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The landscape of RNA polymerase Il transcription
initiation in C. elegans reveals promoter and enhancer

architectures
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at Chapel Hill, Chapel Hill, North Carolina 27599-3280, USA; *Department of Molecular, Cell and Developmental Biology, University
of California Santa Cruz, Santa Cruz, California 95060, USA; 4Depar1ment of Genetics and Genome Sequencing Center, Washington

University School of Medicine, St. Louis, Missouri 63108, USA

RNA polymerase transcription initiation sites are largely unknown in Caenorhabditis elegans. The initial 5’ end of most
protein-coding transcripts is removed by trans-splicing, and noncoding initiation sites have not been investigated. We
characterized the landscape of RNA Pol Il transcription initiation, identifying 73,500 distinct clusters of initiation.
Bidirectional transcription is frequent, with a peak of transcriptional pairing at 120 bp. We assign transcription initiation
sites to 7691 protein-coding genes and find that they display features typical of eukaryotic promoters. Strikingly, the
majority of initiation events occur in regions with enhancer-like chromatin signatures. Based on the overlap of tran-
scription initiation clusters with mapped transcription factor binding sites, we define 236l transcribed intergenic en-
hancers. Remarkably, productive transcription elongation across these enhancers is predominantly in the same orientation
as that of the nearest downstream gene. Directed elongation from an upstream enhancer toward a downstream gene could
potentially deliver RNA polymerase Il to a proximal promoter, or alternatively might function directly as a distal pro-
moter. Our results provide a new resource to investigate transcription regulation in metazoans.

[Supplemental material is available for this article.]

Transcription is a fundamental process that plays a central role in
development and cellular responses. The regulation of transcrip-
tion is complex, often involving interplay between promoters and
regulatory elements such as enhancer regions. A prerequisite for
understanding the mechanisms and principles of this process re-
quires identification of these sites and their relationships.
Caenorhabditis elegans is a widely used and powerful model
organism for functional genomic studies. The genome of 100 MB
is well-annotated and 30X smaller than that of humans, making
genomic studies highly accessible (The C. elegans Sequencing
Consortium 1998). However, despite these advantages, study of
transcription regulation has been hampered because the tran-
scription initiation sites of most C. elegans genes are unknown.
More than 70% of protein-coding genes are trans-spliced to a
22-nt leader RNA encoded from another region of the genome
(Allen et al. 2011; Blumenthal 2012). The region from the initial
5’ end to the trans-splice site, termed the “outron,” is spliced off
and degraded (Bektesh and Hirsh 1988; Blumenthal 1995).
Consequently, the annotated start sites for most C. elegans genes
mark trans-splice sites rather than transcription initiation sites
because cDNAs and RNA-seq data derived from total RNA in-
dicate the structure of the mature trans-spliced transcript. Using
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these positions or translational start sites as transcription start
sites (TSSs), some promoter features have been described (Ooi
etal. 2006, 2010; Gerstein etal. 2010; Liu et al. 2011b). However, the
true sites and features of RNA polymerase II transcription initiation
and the chromatin landscape at these sites remain to be discovered.

In eukaryotes, regulatory and chromatin features of protein-
coding TSSs have been extensively documented (de Hoon and
Hayashizaki 2008; Jiang and Pugh 2009; Venters and Pugh 2009).
For example, transcription initiation sites often possess an initiator
element (Inr), and a subset of genes have a TATA-box 25 to 32 nt
upstream of the TSS which has a role in focusing start-site selection
(Weis and Reinberg 1992; Smale 1997; Juven-Gershon et al. 2008;
Lenhard et al. 2012). An Sp1 motif has also been reported to play
a role in transcript initiation (Segal et al. 1999; Wierstra 2008).
Active promoters usually contain a nucleosome-depleted region
(NDR) flanked by well-positioned nucleosomes (Bernstein et al.
2004; Lee et al. 2004; Nishida et al. 2006; Henikoff 2007; Jiang and
Pugh 2009; Rhee and Pugh 2012). In addition, nucleosomes near
active protein-coding TSSs are enriched for trimethylation of H3K4
and acetylation of H3K27 (Turner 2000; Barrera and Ren 2006).
Furthermore, histone variants H3.3 and H2A.Z, associated with
unstable nucleosomes, are also enriched in promoter regions
(Zhang et al. 2005; Millar et al. 2006; Raisner and Madhani 2006;
Whittle et al. 2008; Weber et al. 2010).

Recent high-throughput sequencing studies in other organ-
isms have uncovered novel transcriptional phenomena at pro-
moters and enhancers. For example, in yeast and mammalian cells,
it has been observed that transcription at protein-coding promoters
often initiates bidirectionally, whereas bidirectional transcription is
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infrequent in Drosophila (Core et al. 2008; Neil et al. 2009; Seila et al.
2009; Xu et al. 2009; Nechaev et al. 2010; Flynn et al. 2011;
Kharchenko et al. 2011; Wei et al. 2011). How bidirectional tran-
scription initiation drives productive transcription elongation pri-
marily in the coding direction is not well understood (Seila et al.
2008, 2009; Flynn et al. 2011), but a recent report has suggested that
gene loops can play a role (Tan-Wong et al. 2012). In addition, it has
been shown that mammalian enhancer regions are transcribed, but
transcription initiation within enhancer regions has not been well
characterized (De Santa et al. 2010; Kim et al. 2010; Melgar et al.
2011; Ong and Corces 2011; Preker et al. 2011; Wang et al. 2011).
The mechanism and functions of transcription at enhancers are
unclear. Proposed models suggest regulatory functions or, alterna-
tively, that the process of transcription could act to generate regions
of open chromatin in order to enhance the accessibility of down-
stream coding promoters (Travers 1999; Ong and Corces 2011;
Natoli and Andrau 2012).

Here, we globally identify sites of RNA polymerase II tran-
scription initiation and elongation in C. elegans. We assign tran-
scription start sites to protein-coding and noncoding genes and
find that bidirectional transcription is widespread. Furthermore,
we discover 2361 mapped transcription factor binding sites that
overlap transcription initiation clusters, defining a set of tran-
scribed enhancers. We show that productive transcription elon-
gation across these regions is usually oriented toward and in the
same orientation as that of the nearest downstream gene. Our
characterization of this regulatory architecture and provision of
transcription initiation and elongation resources will facilitate
studies of transcription regulation in metazoans.

Results

Identification of C. elegans RNA polymerase Il transcription
initiation sites

To globally capture RNA polymerase II initiation sites, including
nascent transcripts before they have been trans-spliced, we isolated
short (20-100 nt) nuclear RNAs with a 5’ cap from mixed-stage
embryos, and prepared and sequenced RNA-seq libraries (hereafter
called short cap RNAs). We also made strand-specific RNA-seq li-
braries from capped nuclear RNAs over 200 nt long to assess nu-
clear expression of elongated transcripts (hereafter called long cap
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RNAs). In total, we obtained ~50 million uniquely mappable reads
for the short capped RNA libraries and ~55 million uniquely
mappable reads for the long capped RNA libraries. As expected for
RNA polymerase II transcription initiation sites, there is strong
enrichment for Ser5S phosphorylated RNA Pol II (the initiating
form) near the 5’ ends of short cap RNA reads (Fig. 1A).

We observed that short cap RNA reads often mapped near the
5" ends of genes. For non-trans-spliced genes, reads initiated at or
near the annotated starts of WormBase transcripts (Fig. 1B,C). In
contrast, for trans-spliced genes, where the WormBase transcript
starts usually mark the trans-splice site, short cap RNA reads initi-
ated upstream, and we observed long cap RNA signals covering the
outron region between the trans-splice site and the short cap RNA
tags (Fig. 1B,C). The outron signals are not observed in RNA-seq
libraries prepared from whole-cell (mainly cytoplasmic) poly(A)+
RNAs (Supplemental Fig. S1). Initiation sites are broadly distrib-
uted upstream of trans-spliced transcripts (Fig. 1C), indicating that
transcription does not initiate at a fixed position relative to trans-
splice sites.

As in other organisms, we observed that the initiation sites of
short cap RNAs are usually closely clustered (Supplemental Fig. S1).
We grouped the 5’ tags into clusters, which defined 73,500 RNA
polymerase II transcription initiation clusters (TICs) (see Methods;
Supplemental Tables S1, S2). To link TICs to annotated WormBase
genes, TICs mapping from —200 bp to +100 bp of an annotated
WormBase transcript start, or where long cap RNA signal was
present between an annotated transcript start and a TIC, were
assigned as potential transcription start sites for protein-coding
genes (n = 10,106 TICs assigned to 7691 genes) (Supplemental
Tables S1, S2). A further 14,810 TICs mapped within the body of
protein-coding genes and might mark alternative 5’ ends or have
regulatory functions, and 3637 TICs were assigned to ncRNA
genes. The remaining 44,947 TICs were unassigned. Unassigned
TICs map on the anti-sense strand in gene bodies or not within
—200 bp to +100 bp of an annotated transcript start (from —200 bp
to +100 bp).

Chromatin features of transcription initiation sites

To characterize the identified TICs, we analyzed the distributions
of chromatin features that have well-characterized properties at
promoters, transcribed regions, and enhancers using heat map
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Figure 1. Transcription initiation regions (TICs) are occupied by RNA Pol Il and enriched near the 5’ end of coding genes. (A) Heat map displays of

forward strand TICs (n = 36,662) ranked by enrichment of Pol Il Ser5 ChIP-chip signal. All panels are plotted for the enrichment of signal in 2-kb windows
centered at cap RNA TSSs. (B) Genome browser views of short cap RNA (orange) and long cap RNA (green) signals at a non-trans-spliced and a trans-
spliced gene. (*) The outron region. (C) The fraction sites where at least two cap RNA starts were analyzed relative to WormBase transcript start sites of
trans-spliced (blue) and non-trans-spliced (red) genes are plotted in an 800-bp window. (D) Mononucleosome signal (adult) anchored at either cap RNA
TSSs (red) or WormBase transcript starts (gray).
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plots. We selected the mode of each TIC as a representative TSS for
analysis and ranked the TSSs based on the ratio of H3K4me3 to
H3K4mel ChIP signals to more easily visualize promoter and en-
hancer characteristics (Guenther et al. 2007; Heintzman and Ren
2007; Gerstein et al. 2010; Pekowska et al. 2011; Rada-Iglesias et al.
2011).

TSSs assigned to protein-coding genes display chromatin
features typical of promoters in other organisms. Near the TSSs, we
observed generally higher H3K4me3 than H3K4mel and high
levels of H3K27ac (Supplemental Fig. S2), a signature of active
protein-coding promoters (Ruthenburg et al. 2007; Lenhard et al.
2012). Productive elongation detected by long cap coverage is
observed downstream from the assigned coding TSSs, and
H3K36me3 signal, a mark of transcriptional elongation of protein-
coding genes (Guenther et al. 2007; Sati et al. 2012), is usually also
present (Supplemental Fig. S2). Regions with the highest levels of
H3K4me3 appear to be divergent promoters, as these additionally
display H3K36me3 and reverse strand long cap RNA signals up-
stream of the TSSs.

To further validate the protein-coding gene TSS assignments,
we compared the patterns of chromatin signals anchored at the
starts of WormBase transcripts to the same set of genes anchored at
the newly assigned cap RNA TSSs (Fig. 1D; Supplemental Fig. S3).
We observed that promoter-associated chromatin signals are
sharper at short cap TSSs (Supplemental Fig. S3). Additionally,
plotting nucleosome signal at short cap RNA TSSs reveals a
wave-like pattern, indicating that nu-
cleosomes are well-phased at C. elegans
promoters (Fig. 1D; Supplemental Fig.
$3), as observed in other eukaryotic cells

a shape score, which we defined as the fraction of reads associated
with the highest point in the TIC, to categorize TICs containing at
least 10 tags (see Methods). A sharp TIC where all tags map to the
same position has a score of 1, whereas a broad TIC containing
multiple starts of similar heights will have a low score. We defined
sharp promoters as TICs with scores of 0.7-1.0 and broad ones as
those between 0 and 0.2 (Supplemental Fig. S4). The remaining
TICs have intermediate characteristics.

To look for fixed sequence features in the protein-coding
promoters, we aligned TSSs of sharp and broad promoters using the
WebLogo sequence analysis tool (Fig. 2A; Crooks et al. 2004). As in
other organisms (Zhang and Dietrich 2005; Carninci et al. 2006),
we found that transcription preferentially initiated at the adenine
of a TCA sequence, with a stronger preference in sharp compared
to broad promoters. In addition, in sharp promoters, there is a
weak enrichment for T/A-rich sequence between —25 to —30, corre-
sponding to the region where TATA-boxes reside (Juven-Gershon
et al. 2008).

To further investigate core promoter sequence features, we
examined the occurrence of Inr and TATA motifs as well as that of
Sp1, a widely active transcription factor, using published position
weight matrices (Lenhard et al. 2012). We found that the Inr motif
was present in both types of protein-coding promoters, with
slightly higher frequency in sharp promoters (Fig. 2B). In contrast,
the TATA motif was only associated with sharp promoters (Fig. 2B);
a bias for TATA occurrence in sharp promoters was also reported in

(Bernstein et al. 2004; Lee et al. 2004;
Nishida et al. 2006; Henikoff 2007; 1] Sharp coding TICs
Jiang and Pugh 2009; Rhee and Pugh
2012). Such positioning is not clear using %
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H3K36me3 (Supplemental Fig. S2). ncRNA 0 T : - g - Ry ‘ -
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transcriptional elongation (Supplemental Cluster shape Inr TATA Sp1
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(Supplemental Fig. S4), as has been seen -50 0 50 -50 0 50 -50 0 50 200 O 200
in humans and Drosophila (Carnincietal.  Figure 2. Protein-coding promoter sequence features. (A) WebLogo analysis of sequence aligned at

2006; Ni et al. 2010). We developed

sharp and broad TSSs. (B) Inr, TATA, and Sp1 motif occurrence at sharp and broad protein-coding TSSs.
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human and Drosophila (Ni et al. 2010; Rach et al. 2011). Similar to
the TATA motif, we found that the Sp1 motif was associated pri-
marily with sharp promoters (Fig. 2B). Of note, sharp TSSs with
a TATA box were substantially less likely to harbor an Inr motif at
the TSS than those without a TATA box, suggesting some degree of
redundancy between TATA and Inr (P =5 X 107'5; x2 test).

Characterization of bidirectional transcription

In the heat map analyses, we observed that reverse strand TSSs
were often located a short distance upstream of forward strand
TSSs, indicative of bidirectional transcription initiation (Supple-
mental Fig. S2). To investigate the occurrence of bidirectional
transcription, we plotted the density of forward and reverse strand
short cap initiation sites across the three classes of TSSs. This
analysis showed a strong peak of reverse strand signal ~120 bp
upstream of the initiation sites of all TSS classes (protein-coding,
noncoding, and unassigned) (Fig. 3); 39% of all TICs have an up-
stream reverse strand initiation within 200 bp. The bidirectional
signal observed for protein-coding genes is not simply due to di-
vergent protein-coding transcription (head to head configuration,
where the upstream gene is transcribed in the opposite orienta-
tion) because it is also clearly evident at tandemly transcribed
protein-coding genes (tail to head, where the upstream gene is in
the same orientation) (Supplemental Fig. S5). We conclude that
transcription initiation in C. elegans is often bidirectional.

Most transcription factor binding sites initiate transcription

Recent studies in mammalian cells identified transcripts and en-
gaged RNA polymerase II within enhancer regions, indicating that
these regions are transcriptionally active (De Santa et al. 2010; Kim
etal. 2010; Melgar et al. 2011; Wang et al. 2011; Natoli and Andrau
2012). However, where transcription initiates within enhancer
regions and the relationship between transcription factor binding
sites and enhancer transcription initiation are unclear.

To investigate these questions, we used a set of C. elegans
transcription factor (TF)-binding regions defined from ChIP map-
ping of 22 transcription factors (Gerstein et al. 2010). We focused
on “factor-specific regions” bound by 1-4 TFs (n = 13,156, 79% of
binding sites), as these are enriched for containing expected se-
quence motifs and being located near genes known to be under
their regulation. As expected, we observed that most factor-specific
TF regions have a classical enhancer signature of high H3K4mel
and low H3K4me3 (Fig. 4B), in contrast to protein-coding pro-
moters, which have the opposite pattern (Fig. 4A).

Using our short and long cap RNA data, we next examined the
relationship between transcription factor binding, transcription

initiation, and productive transcription elongation. We first asked
whether transcription initiates near TF-binding sites. Remarkably,
we observed that 65% of factor-specific TF-binding regions overlap
a TIC. Therefore, TF-binding sites frequently initiate transcription.
To further explore the transcription initiation activity of TF-bind-
ing sites, we plotted the frequency and positions of transcription
initiation events relative to TF-binding sites. We observed peaks of
transcription initiation closely flanking the TF-binding sites, with
60% of transcribed binding sites having both forward and reverse
strand short cap RNA signals (Fig. 4B,C). RNA Pol II is also clearly
enriched at TF-binding regions (Fig. 4B). These results demonstrate
that bidirectional transcription is initiated at TF-binding sites.

Characterization of a novel widespread regulatory architecture

We used the criterion of overlap between transcription factor
binding regions and transcription initiation sites to define active
enhancers (Melgar et al. 2011). We first selected intergenic TF-
binding sites that were at least 500 bp from an annotated transcript
start and that overlapped a TIC, then removed regions that
appeared to be unannotated promoters based on having a signa-
ture of high H3K4me3/low H3K4mel (Fig. 5). These intergenic
TF-binding regions that initiate transcription define 2361 tran-
scribed enhancers. Supporting the view that these sites identify
active enhancers (Supplemental Fig. S6), they overlap previously
published functionally validated embryonic enhancer regions
(Landmann et al. 2004; Lei et al. 2009).

We find that features of enhancer transcription initiation sites
differ from those of protein-coding promoter TSSs. First, although
enhancer TSSs are enriched for the Inr initiation element, TATA
and Spl elements are essentially absent (Supplemental Fig. S7).
Second, chromatin features also differ at enhancer and promoter
TSSs. In addition to differences in relative levels of H3K4me3 and
H3K4mel described above, HTZ-1 is strongly enriched at protein-
coding TSSs, but nearly absent at enhancer TSSs (Supplemental Fig.
S7C). Further, whereas histone H3 and mononucleosomes are de-
pleted at protein-coding TSSs, these show weak enrichment at
enhancer TSSs (Supplemental Fig. S7C). In summary, promoter
sequence elements and the chromatin signature of enhancer TSSs
differ from those of protein-coding genes.

We next examined whether transcription initiation at en-
hancers was productively elongated or, alternatively, whether
initiation events generally produced short transcripts. To answer
this question, we analyzed the abundance of nuclear long cap RNA
signals (generated from nuclear capped RNAs > 200 nt) on each
strand of intergenic enhancers. We find that enhancers generally
produce elongated transcripts and that there is a striking bias for
transcription to be predominantly on one strand (Fig. 6A,B).

A Coding TSSs B ncRNA TSSs C Unassigned TSSs
04 Forward == 04 Forward s= 04 Forward ==
= i Reverses= - Reverse m= . Reverse=s=
3 0.2
S
(=]
8 0
c
3 - 0.2
=
0.4 0.4
400 TSS +400 400 TSS  +400 -400 TSS +400 bp

Figure 3.

Bidirectional transcription is widespread in C. elegans. The frequency of forward (red) and reverse (blue) transcription initiations were analyzed

at (A) coding, (B) ncRNA, and (C) unassigned TSSs. The distribution of signal is plotted in 1-kb windows at mode TSSs of the TICs.
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Figure 4. TF-binding regions initiate bidirectional transcription. Comparison of the enrichment of Pol Il (Ser5), H3K4me3, and H3K4me1 at TSSs of
ubiquitously expressed protein-coding genes (n = 4282) (A), and factor-specific TF-binding regions (n = 13,516) (B). Heat map rows are ranked by
H3K4me3/H3K4mel ratio and all signals plotted in 2-kb windows centered at (A) TIC mode TSSs, or (B) the midpoint of TF-binding regions. (C) Forward
(red) and reverse (blue) TIC coverage plotted in a 2-kb region centered at the midpoints of factor-specific TF-binding regions; 60% of sites have both

forward and reverse strand signals.

Therefore, although most enhancers initiate bidirectional tran-
scription, productive elongation is primarily in one direction.
Since enhancers are often located upstream of their target
genes, we investigated the relationship between enhancer and
downstream gene transcription. We assigned intergenic enhancers
to the nearest downstream protein-coding gene, and asked
whether the direction of transcription across the enhancer was
related to that of the downstream gene. To be confident in the
assignment of the downstream gene, we limited this analysis to
intergenic enhancer regions upstream of tandemly transcribed
genes, excluding divergently transcribed genes. Remarkably, for
90% of enhancer regions, the majority of elongated transcription is

in the same orientation as that of the downstream gene (Fig. 6B).
We also found that the level of transcription across enhancers is
positively correlated with that of the downstream gene (p = 0.45,
Spearman’s P < 10~7). Together, these results support the view that
transcribed enhancers are active regulatory regions for down-
stream gene expression (Fig. 6C).

Discussion

Here, we characterized the global landscape of RNA polymerase II
transcription initiation in C. elegans. As in other eukaryotic cells
(Lenhard et al. 2012), we find that transcription initiation in
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Figure 5.

Intergenic TF-binding regions overlapping TICs are enriched for enhancer-like chromatin signature. Heat map analysis for the indicated

enrichment signals displayed as 8 k-means clustered groups based on H3K4me3 and H3K4me1 (n = 3137). All signals were plotted in 2-kb windows
centered at the midpoint of TF-binding regions. A promoter-like signature of high H3K4me3/low H3K4me1 is found in clusters 1- 4 (n=776). In contrast,
clusters 5-8 show an enhancer-like chromatin signature, high H3K4me1 and low/under-enriched H3K4me3 (n = 2361).
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potential regulatory roles of transcribed enhancers.

C. elegans is often bidirectional. In addition to identifying tran-
scription initiation sites at protein-coding genes, we also docu-
mented abundant intergenic and intronic transcription initiation
sites and defined thousands of active enhancers based on the
transcriptional activity of mapped transcription factor-binding
sites. The global identification of transcription start sites will fa-
cilitate future studies of gene expression regulation in C. elegans
and allow comparative analyses with other eukaryotes.

Mammalian enhancer regions have also been shown to be
transcribed, but this phenomenon is not well-characterized, and
its function is not yet known (De Santa et al. 2010; Kim et al. 2010;
Koch et al. 2011; Melgar et al. 2011; Wang et al. 2011; Natoli and
Andrau 2012). In addition, both unidirectional and bidirectional
transcription has been observed. The relationships between the
different reports of mammalian enhancer transcription are unclear
because the studies used different cell lines and methods and
assayed different types of sites: DNAse I hypersensitive sites, CBP-
binding sites, TF-binding sites, or regions with enhancer-like
chromatin signatures. In C. elegans, we observed that although
transcriptional initiation at enhancers is usually bidirectional,
productive elongation across them is predominantly in one di-
rection, usually oriented toward the downstream gene. These en-
hancer transcripts are either unstable or not exported from the
nucleus, as they are primarily apparent in libraries made from
nuclear RNA and usually undetectable in libraries generated from
whole-cell poly(A)+ (mainly cytoplasmic) RNA. We note that since
the binding sites for only a small percentage of C. elegans tran-
scription factors are available, the set of enhancers identified here
is unlikely to be complete.

Oriented transcription across enhancers may seem to be at
odds with the classical view that enhancers act in an orientation-
independent manner. However, oriented enhancer function has been
documented (Swamynathan and Piatigorsky 2002; Hozumi et al.
2013). Furthermore, although transcription across C. elegans enhancer
regions is oriented, we do not know whether the enhancer function of
these binding sites is oriented as well. For example, orientation could
be determined through interactions with other regulatory elements
associated with the downstream gene (e.g., the promoter).

Transcription from enhancer regions toward proximal pro-
moters might create an open chromatin environment (Hirota et al.
2008) or could potentially deliver RNA polymerase II to the pro-
moter (Vernimmen et al. 2011). Another possibility is that up-
stream enhancers could function as alternative promoters for
protein-coding genes. Such a function would be in line with a re-
cent report in mouse showing that active upstream intergenic
enhancers can function as alternative tissue-specific promoters
(Kowalczyk et al. 2012). C. elegans genes associated with upstream
transcribed enhancers are enriched for having developmental,
signaling, or neuronal functions, types of genes that usually show
tissue or temporally restricted expression, and underenriched for
genes with general cellular functions (Supplemental Table S4).
Direct tests will be necessary to address whether enhancers have
promoter activity because trans-splicing would remove upstream
transcribed regions from the mature transcript. However, if up-
stream enhancers do function as promoters, they appear to have
different characteristics than proximal promoters (Supplemental
Fig. S7). In the future, it will be of interest to functionally analyze
enhancer transcription and explore the similarities and differences
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in regulatory architecture between different organisms. Our find-
ing of a novel widespread regulatory architecture in C. elegans and
generation of new resources will facilitate future studies of gene
expression regulation in metazoans.

Methods

Preparation of nuclear capped RNA-seq libraries

‘Worms were grown in liquid culture and two million adults bleached
to obtain mixed staged embryos as previously described (Stiernagle
2006). Nuclei were isolated from embryos using the method of Ooi
et al. (2010). Nuclei were further purified by centrifugation through
a 1.8 M sucrose cushion in 10 mM Tris pH 7.5, 10 mM MgCI2. RNA
was extracted from the purified nuclei using Tripure (Roche).

To prepare short cap RNA-seq libraries, we followed the pub-
lished method by Nechaev et al. (2010) with minor modification.
In brief, total nuclear RNA (20 to 25 pg) was run on a poly-
acrylamide gel and a size range of 20 to 100 nt extracted. To enrich
for capped RNA, the purified short nuclear RNA was incubated
with 5’ to 3’ RNA nuclease, Terminator (Epicentre), to deplete
noncapped RNA. The enriched short capped RNA was cloned and
PCRed using Illumina short RNA-seq adapters according to the
manual instruction. To construct long cap RNA-seq libraries, total
nuclear RNA was incubated with DNAse I (Ambion) to remove
genomic DNA contamination, followed by Qiagen Mini-Elute
columns (cut-off size > 200 nt RNAs). These cleaned-up “long”
nuclear RNAs were treated with Terminator nuclease to enrich for
capped RNA. Strand-specific long cap RNA libraries were made
using the dUTP replacement method (Levin et al. 2010) and Illu-
mina paired end adapters.

Short cap RNA and long cap RNA-seq libraries were sequenced
using on Illumina GIIA instruments (SE36 and PE36, respectively).
Two biological replicates were prepared for each library type.

Mapping, clustering of 5’ end tags, and shape score

Short cap reads were mapped to the WS220 reference sequence
using BWA 0.5.9 (Li and Durbin 2009). The 36-bp reads were first
mapped in their entirety, and those that did not align were then
trimmed of any 3’ adaptor match and then retried. Mappings with
quality < 10 were discarded at this point. Mapped reads were split
by strand, with forward and reverse strand mappings analyzed in-
dependently, and mappings with the same strand and 5’ end posi-
tion (cap-stacks) were combined. To define cap clusters, all cap-
stacks containing two or more tags were clustered using a single-
linkage approach, merging two or more stacks if they lie within
50 bp of one another. Singleton cap-stacks (not considered in the
initial clustering step) were added to a cluster if they lay within
the clustered region or 25 bp on either side. The final boundary
coordinates of each cluster were then defined to include any sin-
gleton stacks. Finally, clusters overlapping rRNA, tRNA, miRNA,
snRNA, snoRNA, or snlRNA genes (from Ensembl release 61/WS220)
were excluded from the set. Using pooled cap RNA-seq data sets (two
biological and one technical replica; 55,021,362 mapped reads), we
obtained 73,500 clusters defining transcription initiation regions
(TICs). For analyses where a single TSS position was required, we
considered the distribution of cap 5’ ends within the TIC, and se-
lected the position with the most tags (the mode). In the case of a tie
(two or more positions with the same number of tags), we selected the
mode closest to the median of the TIC. TIC shape score was calculated
as the fraction of total tags in the cluster present at the mode position
(the “mode weight”). Only TICs with at least 10 tags were used for the
shape analysis. To monitor elongation, long cap RNA reads were
mapped as read pairs using BWA 0.5.9 and filled in. For browser

analyses of RNA-seq data, 36-bp long cap RNA sequence reads were
mapped using BWA 0.5.9 in single-end mode.

TSS assignments

TICs were assigned to WormBase TSSs (via the Ensembl release 61/
WS220 gene set) using a stepwise approach. In all cases, assign-
ments were strand-specific (i.e., forward-strand TICs could only be
assigned to forward-strand genes). First, any TIC overlapping a
window from —199:+100 relative to a WormBase TSS was assigned
(type “wormbase_tss”) to the gene associated with that TSS. Sec-
ond, the remaining TICs were assigned (type “transcript_body”) to
a gene if they lie anywhere within its body. Third, long-cap RNA
mappings were assembled into continuous “rafts” of overlapping
tags from the same strand. Rafts that overlap the TSS of exactly
one gene (on the correct strand) were associated with that gene.
The remaining (intergenetic) TICs were assigned (type “raft_to_
wormbase_tss”) if they overlap a window from —199:+100 relative
to the 5’ end of a transcript raft on the appropriate strand. All
remaining TICs were left unassigned. Supplemental Table S2 gives
the list of TICs and associated information.

Motif plots

Motif plots were performed on a subset of TICs made non-
redundant by randomly selecting one representative from any set
of TICs lying within 250 bp (taking both strands into account).
The following position weight matrices (PWMs) were used: Inr
(Chalkley and Verrijzer 1999), TATA (V$TATA_01 from TRANSFAC
[Wingender 2008]), and Sp1 (V$SP1_Q6 from TRANSFAC [Wingender
2008]). We plotted the fraction of sequences with a match for the
motif at base-pair resolution (for TATA and Inr) and at 20-bp res-
olution for the much-more-sparsely distributed Sp1. For TATA and
Sp1, we consider the first position in the PWM to be the position
of the motif match. For Inr, we follow convention in taking the
strongly constrained A (third position in the PWM) as the location
of the motif match.

Defining enhancers

Intergenic regions bound by one to four transcription factors were
selected from Niu et al. (2011), discarding those lying within 500
bp of the TSS of a protein-coding gene (n = 4914). Regions over-
lapping at least one TIC (excluding TICs assigned to the TSSs of
protein-coding genes) were identified (n = 3137). The Cistrome
k-means clustering tool (Liu et al. 2011a) was used to generate eight
groups of H3K4me3 and H3K4mel histone modification signals
to identify and discard likely unannotated promoters (clusters 1-4
in Fig 5). The remaining 2361 regions were defined as enhancers
(Supplemental Table S3; clusters 5-8 in Fig 5).

Each enhancer was associated with its two neighboring pro-
tein-coding genes. If both these genes are in the same orientation
(tandem genes), the enhancer was assigned to the downstream
gene. Enhancers lying between transcribed genes were associated
with the nearest downstream gene. Enhancers lying between
convergently transcribed genes were left unassigned. Assignments
are given in Supplemental Table S3.

To assess the directionality of transcription across enhancers
assigned to tandem genes, we counted the number of long-cap
fragments mapping in each direction over each enhancer, then
calculated the moderated log ratio of forward vs. reverse reads, i.e.,
log1o(f+1/r+1), where f'is the number of forward-strand reads and
r is the number of reverse-strand reads. Moderated log-ratios were
used because there is a substantial number of enhancers with zero
reads on one or the other strand. We then plotted forward/reverse
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ratios for enhancers between tandem forward-strand genes and
enhancers between tandem reverse-strand genes.

Data sets, processing, and visualization

MNase-digested mononucleosome data for embryos (GSM514735)
(Ooi et al. 2010) and adults (GSM777719) (Steiner et al. 2012) were
downloaded from Gene Expression Omnibus. Transcription factor
ChIP binding region data sets are from Niu et al. (2011). The following
embryo ChIP-seq data were obtained from modENCODE (http://
www.modencode.org/), with the following accession numbers:
H3K4me3 (modENCODE_5166), H3K4mel (modENCODE_5158),
H3K36me3 (modENCODE_5165), H3K27ac (modENCODE_5159),
H3K27me3 (modENCODE_5163), and HTZ-1 (modENCODE_6218).
ChIP-chip RNA Pol II 4H8 data is from modENCODE_4148. Data
are available from http://submit.modencode.org/submit/public/
download/accession_number (e.g., for H3K4me3 data: submit.
modencode.org/submit/public/download/5166).

Raw ChlIP-seq data sets obtained from modENCODE were
aligned using BWA with default settings (Li and Durbin 2009),
normalized using BEADS (Cheung et al. 2011), then converted to
log, ratios of BEADS scores (enrichment relative to input), stan-
dardized so the mean of the autosomal signal was O and the stan-
dard deviation 1, and then z-scored. For RNA Pol II 4H8 ChIP-chip
data, log, ratios of IP/Input were obtained and standardized so the
signal had mean O and standard deviation 1.

The heat map analyses were performed using the heat map
analysis function in Cistrome (Liu et al. 2011a). The IGV Genome
Browser was used for visualization (Robinson et al. 2011).

Nuclear protein-coding gene expression levels were calculated
using the method of Hiller et al. (2009), calculating depth of cov-
erage per million reads (dcpm) on the appropriate strand from the
long cap RNA sequence data.

The GO term analysis was performed on tandem genes associ-
ated with enhancers at http:// http://gostat.wehi.edu.au/) (Beissbarth
and Speed 2004) and GO terms summarized using REVIGO (http://
revigo.irb.hr/) (Supek et al. 2011).

To generate graphical representations of multiple sequence
alignments at TSSs, extracted sequence data were uploaded to
WebLogo (Crooks et al. 2004), a web-based application for se-
quence logos (http://weblogo.threeplusone.com/). The plots were
generated using the default settings with adjustment of 36% GC
composition for the C. elegans genome.

Data access

The RNA-seq data from this study have been deposited in the NCBI
Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE42819.

Acknowledgments

We thank R. Durbin for helpful comments on the manuscript and
C. Bradshaw for bioinformatics support. R.A.-J.C., P.S., and J.A.
were supported by a Wellcome Trust Senior Research Fellowship to
J.A. (054523), T.A.D. by a Wellcome Trust Research Career De-
velopment Fellowship, and Q.B.C., T.A.E., and T.E.J. by National
Human Genome Research Institute modENCODE grant 1-UO1-
HGO004270-01. J.A. and T.A.D. also thank the Wellcome Trust and
Cancer Research UK for core funding support.

References

Allen MA, Hillier LW, Waterston RH, Blumenthal T. 2011. A global analysis
of C. elegans trans-splicing. Genome Res 21: 255-264.

Barrera LO, Ren B. 2006. The transcriptional regulatory code of eukaryotic
cells-insights from genome-wide analysis of chromatin organization
and transcription factor binding. Curr Opin Cell Biol 18: 291-298.

Beissbarth T, Speed TP. 2004. GOstat: Find statistically overrepresented
Gene Ontologies within a group of genes. Bioinformatics 20: 1464—
1465.

Bektesh SL, Hirsh DI. 1988. C. elegans mRNAs acquire a spliced leader
through a trans-splicing mechanism. Nucleic Acids Res 16: 5692.

Bernstein BE, Liu CL, Humphrey EL, Perlstein EO, Schreiber SL. 2004. Global
nucleosome occupancy in yeast. Genome Biol 5: R62.

Blumenthal T. 1995. Trans-splicing and polycistronic transcription in
Caenorhabditis elegans. Trends Genet 11: 132-136.

Blumenthal T. 2012. Trans-splicing and operons in C. elegans. In WormBook
(ed. The C. elegans Research Community), pp. 1-11. http://www.
wormbook.org.

The C. elegans Sequencing Consortium. 1998. Genome sequence of the
nematode C. elegans: A platform for investigating biology. Science 282:
2012-2018.

Carninci P, Sandelin A, Lenhard B, Katayama S, Shimokawa K, Ponjavic J,
Semple CA, Taylor MS, Engstrom PG, Frith MC, et al. 2006. Genome-
wide analysis of mammalian promoter architecture and evolution. Nat
Genet 38: 626-635.

Chalkley GE, Verrijzer CP. 1999. DNA binding site selection by RNA
polymerase IT TAFs: A TAF;250-TAF;;150 complex recognizes the
initiator. EMBO ] 18: 4835-4845.

Cheung MS, Down TA, Latorre I, Ahringer J. 2011. Systematic bias in high-
throughput sequencing data and its correction by BEADS. Nucleic Acids
Res 39: €103.

Core 1J, Waterfall JJ, Lis JT. 2008. Nascent RNA sequencing reveals
widespread pausing and divergent initiation at human promoters.
Science 322: 1845-1848.

Crooks GE, Hon G, Chandonia JM, Brenner SE. 2004. WebLogo: A sequence
logo generator. Genome Res 14: 1188-1190.

de Hoon M, Hayashizaki Y. 2008. Deep cap analysis gene expression (CAGE):
Genome-wide identification of promoters, quantification of their
expression, and network inference. Biotechniques 44: 627-632.

De Santa F, Barozzi I, Mietton F, Ghisletti S, Polletti S, Tusi BK, Muller H,
Ragoussis J, Wei CL, Natoli G. 2010. A large fraction of extragenic RNA
pol II transcription sites overlap enhancers. PLoS Biol 8: €1000384.

Flynn RA, Almada AE, Zamudio JR, Sharp PA. 2011. Antisense RNA
polymerase II divergent transcripts are P-TEFb dependent and
substrates for the RNA exosome. Proc Natl Acad Sci 108: 10460-
10465.

Gerstein MB, Lu ZJ, Van Nostrand EL, Cheng C, Arshinoff BI, Liu T, Yip KY,
Robilotto R, Rechtsteiner A, Ikegami K, et al. 2010. Integrative analysis of
the Caenorhabditis elegans genome by the modENCODE project. Science
330: 1775-1787.

Guenther MG, Levine SS, Boyer LA, Jaenisch R, Young RA. 2007. A
chromatin landmark and transcription initiation at most promoters in
human cells. Cell 130: 77-88.

Heintzman ND, Ren B. 2007. The gateway to transcription: Identifying,
characterizing and understanding promoters in the eukaryotic genome.
Cell Mol Life Sci 64: 386-400.

Henikoff S. 2007. Nucleosomes at active promoters: Unforgettable loss.
Cancer Cell 12: 407-409.

Hillier LW, Reinke V, Green P, Hirst M, Marra MA, Waterston RH. 2009.
Massively parallel sequencing of the polyadenylated transcriptome of
C. elegans. Genome Res 19: 657-666.

Hirota K, Miyoshi T, Kugou K, Hoffman CS, Shibata T, Ohta K. 2008.
Stepwise chromatin remodelling by a cascade of transcription initiation
of non-coding RNAs. Nature 456: 130-134.

Hozumi A, Yoshida R, Horie T, Sakuma T, Yamamoto T, Sasakura Y. 2013.
Enhancer activity sensitive to the orientation of the gene it regulates in
the chordate genome. Dev Biol 375: 79-91.

Jiang C, Pugh BF. 2009. Nucleosome positioning and gene regulation:
Advances through genomics. Nat Rev Genet 10: 161-172.

Juven-Gershon T, Hsu JY, Theisen JW, Kadonaga JT. 2008. The RNA
polymerase II core promoter—the gateway to transcription. Curr Opin
Cell Biol 20: 253-259.

Kharchenko PV, Alekseyenko AA, Schwartz YB, Minoda A, Riddle NC, Ernst
J, Sabo PJ, Larschan E, Gorchakov AA, Gu T, et al. 2011. Comprehensive
analysis of the chromatin landscape in Drosophila melanogaster. Nature
471: 480-485.

Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu ], Harmin DA,
Laptewicz M, Barbara-Haley K, Kuersten S, et al. 2010. Widespread
transcription at neuronal activity-regulated enhancers. Nature 465:
182-187.

Koch F, Fenouil R, Gut M, Cauchy P, Albert TK, Zacarias-Cabeza J, Spicuglia S,
de la Chapelle AL, Heidemann M, Hintermair C, et al. 2011.
Transcription initiation platforms and GTF recruitment at tissue-specific
enhancers and promoters. Nat Struct Mol Biol 18: 956-963.

1346 Genome Research
www.genome.org


http://www.modencode.org/
http://www.modencode.org/
http://submit.modencode.org/submit/public/download/accession_number
http://submit.modencode.org/submit/public/download/accession_number
http://
http://gostat.wehi.edu.au/
http://revigo.irb.hr/
http://revigo.irb.hr/
http://weblogo.threeplusone.com/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.wormbook.org/
http://www.wormbook.org/
http://genome.cshlp.org/
http://genome.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from genome.cshlp.org on January 6, 2014 - Published by Cold Spring Harbor Laboratory Press

C. elegans RNAP Il transcription initiation

Kowalczyk MS, Hughes JR, Garrick D, Lynch MD, Sharpe JA, Sloane-Stanley
JA, McGowan §J, De Gobbi M, Hosseini M, Vernimmen D, et al. 2012.
Intragenic enhancers act as alternative promoters. Mol Cell 45: 447-458.

Landmann F, Quintin S, Labouesse M. 2004. Multiple regulatory elements
with spatially and temporally distinct activities control the expression
of the epithelial differentiation gene 1in-26 in C. elegans. Dev Biol 265:
478-490.

Lee CK, Shibata Y, Rao B, Strahl BD, Lieb JD. 2004. Evidence for nucleosome
depletion at active regulatory regions genome-wide. Nat Genet 36: 900—
905.

Lei H, Liu J, Fukushige T, Fire A, Krause M. 2009. Caudal-like PAL-1 directly
activates the bodywall muscle module regulator hlh-1 in C. elegans to
initiate the embryonic muscle gene regulatory network. Development
136: 1241-1249.

Lenhard B, Sandelin A, Carninci P. 2012. Metazoan promoters: Emerging
characteristics and insights into transcriptional regulation. Nat Rev
Genet 13: 233-245.

Levin JZ, Yassour M, Adiconis X, Nusbaum C, Thompson DA, Friedman N,
Gnirke A, Regev A. 2010. Comprehensive comparative analysis of
strand-specific RNA sequencing methods. Nat Methods 7: 709-715.

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 25: 1754-1760.

Liu T, Ortiz JA, Taing L, Meyer CA, Lee B, Zhang Y, Shin H, Wong SS, Ma ], Lei
Y, et al. 2011a. Cistrome: An integrative platform for transcriptional
regulation studies. Genome Biol 12: R83.

Liu T, Rechtsteiner A, Egelhofer TA, Vielle A, Latorre I, Cheung MS, Ercan S,
Ikegami K, Jensen M, Kolasinska-Zwierz P, et al. 2011b. Broad
chromosomal domains of histone modification patterns in C. elegans.
Genome Res 21: 227-236.

Melgar MF, Collins FS, Sethupathy P. 2011. Discovery of active enhancers
through bidirectional expression of short transcripts. Genome Biol 12:
R113.

Millar CB, Xu F, Zhang K, Grunstein M. 2006. Acetylation of H2AZ Lys 14 is
associated with genome-wide gene activity in yeast. Genes Dev 20: 711—
722.

Natoli G, Andrau JC. 2012. Noncoding transcription at enhancers: General
principles and functional models. Annu Rev Genet 46: 1-19.

Nechaev §, Fargo DC, dos Santos G, Liu L, Gao Y, Adelman K. 2010. Global
analysis of short RNAs reveals widespread promoter-proximal stalling
and arrest of Pol II in Drosophila. Science 327: 335-338.

Neil H, Malabat C, d’Aubenton-Carafa Y, Xu Z, Steinmetz LM, Jacquier A.
2009. Widespread bidirectional promoters are the major source of
cryptic transcripts in yeast. Nature 457: 1038-1042.

Ni T, Corcoran DL, Rach EA, Song S, Spana EP, Gao Y, Ohler U, Zhu]J. 2010. A
paired-end sequencing strategy to map the complex landscape of
transcription initiation. Nat Methods 7: 521-527.

Nishida H, Suzuki T, Kondo S, Miura H, Fujimura Y, Hayashizaki Y. 2006.
Histone H3 acetylated at lysine 9 in promoter is associated with low
nucleosome density in the vicinity of transcription start site in human
cell. Chromosome Res 14: 203-211.

Niu W, Lu ZJ, Zhong M, Sarov M, Murray JI, Brdlik CM, Janette J, Chen C,
Alves P, Preston E, et al. 2011. Diverse transcription factor binding
features revealed by genome-wide ChIP-seq in C. elegans. Genome Res 21:
245-254.

Ong CT, Corces VG. 2011. Enhancer function: New insights into the
regulation of tissue-specific gene expression. Nat Rev Genet 12: 283-293.

Ooi SL, Priess JR, Henikoff S. 2006. Histone H3.3 variant dynamics in the
germline of Caenorhabditis elegans. PLoS Genet 2: e97.

Ooi SL, Henikoff JG, Henikoff S. 2010. A native chromatin purification
system for epigenomic profiling in Caenorhabditis elegans. Nucleic Acids
Res 38: e26.

Pekowska A, Benoukraf T, Zacarias-Cabeza ], Belhocine M, Koch F, Holota H,
Imbert J, Andrau JC, Ferrier P, Spicuglia S. 2011. H3K4 tri-methylation
provides an epigenetic signature of active enhancers. EMBO ] 30: 4198-
4210.

Preker P, Almvig K, Christensen MS, Valen E, Mapendano CK, Sandelin A,
Jensen TH. 2011. PROMoter uPstream Transcripts share characteristics
with mRNAs and are produced upstream of all three major types of
mammalian promoters. Nucleic Acids Res 39: 7179-7193.

Rach EA, Winter DR, Benjamin AM, Corcoran DL, Ni T, Zhu J, Ohler U. 2011.
Transcription initiation patterns indicate divergent strategies for gene
regulation at the chromatin level. PLoS Genet 7: e1001274.

Rada-Iglesias A, Bajpai R, Swigut T, Brugmann SA, Flynn RA, Wysocka J.
2011. A unique chromatin signature uncovers early developmental
enhancers in humans. Nature 470: 279-283.

Raisner RM, Madhani HD. 2006. Patterning chromatin: Form and function
for H2A.Z variant nucleosomes. Curr Opin Genet Dev 16: 119-124.

Rhee HS, Pugh BE. 2012. Genome-wide structure and organization of
eukaryotic pre-initiation complexes. Nature 483: 295-301.

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz
G, Mesirov JP. 2011. Integrative genomics viewer. Nat Biotechnol 29:
24-26.

Ruthenburg AJ, Allis CD, Wysocka J. 2007. Methylation of lysine 4 on
histone H3: Intricacy of writing and reading a single epigenetic mark.
Mol Cell 25: 15-30.

Sati S, Ghosh §, Jain V, Scaria V, Sengupta S. 2012. Genome-wide analysis
reveals distinct patterns of epigenetic features in long non-coding RNA
loci. Nucleic Acids Res 40: 10018-10031.

Segal JA, Barnett JL, Crawford DL. 1999. Functional analyses of natural
variation in Sp1 binding sites of a TATA-less promoter. ] Mol Evol 49:
736-749.

Seila AC, Calabrese JM, Levine SS, Yeo GW, Rahl PB, Flynn RA, Young RA,
Sharp PA. 2008. Divergent transcription from active promoters. Science
322: 1849-1851.

Seila AC, Core 1], Lis JT, Sharp PA. 2009. Divergent transcription: A new
feature of active promoters. Cell Cycle 8: 2557-2564.

Smale ST. 1997. Transcription initiation from TATA-less promoters
within eukaryotic protein-coding genes. Biochim Biophys Acta 1351:
73-88.

Steiner FA, Talbert PB, Kasinathan S, Deal RB, Henikoff S. 2012. Cell type-
specific nuclei purification from whole animals for genome-wide
expression and chromatin profiling. Genome Res 22: 766-777.

Stiernagle T. 2006. Maintenance of C. elegans. In WormBook (ed. The C.
elegans Research Community), pp. 1-11. http://www.wormbook.org.

Supek F, Bosnjak M, Skunca N, Smuc T. 2011. REVIGO summarizes and
visualizes long lists of gene ontology terms. PLoS ONE 6: e21800.

Swamynathan SK, Piatigorsky J. 2002. Orientation-dependent influence of
an intergenic enhancer on the promoter activity of the divergently
transcribed mouse Shsp/aB-crystallin and Mkbp/HspB2 genes. ] Biol Chem
277: 49700-49706.

Tan-Wong SM, Zaugg JB, Camblong J, Xu Z, Zhang DW, Mischo HE, Ansari
AZ, Luscombe NM, Steinmetz LM, Proudfoot NJ. 2012. Gene loops
enhance transcriptional directionality. Science 338: 671-675.

Travers A. 1999. Chromatin modification by DNA tracking. Proc Natl Acad
Sci 96: 13634-13637.

Turner BM. 2000. Histone acetylation and an epigenetic code. Bioessays 22:
836-845.

Venters BJ, Pugh BF. 2009. How eukaryotic genes are transcribed. Crit Rev
Biochem Mol Biol 44: 117-141.

Vernimmen D, Lynch MD, De Gobbi M, Garrick D, Sharpe JA, Sloane-
Stanley JA, Smith AJ, Higgs DR. 2011. Polycomb eviction as a new
distant enhancer function. Genes Dev 25: 1583-1588.

Wang D, Garcia-Bassets I, Benner C, Li W, Su X, Zhou Y, QiuJ, Liu W,
Kaikkonen MU, Ohgi KA, et al. 2011. Reprogramming transcription by
distinct classes of enhancers functionally defined by eRNA. Nature 474:
390-394.

Weber CM, Henikoff JG, Henikoff S. 2010. H2A.Z nucleosomes enriched
over active genes are homotypic. Nat Struct Mol Biol 17: 1500-1507.

Wei W, Pelechano V, Jarvelin Al, Steinmetz LM. 2011. Functional
consequences of bidirectional promoters. Trends Genet 27: 267-276.

Weis L, Reinberg D. 1992. Transcription by RNA polymerase II: Initiator-
directed formation of transcription-competent complexes. FASEB ] 6:
3300-3309.

Whittle CM, McClinic KN, Ercan S, Zhang X, Green RD, Kelly WG, Lieb JD.
2008. The genomic distribution and function of histone variant HTZ-1
during C. elegans embryogenesis. PLoS Genet 4: e1000187.

Wierstra 1. 2008. Sp1: Emerging roles-beyond constitutive activation of
TATA-less housekeeping genes. Biochem Biophys Res Commun 372: 1-13.

Wingender E. 2008. The TRANSFAC project as an example of framework
technology that supports the analysis of genomic regulation. Brief
Bioinform 9: 326-332.

Xu Z, Wei W, Gagneur J, Perocchi F, Clauder-Munster S, Camblong J,
Guffanti E, Stutz F, Huber W, Steinmetz LM. 2009. Bidirectional
promoters generate pervasive transcription in yeast. Nature 457: 1033-
1037.

Zhang Z, Dietrich FS. 2005. Mapping of transcription start sites in
Saccharomyces cerevisiae using 5" SAGE. Nucleic Acids Res 33: 2838-2851.

Zhang H, Roberts DN, Cairns BR. 2005. Genome-wide dynamics of Htz1,
a histone H2A variant that poises repressed/basal promoters for
activation through histone loss. Cell 123: 219-231.

Received December 13, 2012; accepted in revised form March 29, 2013.

Genome Research 1347

www.genome.org


http://www.wormbook.org/
http://genome.cshlp.org/
http://genome.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

