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GC skew defines distinct RNA polymerase pause sites

in CpG island promoters

Wendy A. Kellner,'** Joshua S.K. Bell,'-* and Paula M. Vertino'-?
" Department of Radiation Oncology, Emory University School of Medicine, Atlanta, Georgia 30322, USA; ?Winship Cancer Institute

of Emory University, Atlanta, Georgia 30322, USA

CpG islands (CGls) are associated with over half of human gene promoters and are characterized by a unique chromatin
environment and high levels of bidirectional transcriptional activity relative to surrounding genomic regions, suggesting
that RNA polymerase (Pol II) progression past the CGI boundaries is restricted. Here we describe a novel transcriptional
regulatory step wherein Pol Il encounters an additional barrier to elongation distinct from the promoter-proximal pause
and occurring at the downstream boundary of the CGI domain. For most CGl-associated promoters, Pol Il exhibits a dom-
inant pause at either the promoter-proximal or this distal site that correlates, both in position and in intensity, with local
regions of high GC skew, a sequence feature known to form unique secondary structures. Upon signal-induced gene acti-
vation, long-range enhancer contacts at the dominant pause site are selectively enhanced, suggesting a new role for enhanc-
ers at the downstream pause. These data point to an additional level of control over transcriptional output at a subset of
CGl-associated genes that is linked to DNA sequence and the integrity of the CGI domain.

[Supplemental material is available for this article.]

Roughly 60% of human promoters are associated with a CpG is-
land (CGI), most of which lack DNA methylation and maintain
a chromatin structure that is permissive to transcription; the acqui-
sition of DNA methylation at a small percentage of these promot-
ers during development or disease is associated with stable gene
silencing (Deaton and Bird 2011; Jones 2012). Histone modifying
enzymes contain embedded or associated reader domains capable
of recognizing methylated or unmethylated CpGs, allowing for
crosstalk between DNA methylation state and local chromatin
structure (Hashimoto et al. 2010). For example, CGIs are main-
tained in a transcriptionally permissive state in part through the
recognition of unmethylated DNA by a component of the H3K4
methyltransferase complex and the inability of de novo DNA
methyltransferases to act on H3K4 modified chromatin (Jia et al.
2007; Thomson et al. 2010). As a result, there is an inverse relation-
ship between DNA methylation and H3K4 methylation, with
unmethylated CGI domains uniquely marked by H3K4me3 ge-
nome-wide. DNA sequence features have also been reported to pro-
mote or to prevent DNA methylation at CGIs (Feltus et al. 2003;
Bock et al. 2006; Ginno et al. 2012). How chromatin structure
and DNA sequence converge to regulate transcription initiation
and elongation at CGIs is not well understood.

Genome-wide studies of RNA polymerase (Pol) II occupancy
and nascent transcription have demonstrated that a significant
component of transcriptional regulation occurs at post-initiation
steps in the transcription cycle. Promoter-proximal pausing has
emerged as an important point of post-initiation transcriptional
regulation that is conserved across metazoans (Adelman and Lis
2012; Kwak and Lis 2013). After transcribing ~50 bp, initiated
Pol II pauses, awaiting additional signals for controlled release
into productive elongation. This allows for rapid and/or synchro-
nous gene activation in response to a wide variety of environmen-
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tal or developmental cues. In most cases, elongation past this
point requires the recruitment of positive transcription elongation
factor B (P-TEFb) complex, which phosphorylates the C-terminal
domain of Pol II, as well as components of the negative regulatory
complexes NELF and DRB sensitivity-inducing factor (DSIF), pro-
moting their dissociation/inactivation and the release of Pol II
into active elongation (Gilchrist et al. 2010). While transient paus-
ing is thought to be a feature of most active transcription, the de-
gree to which this step becomes rate-limiting varies across genes
and is subject to context-dependent and locus-specific modula-
tion, presumably by factors affecting the local recruitment and/
or activity of the P-TEFb complex. Central among these is bromo-
domain-containing protein 4 (BRD4), which directs P-TEFb to
acetylated nucleosomes while also antagonizing its sequestration
by the HEXIM1 complex (Jang et al. 2005; Yang et al. 2005; Liu
et al. 2014).

Recent studies suggest that distal enhancer interactions play a
key role in mediating these events. Enhancers are cis-acting regula-
tory elements that control transcription from a distance through
the formation of contacts between the enhancer-bound transcrip-
tion factors and promoter-bound Pol II and the looping out of in-
tervening chromatin (Kagey et al. 2010b). BRD4 and components
of the P-TEFb complex have been shown to colocalize with elon-
gating (serine-2-phosphorylated) Pol II at both the promoters
and enhancers of active genes, and inhibition of either suppresses
not only elongation of promoter-derived mRNAs but also that of
noncoding “eRNAs” arising at distal enhancers (Zhang et al.
2012; Anand et al. 2013; Liu et al. 2013; Loven et al. 2013;
Kanno et al. 2014). In addition, long-range chromatin looping
interactions have been shown to correlate with paused Pol II
during Drosophila development (Ghavi-Helm et al. 2014). The
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RNA polymerase pausing at CpG island boundaries

relationships among chromatin looping
interactions, enhancer activity, and Pol
II pausing dynamics are incompletely
understood.

In this study, we investigate the rela-
tionship between DNA sequence fea-
tures, chromatin structure, and RNA Pol
II pausing dynamics in the regulation of
transcription at CGI promoters. We iden-
tify and characterize a novel Pol II pause
point distinct from the promoter-proxi-
mal pause defined by local DNA se-
quence features that is coincident with
the downstream edge of the CGI domain
and serves as the predominant barrier to
elongation at a significant fraction of
CGl-associated genes.

Results

Genome-wide mapping of nascent tran-
scription has shown that unmethylated
CGI promoters support high levels of
bidirectional (divergent) transcription,
but productive elongation in only one di-
rection, and that the levels of activity in
the promoter region are poorly correlated
with the levels of steady-state transcript
(Core et al. 2008). This implies that there
may be additional levels of transcription-
al regulation at the CGI boundaries. To
address this question, we performed an
integrated analysis of global run-on se-
quencing (GRO-seq) (Hah et al. 2011),
methylated DNA immunoprecipitation
sequencing (MeDIP-seq) (Ruike et al.
2010), Pol II ChIP-seq (Lee et al. 2012),
and ChIP-seq of histone modifications
from human MCEF7 cells at TSSs falling
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Figure1. Asecond (distal) Polll pause at the CGl shore. (A) Heatmap representation of MeDIP-seq, total

Pol Il ChIP-seq, and GRO-seq sense (plus strand) and antisense (minus strand) tag density is plotted for +3
kb around the midpoint of the CGI and sorted by CGl size (CGl-associated promoters; n=16,657). The
upstream and downstream boundaries of the CGI domain (right) is shown for comparison. (B) Average
tag densities of nascent transcripts (GRO-seq; sense, antisense) and DNA methylation (MeDIP-seq) across
CGl-associated promoters. Promoters were oriented to the direction of transcription, and the distances
from the TSS to the upstream and downstream CGl edge were independently scaled and anchored to
the TSS (arrow). An additional 800 bp to either side of the CGI (unscaled) is included. Data are normalized
between data sets by setting the maximum tags per 20 bp bin within each data set to one. (C) The relative
GRO-seq tag density for the 100 bp under the proximal peak versus the 100 bp at the CGl edge was used to
parse genes into proximal or distal pausing classes. Promoters with no tags in either region were consid-
ered silent. CGls in each class were sorted by the distance from the TSS to the downstream CGl edge (in-
dicated to the right). (D) Browser image of MCF7 GRO-seq sense tags covering an 8-kb window
surrounding the promoter regions of MYC, HSPA4, ESR2, and FOS. Green bar indicates CGl.

within a CGI or not. As expected, CGl-as-

sociated promoters exhibit high levels of

divergent transcription and the absence of DNA methylation that
distinguishes these from non-CGI promoters (Supplemental Fig.
S1). Relative to non-CGI promoters, CGI promoters have signifi-
cantly more engaged Pol II and are enriched in histone modifica-
tions associated with ongoing transcription, including H3K4me3
and acetylated H3 (Supplemental Fig. S1C,D). Histone modifica-
tions and transcriptional activity are distributed on both sides of
the TSS, indicating that these marks are associated with both sense
and divergent transcription at CGI promoters. This analysis also
highlights that the majority of paused genes and ChIP-seq signal
from chromatin modifications associated with transcriptional acti-
vation derive from CGI promoters.

To examine the relationship between chromatin structure
and engaged Pol II specifically at CGIs, promoter-associated CGIs
were sorted by CGI size. Transcriptional activity, indicated by
GRO-seq tag density, was confined to the unmethylated CGI
domain and corresponded with Pol II enrichment in this region
(Fig. 1A). Histone modifications known to be associated with
active transcription, such as H3K4me3 and H3K9ac, were similarly
concentrated within the unmethylated CGI domain (Supplemen-
tal Fig. S2). Interestingly, there was significant GRO-seq enrich-

ment at the edges of the CGI domain. Sense strand transcripts
are enriched at the downstream edge of CGIs, and antisense strand
transcripts are enriched at the upstream edge, suggesting that Pol I1
may pause in these regions. These data confirm that divergent
transcription is a common feature of most if not all active CGI-as-
sociated promoters (Core et al. 2008) and underscores the relation-
ship between divergent transcription and surrounding chromatin
at CGls; i.e., divergent transcription appears largely confined to
the CGI domain.

We next sought to determine the relationship among diver-
gent transcription, promoter-proximal pausing, and DNA methyl-
ation at CGI promoters, while taking into consideration the
relative position of the TSS within the CGI domain. Genes were
oriented to the direction of transcription and normalized to the
CGI length such that the distance to the upstream and down-
stream CGI edges were independently scaled relative to the TSS.
Meta-analysis across 16,657 CGl-associated promoters revealed
an enrichment of GRO-seq sense strand tags at ~50 bp down-
stream from the TSS, representing the well-characterized promot-
er-proximal pause (Fig. 1B). Interestingly, we observed a second
distinct accumulation of nascent transcripts (sense strand) at the
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downstream edge of the CGI domain (Fig. 1B, second blue peak).
Notably, divergent transcription was similarly enriched in the re-
gion upstream of the TSS to the 5" CGI edge. Taken together, these
data indicate that Pol II encounters a barrier to transcription past
the downstream edge of the CGI domain that is distinct from
the promoter proximal-pause and, further, that this position repre-
sents a major regulatory step for continued elongation at a signifi-
cant number of genes. We refer to this as the “distal” pause.

The above observations led us to inquire whether both paus-
ing events were characteristic of most genes, i.e., whether most
genes are regulated by two sequential pauses or whether the aver-
age profile might represent distinct groups of genes with different
pausing characteristics. We therefore parsed genes by the relative
ratio of the proximal versus distal pausing indices, defined as the
GRO-seq tag density of the 100 bp encompassing the proximal
or distal peak relative to that of the gene body downstream from
the CGI. This analysis indicated that CGl-associated genes can
be grouped into two classes, those predominantly regulated at
the proximal site or those regulated at the distal site (Fig. 1C).
Approximately 35% of CGI-associated genes showed predominant
pausing at the distal position (Class I, distally paused), whereas
47% showed a more prominent proximal pause (Class II, proximal-
ly paused). A third class (18%) lacked significant GRO-seq tags, in-
dicating that they are silent in this cell type. Limiting the analysis
to only those CGIs that contain a single annotated TSS had no im-
pact on this pattern, and the same relationships were observed
(Supplemental Fig. S2B). For many genes, there is a dominance
of one pause point over the other, although both pauses are
still observed (e.g., HSPA4 and ESR2), while other genes like MYC
and FOS show a clear preference for either the distal or proximal
pause, respectively (Fig. 1D). Thus, it would appear that Pol II en-
counters a proximal and a distal pause at most CGI genes, but
the degree to which each is rate-limiting varies, with one or the
other dominating.

Because the distal pause coincides with the edge of the CGI,
we reasoned that DNA methylation and/or histone modifications
might be candidates for regulating pausing at this position.
However, analysis of histone modifications correlated with pro-
moters and/or transcription (H3K4me3, H3K9ac, H3K14ac), or
shown in Supplemental Figure S2 to be associated with the CGI
edge (H3K4me2, H3K9me1l, DNA methylation), showed no differ-
ence in enrichment patterns between the pausing classes
(Supplemental Fig. S3A). Several protein factors implicated in the
regulation of promoter-proximal pausing, such as CCNT2 and
CDK9 (components of the P-TEFb complex), MYC (Rahl et al.
2010), and BRD4 (Delmore et al. 2011), were similarly analyzed.
Although there was clear enrichment of these factors at the prox-
imal pause point just downstream from the TSS as expected, this
pattern was common across all active CGIs, and there was no dif-
ference in profiles between the pausing classes (Supplemental
Fig. S3B). Whereas steady-state gene expression, gene size, and
fraction of the gene encompassed within the CGI did not signifi-
cantly differ between CGI classes, distally paused genes tended
to be associated with larger CGIs and downstream distances from
the TSS to 3" CGI edge and with a higher CpG density than prox-
imally paused genes, although the differences were relatively mod-
est (median CGI size =871 bp vs. 944 bp vs. 1018 bp; TSS to 3' CGI
edge =498 bp vs. 531 bp vs. 570 bp, proximal, distal, silent, respec-
tively) (Supplemental Fig. S4). Interestingly, the silent class shared
some features with the distal class (slightly longer CGI and down-
stream distance) but represented a class of CGIs with lower CpG
density (Supplemental Fig. S4). Gene ontology and gene set en-

richment analyses indicated that the genes associated with CGIs
in the proximal and distal classes share similar housekeeping-
type functions, with a tendency for the proximally paused class
to be enriched in genes involved in transcription and RNA process-
ing functions, while the distal class tended toward cell division and
metabolic processes (Supplemental Data). The most striking obser-
vation was in the silent class, which is strongly enriched in devel-
opmental regulators and genes subject to Polycomb-mediated
repression in stem cells and other tissues (Supplemental Data).

We next asked whether other cell types with different ex-
pression patterns have the same pausing patterns. The profile of
ongoing transcription (GRO-seq) from normal breast epithelia
(MCF10A) (Kim et al. 2013) and fetal lung fibroblast (IMR90)
(Core et al. 2008), and ChlIP-seq for serine-5 phosphorylated Pol
IT from CD4+ T-cells (Zhang et al. 2012) was examined at CGI-as-
sociated promoters using the same sort order (distance from the
TSS to the 3" CGI edge) and class distinctions derived for MCF7
cells in Figure 1C. Interestingly, the position of the dominant
pause for individual genes was consistent across multiple cell types
(Fig. 2). Pol II ChIP-seq confirmed enrichment of Pol II at both the
proximal and the distal sites, consistent with Pol I pausing in both
positions. These data suggest that the predominant pausing class is
intrinsically determined and is independent of cell-type—specific
expression patterns.

Core promoter sequence elements have been implicated in
the regulation of promoter-proximal pausing (Kwak et al. 2013).
To identify local features that might discriminate CGIs in the
two different pausing classes, sequence motif elicitation was per-
formed. The MEME motif finder (Machanick and Bailey 2011)
was applied to 100 bp of sequence underlying the proximal and
distal pause site for all three classes of genes. This identified G-
rich sequences at the corresponding dominant Pol II pausing site
for each class (Fig. 3A); that is, proximally paused genes show G-
enrichment near the TSS, while distally paused genes show a G-en-
richment at the 3’ CGI boundary (Fig. 3A). Genes in the silent class
resemble that of the distally paused genes with G-rich sequences at
the distal pause site, suggesting that, when active, these genes
might exhibit a distally paused pattern similar to Class I genes.

The finding of G-rich coding strand sequences that corre-
spond with the location of the dominant pause evoked an exami-
nation of GC “skew.” GC skew is a common feature of CGI
promoters and is characterized by an excess of G versus C content
on the coding strand (Ginno et al. 2012). Transcription through
such regions results in the formation of R-loops generated by the
stable pairing between the G-rich nascent RNA back to the C-
rich template behind the progressing polymerase (Aguilera and
Garcia-Muse 2012). This leaves the G-rich nontemplate DNA
strand unpaired, which also has the potential to form G-quadru-
plexes (Lam et al. 2013; Shrestha et al. 2014). These secondary
structures have been shown to promote DNA damage and/or trans-
locations while also impeding transcription at certain genes
(Aguilera and Garcia-Muse 2012). To investigate the possibility
that GC skew influences Pol II pausing, GC skew was calculated
for the region from the TSS to the downstream CGI edge and sorted
by CGI size and predominant pausing site, again using the same
sort order and class distinction as in Figure 1C. This demonstrated
that GC skew does indeed correlate very closely with the dominant
PolII pausing site (Fig. 3B). The compiled analysis of GC skew at all
CGl-associated genes oriented to the TSS and scaled to the CGI
showed that whereas there is generally positive skew downstream
from the TSS as previously described (Ginno et al. 2013), the prox-
imally paused genes have a sharp peak in GC skew located just
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either side of the CGI (unscaled) are included.

downstream from the TSS and the distally paused genes have a
sharp peak of GC skew at the CGI edge (Fig. 3C). Moreover, sorting
of all active CGl-associated genes by the degree of GC skew at ei-
ther the proximal or the distal site correlated with the degree of
Pol Il pausing at the same site, as indicated by the GRO-seq signal
(Fig. 3D,E), and the interpolated pausing index (Supplemental Fig.
S5A) but was independent of gene expression levels (Supplemental
Fig. S5B,C). Taken together, these data indicate that Pol II pausing
correlates more strongly with local GC skew than any of the chro-
matin modifications or trans-acting factors investigated.

Previous work by the Chedin group has shown a strong corre-
lation between global GC skew, R-loop formation, and the lack of
DNA methylation across CGI domains (Ginno et al. 2012, 2013).
By use of a sequence-based algorithm, SkewR, that takes into ac-
count the degree, length, and direction of GC skew, as well as se-
quence composition (C+G content, CpG density), the group
has classified CGIs into three classes (strong, weak, and reverse)
based on a predicted propensity for R-loop formation. To deter-
mine the relationship between pausing classes and SkewR predict-
ed propensity for R-loop formation, CGIs in the distal, proximal,
and silent pausing classes were annotated to the GC skew “class.”
As expected, most of the CGIs considered in this study were asso-
ciated with “strong” skew features (Supplemental Fig. S6A,B).
Relative to the proximal class, the distally paused class was some-
what enriched in CGIs with “strong” GC skew features, including
slightly longer regions of positive GC skew, as determined by

CD4+T
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Pol Il S5P

Predominant Pol Il pausing class is conserved across cell types. (A) Heatmap representation of
the GRO-seq sense tag density from MCF10A and IMR90 cells. CGI promoters are oriented to transcrip-
tion and sorted within each class by the distance from the TSS to the downstream CGl edge using the
same sort order as Figure 1C. (B) Pol Il (S5 phosphorylated) ChIP-seq tag density from CD4+ T cells ori-
ented and sorted as in Figure 1C. (C) Average tag densities of nascent transcripts (GRO-seq sense) and
phospho-S5-Pol Il for promoters in the three pausing classes shown in Aand B. CGl-associated promoters
were oriented to transcription and the distance from the TSS to the upstream and downstream CGl edge
independently scaled and anchored to the TSS (arrow). The average tags per 20-bp bin for 800 bp to

SkewR peak length (median =765 bp vs.
822 bp, proximal vs. distal), and slightly
longer first exons, a feature previously
correlated with the “strong” skew class
(median =208 bp vs. 237 bp, proximal
vs. distal) (Supplemental Fig. S6C,D;
Ginno et al. 2013). CGIs in the silent
pausing class were depleted of “strong”
CGIs and enriched in “weak” and “re-
verse” CGls. Consistent with this, the
“reverse” skew class was also noted to
be enriched in features of Polycomb-me-
diated repression (Ginno et al. 2013).
Thus, although there was some overlap
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Next, we determined the relation-
ship between R-loop formation and
pausing class among CGl-associated pro-
moters by examining DRIP (DNA:RNA
IP)-seq data, an antibody-based approach
that selectively captures RNA-DNA hy-
brids that has been adapted to massively
parallel sequencing (Ginno et al. 2012).
There was little DRIP-seq enrichment
among CGIs in the silent class, consis-
tent with a relative lack of transcriptional
activity (Supplemental Fig. S6D). In con-
trast, both proximally and distally
paused genes showed enrichment of
R-loops over the CGI domain. Signifi-
cantly, there was a greater enrichment
of R-loops detected downstream from
the TSS among the distally paused gene
class that peaked at or near the 3’ edge of the CGI domain
(Supplemental Fig. S6D). These data indicate that there is a corre-
lation between the stability and/or propensity to form R-loops
and the propensity to undergo pausing at the distal pause site.

Several recent studies suggest that enhancers may function to
regulate transcription in part by modulating Pol II pausing
(Krumm et al. 1995; Brown et al. 1996; Core and Lis 2009; Zippo
et al. 2009; Anand et al. 2013; Liu et al. 2013; Loven et al. 2013).
We used chromatin conformation capture (3C) to probe the rela-
tionship between enhancer-promoter looping interactions and
pausing class in MCF7 cells transiently exposed to estradiol (E2).
Upon estrogen stimulation, well-characterized distal enhancers
for the MYC, P2RY2, and SIAH2 genes are bound by the estrogen
receptor alpha, resulting in the looping between the enhancer
and promoter and rapid induction of gene expression (Fullwood
et al. 2009; Wang et al. 2011; Li et al. 2013). The MYC, P2RY2,
and SIAH2 genes were chosen for this assay because they are rapid-
ly induced in response to estrogen exposure, ensuring a direct tran-
scriptional effect, and because their promoter-associated CGIs are
sufficiently large that the TSS and 3’ CGI edge can be readily re-
solved, allowing us to determine the spatial relationship between
enhancer contacts and the paused Pol II (Hah et al. 2011, 2013;
Danko et al. 2013). A high-resolution 3C assay was used to finely
map estrogen-induced enhancer interactions at these loci in
MCEF7 cells. At the two distally paused genes, MYC and SIAH2, a
10-min estrogen exposure induced a five- to 10-fold increase in
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the efficiency of contact between the upstream enhancer and their
respective promoters. Interestingly, the interaction efficiency was
two- to threefold greater at the distal edge of the CGI than sur-
rounding regions, including the TSS (Fig. 4A,B). In contrast, at
the proximally paused gene P2RY2, estrogen stimulated the inter-
action between the upstream enhancer and the TSS proximal
region (Fig. 4C). To assess the functional consequences of enhanc-
er looping in this setting, we interrogated GRO-seq data obtained
from estradiol-stimulated MCF7 cells (Hah et al. 2011) to deter-
mine the influence of E2 stimulation on pausing indexes over
time at the MYC, SIAH2, and P2RY2 genes and calculated as
described above (Fig. 3). This analysis showed an approximately
twofold decrease (2.2-, 1.5-, 2.0-fold, respectively) in pausing
index at the corresponding distal (MYC, SIAH2) or proximal
(P2RY2) pause point within ~40 min and leveling off thereafter
(data not shown).

The above data suggest that enhancer interactions may play a
role in the regulation and/or stability of the Pol Il pause not only at
the proximal site but also at the distal pause site as well. To exam-
ine the broader relationship between pausing class and enhancer—
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Pol Il pausing correlates with GC skew. (A) MEME-ChIP was performed on the 100-bp se-
quence underlying the proximal pause and the distal pause for the promoters in each pausing class (distal,
proximal, silent). An enrichment of G-rich sequences correlates with the predominant Pol Il pause point for
each class. (B) Heatmap representation of GC skew. The degree of GC skew was calculated in 20-bp bins.
CGl promoters from the three classes are oriented and sorted by the distance from the TSS to the down-
stream CGl edge using the same sort order as Figure 1C. (C) Average GC skew across the three different
pausing classes. CGl-associated promoters were oriented, and the distances from the TSS to the upstream
and downstream CGl edge were independently scaled and anchored to the TSS (arrow). An additional 800
bases to either side of the CGl (unscaled) isincluded. (D, E) MCF7 cell GRO-seq sense tag density around the
TSS (arrow) or the downstream edge of the CGI (£3 kb). All CGI promoters were sorted by decreasing GC
skew for the 100 bases underlying the distal pause (D) or the proximal pause (E).

promoter interactions, we made use of
the highest resolution (1 kb) Hi-C data
available to date (Rao et al. 2014) to ex-
amine the frequency of contacts between
the proximal and distal pause sites of
each CGlI-associated promoter and its
nearest enhancer. We defined enhancers
as regions of overlap between H3K4me1/
H3K27ac based on ChIP-seq data from
the same cell type from which the Hi-C
data were derived (GM12878) (The
ENCODE Project Consortium 2012).
Given the resolution of the data, we lim-
ited the analysis to those CGIs for which
the TSS and the 3’ CGI edge are >1 kb
apart (proximal N=663, distal N=475,
silent N=3558), and among these, those
that had one or more annotated contacts
between the enhancer and each pause
point. This resulted in a total of 1225
CGI promoter-enhancer pairs considered
(proximal =527, distal=390, silent=
308). There was no significant difference
- in the distance from the promoter to the
nearest enhancer between the proximal
and distal pausing classes (Supplemental
Fig. §7). CGI promoters in the silent class
were further from their nearest enhancer,
which was not surprising considering the
focus on “active” H3K4mel/H3K27ac
marked enhancers and the tendency
for the silent class to be overrepresented
in Polycomb-marked genes, the bulk of
which are likely silent in most differenti-
ated tissues, including the GM12878
cells. We found that while the nearest en-
hancers associated with CGI promoters
in the proximal and silent classes were
equally likely to contact the TSS as the
3’ CGI edge, enhancers associated with
CGIs in the distal class showed a 1.3-
fold greater propensity for contact at
the distal pause site (P=0.027, distal vs. proximal class genes,
Mann-Whitney U test) (Supplemental Fig. S7B).

Several studies have implicated cohesin in long-range chro-
mosomal contacts and enhancer—promoter looping (Kagey et al.
2010b). We therefore examined enrichment of the cohesin sub-
unit RAD21 (MCF7 cells) (The ENCODE Project Consortium
2012) in and around the TSS and 3’ CGI edge of promoters in
the three pausing classes. We found that while cohesin is enriched
throughout the CGlin both active classes (proximal and distal) rel-
ative to the silent class, there was a skew toward more distal enrich-
ment (decreased at the TSS increased at the 3' CGI edge) in the
distally paused genes relative to the proximally paused genes
(Supplemental Fig. S7C).

Taken together, these data indicate that stable contacts are
made between distal enhancers and multiple points along the
CGI domain among active CGl-associated genes, with a tendency
for distally paused genes to exhibit a skewed distribution toward
the 3’ end of the CGI domain relative to proximally paused genes.
Upon transcriptional activation, contacts at the dominant pause
site appear to be selectively induced and/or stabilized, at least at
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Figure 4. Distal enhancer interactions correlate with pausing class. A
chromatin conformation capture (3C) assay was performed to investigate
the interaction between known estrogen-bound enhancer elements up-
stream of the following: (A) MYC (shown is Chr 8: 128,679,000-
128,763,000), (B) SIAH2 (Chr 3: 150,455,000-150,483,000), and (C)
P2RY2 (Chr 11: 72,903,000-72,950,000) loci. The relative positions of
the CGI (green bar, shaded region) and the fragment containing the
TSS are indicated. Estrogen-depleted MCF7 cells were induced with 100
nM estradiol (E2) or vehicle (ethanol) for 10 min followed by crosslinking,
restriction digestion, and ligation. An anchor probe was designed against
the known estrogen receptor-bound enhancer (blue) and tested for liga-
tion with the indicated restriction fragments (R.F.) by qPCR. Data are re-
ported as mean+SD of the fold-induction of E2-induced interaction
relative to uninduced from three independent experiments assayed in trip-
licate. Shown for comparison are GRO-seq sense strand data from MCF7
cells depleted of estrogen for 3 d (T0) and induced with 100 nM estradiol
for 10 min (T10) (Hah et al. 2011). For GRO-seq tracks, y-axis scale (total
tag count every 10 bases): MYC=1300, SIAH2=250, P2RY2=225.
Shown for comparison are estrogen receptor alpha (ESR1) ChIP-seq data
derived from GSM594602. For the ESR1 ChlIP-seq track, y-axis scale (total
tag count every 10 bp): MYC=150, SIAH2 =154, P2RY2 =324. Data dem-
onstrate estrogen-induced ESR1 binding at the enhancer and transcrip-
tional activity at both the promoter and enhancer.

the E2-regulated genes examined, suggesting a new role for en-
hancer—promoter contacts in Pol II pausing not only at the proxi-
mal pause but also the distal pause point.

Discussion

This study provides evidence that at CGI-associated promoters Pol
II encounters not one, but two major barriers to transcriptional

elongation, one defined by the promoter proximal pause and a sec-
ond that corresponds to the downstream boundary of the CGI
domain. The relative degree to which each becomes rate-limiting
is intrinsically determined by local sequence context. Both paus-
ing events correlate with regions of high GC skew, a feature of se-
quences prone to the formation of secondary structures such as R-
loops and G-quadruplexes (Aguilera and Garcia-Muse 2012; Ginno
et al. 2012; Shrestha et al. 2014). Positive GC skew downstream
from the TSS is a sequence feature of most CGls, and R-loops ex-
tending through this region have been detected at many CGI pro-
moters, where they are proposed to prevent DNA methylation
(Ginno et al. 2012, 2013). We find that even within the overall
positive GC skew typical of most CGIs, there are G-rich clusters
that exhibit an even greater (two- to threefold) G-bias than the sur-
rounding DNA, and that these correlate well, both in location and
in magnitude, with the intensity of Pol Il pausing. The hyperstabil-
ity of the RNA:DNA duplexes formed at these sites in particular
may tether the nascent transcript, impeding elongation beyond
a certain distance or once a threshold level of negative supercoiling
behind the progressing polymerase has been reached. Indeed,
R-loop structures impede polymerase progression in a length-
and supercoiling-dependent manner in vitro (Belotserkovskii
et al. 2010), and promoter-proximal pausing has been correlated
with local thermodynamic stability of the RNA:DNA duplex in
Drosophila (Nechaev et al. 2010). Consistent with a tethering mod-
el, Pol II paused in close proximity to the G-rich sequences, not
only at the promoter-proximal pause but also at the distal pause,
regardless of the distance from the TSS to the downstream CGI
edge and, hence, the overall length of the nascent transcript.
Thus, even in the context of a nascent transcript well >1 kb, G-
rich stretches still have the capacity to hinder Pol II progression.
A similar mechanism may be operative at the 3’ ends of genes
where Pol II pausing and R-loop formation over G-rich sequences
downstream from the poly(A) signal are necessary for efficient
transcription termination (Skourti-Stathaki et al. 2011, 2014).
Similar G-rich clusters interspersed throughout the immuno-
globulin class switch locus are proposed to serve as points of R-loop
initiation, with the R-loop spreading laterally from the point of the
most stable (highest G-bias) contact (Zhang et al. 2014). Consistent
with thisidea, the distally paused genes were enriched in RNA:DNA
hybrids that peaked near the 3' CGI edge relative to proximally
paused genes. It is possible that the additional stability afforded
by the intertwining of a longer nascent transcript “tail” with the
template DNA (e.g., long R-loop) at distally paused genes might ob-
viate the need for additional protein factors to enforce the paused
state. Indeed, whereas the protein complexes known to enforce
(NELF, DSIF) or to relieve (BRD4 and P-TEFb) promoter-proximal
pausing are enriched at the proximal site across active CGIs of
both classes (Supplemental Fig. S3B), there was little enrichment
of these factors at the distal pausing site in either class, suggesting
that the mechanisms involved in proximal and distal pausing
and release may differ. A paused state reinforced by additional
trans-acting factors versus one driven by sequence and physical
constraints alone might explain the difference in apparent intensi-
ties between the proximal versus the distal pause (Supplemental
Fig. $8). Interestingly, classes of genes exhibiting a more proximal
versus distal pause have also recently been reported in Drosophila,
which lack CGIs (Kwak et al. 2013). The strong correlation between
the position of pausing and GC skew is also readily evident in the
Drosophila data (Supplemental Fig. $9), suggesting that the relation-
ship between this sequence-based feature and Pol I pausing is evo-
lutionarily conserved, and may predate the emergence of CGIs.
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We demonstrate that enhancers contact the predominant
pausing site in CGIs, suggesting a role for enhancers in regulating
Pol II pausing not only at the proximal pause but also at the CGI
edge. The role of active enhancers in mediating promoter-proxi-
mal pause release is incompletely understood but has been attrib-
uted to the delivery of the P-TEFb complex to the promoter,
enhancer-mediated liberation of P-TEFb complex from local
HEXIM1-mediated sequestration, and, most recently, a mecha-
nism involving competition for promoter-bound NELF complex
by enhancer-derived eRNAs (Anand et al. 2013; Liu et al. 2013;
Loven et al. 2013; Schaukowitch et al. 2014). It is tempting to spec-
ulate that at distally paused genes, the enhancer might bring in
factors capable of resolving R-loops or other physical constraints
(e.g., supercoiling). To this end, inhibition or down-regulation of
type I topoisomerases leads to an accumulation of R-loops at the
MYC locus (Yang et al. 2014) or ribosomal RNA genes (El Hage
et al. 2010; Marinello et al. 2013). How enhancers might be selec-
tively directed to the promoter versus the CGI edge is unclear, but
recent evidence showing that a substantial fraction of long-range
looping interactions is stable across cell types and developmental
windows and precedes signal-induced gene activation (Jin et al.
2013; Li et al. 2013; Ghavi-Helm et al. 2014) suggests that at least
one component of enhancer activity (looping) may be linked to
underlying sequence features.

Our findings highlight the importance of considering the
CGI and its embedded TSS as a discrete chromatin domain whose
structure has implications not only for transcriptional initiation
but also for elongation. While it is well accepted that the mainte-
nance of an open chromatin conformation at the CGI facilitates
promoter access and Pol II loading (Deaton and Bird 2011), our
data suggest that the CGI boundaries act, to varying degrees, as
a natural barrier to transcriptional elongation in both the sense
(productive) and antisense (divergent) directions (see Fig. 1;
Supplemental Fig. S2B). Previous work by the Chedin group has
shown that GC skew is a common feature of the CGI and that tran-
scription through these regions, rather than transcription per se, is
important for protecting CGlIs from DNA methylation in transfect-
ed plasmids, implying a role for R-loop formation in this process
(Ginno et al. 2012, 2013). We have previously shown that Pol II,
even in the paused state, can protect CGIs from de novo methyla-
tion after drug-induced demethylation (Kagey et al. 2010a). The
evolutionary preservation of CpG density in CGIs has been attrib-
uted to the absence of DNA methylation in the germline and,
hence, a reduced rate of spontaneous meC-to-T transition muta-
tions in these regions relative to the rest of the genome. The coevo-
lution of G-C strand asymmetry in the CGI domain implies a
transcriptionally dependent event that drives the preferential
loss of non-CpG Cs on the coding strand (or Gs on the template
strand). The preservation of highest GC skew in CGIs relative to
the genome-wide average (Ginno et al. 2013) and in particular at
the positions where RNA Pol II is paused (this study) suggests a
role for Pol II residency time in promoting this event. Together
these data add to a growing body of evidence supporting the
idea that divergent transcription, GC skew/ R-loop formation,
and Pol I pausing are inextricably linked and conspire to maintain
the unique epigenetic environment of CGI domains.

Methods

Data sets used in this study

The following data sets were used in this study: for MCF7 cells,
ChIP-seq of Pol II (GSM365929) (Welboren et al. 2009), phospho-

S5 Pol II (GSMS588577) (Joseph et al. 2010), H3K4me3
(GSM945269), H3K4me2 (GSM822391) (He et al. 2012), H3K9ac
(GSM588573) (Joseph et al. 2010), H3K9mel (GSM945857),
H3K14ac (GSMS588575) (Joseph et al. 2010), H3K27ac
(GSM946850) (Frietze et al. 2012), MYC (GSM1006877), and
RAD21 (GSM101079); MeDIP-seq (DRX000030) (Ruike et al.
2010); and GRO-seq (GSM1014637) (Hah et al. 2011). For IMR90
cells, the following data set was used: GRO-seq (GSM340901)
(Core et al. 2008). For MCF10A cells, the following data set was
used: GRO-seq (ERX016683) (Kim et al. 2013). For CD4+ T cells,
the following data sets were used: ChIP-seq of Pol IISS
(GSM1022949) (Zhang et al. 2012) and BRD4 (GSM823378)
(Zhang et al. 2012). For HeLa cells, the following data sets were
used: ChIP-seq of NELFA (GSM1280296) (Liu et al. 2014) and the
SUPTS5H component of DSIF (GSM1280295) (Liu et al. 2014). For
K562 cells, the following data set was used: ChIP-seq of CCNT2
(GSM935547). For GM12878 cells, the following data sets were
used: H3K4mel and H3K27ac ChIP-seq peak files (GSM733771,
GSM733772) and Hi-C contact matrices at 1-kKb resolution
(GSE63525) (Rao et al. 2014). For Ntera cells, the following data
set was used: DRIP-seq (SRX113813) (Ginno et al. 2012). For
Drosophila, the following data set was used: PRO-seq (GSE42117)
(Kwak et al. 2013).

Heatmaps, CGl scaling, and genome-wide averages

CGIs were defined by the UCSC criteria (hg19; April 27, 2009;
http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/
cpglslandExt.txt.gz). Heatmap representations of ChIP-seq,
MeDIP-seq, and GRO-seq tag densities were generated by sum-
ming the total number of tags in 20-bp bins for 3 kb to either
side of the TSS or from the midpoint of the CGI domain and vi-
sualized with Java Treeview v.1.1.6. To compare CGI features,
CGl-associated TSS were oriented to the direction of transcrip-
tion, and the distances from the TSS to the 5 and 3’ edge of
the CGI were independently scaled. It should be noted that as
a run-on technique, GRO-seq tags will map ~100 bases down-
stream from the Pol II position. As a consequence, the summit
of GRO-seq enrichment at the proximal pause maps to approxi-
mately +140 to +240 relative to the TSS and is offset from the
peak of Pol II ChIP enrichment (approximately +40 to +140
from the TSS) by ~100 bp. Likewise, the GRO-seq enrichment
at the CGI boundary is approximately +40 to +140 of the 3’
edge of the CGI on average. To account for this offset, 200 bp
was added to the length of the CGI for GRO-seq scaling purposes
in order to fully account for the second peak. The length of each
half of the CGI was divided into 40 bins, and the average number
of tags from each bin was compiled for all promoter-associated
CGIs for the indicated class using in-house scripts (Supplemental
Files). Information for a constant (unscaled) 800 bp was included
on each side of the CGI for comparison.

Proximal and distal pausing indices

The pausing index was defined as the total number of GRO-seq
tags for the 100 bases spanning the proximal pause (+140 to
+240 relative to TSS) or the distal pause (+20 to+120 relative to
3’ CGl edge) divided by the average number of reads per 100 bases
across the gene body, which was defined as the region from +200
bases downstream from the 3" CGI edge to the transcription end
site (TES). TSS-associated CGIs were parsed into the dominant
pausing class by comparing the ratio of the proximal to distal paus-
ing index. Those CGIs with a value less than one were placed in the
distal class, while those with a value greater than one were placed
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in the proximal class. CGIs with no tags at either pause were placed
in the silent class.

GC skew and gene expression

GC skew (G — C/G + C) was calculated in 20-bp bins across the hu-
man hg19 genome and the skew +3 kb upstream and downstream
to generate heatmaps sorted by CGI size of the three classes. For
sorting of GC skew, all CGI promoters were sorted by decreasing
GC skew for the 100 bases of enrichment (the 100 bases immedi-
ately upstream of CGI edge for the distal sort, and +40 to +140
from TSS for the proximal sort). For scaling GC skew, a 20-bp slid-
ing window moving in 1-bp increments was calculated and scaled
into a fixed number of bins (n = 50) independently from the TSS to
the upstream and downstream CGI edges. The average of each bin
across all genes was plotted for each class. Gene expression was de-
termined from GRO-seq “sense” tag density as RPKM for the gene
body region defined as +200 bp downstream from the 3’ edge of
the CGI to the TES. GC skew (G — C/G + C) was calculated across
the Drosophila genome (dm35.22) as described above, and the aver-
age skew for each bin centered on the TSS + 250 bp was plotted for
all genes in each pausing class (proximal, distal) as defined by
Kwak et al. (2013).

Chromatin conformation capture

Experiments were carried out according to the method of Hagege
et al. (2007) with slight modification. Brietly, 15-cm plates con-
taining 1 x 10° MCF?7 cells were grown in phenol-red free media
supplemented with 10% charcoal stripped serum for 4 d to deplete
estrogen. Cells were treated with 100 nM estradiol or vehicle (eth-
anol) for 10 min at 37°C followed by crosslinking in 1% formalde-
hyde in the media for 10 min. Glycine was added to a final
concentration of 0.125 M for 10 min at room temperature to
stop the reaction. Cells were washed twice with PBS and scraped
into cold lysis buffer (10 mM Tris at pH 8.0, 10 mM NacCl, 0.2%
NP-40), transferred to a conical tube, and placed on ice for 15
min with occasional mixing. Nuclei were pelleted at 400g for 5
min and washed once in 1x restriction buffer. Restriction digests
were carried out in 1x NEB restriction buffer 3.1 or CutSmart, 1%
Triton X-100, and 400 units each restriction enzyme per sample
and incubated overnight at 37°C with rocking. Enzymes were inac-
tivated with 1.25% SDS for 25 min at 65°C. Samples were then li-
gated in 1x NEB ligation buffer, 1% Triton X-100, 200 ug BSA, 3000
units of ligase (NEB M0202) in a total of 7.5 mL for 4 h at 16°C.
DNA was isolated by proteinase K (500 mg) digestion overnight
at 65°C, followed by phenol:chloroform extraction and ethanol
precipitation. Ligation efficiency between the distal enhancer
and various restriction fragments was interrogated by quantitative
real-time PCR using Tagman probes. A constant forward primer
and Tagman probe anchored at the distal enhancer fragment
were coupled with forward primers designed against selected re-
striction fragments across the region and every restriction frag-
ment within the CGI. The data are represented as the average
fold change in estradiol-induced samples relative to vehicle-
only controls from three independent biological experiments as-
sayed in triplicate. Primers used for 3C analysis are listed in
Supplemental Table I.

Restriction enzymes used for the analysis of the MYC and
SIAHZ2 loci were Pstl (NEB no. R0140) and Nsil (NEB no. R0127);
P2RY2 was Xmal (NEB no. R0180) and BsaWI (NEB no. R0567).
The P2RY2 digest was modified slightly by sequential digestion
first with BsaWI for 30 min at 60°C followed by the addition of
Xmal and a second 400 units of BsaWI and incubation overnight
at 37°C. This led to complete digestion of test BsaWI fragments
(data not shown).

Hi-C enhancer contact analyses

ChIP-seq data from GM12878 cells (GSM733771, GSM733772)
were used to define active enhancers as regions of overlap between
H3K4mel and H3K27ac peak files (The ENCODE Project Consor-
tium 2012). This identified 52,422 genomic regions with a median
width of 827 bp. Each CGI promoter was then annotated to the
nearest putative enhancer region to its TSS. Given the resolution
of the data, the analysis was limited to only those genes where
the TSS and 3’ CGI edge are at least 1 kb apart (proximal N= 663,
distal N=475, silent N=558) and, among those, those that had
one or more contacts between each pause site and the nearest en-
hancer (proximal N =527, distal N = 390, silent N = 308). Hi-C con-
tact matrices from GM12878 cells at 1-kb resolution (MAPQ score
>30) were obtained from Rao et al. (2014; GSE63525) and were
used to determine the frequency of contacts between each pausing
site and the nearest enhancer. Contacts between the proximal (TSS
+200bp) and distal (3’ CGI edge + 100 bp) and the nearest enhanc-
er were counted, and the log, of the ratio of distal pause site con-
tacts to proximal pause site contacts was calculated.

R-loop, SkewR class analysis

SkewR peaks and TSS class assignments are available from
https://www.mcb.ucdavis.edu/faculty-labs/chedin/Resources.html
(Ginno et al. 2012, 2013). For SkewR peak length analysis, TSSs
from genes in each pausing class were intersected with SkewR peaks
(low stringency). Approximately 80% of the TSS in each class were
found within a SkewR peak (proximal N = 4348, distal N=2730, si-
lent N=2641). To annotate CGIs to a skew “class,” CGIs were
matched to the nearest TSS within 1 kb for which a SkewR class as-
signment was available (proximal N = 5601, distal N = 3490, silent
N=2461) (Ginno et al. 2013).

DRIP-seq data tag densities were calculated from SRX113813
(Ginno et al. 2013). For scaling purposes, CGl-associated TSSs were
oriented to the direction of transcription, and the distances from
the TSS to the 5’ and 3’ edge of the CGI were independently scaled
into 40 bins each. An additional fixed (unscaled) distance of 800
bp (40 x 20 bp bins) was included to each side for comparison.
After removing duplicate reads, the average tag densities across
all genes in each pausing class was calculated using custom scripts
(Supplemental Files).

Motif elicitation

MEME-ChIP (Machanick and Bailey 2011) (http:/meme-suite.org/
tools/meme-chip) was performed on the 100-bp sequence under-
lying the proximal pause and the distal pause for the promoters
in each pausing class (distal, proximal, silent) with the following
options: background sequence model, first order, scan given
strand only. All other MEME options were set to the default val-
ues.
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