








H3K9 and H3K27 (Figure 3e and g). No discernable
difference between bins was seen for the repressive mark
H3K27Me3 (Figure 3j). The similarities seen for the
genomic distributions of cis-NAT promoter modifications
to those of protein-coding loci promoters (14,16–18)
provide evidence that cis-NAT expression is not simply
transcription resulting from open chromatin, but is specif-
ically regulated. The nucleosome absence seen even at the
TSS with the lowest activity suggests that these TSS,
which are identified by only a small number of CAGE
tags, are bona fide TSS that has been epigenetically
silenced by histone deacetylation. Pol II occupancy is
seen at the TSS for all activity bins, with the higher
activity bins showing a much higher occupancy, in accord-
ance with the activity of the bins (Figure 3k). The
H3K9Me1, H3K36Me3 and H4K20Me1 modifications
show levels of enrichment similar to the control with
no observable enrichment on either side of the TSS
(Figure 3g, h and i). This is likely to be due to the fact

that these modifications are associated with actively
transcribed regions, such as gene bodies, where the
cis-NAT TSS in this study is located (16,17). RNA-seq
data also peak near the cis-NAT promoters and increase
with cis-NAT promoter activity (Figure 3l). Patterns of
modification near cis-NAT TSS using CAGE and
ChIP-seq data were qualitatively similar for 10 out of
the 15 remaining CAGE data sets analyzed here; the
HepG2 nucleus, K562 nucleoplasm and both K562
nucleus CAGE sets have greatly distorted patterns of
modification (Supplementary Figures S32–S46). Taken
together, these data indicated that cis-NAT promoters
show genomic distributions of histone modifications and
RNA Pol II binding around TSS that are consistent with
specific activation of transcription at the TSS as opposed
to a simple accumulation of activating marks inside
actively transcribed protein-coding gene regions.

For comparison, the same chromatin enrichment
analyses were done for CAGE clusters associated with

Figure 3. Chromatin modification, RNA Pol II binding, and transcription around cis-NAT promoters. Cis-NAT promoters identified in the NHEK
cell type were divided into four bins based on their activity (lowest to highest), and the normalized average numbers of ChIP-seq (a–k) or RNA-seq
(l) reads in 10 bp windows ±5kb of the cis-NAT TSS (at position 0) were calculated for each bin.
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genic promoters in the 6 ENCODE cell types. The
patterns of local histone modifications for these promoters
were largely qualitatively similar to those seen for the
cis-NAT promoters (Supplementary Figures S47–S62)
(14,16–18). However, histone modification levels and
RNA Pol II binding are substantially more enriched
around genic promoters. In addition, genic promoters
show distinct enrichment patterns for H3K9Me1,
H3K36Me3 and H4K20Me1; these differences are likely
due to the location of cis-NATs in gene bodies, which
differ with respect to the distribution of these particular
modifications. Overall, these results further support the
functional and regulatory potential of cis-NAT promoters
that are actively transcribed, albeit at lower levels
than genic promoters.

It is formally possible that the cis-NAT chromatin
enrichment patterns observed here can be attributed the
fact that the cis-NATs were identified using CAGE, and
any CAGE cluster would show such a pattern. To control
for this possibility, we performed a similar analysis using
CAGE clusters overlapping exons in the sense orientation,
which may not be expected to show the same pattern of
modification as CAGE clusters associated with genuine
promoters. Indeed, sense exonic CAGE clusters have
previously been suggested to represent transcriptional
degradation products, as opposed to promoters, and
were not found to have shown promoter characteristic
chromatin profiles (29). Here, we performed the same set
of chromatin enrichment analyses done for cis-NATs on
exonic CAGE clusters. The patterns of histone modifica-
tions near exonic CAGE clusters are markedly different
from those seen for cis-NAT promoters and genic pro-
moters (Supplementary Figures S63–S78). These results
indicate that the cis-NAT chromatin enrichment profiles
observed here are not simply a generic marker for the
presence of CAGE clusters.

Differential expression of cis-NAT promoters

Differential expression of cis-NATs was measured by
counting the fraction of the six ENCODE cell types in

which each cis-NAT promoter was expressed. In order
to remove cis-NATs whose expression falls below the
limit of CAGE detection, only those cis-NAT promoters
that show activity higher than the 90th percentile in some
cell type were used. On average, these cis-NAT promoters
are expressed in 33% of the ENCODE cell types studied
here compared to 43% seen for genic promoters
(Figure 4a), this difference is statistically significant
(P& 0, Wilcoxon’s rank sum) indicating that cis-NAT
expression is more cell-type specific than genic expression.
Rarefaction curve analysis was used to evaluate the

extent to which each individual CAGE data set uncovers
novel cis-NAT promoters compared to novel genic pro-
moters. For this analysis, the average numbers of cis-NAT
or genic promoters detected across all possible CAGE
data set combinations, ranging from 1 to 16 data sets,
were calculated. Compared to genic promoters, a signifi-
cantly smaller fraction of cis-NAT promoters is detected
when one or only fewer than eight CAGE data sets are
considered (P< 0.001, Wilcoxon’s rank sum) (Figure 4b).
For both genic and cis-NAT promoters, the number of
new promoters detected decrease rapidly as more CAGE
sets are considered, suggesting that most cis-NAT and
genic promoters have been captured. The differences
seen for the cis-NAT versus genic curves further under-
score the extent to which cis-NATs are specifically
regulated.

Association between cis-NAT and genic promoter activity

Previous studies have suggested that the presence of
cis-NATs leads to the downregulation of gene expression
(6). If cis-NATs are indeed repressive regulatory elements,
then one may expect to observe a negative correlation
between cis-NAT expression levels and the expression
levels of the genes in which they are found. To evaluate
this prediction, we regressed the activity levels of genic
promoters with those of the corresponding cis-NAT
promoters, however, no correlation was apparent
(Supplementary Figures S79–S84). Therefore, we used a
more sensitive data mining approach to search for possible

Figure 4. Differential expression of cis-NAT promoters compared to genic promoters. Cis-NAT promoters that showed activity greater than the
90th percentile of cis-NAT promoters in at least one cell type were considered for analysis. (a) The average fraction of cell types where individual
cis-NAT or genic promoters are detected. (b) Rarefaction curve showing the relationship between the number of cis-NAT (black) and genic (grey)
promoters found (y-axis) for each possible combination of 1–16 CAGE data sets (x-axis). Error bars shown are the SD.
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associations between genic promoter activity and cis-NAT
promoter activity. To do this, genic promoters were clas-
sified as having high or low activity, and the correspond-
ing genes were classified as having high or low cis-NAT
activity in each of the six cell types as described above.
Association mining then was used to evaluate the levels of
co-occurrence of the four possible gene and cis-NAT
activity category combinations: (i) high cis-NAT and
high gene; (ii) high cis-NAT and low gene, (iii) low
cis-NAT and high gene; and (iv) low cis-NAT & low
gene. We found that co-occurrence of high cis-NAT and
high genic promoter activity occurs approximately twice
as frequently as would be expected by chance (Figure 5,
Supplementary Table S4). Similarly, the frequency of
high/low associations is much lower than would be
expected and the frequency of low/low associations is
higher than expected. This association remains when
only those cis-NAT promoters distal (>2.5 kb down-
stream) to the genic promoter or proximal (<2.5 kb
downstream) to the genic promoter are considered
(Supplementary Figures S85–S86, Supplementary Tables
S5 and S6). These results raise the possibility that the
majority of cis-NATs are activating rather than repressive
regulatory elements.

CONCLUSIONS

It has been known for some time that there is active
antisense transcription in the human genome, though it
has only recently become appreciated how pervasive it
is. However, the functional significance of human
cis-NATs is a matter of debate; it is possible that many
of the apparent cis-NATs actually represent transcription-
al noise or degraded fragments of sequence processed

from larger transcripts. Here, we have attempted to
address the potential functional significance of human
cis-NATs genome-wide by evaluating the chromatin
environment and regulatory properties of their promoters.
This approach is based on the rationale that specifically
regulated promoters will have distinct chromatin profiles
and protein binding properties. Accordingly, the presence
and distribution of such chromatin features at the pro-
moters of novel uncharacterized transcripts, when con-
sidered together with their relative activity levels, can be
used to provide support for their regulation and potential
functional significance.

Taking advantage of the methods for characterizing
protein binding and histone modifications genome-wide,
we demonstrate that active human cis-NAT promoters are
in fact enriched for histone modifications and RNA Pol II
binding. Furthermore, histone modifications and RNA
Pol II binding peak at cis-NAT TSS, and the levels of
histone modifications and RNA Pol II binding are
correlated with the activity of the cis-NAT promoters.
These data suggest that the expression of human
cis-NATs is driven by RNA Pol II and at least partially
regulated by the modification of histone tails. While the
specific function of individual cis-NATs remains an open
question, the fact that the cis-NAT promoters are bound
by RNA Pol II and epigenetically modified suggests that
they are specifically regulated. Indeed, the presence of
both cis-NAT promoters with activating marks and cis-
NAT promoters with repressive marks is consistent with
the high levels of differential expression observed here for
cis-NATs and tissue-specific regulation of their function.
While the cis-NAT chromatin and expression features
uncovered here are consistent with a functional role
as regulators, they may also be taken to represent a
required precondition of function. Definitive confirmation
of the functional role for cis-NATs will await experimental
validation of individual cases.
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