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GC skew at the 5’ and 3’ ends of human genes links
R-loop formation to epigenetic regulation
and transcription termination

Paul A. Ginno,'** Yoong Wearn Lim,'-* Paul L. Lott,? lan Korf,'-2

and Frédéric Chédin'%°

7Department of Molecular and Cellular Biology, 2Genome Center, University of California, Davis, California 95616, USA

Strand asymmetry in the distribution of guanines and cytosines, measured by GC skew, predisposes DNA sequences
toward R-loop formation upon transcription. Previous work revealed that GC skew and R-loop formation associate with
a core set of unmethylated CpG island (CGI) promoters in the human genome. Here, we show that GC skew can dis-
tinguish four classes of promoters, including three types of CGI promoters, each associated with unique epigenetic and
gene ontology signatures. In particular, we identify a strong and a weak class of CGI promoters and show that these loci
are enriched in distinct chromosomal territories reflecting the intrinsic strength of their protection against DNA
methylation. Interestingly, we show that strong CGI promoters are depleted from the X chromosome while weak CGls are
enriched, a property consistent with the acquisition of DNA methylation during dosage compensation. Furthermore, we
identify a third class of CGI promoters based on its unique GC skew profile and show that this gene set is enriched for
Polycomb group targets. Lastly, we show that nearly 2000 genes harbor GC skew at their 3’ ends and that these genes are
preferentially located in gene-dense regions and tend to be closely arranged. Genomic profiling of R-loops accordingly
showed that a large proportion of genes with terminal GC skew form R-loops at their 3’ ends, consistent with a role for
these structures in permitting efficient transcription termination. Altogether, we show that GC skew and R-loop for-
mation offer significant insights into the epigenetic regulation, genomic organization, and function of human genes.

[Supplemental material is available for this article.]

Epigenetic modifications in eukaryotes, including DNA methyla-
tion and histone marks, represent a critical layer of biological
information employed to maintain genomic organization and
stability and to regulate an array of nuclear processes such as
transcription, replication, and recombination (Allis et al. 2007).
Extensive mapping efforts have identified combinations of marks
that define broad and conserved epigenetic domains in eukaryotes
(Filion et al. 2010; Ernst et al. 2011; Roudier et al. 2011). Such pat-
terns can predict the presence and activity of noncoding cis-acting
regulatory elements such as promoters and enhancers. Despite
these intense efforts, many fundamental questions regarding the
establishment and maintenance of these epigenetic marks re-
main unanswered.

Elucidating the role that DNA sequence plays in determin-
ing epigenetic patterns is a promising area of investigation. While
conventional thinking dictates that epigenetic patterns exist
“above and beyond” the DNA sequence, epigenetic patterning
often relies on sequence-driven recognition modules. In the case of
DNA methylation, a critical mark associated with transcriptional
silencing, plants make use of a specific RNA-directed DNA meth-
ylation system to target transposons (Wassenegger et al. 1994). In
animals, a similar transposon-targeted silencing mechanism is
carried out through the piRNA pathway (Aravin et al. 2008). In
both systems, epigenetic modifications are deposited to specific
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sequences by virtue of small, trans-acting RNAs that likely guide
epigenetic regulators through complementary RNA-DNA or RNA-
RNA interactions. In vertebrates, numerous protein-DNA inter-
actions contribute to guiding the establishment of DNA methyla-
tion patterns; de novo DNA methyltransferases possess significant
preferences for certain sequences (Wienholz et al. 2010; Xie et al.
2012) and can be targeted to specific sites through interactions
with DNA binding proteins (Brenner and Fuks 2006; Hervouet
et al. 2009). DNA sequence characteristics also play key roles in
protecting loci from DNA methylation. Hence, certain DNA se-
quences can escape this prevalent modification because they are
recognized and bound by specific proteins. This was elegantly
demonstrated using the lacO-Lacl system (Lin et al. 2000) and,
more recently, by the identification of a large set of constitutive
and lineage-specific hypomethylated regions highly enriched for
DNA binding factors (Hodges et al. 2011; Lienert et al. 2011).

In vertebrate genomes, CpG islands (CGIs) represent a key
set of cis-acting loci that remain protected from DNA methyla-
tion. Such protection is essential given that CGIs function as
promoters for ~60% of human genes, particularly broadly ex-
pressed “housekeeping” genes (Illingworth and Bird 2009). The
mechanistic underpinnings of this protection are the subject of
intense curiosity, and accumulating evidence suggests that DNA
sequence plays a key role in the process. The CFP1 protein specif-
ically recognizes unmethylated CpG-rich regions by virtue of its
CXXC domain and recruits the DNA methylation-repulsive
H3K4me3 mark (Thomson et al. 2010), thereby ensuring the for-
mation of a protected chromatin layer (Ooi et al. 2007). Motif
analyses have also associated particular DNA sequences with
methylated or unmethylated CGIs (Feltus et al. 2003, 2006), and
analysis of genomic methylation profiles revealed a propensity for

1590 Genome Research
www.genome.org

23:1590-1600 © 2013, Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/13; www.genome.org


mailto:flchedin@ucdavis.edu
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

GC skew and R-loops at the ends of human genes

G-rich sequences to resist DNA methylation (Bock et al. 2006;
Straussman et al. 2009). We recently showed that unmethylated
CGI promoters are characterized by a strong strand asymmetry in
the distribution of G and C residues, a property known as GC skew
(Ginno et al. 2012). GC skew undergoes a sharp transition at the
transcription start site (TSS) and remains high in the first ~1 kb of
the transcription unit, overlapping with the protected region. We
further showed that transcription through regions of GC skew
causes R-loop structures to form, in which the newly synthesized
RNA hybridizes back to the template DNA strand and causes the
nontemplate G-rich DNA strand to remain looped out in a largely
single-stranded conformation (Ginno et al. 2012). Further evi-
dence showed that R-loop formation plays a functional role in
protecting against DNA methylation. These findings suggest that
the unmethylated CGI state is in part encoded in their DNA se-
quence and mediated by the cotranscriptional formation of R-loop
structures. Here, we refine our analysis of GC skew patterns in the
human genome and reveal new features associated with this DNA
sequence characteristic.

Results

GC skew patterns identify four broad promoter classes
associated with unique epigenetic signatures and gene
ontologies

Class I promoters, corresponding to strong CGI promoters, were
characterized by the highest CpG density and GC composition and
asharprise in positive GC skew at the TSS (8332 unique TSSs in this
revised data set) (Fig. 1A). Genes associated with these promoters
were prototypical housekeeping genes based on their gene ontol-
ogies and broad expression patterns (Ginno et al. 2012). Class II
promoters defined a set of weaker CGIs characterized by shorter
lengths (~700 bp as opposed to ~1250 bp for Class I promoters),
reduced CpG density and GC composition, and a sharply reduced
shift in GC skew at the TSS (5799 unique TSSs) (Fig. 1B). Associated
gene ontologies for Class Il promoters were less strongly associated
with housekeeping functions, as judged by P-values of enrichment
and included genes involved with mitochondrial function, or-
ganelle biology, and ZNF type transcription factors (Supplemental
Table 1). Their transcriptional output was significantly lower than
that of Class I loci (Fig. 1E). Class III promoters corresponded to
CpG-poor loci, which, for the most part (6761 out of 7968 TSSs),
did not show strong GC skew as measured by our hidden Markov
algorithm, SkewR (Fig. 1C; Ginno et al. 2012). Gene ontologies
associated with Class III promoters were strongly enriched for tis-
sue-specific functions (Supplemental Table 1), in agreement with
the fact that their expression levels are low in pluripotent cells
(Fig. 1E).

Intriguingly, we identified a fourth class of promoters (Class
IV; 2099 TSSs) overlapping with a strong peak of GC skew in the
“reverse” orientation compared with the canonical Class I pro-
moters (i.e., negative GC skew for genes transcribed on the + strand
and vice versa). Class IV promoters displayed CpG densities, GC
percentages, and lengths comparable to Class I strong CGIs, but
they showed clear negative GC skew upstream of the TSS (Fig. 1D).
We ruled out that this “reverse” pattern could be due to the pres-
ence of a large proportion of bidirectional promoters transcribing
a Class I gene on the minus strand; annotated bidirectional genes
have been filtered out from the data shown in Figure 1D. Signifi-
cantly, Class IV genes were highly enriched for gene ontologies
related to transcriptional regulation, morphogenesis, and cell fate

commitment and included numerous genes encoding for tran-
scription factors spread out among various gene families (Fig. 1F;
Supplemental Table 1). Class IV genes showed lower average ex-
pression than Class I genes in pluripotent cells (Fig. 1E).

To delve deeper into the function of these promoters, we de-
termined whether each promoter class could be associated with
specific epigenetic signatures. For this, we analyzed the promoter
proximal patterns of a number of epigenetic marks, including DNA
methylation and a variety of histone modifications, as measured in
human embryonic stem cells. In the case of DNA methylation, CGI
promoters (Class I, II, and IV) all showed protection around the TSS
(Fig. 2A), while Class III promoters were susceptible to this mark, as
previously observed (Ginno et al. 2012). Among CGI promoters,
Classes I and Class IV showed strong protection around the TSS,
while Class II promoters were characterized by a weaker and nar-
rower protected region, consistent with the respective CpG density
and GC skew of these three classes. In terms of histone modifica-
tions, Class I and Class II CGIs could be most readily distinguished
by their profiles of H4K20mel and H3K79me2 deposition (Fig.
2B,C). These two marks have been linked to transcription initia-
tion and/or elongation (Nguyen and Zhang 2011; Beck et al. 2012),
and their levels are tightly correlated with gene expression (Karlic
et al. 2010; Vavouri and Lehner 2012). In both cases, Class I CGls
showed a higher density of modification over Class II, while Class
IV CGIs were intermediate. Modest differences could be observed
for the distribution of H3K4me3, H3K36me3, and the H2AFZ
histone variant among the four classes (Supplemental Fig. 1). In-
terestingly, Class IV CGI promoters were enriched for the Polycomb-
mediated H3K27me3 mark (Fig. 2D). In addition, these promoters
were preferentially associated with the H3K27 methyltransferase
EZH2 and the RNF2 (also known as RING1B) protein, two key
members of the PRC2 and PRC1 complexes, respectively (Fig.
2E,F). This shows that Class IV CGIs represent a subset of CGIs that
are more likely to recruit and be regulated by the Polycomb regu-
latory complexes (PRCs). This is consistent with the observed gene
ontologies associated with Class IV promoters, namely, enrich-
ment for developmental regulators, transcription factors, and
other well-known developmentally regulated genes that are Poly-
comb group targets. Altogether, these data reveal that GC skew is
auseful DNA sequence metric for identifying unique promoter classes
associated with distinct gene ontologies and epigenetic signatures.

Weak and strong CGI promoters show distinct genomic
distributions reflecting fluctuations in chromosomal
gene density

To further analyze possible differences between Class I and Class 11
CGI promoters, we determined the genomic distribution of these
loci on a chromosome by chromosome basis. Interestingly, Class I
promoters were more likely to be located on gene-poor chromo-
somes as evidenced by a clear negative correlation between the
percentage of Class I genes on a given chromosome and gene den-
sity (Fig. 3A). In sharp contrast, Class II promoters showed a clear
positive correlation with gene density (Fig. 3B). In fact, nearly half of
the Class II genes mapped to the eight most gene-rich chromo-
somes, particularly chromosomes 19 and 17, for which they showed
highly significant enrichment (data not shown), while Class I pro-
moters were highly enriched on chromosomes 13 and 18, among
the most gene-poor chromosomes. In a similar analysis, the distri-
bution of Class III or IV promoters on individual chromosomes was
only minimally affected by overall gene densities (Supplemental Fig.
2). This suggests that the type of promoter CGI (Class I vs. Class II)
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Figure 1.

GC skew distinguishes four promoter classes in the human genome. (A-D) Metaplots of GC skew (red line), GC percentage (green line), and

CpG observed over expected ratio (o/e; blue line) were determined for each class of promoters over a 5-kb window centered around the TSS. (E) Ex-
pression levels (RPKM) for each GC skew promoter class, as determined in H1 hESCs. (F) Top gene ontology hits for Class IV genes. The x-axis represents the

P-value of enrichment after Bonferroni correction.

and the accompanying strength of protection against DNA meth-
ylation (strong vs. weak, respectively) reflect the genomic architec-
ture and gene density of chromosomal territories.

The X chromosome shows a unique distribution of Class | and Il
promoters that may reflect dosage compensation

We observed a striking exception to the correlations between gene
density and the chromosomal distribution of Class I and II pro-
moters for the X chromosome. Promoters of X-linked genes
showed depletion for Class I promoters (Fig. 3A) and enrichment
for Class II promoters (Fig. 3B). These deviations from the auto-
somal trends take on particular biological significance given that
the X chromosome undergoes inactivation in females, a process
characterized by the acquisition of DNA methylation at hundreds
of promoters along this chromosome. Because of this unique

process, X-linked promoters are likely under specific evolutionary
constraints to enable epigenetic silencing and dosage compensa-
tion on the inactive X chromosome while at the same time retain-
ing sufficient protection to ensure expression on the active X. The
depletion of strongly protected Class I promoters and the con-
comitant enrichment of weakly protected Class II promoters ob-
served on the X seem to satisfy this requirement. This hypothesis
predicts that the relative depletion of Class I promoters and en-
richment of Class I promoters should correlate with X-inactivation
efficiency along the chromosome. Indeed, we find evidence that the
most evolutionarily ancient X-chromosome strata (XCR), which
undergo X-inactivation to ~100% efficiency, showed the lowest
representation of Class I promoters (Fig. 3D, left). The S2a strata,
which undergo inactivation with ~90% efficiency, showed
slightly more Class I promoters than XCR. Likewise, the evolu-
tionarily more recent XAR strata, which were acquired from auto-
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Figure 2. Promoter classes present distinct epigenetic signatures in hESCs. (A) DNA methylation metaplots for each of the four promoter classes over

a 10-kb window centered on the TSS. The numbers of promoters in each class were as follows: Class |, 8332; Class 2, 5799; Class 3, 7968; and Class 4,
2099. (B-D) Histone modification metaplots for each promoter class for H4K20me1 (B), H3K79me2 (C), and H3K27me3 (D). (E,F) Average binding
profiles for each promoter class for EZH2 (E) and RNF2 (RING1B) (F). Class-specific color codes are all identical and indicated in panel B. The y-axes in

panels B through F represent arbitrary units.

somes and undergo X-inactivation to a lower degree (~71%)
(Carrel and Willard 2005), showed a frequency of Class I promoters
below what is expected from the autosomal distribution. Finally, the
frequency of Class I promoters on the short pseudo-autosomal PAR1
region was consistent with the autosomal average. In contrast, Class
II promoters showed the opposite distribution patterns across the X
chromosome (Fig. 3D, right), supporting the contention that the
relative distribution of Class I and II CGI promoters on the X may
have evolved in response to dosage compensation. It should be
noted that, in addition to these findings, Class III (CpG-poor) pro-
moters actually represented the largest class of promoters on the X
(42%, vs. 29% and 26% for Class I and II, respectively). This is
consistent with the X chromosome being enriched for genes in-
volved in germline- and brain-specific functions.

Genes in gene-rich neighborhoods are enriched for GC skew
at their 3’ ends

To profile GC skew patterns more thoroughly, we decreased the
stringency of our SkewR hidden Markov model (HMM) and re-
analyzed the human genome (for details, see Methods). This led to
a total of ~66,000 peaks as compared to ~19,000 under the pre-
vious model. As expected, promoter annotations still represented
the largest signal in the data set and Class I and Class II genes were
now part of one large GC-skewed promoter class. Interestingly, the
3’ ends of human genes now represented a significant category of
all GC skew peaks. Using a window of —500 + 1500 bp around the
transcription termination signal (TTS) of all genes in our gene list,
we observed that a total of 2044 TTSs associate with peaks of GC
skew conducive to R-loop formation (i.e., for which positive GC
skew is co-oriented with transcription) at their 3’ ends. Metaplot
analyses further revealed that, as was observed at the 5’ end of

genes, GC skew underwent a sharp transition at the TTS and rap-
idly decayed in the 1-2 kb downstream from the TTS (Fig. 4A). The
average amplitude of the shift in GC skew at the TTS was lower
than that observed for Class I CGI promoters but nonetheless
equal to or stronger than that of Class II CGI promoters. While
a clear shift is observed precisely at the TTS, it is interesting to note
that the start sites of the 3' GC skew peaks are distributed in a
~3-kb window around the TTS such that a significant fraction of
genes may encounter GC skew even before reaching the poly(A)
signal. The frequent occurrence of terminal GC skew suggests that
thousands of human genes may experience R-loop formation at
their 3’ ends.

To further address the biological significance of 3' GC skew,
we performed gene ontology analysis. Unlike promoter classes,
genes with terminal GC skew were not enriched in any particular
category (data not shown), arguing that functional classification is
not the main determinant of 3’ GC skew. We next asked whether
gene density was a factor in determining 3’ GC skew enrichment.
For this, we analyzed the distribution of genes with 3" GC skew on
a chromosome basis as a function of gene density. This revealed a
clear positive correlation between both parameters (Fig. 4B). Thus,
genes located on gene-rich regions are much more likely to show 3’
GC skew compared with genes located on gene-poor chromo-
somes. Interestingly, the X chromosome fit well within this trend,
unlike previous promoter-centric observations (Fig. 3). This sug-
gests that 3’ GC skew may have little, if anything, to do with
X-inactivation or epigenetic regulation but that instead it is de-
termined by other constraints related to local gene density. In
support of this, we determined that the distance separating the TTS
of a gene with 3’ GC skew to the nearest neighboring TSS or TTS
(whichever was closest) was 30 kb on average. In comparison,
the TTS of genes without terminal GC skew were separated by an
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B

(DNA:RNA immunoprecipitation coupled
to sequencing) (Ginno et al. 2012). Two
independent DRIP-seq experiments were
conducted using genomic DNA extracted
from human pluripotent Ntera2 cells. To
improve the resolution of DRIP-seq, the
DNA was fragmented with two different
cocktails of restriction enzymes chosen
to cleave the target DNA in a distinct
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and complementary way (for details, see
Methods). After immunoprecipitation,
high-throughput sequencing and com-
putational mapping of the sequencing
reads back to the human reference ge-
nome, DRIP signal was assigned back to
restriction fragments and consensus DRIP-
seq peaks were called if overlapping DRIP
peaks could be identified in both data sets.
This resulted in a total of 4181 consensus
DRIP-seq peaks. This likely represents a
sharp underestimate of the total num-
ber of R-loop peaks given the imperfec-
tions of the distributions of cleavage sites
in the genome (i.e., peaks identified in
one data set often landed in regions of

Figure 3. Gene density strongly affects the distribution of Class | and Class Il genes and the
X chromosome represents an exception to the autosomal trends. (4,B) The distribution of Class | and
Class Il genes on individual chromosomes is represented as a percentage of total RefSeq genes on that
chromosome (y-axis) plotted against a measure of gene density (x-axis; CGI/Mb, a set of 10,279 high
confidence promoter CGls, was used) (Bock et al. 2007). The X chromosome is shown in blue; auto-
somes are in red; a few relevant chromosomes are indicated. The data was fit to a linear regression
shown here with the corresponding 95% confidence interval. (C) Schematic representation of the
manner by which a gene-rich region may enable a shared epigenetic state (arrows) between neigh-
boring genes, while a gene-poor region may not. CGI promoters are shown by green boxes; peaks of
G-skew or C-skew are shown by red and blue boxes, respectively. (D) The distribution of Class | (/eft) and
Class Il (right) genes is represented as a percentage of total RefSeq genes calculated over each
X-chromosome evolutionary strata (PAR1, 0-2.8 Mb; XAR, 2.8-46.8 Mb; S2a, 46.8-60 Mb; XCR,
60-148.6 Mb; and S2b, 148.6-154.8 Mb). The expected percentage of Class | and Class Il genes based
on their autosomal distributions is shown by a straight line together with standard deviation (dotted
lines). The X-inactivation efficiency across each strata is color-coded and was determined from Carrel

dense cleavage in the other data set, thus
precluding their identification in both
data sets).

Location analysis revealed that nearly
two-thirds of these stringent DRIP-seq
peaks mapped to the 5" end (1587 peaks)
or the 3’ end (1052 peaks) of human
genes. Representative examples of DRIP
profiles at the TSS (Fig. 5A) and TTS (Fig. 5B)
are shown. Figure 5C shows an example
where an R-loop formed at the TTS of two
convergent genes, while Figure 5D illus-

and Willard (2005).

average of 120 kb from their nearest neighbor, a statistically sig-
nificant difference (P < 0.0001; Mann-Whitney test). Furthermore,
40.7% of genes with terminal GC skew had their TTS located =2 kb
from the nearest downstream gene, while only 8.8% of nonskewed
TTS could be found within the same distance from their nearest
neighbor (Fig. 4C). Of these closely arranged genes, genes with
terminal GC skew were ~12 times more likely to lie in a tandem
arrangement with their neighbor compared with genes devoid of
terminal GC skew (Fig. 4C). Within the class of closely arranged
genes with terminal GC skew, tandem oriented genes were also
more frequent than converging genes (Fig. 4C). Interestingly, 68%
of genes with 3’ GC skew also showed 5', or promoter, GC skew,
arguing that GC skew delineates the beginning and end of a signif-
icant number of human genes.

GC skew leads to frequent R-loop formation at the 5’ and 3’
ends

of human genes

GC skew strongly predisposes a sequence to form R-loops upon

transcription. In order to profile these structures genome-wide,
we used a previously developed technique termed DRIP-seq

trates a gene with both TSS and TTS

R-loop peaks. Shifts in GC skew and

R-loop formation are therefore a feature
of thousands of genes in the human genome. As expected from the
dependence of R-loop formation on the superior thermodynamic
stability of RNA:DNA hybrids formed with a G-rich RNA, DRIP-seq
peaks were highly enriched for highly skewed CGI promoters
(Class I; 956 peaks) and less enriched for weakly skewed CGI pro-
moters (Class II; 350 peaks) and even less so for non-CGI promoters
(Class III; 127 peaks) and “reverse” CGIs promoters (Class IV; 154
peaks) (Fig. SE). DRIP-seq peaks mapping to the 3’ end of genes
were also much more frequent at regions harboring GC skew (805
peaks) than at regions without GC skew (247 peaks). R-loop for-
mation at the 5’ and 3’ ends of human genes therefore strongly
correlates with GC skew.

GC skew is highly correlated with the unmethylated epigenetic
state over the length of the first exon and at the 3’ end of genes

To further investigate the relationship between GC skew and epi-
genetic states, we focused on Class I promoters and clustered them
into three subclasses based on the length of GC skew downstream
from the TSS: promoters with short skew (<300 bp; 1288 pro-
moters), medium skew (between 300 and 700 bp; 4674 promoters),
and long skew (>700 bp; 2160 promoters) (Fig. 6A). Interestingly,
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A Start location B of 218 bp, while the long subclass showed
it ISGCskeWDeaks the longest median first exon length of
i z 03 259 bp. This establishes that the length of

=< the GC skew tract downstream from the
o0 3 204 TSS is also correlated with the length of
§ e = the first exon. Taken together, these ob-
8 S0S ‘% servations indicate that GC skew, and
O o g‘“' presumably R-loop formation, may be
002 g involved in setting a protective epige-
004 y . : i ; L F — — netic landscape extending through the
2000; 2000 "Og‘; Bt #O0 2 - d4ensity (Cgi fl\}lb) g 2 ?ength of the first exon, into the first
c intron.
: : Given the strong association be-
// h— // h Tandem tween GC skew and the protection against
| <2 kb| DNA methylation at promoters, we
i . . sought to determine if GC skew patFerns
// — mj]— // Converging at the 3’ end of genes were also associated
with any measure of local protection. For
3’ GC skew TTS with| Percent | TTS wio| Percent this, we graphed the percent methylation
statistics GC skew| of Total | GC skew| of Total around the TTS of genes with 3’ GC skew
Total | 2044 100% 19146 100% in comparison to those without 3" GC
Tandem (< 2 kb) 529 25.88% 387 2.02% skew. Genes without 3’ GC skew showed
Converging (< 2 kb) 303 14.82% 1303 6.81% an increase in DNA methylation around
3and 5 GC skew | 1388 68% na na the TTS (Fig. 7). In contrast, genes with

Figure 4. Terminal GC skew is a novel feature of a subset of human genes that correlates with high
gene density. (A) GC skew metaplot for genes with co-oriented terminal GC skew. The window is
centered on the 3’ end of each gene (as defined by RefSeq annotation) and calculated using a 100-bp
sliding window. The box whisker plot represents the distribution of GC skew peak starts. (B) Chromo-
somal distribution of genes with 3’ GC skew. Symbols are as in Figure 3. (C) Schematic representation of
the arrangement of genes with terminal GC skew relative to their closest neighbor (focusing on

neighbors located <2 kb away).

CpG density across all three subclasses rose almost at the same
point upstream of the TSS (5’ boundary) but extended downstream
from the TSS in a manner directly proportional to the length of GC
skew (Fig. 6B). A similar trend was also observed for GC content,
indicating that longer GC skew downstream from the TSS corre-
lates with the extension of the 3’ boundaries of CGIs (Fig. 6C).
Given that high CpG densities (CpG o/e close to one) are only
observed in the human genome if the corresponding CpG sites are
protected from DNA methylation (Illingworth and Bird 2009), it is
not surprising that the length of the GC skew downstream from
TSS was highly correlated with the length of the DNA methylation-
free region across all three subclasses (Fig. 6D). This reinforces the
notion that GC skew is a key sequence feature of unmethylated
CGI promoters that correlates precisely with the 3’ boundary of
CGIs. A similar relationship was observed between the length
of GC skew and the length of the peak of H3K4me3 (Fig. 6E).
Promoters with short GC skew showed the narrowest peak of
H3K4me3 deposition. In contrast, the peak of H3K4me3 ob-
served at promoters with long GC skew, while rising at a 5’
boundary very similar to the previous subclass, extended further
downstream. The correspondence between GC skew, DNA hypo-
methylation, and H3K4me3 deposition strengthens the hypothesis
that GC skew, and thus cotranscriptional formation of R-loops, are
highly predictive of an active, unmethylated epigenetic state at CGI
promoters.

We computed the average length of the first exon of genes in
each subclass (Fig. 6F). Strikingly, the short promoter subclass had
the shortest first exon with a median length of 178 bp. In contrast,
promoters in the medium subclass had a median first exon length

terminal GC skew showed a marked de-
crease in DNA methylation around the
TTS. The protection observed here, while
not as significant as the one observed at
promoter regions, reinforces the notion
that GC skew and R-loop formation serve
to shield a genomic locus from DNA
methylation. Note that this reduction in
DNA methylation, albeit reduced in am-
plitude, was still observed when tandem genes (TTS followed
closely by a TSS) were filtered out of the gene set (Fig. 7).

Discussion

We show here that GC skew enables the identification of four
classes of promoters with distinct epigenetic profiles, genomic
organizations, and gene ontologies. Class I promoters are strong
CGlIs that drive high transcriptional outputs and associate with
clear housekeeping functions. These promoters are enriched on
gene-poor chromosomes (Fig. 3), suggesting that they are in-
trinsically self-sufficient in establishing and maintaining a DNA
methylation-free state. R-loop profiling confirmed that these pro-
moters are the main source of promoter R-loops (Fig. 5), supporting
the notion that GC skew and R-loop formation cooperate to en-
force a protective barrier against DNA methylation (Ginno et al.
2012). The spread of GC skew downstream from the TSS correlates
with the length of the first exon and the length of the CpG-dense,
unmethylated, H3K4me3-marked region (Fig. 6), suggesting that
keeping the first exon free of DNA methylation is critical for
transcriptional competence (Brenet et al. 2011). Likewise, these
observations are consistent with a recent report indicating that the
position of the first exon-intron boundary determines the length
of the promoter-proximal H3K4me3 peak and that H3K4me3 levels
are dependent upon splicing (Bieberstein et al. 2012). Altogether,
this opens the possibility that R-loop formation may be involved
in the recruitment of H3K4me3 and/or of the splicing machinery.
Class II promoters, in contrast to Class I, are “weak” CGI
promoters that tend to be enriched on gene-rich chromosomes.
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This suggests that Class II CGIs may not be entirely self-sufficient
in promoting a DNA methylation-free state and may instead
benefit from a shared protective environment established through
neighboring genes (Fig. 3C). The relative depletion of Class I and
enrichment of Class II CGIs on the X chromosome is in accord
with the idea that, while Class II islands are sufficiently protected

to remain active on the active X, they can become efficiently DNA
methylated and silenced on the inactive X owing to their in-
trinsically weaker protection strength. Thus, the striking deviation
observed for the distribution of Class I and II promoters on the X
compared with autosomes may have been driven by constraints
imposed through dosage compensation. It does not appear, how-
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ever, that the ability of genes to escape X-inactivation correlates
with the exact promoter type driving these genes (data not shown).
This view is consistent with the fact that X-inactivation escape is
likely to be mechanistically distinct from the epigenetic protection
that operates at most CGI promoters (Berletch et al. 2011).

90
)

c A
o ade ¥ a A
= 8 y YT TPy |
3 21" g AW
> ™y J
F
©
£ 8- }
= 5
o | H
= :
— 3p skew :
g4 — No3pskew
» :
8 T T T T
-4 -2 0 2 4

kb from TTS

Figure 7. Terminal GC skew also confers a measure of protection
against DNA methylation. The graph represents the average DNA meth-
ylation profiles of genes with and without terminal GC skew. All genes
were aligned at their TTS and DNA methylation in hESCs was from
Laurent et al. (2010). Genes whose TSS was located within =2 kb to the
nearest downstream promoter were also filtered out (tandem filter) to
remove any confounding effects due to the presence of a nearby pro-
tected promoter.

Class I and II CGI promoters are distinguished by the level of
recruitment of the H4K20me1l and H3K79me3 histone marks (Fig.
2). These two marks have been implicated both in transcriptional
regulation and in aspects of DNA metabolism, including DNA
replication and DNA damage response (Nguyen and Zhang 2011;
Beck et al. 2012). The dual nature of these marks is interesting in
light of the fact that strong GC-skewed CGIs not only function as
promoters but also may serve as DNA replication origins (Delgado
etal. 1998; Sequeira-Mendes et al. 2009; Cayrou et al. 2011) and are
associated with higher DNA recombination (Polak and Arndt
2009; Auton et al. 2012) and spontaneous mutation rates (Polak
and Arndt 2008). R-loop formation likely underlies much of these
varied effects (Aguilera and Garcia-Muse 2012). R-loops are well-
suited to function as replication origins, as documented in Pro-
karyotes, bacteriophages, and mitochondria (Baker and Kornberg
1988; Carles-Kinch and Kreuzer 1997; Lee and Clayton 1998).
R-loops also favor chromatin accessibility through a reduced affinity
for histones (Dunn and Griffith 1980) and represent fragile regions
that are more likely to break or undergo spontaneous deamination,
particularly on the displaced strand (Beletskii and Bhagwat 1996).
The preferential recruitment of H4K20mel and H3K79me2 at
R-loop-prone CGls may therefore reflect the need to keep these loci
under a broad DNA damage surveillance pathway.

We identify a third class of CGIs solely based on their unusual
“reverse” GC skew (Class IV) (Fig. 1). These promoters represent an
interesting gene set highly enriched for developmental regulators,
including numerous Polycomb group targets. In agreement, Class
IV CGI promoters are enriched for the repressive H3K27me3 mark
and for members of the PRC1 and PRC2 complexes (Fig. 2). In-
terestingly, Class IV CGIs are still strongly protected from DNA
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methylation despite the relative absence of GC skew downstream
from their TSS. This indicates that the protection observed at Class
IV CGIs may be mechanistically distinct from Class I promoters.
Multiple studies have shown that H3K27me3 and DNA methyla-
tion are mutually exclusive (Lindroth et al. 2008; Bartke et al. 2010)
and that H3K27me3-marked regions are usually hypomethylated
(Tanay et al. 2007). Therefore, recruitment of Polycomb complexes
could be sufficient to protect these promoters. This suggestion is
compatible with evidence that PRC targets are nonetheless more
susceptible to DNA methylation both during development and in
disease states such as cancer (Ohm et al. 2007; Mohn et al. 2008).
Class IV CGIs are unlikely to benefit from an R-loop-mediated
protection mechanism due to the absence of GC skew downstream
from the TSS. Loss of Polycomb binding and/or H3K27me3
marking is therefore likely to render these loci particularly sus-
ceptible to the action of de novo DNA methyltransferases, thereby
initiating an epigenetic switch to a long-term silent state. Our
observation of a “reverse” GC skew upstream of the TSS of Class IV
CGIs raises questions as to its biological significance. It is possible
that PRC recruitment is favored by specific C-rich motifs upstream
of the TSS on the nontemplate strand. The observation that the
CXXC domain-containing, PRC1-associated, KDM2B protein is
particularly enriched at a subset of PRC-targeted CGIs (Farcas
et al. 2012; Wu et al. 2013) suggests that KDM2B, or other
members of the PRC complexes, possesses sequence specificity
beyond CpG sites. It is also possible that the decreased propensity
for R-loop formation downstream from the TSS might enable PRC
recruitment. Alternatively, R-loop formation driven by antisense
transcription upstream of the TSS may target PRC complexes to
mediate dynamic gene silencing. These possibilities remain to be
investigated.

By increasing the sensitivity of our SkewR algorithm, we
showed that GC skew occurs at the 3" ends of ~2000 human genes
and that these genes tend to be located in gene-dense neighbor-
hoods. This observation is significant given that R-loops were
suggested to mediate efficient transcription termination (Skourti-
Stathaki et al. 2011). Closely arranged genes might require an
efficient termination mechanism to avoid transcriptional read-
through. In agreement, we show here that closely arranged tran-
scription units, most particularly those arranged in tandem ori-
entation, are highly enriched for terminal GC skew. Our DRIP-seq
data experimentally establishes that R-loop formation at the 3’ end
of human genes is in fact observed at a thousand genes at least in
Ntera2 cells and that R-loop formation in the vast majority of cases
is driven by GC skew. This suggests that cotranscriptional R-loop
formation may be broadly used to enable transcription termina-
tion in human cells. The exact mechanism by which R-loops me-
diate termination remains to be determined.

Altogether, our work establishes GC skew as an important
DNA sequence feature that offers insights into the classification,
function, and organization of human promoters. Our data re-
inforce the notion that R-loops may play a critical role in estab-
lishing a DNA methylation-free state at strong CGI promoters and
indicates that sequence-driven DNA structures may represent
anew layer of control for the deposition of epigenetic marks. At the
same time, we uncovered a broad potential role for R-loop forma-
tion at the 3’ end of genes in mediating efficient transcription
termination. While some epigenetic protection can also be de-
tected at the 3’ end of terminally skewed genes (Fig. 7), it is likely
that epigenetic protection is not the main function of R-loop
formation there. Thus, R-loops appear to function in two separate
processes depending on which gene end is being considered.

Studying how R-loops are formed, sensed, and resolved is likely to
provide new insights into important biological mechanisms in
mammalian cells.

Methods

Definition of gene sets for analysis

The human RefSeq gene set was filtered to remove any gene <2 kb.
This resulted in 19,737 unique genes, 25.8% of which had at least
two annotated promoters (24,836 promoters in total). These ad-
ditional promoters were used in overlap analyses to allow for
a more comprehensive sampling. The numbers of unique genes in
each class are reported in Supplemental Table 2. The GC skew
annotation of gene promoters and ends was performed by over-
lapping the output of SkewR under high stringency parameters
(Ginno et al. 2012) with a —500 to +1500 bp window surrounding
the TSS or TTS, respectively. Class I promoters are CGI promoters
(as annotated by the UCSC Genome Browser) that overlapped with
co-oriented GC skew peaks. Class II promoters are CGI promoters
that did not overlap with any GC skew peak. Class III promoters
fall outside of the CGI class and do not overlap with a SkewR peak.
Class IV promoters correspond to CGI promoters that overlap with
a “reverse” GC skew peaks (i.e., C-skew on the + strand or G-skew
on the — strand). Annotated bidirectional promoters were filtered
out of Class IV loci to avoid confounding effects. Additionally,
Class IV promoters that overlapped with both co-oriented and
reverse GC skew were recorded as Class .

Meta-analysis of histone modification, DNA methylation,
and gene expression profiles.

The average density profile for each epigenetic mark was de-
termined over sets of loci (promoter or 3’ end) using appropriate
coordinates files. Loci were all aligned and co-oriented at their TSS
for promoters or TTS for gene ends. All data sets were for hESCs.
Data sets for histone modifications and variants were obtained
from ENCODE (Rosenbloom et al. 2010). DNA methylation data
sets were from Laurent et al. (2010). Human ES cell RNF2 (RING1B)
and EZH2 ChIP-seq data sets were from Ku et al. (2008). The av-
erage signal for each mark was extracted from the aligned wig files,
and a 50- or 100-bp smoothing window was applied. Each panel in
Figure 2 represents the aggregate signal color-coded for each skew
class. RNA-seq data from two independent studies of the hESC
transcriptome were used (Lister et al. 2009; Rada-Iglesias et al.
2011). RPKM values for each gene were extracted and used in cal-
culating average expression levels for each class. P-values were
calculated by first determining that the spread of data was normal
via the D’Agostino’s K-squared test, and then ANOVA was applied
to determine the significance between the means.

New SkewR annotations

The stringency of the SkewR algorithm was decreased by modify-
ing the GC-rich state of the HMM. In this case, 7500 copies of a set
of GC-rich (nonskewed) DNA sequences were added to train this
state as opposed to 1 million copies in the high stringency version.
This increased the number of GC skew peaks from 19,864 to
66,282. All other parameters for SkewR were as described (Ginno
et al. 2012).

Genome-wide R-loop profiling using DRIP-seq

DRIP-seq was performed on genomic DNA from human pluripo-
tent Ntera2 cells according to the method previously described
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(Ginno et al. 2012) except that the DNA was either fragmented
using HindlIIl, EcoRI, BsrGI, Xbal, and Sspl (DRIP 1) or BamH]I,
Ncol, Apall, Nhel, and Pvull (DRIP 2, two technical replicates).
Input DNA was also fragmented with each restriction enzyme
cocktail and sequenced on the Illumina HiSeq platform. Se-
quencing reads were mapped to the hg19 genome using BWA 0.6.1
(Li and Durbin 2009), resulting in 20.4 and 53.5 million mapped
reads for each sample. Peak calling was first performed by MACS
1.4.2 (Zhang et al. 2008) using the matching input library as
control. DRIP peaks were further assigned onto restriction frag-
ments using custom Java and Perl scripts. Regions common to
DRIP 1 and DRIP 2 were considered consensus DRIP-seq peaks.
Overlap of DRIP peaks with TSS and TTS was performed using
BEDTools (Quinlan and Hall 2010).

Clustering of Class | promoters according to GC skew length

We clustered 8332 Class I promoters into three subclasses based on
GC skew peak length downstream from TSS using a custom Perl
script. The length cutoffs for the GC skew peaks were <300 bp
(1288 promoters; short), between 300 and 700 bp (4,674 pro-
moters; medium), and >700 bp (2160 promoters; long), respec-
tively. The total number of promoters is slightly less than 8332
because some of the promoters in Class I have GC skew upstream
of TSS and were not included. GC skew, CpG obs/exp, GC content,
DNA methylation, and H3K4me3 profiles were plotted for each
subclass as described earlier. The lengths of first exons were ex-
tracted from corresponding RefSeq entries.

Data access

DRIP-seq data sets are available in the NCBI Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under acces-
sion number GSE45530.
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