splice sites via dsRNA formation underlies anti-
sense-mediated splicing regulation of genes such as THRA (also

known as TRa) (Hastings et al. 1997), highlighting a functional
consequence of SAS sequence overlap. To determine the relative
importance of SAS sequence overlap in our data, we ascertained
whether probesets that overlapped an antisense gene (“over-
lapping probesets”) were more likely to exhibit antisense-corre-
lated splicing events than probesets outside of the annotated
overlap (“nonoverlapping probesets”). We defined regions of
overlap as exonic or intronic gene regions that mapped on the
opposite strand of an annotated gene, and within its boundaries
(depicted in Fig. 1A). This was done to enable detection of in-
teractions between intronic regions of pre-mRNA molecules.

Of the 191 known SAS genes with antisense-correlated splic-
ing events, 75 had at least two overlapping and two non-
overlapping probesets expressed above background. For each of
these genes, we compared the proportion of probesets with anti-
sense-correlated splicing in overlapping versus nonoverlapping
regions (proportions were corrected for the total number of
expressed probesets) (see Methods). We reasoned that if sequence
overlap was not an important factor, the proportions of these two
groups would be equal. Instead, we observed a 2.5-fold increase
in the frequency of antisense-correlated probesets within SAS
overlaps (t-test, P-value = 4.6 X 10~%) (Fig. 4A). Physical overlap
therefore seems to be an important aspect of the observed anti-
sense-correlated splicing events, likely indicating that sequence
overlap is a key feature of the mechanism of splicing control acting
at these loci.

Regions of SAS overlap are enriched in exons and nucleosomes

Recent analyses (Nahkuri et al. 2009; Schwartz et al. 2009; Spies
et al. 2009; Tilgner et al. 2009) of publicly available ChIP-seq data
from human T-cells (Schones et al. 2008) found that nucleosome
occupancy is elevated in exons relative to introns and indicated
that this enrichment decreases the rate of RNA polymerase II (Pol
II) elongation (Schwartz et al. 2009). Indeed, nucleosomes consti-
tute chromatin “roadblocks” that act to slow Pol II elongation rate
(Kulaeva et al. 2009), and slower Pol II elongation rates have, in
turn, been shown to increase the rate of alternative splicing (de la
Mata et al. 2003). Thus, one hypothesis for the observed increase in
the rate of antisense-correlated alternative splicing events in SAS
overlaps may involve a decreased polymerase speed in those re-
gions, indirectly caused by increased exon frequency. An increased
exon frequency in SAS overlaps can reasonably be expected since
such regions contain sequences encoded by both the sense and the
antisense genes.

To investigate this hypothesis, we asked whether areas of
SAS overlap were enriched in exons relative to flanking (non-
overlapping) regions in the same genes. Calculating the frequency
of Ensembl-annotated exons in SAS genes (per kilobase; see
Methods), revealed a 7.2-fold increased exon/kilobase frequency in
overlapping (3.1 exons/kb) versus flanking nonoverlapping re-
gions (0.43 exons/kb; Welch’s t-test, P < 2.2 X 107'%). This finding
suggests that regions of overlap have a greater frequency of nu-
cleosomes, as expected from previous studies (Schwartz et al. 2009;
Spies et al. 2009; Tilgner et al. 2009), and as confirmed by us
(Supplemental Fig. SS; Supplemental Results).

We expected the increased frequency of Pol II “roadblocks”
(i.e., nucleosomes) in SAS overlaps to cause attenuated Pol II
elongation speed in these regions. Given the documented effects
of decreased Pol II speed on alternative splicing (de la Mata et al.
2003), we also expected an increased local frequency of alterna-
tively spliced exons. To test these predictions, we ascertained the
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Figure 4. Antisense-correlated splicing events and Pol Il occupancy
levels are enriched in SAS overlaps. (A) The x-axis coordinate of each gene
shows the corrected fraction of all expressed overlapping exons with an-
tisense-correlated splicing. The y-axis shows the corrected fraction of all
expressed nonoverlapping exons with antisense-correlated splicing. The
fraction of probesets inside and outside the regions of overlap were cor-
rected for overall number of probesets (as in Methods). The gray (dotted)
line represents equal proportions of antisense-correlated overlapping and
nonoverlapping probesets (B). The logy, ratios of overlapping versus
nonoverlapping Pol Il peaks/kilobase for 248 known SAS genes reveals Pol
Il enrichment in SAS overlaps (log ratios >0) at the majority of genes.

levels of both Pol II occupancy, and of alternative splicing in re-
gions of SAS overlap relative to nonoverlapping regions, as de-
scribed next.

Increased Pol Il occupancy in regions of SAS overlap

Pol II occupancy levels were analyzed using publicly available
ChIP-seq data, from one of the 176 lymphoblastoid cell lines
(GM12878), that were generated as part of the ENCODE project
(ENCODE Project Consortium 2004). We sought to determine
whether Pol II peaks were enriched in regions of SAS sequence
overlap relative to flanking nonoverlapping regions in individual
sense or antisense genes. Pol II occupancy was used as a surrogate
measure of Pol II speed, since areas with stalled or slowly moving
complexes were more likely to be observed as bound by Pol II in
a ChIP-seq experiment than areas with fast moving Pol II com-
plexes. Thus, Pol II peaks were expected to represent regions of

DNA through which Pol II exhibits slow elongation speeds. To
assess Pol Il occupancy, areas with significant enrichment of signal
over background (i.e., “peaks”) were enumerated independently in
overlapping and nonoverlapping regions of known SAS genes (see
Supplemental Results). We found that a total of 248 expressed
known SAS genes harbored 488 Pol II peaks in distinct regions: 85
peaks (17.4%) occurred in known promoters, 212 peaks (43.4%)
were in nonoverlapping regions, and 191 peaks (39.1%) were in
overlapping regions. Regions of overlap spanned an average of
11.1% of the total gene lengths. By calculating the log ratio of
overlapping versus nonoverlapping Pol Il occupancy levels (peaks/
kb), a 5.5-fold enrichment was observed in areas of overlap for
85.9% of the 248 known SAS genes (Fig. 4B, Mann-Whitney Test,
P =2.4 X 107, This enrichment corresponded with the antici-
pated effect of increased nucleosome frequency on Pol II speed in
areas of SAS overlaps, which led us to expect local changes in
splicing outcomes.

Higher rate of alternative splicing in areas of SAS overlap

To investigate changes in alternative splicing in overlapping versus
nonoverlapping regions, we identified constitutive and alternative
exons for 8530 Ensembl genes with multiple isoforms. The
149,032 exons encoded by these genes were categorized as “con-
stitutive” if present in all annotated gene isoforms (45.5% of
exons), and “alternative” if found in only a subset of isoforms
(55.5% of exons). Next, all exons encoded in the 2668 known SAS
genes were subdivided into those found in overlapping and non-
overlapping regions, as previously described. Of these, we analyzed
163 genes that expressed both alternative and constitutive exons,
had at least two exons in overlapping regions, and had at least two
exons in nonoverlapping regions. A total of 57.1% of exons in
nonoverlapping regions were alternatively spliced, similar to the
proportion of alternative exons in all 8530 genes with multiple
isoforms (Table 1) (Student’s t-test, P = 0.6). However, when con-
sidering exons in overlapping regions, 67.8% of exons were alter-
natively spliced, a significant increase from the overall proportion
(Table 1) (Student’s t-test, P = 4.5 X 10™*%). Elevated levels of alter-
native splicing thus correlate with the local decrease in Pol II
transcriptional speed, and this, in turn, is compatible with the
notion that antisense transcription ultimately increases the di-
versity of alternative isoforms expressed from SAS loci (Fig. 5).

Known and novel SAS genes have more annotated isoforms

The relationship between antisense transcription and alternative
splicing could indicate that genes with antisense transcripts may
encode a greater diversity of transcript isoforms compared to those
lacking antisense transcripts. We tested this hypothesis by ana-
lyzing 5169 known SAS genes, 7823 novel SAS genes, and 7929
non-SAS genes, and found that known and novel SAS genes were,
indeed, associated with a larger number of distinct isoforms com-
pared to non-SAS genes (average of 2.3 and 2.3, vs. 1.8, respec-
tively; Welch t-test, P = 3.2 X 10~* [Supplemental Fig. $1]; Welch
t-test, P-values in Supplemental Table 2). However, we also found
that, on average, known and novel SAS genes were in general sig-
nificantly longer (83.7 kb and 70.6 kb, vs. 22.9 kb), and had more
introns (9.4 and 9.9 vs. 6.6 [Supplemental Fig. S1]; P-values in
Supplemental Table 2). This led us to consider the possibility that
the multiple alternative isoforms found in known and novel SAS
genes may simply be due to the increased chance of observing al-
ternative transcription in longer genes.
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Table 1. Alternative exons are enriched in SAS sequence overlaps

2005; RIKEN Genome Exploration Re-

search Group et al. 2005; Engstrom et al.

Total Alternative Constitutive .
genes exons (%) exons (%) P-value 2006) and on the frequent coexpression
of SAS gene partners (Reis et al. 2004;
SAS gene overlapping regions 163 67.8 32.2 45x10~* Chen et al. 2005; Kiyosawa et al. 2005).
SAS gene nonoverlapping regions 163 57.1 42.9 0.61 However, the general functional impli-
All genes 8530 55.5 44.5 NA cations of antisense transcription remain

The proportion of alternatively (A) and constitutively (C) spliced exons is shown for 8530 Ensembl

to be elucidated. In this study, we show
that both known and novel instances of

genes with multiple isoforms and encoding both A and C exons. The proportion of A and C exons in

overlapping and nonoverlapping regions is summarized for a subset of 163 known SAS genes. P-values
correspond to differences between the proportions of A and C exons in overlapping or nonoverlapping

regions versus the proportion in all genes (Student’s t-test).

To investigate this possibility, we segregated the non-SAS and
known SAS genes into bins of increasing gene length, and asked
whether known SAS genes within each bin had a significantly
different number of isoforms relative to the non-SAS genes in the
same bin (Supplemental Results). We found that known SAS genes
of length >11.4 kb (the 50th percentile of non-SAS gene lengths
and the 14th percentile of the known SAS gene lengths) had
a significantly greater number of transcript isoforms compared to
non-SAS genes in the same length bin. Together with previous
observations of antisense-regulated splicing events (Krystal et al.
1990; Hastings et al. 1997; Kuersten and Goodwin 2003; Yan et al.
2005; Beltran et al. 2008), these results are consistent with a puta-
tive role for antisense transcription in splicing regulation.

Antisense transcription coincides with alternative splicing
throughout metazoan evolution

Since antisense transcription has been observed in numerous or-
ganisms (Dahary et al. 2005; Zhang et al. 2006), we hypothesized
that the relationship between splicing and antisense transcription
has been conserved throughout evolution. To address this possi-
bility, we measured the concordance between alternative splic-
ing and antisense transcription in 12 species, including human,
mouse, rat, chimp, rhesus monkey, Drosophila, chicken, Xenopus,
sea sponge, Fugu, worm, and zebrafish. We first divided genes into
two categories: those with multiple annotated isoforms, and those
with a single known isoform (Fig. 6A). In each species, we then
compared the proportion of known SAS genes in each category and
found that a significantly higher proportion of multiple-isoform
genes had known antisense gene partners in nearly all species (11
of 12) (Fig. 6B; corresponding P-values in Supplemental Table 4).

We next measured novel antisense transcription by using
species-specific ESTs that mapped to the antisense strand of an-
notated genes (Methods). Antisense ESTs were found in a signifi-
cantly larger proportion of genes with multiple rather than single
isoforms (Fig. 6C; Supplemental Table 4), and this relationship
remained significant for the subset of genes with highly expressed
ESTs (see Supplemental Results). Antisense ESTs were also more
highly expressed at loci with multiple isoforms, indicating that
antisense transcription is stronger at these loci (data not shown).
Together, these findings indicate that antisense transcription is
a general feature of genes with multiple transcripts throughout
evolution.

Discussion

Others have reported on the abundance of antisense transcription
in mammalian transcriptomes (Chen et al. 2004; Kapranov et al.

antisense transcription are strongly cor-
related to sense gene splicing, affecting
20%-24% of exons at 74%-79% of ex-
pressed genes with annotated (known SAS)
or unannotated (novel SAS) antisense
transcripts, respectively. We refer to this phenomenon as antisense-
correlated splicing. Although a few examples of antisense-correlated
splicing events have been reported in the literature (Hastings et al.
1997; Mihalich et al. 2003; Yan et al. 2005; Annilo et al. 2009), we
provide for the first time evidence linking antisense transcription to
alternative splicing across the majority of SAS loci expressed in
human lymphoblastoid cell lines.

Altering the complement of proteins associated with the Pol II
C-terminal domain (CTD) can affect splicing either by altering the
elongation speed of the polymerase or by making specific splicing
factors available cotranscriptionally (Listerman et al. 2006), thus
affecting the alternative expression of many genes. In contrast to
such trans-acting effects of classical splicing regulatory mecha-
nisms (Wang and Burge 2008), a distinguishing aspect of anti-
sense-mediated splicing regulation is its effect on individual cis-
encoded genes. This effect is particularly notable in areas of SAS
sequence overlap, since overlapping regions were enriched in an-
tisense-correlated alternative splicing events. Our findings indicate
that these regions are distinguished from flanking nonoverlapping
regions by a greater frequency of exons and elevated nucleosome
occupancy. The increased frequency of nucleosomes in regions of
SAS overlaps was associated with decreased Pol II speed, and then
further associated with a significant increase in alternative exon
usage in areas of SAS overlap (Fig. 5). A similar increase in nucle-
osome occupancy has previously been linked to another type of
alternative processing: actively used polyadenylation signals (PAS)
in T-cells (Spies et al. 2009). In conjunction, these observations
underscore the potential role that sequence-based determinants of
nucleosome positioning (such as nucleosome binding affinity of

SAS overlap significantly
enriched in ™ a

;c_:—: +
- -

+ Antisense-correlated splicing
@ Constitutive exon W Pol Il peak
[ Alternative exon Nucleosome

Figure 5. Model of distinct features enriched in SAS overlapping re-
gions. Features over-represented in the SAS overlap (large rectangle) in-
clude exon frequency (blue or green rectangles connected by a thick
black line), the proportion of alternative (green) versus constitutive (blue)
exons, Pol Il peak frequency (orange rectangles), and the proportion of
exons with antisense-correlated splicing patterns (*). Nucleosomes (gray
ovals) are localized to exons and are therefore enriched in the area of SAS
overlap. (Black arrows) Transcriptional direction.
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Figure 6. High concordance between alternative splicing and antisense
transcription in multiple species. (A) The proportion of all genes with
multiple isoforms in twelve species. (B) Genes with multiple isoforms are
enriched in known SAS pairs and (C) in EST evidence for novel antisense
transcription (novel SAS genes). The dotted lines represent equal pro-
portions of SAS genes or antisense ESTs among genes with multiple or
single isoforms. Note that some organisms have very few ESTs (see Sup-
plemental Table 4B).

exonic and PAS-associated sequences) may play in alternative
polyadenylation and splicing.

Previous work on the fibronectin 1 (FN1) locus showed that
siRNAs, produced from endogenous antisense transcripts, can
trigger local heterochromatinization and cause inclusion of an

alternatively spliced exon via the transcriptional gene silencing
pathway (Allo et al. 2009). As we found in our more general ob-
servations, the Allo et al. (2009) study suggested that exon in-
clusion was also dependent on decreased Pol II speed at the FN1
locus. Although we did not find evidence for siRNA-mediated
heterochromatinization using publicly available data (see Supple-
mental Results), we cannot exclude the possibility that this may be
one mechanism through which antisense-correlated alternative
splicing events are generally regulated. In fact, our results would
notionally support this possibility, since the increased frequency
of nucleosomes in areas of SAS overlaps could act as a target for the
deposition of heterochromatin marks. Furthermore, our results
show that Pol Il speed is decreased over regions of overlap, which is
consistent with the findings at the FNI locus. An alternative
mechanism of decreasing Pol II speed at SAS loci could involve
transcriptional interference from polymerases transcribing an an-
tisense gene (Shearwin et al. 2005; Galburt et al. 2007). Our results
alsoindicated that a higher frequency of exons may be sufficient to
result in a decrease in Pol II elongation speed. The relative contri-
butions of these mechanisms to the regulation of alternative
splicing events at SAS loci will be an interesting focus of future
studies.

In contrast to known SAS genes, the antisense transcripts at
novel SAS loci do not correspond to annotated genes with identi-
fiable exons, and at least some of these may thus correspond to
noncoding RNAs. The prevalence of novel SAS genes was higher
than that of known SAS genes, indicating the importance of
noncoding RNAs to the regulation of alternative splicing at SAS
loci. The novel SAS class of genes was also the most functionally
diverse, relative to known SAS genes and to genes without any
detectable antisense transcription (Supplemental Results). In line
with our previous findings (Morrissy et al. 2009), novel SAS genes
were enriched in known cancer genes, and the Gene Ontology
terms were consistent with this observation (Supplemental
Results).

We considered genes of comparable length and found that
genes with antisense transcription have an increased number of
annotated isoforms compared to genes without antisense tran-
scription, as expected from the positive relationship between
splicing and antisense expression. In general, however, antisense
transcription was positively associated with longer genes, at both
known and novel SAS loci. This association is not surprising, since
longer genomic regions are more likely, simply by chance, to ac-
crue functional promoter sequences, for instance, from transpos-
able element (TE) insertions that can drive both coding and non-
coding RNA transcription in the antisense orientation (Faulkner
et al. 2009; Romanish et al. 2009). We speculate that antisense
transcription arising by chance can be consequently selected for as
a means of increasing the variety of isoforms expressed from novel
SAS genes. In line with this hypothesis, the novel SAS genes (but
not known SAS genes) had a greater variability of splicing in the
Yoruban individuals, which are drawn from a more genetically
diverse population than the CEU individuals (Mormon individuals
from Utah). One plausible explanation for this observation is that
the noncoding antisense RNA transcripts expressed in the YRI in-
dividuals differ in terms of structure (i.e., extent of SAS overlap)
from the corresponding transcripts in the Mormon population.
This suggests that the evolution of new gene isoforms could still be
an active process in the YRI population. Corroborating evidence
for the negative selection on the separation of SAS overlaps has
previously been documented between the human, mouse, and
Fugu genomes (Dahary et al. 2005).
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The use of exon arrays in this work reflects the availability of
numerous samples of data that provide both strand-specific and
exon-level expression. These requirements have precluded the use
of RNA-seq data (Bentley et al. 2008; Valouev et al. 2008), unless
such data are generated using strand-specific libraries. A recent
in-depth comparison of RNA-seq library construction methods
showed that it is both simple and cost-effective to create strand-
specific libraries that can be sequenced on the Illumina platform
(Parkhomchuk et al. 2009; Levin et al. 2010); hence, future studies
may well benefit from access to such data. The prevalent correla-
tions between antisense transcription and alternative splicing of
sense genes described here provide another strong argument for
the continued and widespread adoption of strand-specific ex-
pression-profiling protocols. Compared to microarrays, strand-
specific RNA-seq data would not only increase the detectable dy-
namic range of alternatively expressed exons, but it would also
provide relative measures of a subset of differentially expressed
sense gene isoforms (i.e., those with distinct splice sites). Alterna-
tively, single-molecule sequencing methods (Bowers et al. 2009)
would allow full discrimination of specific gene isoforms expressed
in a correlated manner to antisense transcription.

We found a strong concordance between known antisense
transcription and genes with multiple isoforms in amphibians,
fishes, insects, birds, nematodes, and mammals. In conjunction
with detectable alterations in chromatin-state and Pol II pro-
cessivity at human known SAS loci, these observations advocate
for a conserved role of antisense transcription in the regulation
of alternative splicing. In support of this speculation, we found
similar rates of antisense-correlated splicing events in a diverse
series of human tissues, including normal tissues (neuronal, mes-
enchymal, and epithelial tissues) as well as cancerous samples (AS
Morrissy and MA Marra, in prep.). Subsets of these events were
specific to individual normal tissues or to cancer, indicating the
potential relevance of these events to cancer biology.

Methods

Ensembl genes

Ensembl (Hubbard et al. 2002) gene annotations (including gene,
cDNA, and exon coordinates; release 49) were downloaded via the
Ensembl Perl API. Genes whose genomic coordinates overlapped
by at least one base and that were encoded on opposite strands
were categorized as known SAS genes. Gene regions that mapped
within the genomic boundaries of another gene on the opposing
strand were defined as “overlapping.” Flanking regions in the same
genes were defined as “nonoverlapping.”

Exons were classified as alternative (A) or constitutive (C) if
they were found in a subset or in all of the annotated isoforms of
a gene, respectively. Only known SAS genes with both A and C exons
and at least two expressed exons in the overlapping and two
expressed exons in the nonoverlapping SAS region were considered.

Public data sets

Lymphoblastoid cell lines

Publicly available CEU and YRI Affymetrix Human Exon 1.0 ST
Array data (http://media.affymetrix.com:80/support/technical/
technotes/exon_array_design_technote.pdf) were downloaded
from the Gene Expression Omnibus (GEO, GSE7792) (Barrett et al.
2009). A total of 18,041 genes had probesets mapping to both the
positive and negative strands of the genome, and 10,636 genes had
probesets mapping only to the sense strand. An additional 366

genes had probesets mapping only to the antisense strand and
likely reflect changes in gene annotations since probeset design.
Array data were background-corrected and normalized using
the PLIER algorithm (Expression Console; www.affymetrix.com/
support/technical/software_downloads.affx). The log, of the result-
ing expression values was used in further analyses. Probesets were
filtered for expression above background (Griffith et al. 2008) in at
least 20% of samples. Gene-level expression values were calculated
for genes that had a minimum of 20% of probesets expressed in at
least 20% of samples and a minimum of two expressed probesets.
For novel SAS genes, an “antisense construct” was generated to
represent the unknown antisense transcript. The boundaries of the
antisense construct were set to the genomic boundaries of the
sense gene, but only probesets mapping to the opposite strands
were considered (Fig. 1B). Probesets mapping in this region were
used to calculate the antisense construct expression in an analo-
gous way to annotated genes.

Multiple species data

Current gene annotations and EST data were downloaded from the
UCSC Genome Browser (Rosenbloom et al. 2010) for human (Homo
sapiens), Fugu (Takifugu rubripes), mouse (Mus musculus), chimp (Pan
troglodytes), thesus (Macaca mulatta), rat (Rattus norvegicus), sea
squirt (Ciona intestinalis), Drosophila (Drosophila melanogaster),
Xenopus (Xenopus tropicalis), chicken (Gallus gallus), nematode
(Caenorhabditis elegans), and zebrafish (Danio rerio). Only ESTs with
known orientation were considered (intronEST table).

Pol II data

ChlIP-seq data were downloaded from the UCSC Genome Browser
(Primary Table: wgEncodeYaleChlPseqRel2SignalGm12878Pol2). For
the Pol II analysis, known SAS genes were required to have at least
one Pol Il peak in the gene body (i.e., not including the first exon of
the gene).

Splice index calculations

Gene expression was calculated as the mean of all probesets
mapping to the sense strand of that gene or antisense construct.
Probesets that mapped to introns as well as exons were included,
since they may represent alternatively spliced exons, intron re-
tention events, or other unannotated splicing variations, such as
alternative 5'- or 3’-splice-site usage. Each probeset is therefore
referred to as an exon. The splice index was the expression of the
exon normalized to the expression of the whole gene:

Splice index (exon) = expression (exon)/expression (gene).

The Spearman’s rank correlation coefficient of each sense exon
splicing index and the antisense gene (or construct) expression
was calculated for all SAS genes, using the cor.test function in R
(R Development Core Team 2008). Associated correlation P-values
(Best and Roberts 1975) were multiple-test-corrected using the
Bonferroni method (Wright 1992). In known SAS gene pairs, each
gene partner was, in turn, analyzed as the sense gene and as the
antisense gene. Correlations (and associated P-values) between
gene expression values were calculated using the same methods.
Relative to probesets that were not antisense-correlated, cor-
related probesets did not have biases in any of the following fea-
tures: number of independent probes, cross-hybridization type, or
probe count (Chi-square test, respective P-values = 0.98, 0.80, 1.00).
Probesets with antisense-correlated splicing did not differ in
melting temperature (T,,) relative to probesets without antisense-
correlated splicing, in the same genes (t-test, p > 0.5). We used the
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nearest-neighbor method to predict melting temperatures of
nucleic acid duplexes (SantaLucia 1998). GC content is a strong
determinant of the hybridization energy of double-stranded DNA;
however, interactions between neighboring bases along the helix
mean that stacking energies are significant. The nearest-neighbor
model accounts for this by considering pairs of adjacent bases
along the backbone at a time. Each of these has enthalpic and
entropic parameters, the sum of which determine melting tem-
perature (SantaLucia 1998).

The majority of probesets did not overlap probesets on the
opposing strand, indicating that intensity signals from sense
and antisense genes are independent of each other (e.g., 31,004
[~10%] and 12,542 [~4%)] of 321,393 probesets mapping sense to
genes overlap a probeset on the opposing strand by at most 1 bp or
100 bp, respectively). In the SAS genes analyzed in this study, no
sense probesets overlap antisense probesets, suggesting that any
bias that might be introduced by such overlap is not a factor.

Exon frequency calculations

The frequency of exons per kilobase (exons/kb) was calculated for
1765 known SAS gene pairs. For each gene pair, the number of
exons per kilobase in the overlapping region (including exons
from both strands) was compared to the number of exons per ki-
lobase in nonoverlapping regions of both genes. For this analysis,
overlapping alternative exons (i.e., sharing the same genomic lo-
cation, but differing in 5’ or 3’ ends) were only counted once.

Enrichment of antisense-correlated splicing events
in overlapping versus nonoverlapping regions

The proportion of antisense-correlated splicing events in SAS
overlaps was analyzed at 75 genes that had at least two overlapping
and two nonoverlapping probesets expressed above background,
and at least one probeset whose splicing was correlated to expres-
sion of the antisense gene. Overlapping probesets were those that
mapped to regions of the genome shared by both the sense and the
antisense gene, while nonoverlapping probesets were those map-
ping to flanking regions of the genome (i.e., spanned by the se-
quence of only the sense or the antisense gene) (see Fig. 1). The
proportion of antisense-correlated probesets (i.e., those whose SI
values were significantly correlated to antisense gene expression
across 176 samples) was calculated relative to the number of total
expressed probesets in the region of interest (overlapping or non-
overlapping). To account for the (generally) larger number of ex-
pressed probesets in nonoverlapping regions, the calculated pro-
portion was normalized according to the following equation,
where C,y;, is the number of probesets in the region of interest (in
this case overlapping), and where E,yp, and Eioa are, respectively,
the number of expressed probesets in the overlapping region or the
whole gene:

(Covp /Eovp) * ( (Etotal'Eovp) /(Etotal )) .

Antisense transcription in multiple species

For each species, we (1) identified genes that overlapped by at least
1 bp and were encoded on opposing strands (known SAS), and (2)
enumerated the number of annotated isoforms in Ensembl. Genes
were divided into those with single or multiple isoforms, and the
proportion of known SAS genes in each category was computed for
individual species. To analyze the concordance between novel
antisense transcription and number of annotated isoforms, ESTs
with orientation information (i.e., spliced ESTs) were downloaded
from the UCSC Browser. The proportion of genes with at least one
EST mapping to the opposing strand was calculated for genes with

single or multiple annotated isoforms, in each species. For a more
stringent analysis, the median antisense EST count at annotated
genes was calculated for all species, and only genes with antisense
EST counts above the median were further considered.
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