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SUMMARY

Widespread antisense long noncoding RNA (IncRNA)
overlap with many protein-coding genes in mammals
and emanate from gene promoter, enhancer, and
termination regions. However, their origin and bio-
logical purpose remain unclear. We show that these
antisense IncRNA can be generated by R-loops that
form when nascent transcript invades the DNA
duplex behind elongating RNA polymerase Il (Pol
Il). Biochemically, R-loops act as intrinsic Pol Il pro-
moters to induce de novo RNA synthesis. Further-
more, their removal across the human genome by
RNase H1 overexpression causes the selective
reduction of antisense transcription. Consequently,
we predict that R-loops act to facilitate the synthesis
of many gene proximal antisense IncCRNA. Not only
are R-loops widely associated with DNA damage
and repair, but we now show that they have the ca-
pacity to promote de novo transcript synthesis that
may have aided the evolution of gene regulation.

INTRODUCTION

A surprising feature of the mammalian genome is that only a
small fraction directly encodes protein sequence. Thus, more
than half of the genome comprises repetitive and normally inert
sequence, while the remaining single-copy sequence is mainly
noncoding, either intergenic or intronic in nature (Taft et al.,
2007). This apparently low use of genomic sequence information
for protein-coding capacity has in recent years been offset by
surprising transcriptional complexity. In particular, almost all sin-
gle-copy genomic DNA has the capacity to be transcribed at
least in some cell types, even though only a minor fraction of
these transcripts correspond to functional pre-mRNA sequence
(Kapranov et al., 2007; Pelechano and Steinmetz, 2013;
Schlackow et al., 2017). These extra long noncoding RNA
(IncRNA) transcripts include long intergenic noncoding RNA
(lincRNA) as well as enhancer RNA (eRNA) that initiate bi-direc-
tionally from numerous transcriptional enhancers that form a
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network of interactions with the promoters of protein-coding
genes (Kim et al.,, 2010; Kowalczyk et al., 2012). Added to
these separate IncRNA, most protein-coding genes themselves
generate antisense (AS) IncRNA that initiate from their promoter
(Jensen et al., 2013) or terminator (Skourti-Stathaki et al., 2014)
regions, as well as internally from within intronic sequences
(Mayer et al., 2015). It is the nature and origin of these AS tran-
scripts that is the focus of our present study.

A further complexity of transcription is that nascent tran-
scripts, as well as being subject to RNA processing, also have
the capacity to anneal back to the DNA template strand. The for-
mation of these RNA:DNA hybrids (hereafter called hybrids) with
concomitant displacement of the coding strand as single-
stranded DNA (ssDNA), called R-loop structures, is facilitated
by the transcription process (Skourti-Stathaki and Proudfoot,
2014). Thus, elongating polymerase complexes transiently
displace nucleosomes as well as under-winding (negative super-
coiling) the DNA template, both of which favor R-loop formation.
Although all transcription has the tendency to form R-loop struc-
tures, a range of activities act to restrict their formation. Either
pre-mRNA packaging (Huertas and Aguilera, 2003) or rapid
RNA processing such as splicing (Bonnet et al., 2017; Li and
Manley, 2005) restricts R-loop formation by sequestering the
newly formed transcript away from the DNA template. Even
when formed, R-loops may be removed either by RNase H1 ac-
tivity that selectively degrades RNA hybridized to DNA (Cerritelli
and Crouch, 2009) or alternatively by various helicases such as
Senataxin (SETX; Skourti-Stathaki et al., 2011), Aquarius (Sollier
et al., 2014), DDX23 (Sridhara et al., 2017), and DHX9 (Cristini
et al., 2018), which have all been shown to restrict R-loop accu-
mulation. The likely reason for this anti-R-loop response is that if
allowed to accumulate, R-loops can act as a major source of
DNA damage either through the fragility of the exposed ssDNA
or by acting as an impediment to DNA replication in the S phase
of the cell cycle (Santos-Pereira and Aguilera, 2015). R-loops
have also been closely associated with specific aspects of
DNA rearrangement and repair and in these cases may be
the feature of a particular functional IncRNA. This is true for
both immunoglobulin heavy-chain class switching (Chaudhuri
et al.,, 2003; Ribeiro de Almeida et al., 2018; Zheng et al.,
2015) and chromosomal telomeric ends (Balk et al., 2013; Yu
et al., 2014). Similarly, the repair of double-stranded DNA
(dsDNA) breaks by homologous recombination is associated
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Figure 1. R-Loops Display In Vitro Promoter Activity

(A) R-loop plasmid construction: 2P labeled (star) RNA (red line) was annealed to plasmid containing the G-rich B-actin gene 3’ end termination region (blue lines)
flanked by S. cerevisiae URAS3 reporter gene (green lines). An ethidium bromide stained gel (left panel) and autoradiograph (right panel) show R-loops as slower

migrating species, sensitive to RNase H but not A or T1 treatments. D, plasmid DNA; R, RNA.

(legend continued on next page)
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with localized formation of R-loops that may act to facilitate the
recruitment of DNA repair factors (D’Alessandro et al., 2018;
Ohle et al., 2016).

It is well appreciated that RNA polymerase Il (Pol ll) initiates
transcription more efficiently on accessible, nucleosome-
depleted DNA templates, as found over gene promoters and ter-
minators (Adelman and Lis, 2012; Grosso et al., 2012; Rhee and
Pugh, 2012; Workman and Roeder, 1987). Similarly, the ssDNA
component of R-loops has the potential to directly promote
Pol Il AS transcription, without the need for local double dsDNA
unwinding by general transcription factors (GTFs). Thus early
in vitro transcription experiments showed that supercoiled plas-
mids that possess underwound DNA duplex can initiate tran-
scription with only Pol Il and the minimal transcription factors
TPB and TFIIB (Parvin and Sharp, 1993). It was also shown
that DNA templates with specific heteroduplexed or mis-
matched promoter regions can initiate transcription using these
same minimal transcription factors (Pan and Greenblatt, 1994).
Both experiments suggest that a ssDNA template has the capac-
ity to act as a Pol Il promoter. We therefore predict that the
ssDNA of the R-loop structure may similarly promote the selec-
tive expression of AS transcripts (opposite polarity to RNA in the
hybrid). In this present study we demonstrate that artificially con-
structed R-loops can indeed act as de novo promoters in in vitro
transcription experiments. We then extended these observa-
tions to in vivo transcription patterns in the human Hela cell
line. We demonstrate that the removal of R-loops selectively re-
duces AS transcription associated with many protein-coding
genes and their transcriptional enhancers. Consequently, we
show that R-loop formation facilitates the synthesis of a substan-
tial fraction of IncRNA.

RESULTS

R-Loops Act as Promoters for In Vitro Transcription by
Pol Il

To test the possibility that R-loops possess intrinsic promoter
activity, we generated an R-loop containing plasmid construct.
The human B-actin gene terminator, which is prone to form
R-loop structures (Skourti-Stathaki et al., 2014), was placed
within S. cerevisiae URAS3 genic sequence, and this was then in-
serted into a circular plasmid. Both sense (S) and AS transcripts
of the B-actin gene terminator were in vitro synthesized using
bacteriophage RNA polymerase and annealed to the plasmid un-
der conditions favoring R-loop formation. In an initial experiment,
B-actin terminator RNA was «>2P-UTP labeled so that both DNA
and radioactive RNA could be separately visualized by native
agarose gel fractionation. R-loop containing plasmid migrated

slower than supercoiled plasmid, as demonstrated by specific
sensitivity to treatment with hybrid specific RNase H but not
RNase A or T1 (Figure 1A). We elected to directly map the extent
of the ssDNA formed by these plasmid-based R-loops. To this
end, the R-loop plasmid preparation was treated with bisulfite,
which demethylates dC to dT when in a ssDNA conformation. In-
dividual plasmids were then isolated by bacterial transformation
and cloning followed by the direct sequencing of ten selected
plasmids. Notably C-T (or complementary G-A) mutations were
detected directly over the R-loop region and extended by about
50 bp into the adjacent URA3 sequence. From this analysis, it is
evident that the ssDNA region of the R-loop plasmid expands
beyond the hybrid region of 150 bp to a larger region of about
250 nt (Figure 1B).

R-loop-associated plasmids were then isolated using S9.6
antibody (specific for hybrid structures) immunoprecipitation
(IP) and used as templates for in vitro transcription with HelLa
cell nuclear extracts. Note that both the use of a circular DNA
template and the fact that the annealed RNA contain small 3’
end non-complementary extensions prevented adventitious
Pol Il initiation on DNA or RNA 3’ ends. Also, nuclear extracts
were first immuno-depleted of RNase H1 and H2A to avoid
R-loop degradation of the template during the transcription
reaction (Figure 1C). It is evident that this immunoselection pro-
cedure yielded R-loop plasmid preparations of at least 95%
purity on the basis of their sensitivity to RNase H treatment (Fig-
ure S1A). Following in vitro transcription reactions using the S or
AS R-loop plasmids, transcripts were mapped by qRT-PCR us-
ing four reverse transcriptase primers complementary to the
flanking yeast URA3 sequence (absent from the Hela cell tran-
scriptome). For both plasmids, a specific RNase H-sensitive
signal was detected that appeared to initiate off the ssDNA
formed by either the S or AS R-loop structures (Figure 1D).
This result was confirmed by 5 RACE (rapid amplification of
cDNA ends), which revealed 5’ end capped (TAP-dependent) S
and AS transcripts. Following their sequence analysis, a window
of newly initiated transcripts was evident from within the ssDNA
region of the R-loop (Figure 1E; Figure S1B). Overall, our in vitro
transcription studies reveal that R-loops possess intrinsic pro-
moter activity. Compared with adenovirus major late promoter
(AdMLP), a well-characterized and efficient Pol Il in vitro pro-
moter (Parvin and Sharp, 1993), it is apparent that R-loop pro-
moters display about 10% efficiency (Figure S1C). This raises
the interesting and testable possibility that R-loops also facilitate
initiation of transcription in vivo. Such an effect could account for
the well-documented AS transcription associated with protein-
coding genes (Kapranov et al., 2007; Pelechano and Steinmetz,
2013).

(B) PCR amplification and sequencing of ten cloned plasmids following bisulfite treatment of S or AS R-loop plasmid. The upper reference line (in black) depicts
every potential C to T (upper panel) or G to A (lower panel) conversion. Gray lines show individual clones with C-to-T or G-to-A changes, respectively.

(C) Diagram showing S9.6 antibody immobilized on Dynabeads (black bar) and R-loop containing plasmids selected for transcription using HeLa nuclear extracts
(NE). These were immuno-depleted for RNase H1 and H2A, as shown by western blot analysis.

(D) Diagram and quantitation of gRT-PCR analysis on in vitro transcribed RNA. Strand-specific RT primers were used to distinguish transcript orientation, as
indicated by arrows (see Table S2). Thick arrows denote more abundant transcripts. Data are represented as means + SEM (n = 3; *p < 0.05, **p < 0.01, and **p <

0.001, paired t test).

(E) Gel fractionation of AS and S 5" RACE products with or without tobacco acid pyrophosphatase (TAP) treatment. In upper diagram, black triangles denote RNA

5’ ends on the basis of sequence analysis (see Figure S1B).
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Genome-wide R-Loop Profiles

The capacity of R-loops to act as intrinsic Pol Il promoters, at
least in vitro, led us to consider the possibility that R-loops
generated in vivo might also facilitate synthesis of AS IncRNA.
To establish a physiological role for R-loop promoter activity,
we first needed to establish reliable R-loop profiles across the
HelLa cell genome, our experimental human cell line.

Two main approaches have been used to characterize R-loop
distribution across genomes. Initially, the hybrid specific anti-
body S9.6 (Boguslawski et al., 1986) was widely used, and it re-
mains a “workhorse” for R-loop detection both in chromatin
analysis and nuclear imaging. S9.6 signals that are sensitive to
treatment by RNase H are widely taken to reflect the presence
of R-loop structure. However, S9.6 specificity for hybrid nucleic
acid is incomplete, as it also recognizes RNA duplex structures,
albeit with reduced affinity (Hartono et al., 2018). Notably, other
nucleic acid structures, including RNA G-quadruplex, do not
significantly bind this antibody (Figure S2A). Several studies
have described the distribution of R-loops across the human
genome on the basis of the use of S9.6 IP of hybrid genomic nu-
cleic acid (Ginno et al., 2012; Nadel et al., 2015). However,
because of the lack of published, strand-specific R-loop profiles
for HelLa cells, we generated our own genomic R-loop profile and
obtained related data to that of the human embryonic carcinoma
cell line Ntera2 (Sanz et al., 2016). In both studies, the RNA moi-
ety of the R-loop is directly sequenced to give orientation-
specific and higher resolution profiles. A comparison of our
genome-wide R-loop profile (using RNA:DNA IP followed by
cDNA sequencing [RDIP-seq]) for HelLa cells versus the Ntera2
profile (using DNA:RNA IP followed by cDNA sequencing
[DRIPc-seq]) shows a partial overlap, with about 25% of the
NTera2 R-loop peaks also present in the Hela cell profile (Fig-
ure S2B). This low correspondence of R-loop peaks between
the two databases reflects both the different patterns of expres-
sion between these two cell lines as well as technical differences
between these two library preparation procedures. As shown for
the AARS2 gene (Figure S2C), the DRIPc-seq profile gives signal
across this whole 13 kb gene, but with some transcription start
site (TSS) and transcription end site (TES) accumulation. In
contrast, the RDIP-seq profile is more specific, with the major
signal over the gene TES region. Metagene analysis of 994
protein-coding genes from both cell types shows more defined
TSS and TES peaks for RDIP-seq compared with DRIPc-seq
profiles (Figure S2D). We also note that more than 90% of
RDIP peaks are sensitive to RNase H1 overexpression, and
nearly all displayed RNase H sensitivity following immunoselec-
tion. All these RDIP-seq libraries showed significant reproduc-
ibility (Figure S2E).

As a way to complement the detection of hybrid by S9.6, we
also used mutated RNase H1 that binds but does not cleave
hybrid structure (Chen et al., 2017). Transfection of expression
plasmids for this mutated RNase H1, tagged with GFP, allows
the application of a straightforward chromatin IP sequencing
(ChIP-seq) protocol. Transfected, mutant RNase H1 (D210N)
versus a negative control RNase H1 that lacks both hybrid bind-
ing and RNase H1 activity (WKKD) can be crosslinked to chro-
matin by formaldehyde treatment followed by IP of sonicated
chromatin with Tag-specific antibody. Sequence analysis of

the recovered DNA from these IPs vyielded genome-wide
R-loop profiles for the human cell line HEK293, referred to as
the R-ChlIP-seq method (Chen et al., 2017). Furthermore,
because of the selective loss of the ssDNA in these isolated
R-loops, the profile obtained appears relatively strand specific.
We elected to modify R-ChIP-seq by overexpressing GFP-
tagged D210N and WKKD RNase H1 in HelLa cells. These
GFP-tagged RNase HI constructs were expressed at 4-fold
higher levels following HelLa cell transfection than endogenous
RNase H1. Also following IP of sonicated chromatin with GFP
antibody, we isolated the RNA moiety from the hybrid by DNase
treatment and used it as a template for lllumina RNA directional
sequencing, a procedure we call RR-ChIP-seq (Figure 2A).
Replicate RR-ChIP-seq libraries showed higher reproducibility
than for RDIP-seq libraries (Figures S2E and S2F)

Initial scrutiny of two genes, PRDX1 and PNP, co-expressed in
both HeLa and HEK293 cells (Figure 2B) shows similar R-loop
profiles with RR-ChIP-seq and R-ChlIP-seq data, although the
former profiles are fully strand specific and more tightly localized
(see also ATAD2 and AARS2 R-loop profiles in Figures S2G and
S2C). We next carried out metagene analysis of RR-ChIP-seq
signals over TSS and TES regions of protein-coding genes (Fig-
ure 2C). Notably, the highest and most defined peaks (using
D210N RNase H1) were detected over the TSS. Little signal
was observed with the negative control WKKD RNase H1 profile
over the TSS. Also, AS signal was low level and likely not signif-
icant. For the TES region, positive signal was obtained up to the
TES region but at lower levels than for TSS R-loops and without a
clear signal peak. Furthermore, wild-type RNase H1 overexpres-
sion (0 RNH1-GFP) gave no signal above background over either
the TSS or the TES region. Quantitation of R-loop signal for the
different INcRNA categories compared with pre-mRNA in all
cases showed R-loop signals above the negative control
(WKKD) but at lower levels than seen with pre-mRNA transcripts
(Figure 2D). We finally compared our RR-ChIP-seq profiles with
those obtained using RDIP-seq (Figure S2H). Notably the RR-
ChIP-seq signals were generally similar in size, but more TSS-
centric. Thus, RDIP-seq profiles were more widespread across
the whole protein-coding gene. We reason that the overexpres-
sion of the catalytically dead RNase H1 in HelLa cells may favor
R-loop detection nearer TTS regions as its binding will be irre-
versible and so may select for earlier gene transcription. Instead,
for RDIP-seq, S9.6 antibody is used ex vivo (following chromatin
isolation) so that the R-loop profile may be less TSS biased. For
this reason, both RR-ChIP-seq and RDIP-seq profiles were used
in our subsequent analyses.

Many AS IncRNA Are RNase H1 Sensitive

We next analyzed genome-wide chromatin-associated RNA
(ChrRNA-seq) from Hela cells as a measure of mainly nascent
transcription (Nojima et al., 2015). Furthermore, we obtained a
second ChrRNA-seq profile from HeLa cells engineered to over-
express exogenous RNase H1 (Cerritelli et al., 2003) (Figure 2A).
To obtain a homogeneous cell population of RNase H1 overex-
pression, Hela cells transfected with either a plasmid express-
ing GFP-tagged RNase H1 or a GFP alone control plasmid
were purified by fluorescence-activated cell sorting (FACS)
(see STAR Methods). These two sorted Hela cell populations
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Figure 2. Genomic Analysis of R-Loop Distribution

(A) Schematic of RR-ChIP-seq methodology (left panel). Hybrid interaction with catalytic mutant D210N RNase H1 is used to create a directional RNA library.
Right panel shows expression levels of GFP-tagged ectopic RNase H1 (bRNH1-GFP) and mutants by western blot. WKKD is a non-binding catalytic mutant
(W43A, K59A, K60A, and D210N).

(B) RR-ChIP-seq and R-ChIP-seq peak profiles for PRDX1 and PNP.

(C) Meta-analysis (left and middle panels) and boxplots (far right panel) of averaged RR-ChlIP-seq signals of protein-coding genes across +2 kb genomic region
flanking TSS and TES regions for pPRNH1 D210N and WKKD mutants and wild-type RNase H1 (p = 1.5e-09, Kruskal-Wallis test). Notably, almost all RR-ChIP-seq
peaks disappear with the wild-type RNase H1 condition.

(D) Boxplots of RR-ChIP-seq signal over various genomic locations for D210N and WKKD mutants for PROMPTs (3 kb from TSS), pre-mRNA (whole annotated
gene), lincRNA (TSS to TES), and eRNA (2 kb from center).
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were then used in ChrRNA-seq library generation. Duplica-
tion of these ChrRNA-seq libraries shows consistent results
(Figure S3A).

As an initial comparison of the HelLa cell transcriptome with or
without RNase H1 overexpression, we note that overall S tran-
scription from protein-coding gene TSS regions slightly in-
creases, whereas AS transcription is significantly reduced
following RNase H1 overexpression (Figure 3A). We next subdi-
vided AS IncRNA derived from specific protein-coding genes
into three categories: promoter-associated or 5'AS, intragenic
or gene AS, and terminator-associated or 3'AS. On the basis of
stringent algorithms, we identified numerous AS IncRNA peaks
in all three categories that were within 0.5 kb of adjacent
R-loop peaks and that showed 1.5-fold or greater reduction in
levels following RNase H1 overexpression (Figure 3B). We also
present pie diagrams showing the total number of R-loop peaks
(on the basis of RR-ChIP-seq) corresponding to 5’AS, gene AS,
and 3'AS transcripts and the fraction of these IncRNA that
display RNase H sensitivity (Figure S3B). It is evident from all
the bioinformatic data presented (Figures 3A, 3B, and S3B)
that a substantial number of R-loop peaks are associated with
RNase H1-sensitive AS IncRNA genome-wide. In particular for
the 5’AS IncRNA, 73.8% of the RNase H1-sensitive fraction
also corresponds to RNase H1-sensitive R-loops (Figure S3B,
lower panel). Specific examples of R-loop-associated 5'AS
IncRNA are shown for MUL1 and TMEM50B (Figure 3C). In
both cases, the pre-mRNA detected by ChrRNA-seq shows pre-
dominantly exonic reads reflecting co-transcriptional splicing
(Nojima et al., 2018a), but these profiles are largely unaffected
by RNase H1 overexpression. In contrast, lower level 5AS
IncRNA appear slightly shifted from the TSS-associated R-loops
so that they are in a position indicative of R-loop promoter activ-
ity. Consistent with this scenario, both these 5’AS IncRNA are
greatly reduced in level following RNase H1 overexpression.
Note that sporadic AS reads are also detected across
TMEMb50B, which are also largely RNase H1 sensitive. These
may be associated with additional R-loops below detection
levels in the RR-ChlIP-seq profile.

As described above (Figure S2H), we detect some TSS-asso-
ciated bias for R-loop peaks detected by RR-ChIP-seq method-
ology. In contrast the RDIP-seq procedure appears to reveal
additional R-loop peaks further into transcription units. Indeed,
bioinformatic analysis of TES proximal R-loop peaks showed 5
times more R-loop peaks from our RDIP-seq than RR-ChIP-
seq libraries. However, a similar ~40% proportion of defined
R-loop peaks correlated with RNase H1-sensitive IncRNA.
Notably almost 85% of these particular R-loop peaks were

also RNase H1 sensitive (Figure 3D). Finally, specific examples
of 3'AS IncRNA for ACTB and PRPF19 are shown (Figure 3E).
For ACTB, RR-ChIP-seq gives TSS, while RDIP-seq gives
more TES-centric R-loop profiles. Low-level 3'AS IncRNA is
evident over ACTB that shows RNase H1 sensitivity. These pro-
files are consistent with previous gene specific analysis of ACTB
3'-associated R-loops and 3'AS IncRNA (Skourti-Stathaki et al.,
2011, 2014). For PRPF19, 3'-positioned R-loop peaks are
evident in both the RR-ChiIP-seq and RDIP-seq profiles, and
again 3’'AS or gene AS IncRNA show clear RNase H1 sensitivity,
indicative of R-loop promoter activity. Note that for both ACTB
and PRPF19, the RDIP-seq peaks are both sensitive to RNase
H1 overexpression. Overall, we conclude that AS IncRNA often
correlate with R-loop peaks. Notably, their clear sensitivity to
RNase HI overexpression implies widespread R-loop-depen-
dent promoter activity.

We have recently shown that loss of the elongation factor
SPT6 not only reduces protein-coding gene transcription but
also results in elevated levels of INcRNA. Notably these induced
IncRNA are prone to form R-loop structures (Nojima et al.,
2018b). We therefore looked for cases in which R-loop signals
are detectable on both DNA strands, formed by either pre-
mRNA or adjacent INcRNA (Figure S3C). Only 10% of AS IncRNA
form detectable R-loops on the basis of our RR-ChIP-seq data.
However, these are notably more RNase H1 sensitive than the
majority of AS IncRNA that do not form R-loops. Furthermore,
pre-mRNA associated with AS IncRNA that directly form R-loops
also show modest RNase H1 sensitivity. This contrasts with the
bulk of pre-mRNA that are associated only with S R-loops. In this
case pre-mRNA are slightly elevated in levels following RNase
H1 overexpression (Figures 3A and S3C). Specific examples of
a gene that displays only a S R-loop (MCMBP) or both a S and
AS R-loop (WAPL) are presented to exemplify this double-R-
loop phenomenon (Figure S3D)

eRNA Are Often R-Loop Associated

Previous studies have indicated that enhancer transcription can
be associated with R-loop formation (Nojima et al., 2018b; Pefa-
nis et al., 2015). We therefore systematically searched for R-loop
association with eRNA formation over HelLa cell enhancers.
Enhancer regions were selected that generated the highest
eRNA levels from our HelLa cell ChrRNA-seq data. Of these
316 enhancer regions, 26% had R-loop peaks (on the basis of
RR-ChIP-seq), and half of these showed RNase HI sensitivity
(Figures 4A and 4B). Two specific examples of enhancers taken
from different chromosomes show both orientations of R-loop
signal focused on the center of the enhancer (boxed with dashed

Figure 3. RNase H1-Sensitive AS Transcripts

(A) Boxplots of ChrRNA-seq expression levels for 3,127 protein-coding genes in pGFP and pRNH1-GFP-positive cells. S and AS regions correspond to +3 kb
from TSS in the direction of transcription. p values were computed using the Wilcoxon test.

(B) Diagram showing the positions of AS transcripts and associated R-loop peaks across schematic protein-coding gene (upper panel). Arrows denote tran-
scription direction. Lower panel shows the number of AS transcripts derived from specific protein-coding genes that are positioned in a window of +250 bp
around the RR-ChIP peaks. Percentage of AS IncRNA that display RNase H1 sensitivity is indicated.

(C) Specific examples of 5'AS IncRNA showing RNase H1 overexpression sensitivity in MUL1 and TMEM50B.

(D) Stacked bar chart showing proportion of RNase H1 overexpression sensitive and insensitive transcripts overlapping with RDIP-seq or RR-ChIP-seq peaks
within a region +2 kb of annotated TES. Further breakdown (on the right) of RDIP-seq peaks overlapping RNase H1 overexpression sensitive transcripts that also

show pRNH1-GFP sensitivity.

(E) ACTB and PRPF19 show RNase H1 overexpression sensitivity in TES region.
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Figure 4. RNase H1-Sensitive eRNA

(A) Stacked pie chart showing distribution of all
detectable eRNA overlapping with R-loops and
sensitive to RNase H1 overexpression. Inner circle
shows distribution of all expressed eRNA over-
lapping with R-loops, and outer ring shows fre-
quency of RNase H1 overexpression sensitive
eRNA.

(B) Boxplots comparing expression levels of eRNA
with or without RNase H1 overexpression. p values
were calculated using the Wilcoxon test.

(C) Two specific enhancers that display RNase H1-
sensitive transcripts.
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line) with eRNA reads spanning out from this central region (Fig-
ure 4C). Remarkably RNase H1 overexpression substantially
reduced eRNA levels. Note that for both enhancers, some up-
stream reads are also detected, possibly reflecting transcripts
that read into the enhancer region. Three further examples of
eRNA associated enhancers are shown (Figure S4). In the chro-
mosome X example, R-loops were detected in one orientation
only, even though eRNAs were synthesized from both strands,
and both showed clear RNase H1 sensitivity. Possibly the
absence of R-loop signal on one strand may reflect differential
R-loop stability. Also, because our analysis is on cell popula-
tions, it is possible that individual cells may generate predomi-
nantly unidirectional eRNA, as recently described (Kouno et al.,
2019), and may also show orientation-specific RNase H1 sensi-
tivity. Overall our analysis reveals that bidirectional transcripts
(eRNA) associated with enhancers show clear evidence of
R-loop promoter activity as a means to generate this widespread
class of IncRNA.

Definition of TSS for In Vivo R-Loop Promoter Activity
The above results imply an association between AS IncRNA
(including eRNA) and close-by R-loops, as many such tran-
scripts display RNase HI sensitivity. However, we reasoned
that clear evidence for R-loop promoter activity required the
identification of RNase HI-sensitive TSS as defined by cap modi-
fication. To obtain such data, we modified existing Cap-seq
technology as shown (Figure 5A). Essentially chromatin RNA is
enzymatically digested with 5P specific exonuclease (termi-
nator) followed by phosphatase (CIP) to dephosphorylate the
5’ ends of all remaining RNA. Notably only 5’-capped TSS-asso-
ciated RNA will be resistant to the above treatments. Following
decapping, this RNA will retain a 5P and so can be selectively
tagged by a 5’ RNA linker using RNA ligase. Following standard
library preparation, we obtained single-nucleotide resolution
capped TSS profiles of chromatin RNA with or without RNase
H1 overexpression. To first validate our ChrCAP-seq libraries,
we compared them with existing 5 GRO-seq (global run-on
sequencing) libraries previously published for Hela cells (Duttke
et al., 2015). This latter TSS mapping procedure combines
genomic nuclear run-on methodology with cap selection.
Notably, of 994 protein-coding genes, identical TSS metagene
profiles were obtained comparing these two methods (Fig-
ure S5A). Furthermore, a specific example of the convergent
BZW1-CLK1 locus shows closely similar TSS profiles for these
two protein-coding genes (Figure S5B).

We next compared the association of TSS defined by our
ChrCAP-seq data with R-loop peaks. Notably, the total number
of R-loop peaks detected genome-wide by RR-ChIP-seq gave
a 25% overlap with ChrCAP-seq peak clusters, while for the
more numerous RDIP-seq detected R-loops, only 5% corre-

spond to ChrCAP-seq peaks (Figure 5B). We therefore focused
on RR-ChIP profiles for comparison with ChrCAP-seq defined
TSS. We next compared the RNase H1 sensitivity of capped
TSS for 2,160 protein-coding genes versus their associated
AS IncRNA. Although the gene TSS were relatively insensitive
to RNase H1 overexpression, the IncRNA TSS were much
more sensitive. In particular, IncRNA TSS showed a wide range
of sensitivities from complete to partial loss of signal
(Figure 5C).

The above bioinformatic analysis is borne out by detailed
scrutiny of individual gene examples (Figure 5D). Thus, for
CDK5RAP1, the 5'AS IncRNA as shown by ChrRNA-seq is
clearly RNase H1 sensitive and corresponds to an R-loop posi-
tioned over the gene TSS region. Remarkably, ChrCAP-seq
peaks precisely define the TSS of both S and AS transcripts,
but with the AS TSS showing selective and complete RNase
H1 sensitivity. These data therefore establish that this AS IncRNA
is indeed the product of R-loop promoter activity. We also
compared ChrCAP-seq data with ChrRNA-seq data for an
enhancer on chromosome 19 (Figure 5E) as well as the five
different enhancers shown above (Figures 4C and S4). Clear
ChrCAP-seq reads were detected for many of the eRNA, which
were largely lost following RNase H1 overexpression. We note
that ChrCAP-seq signals were often quite heterogeneous,
possibly reflecting multiple TSS over enhancer regions.

Validation of In Vivo R-Loop Promoter Activity

We elected to evaluate and extend our ChrRNA-seq and
ChrCAP-seq data by performing further analyses on three spe-
cific genes (TRIM33, WHAMM, and LSM4) that reveal clear
R-loop-dependent AS IncRNA, two 5'AS and one 3'AS. As
shown for TRIMM33 and WHAMM, strong 5’AS IncRNA are
evident, both substantially reduced following RNase H1 overex-
pression (Figures 6A and 6B). We note that the S TSS-proximal
transcripts increase in levels following RNase H1 overexpres-
sion. This may reflect competition between these dual-orienta-
tion promoters. ChrCAP-seq matches these data by showing
the loss or reduction in IncRNA capped transcripts, but not the
protein-coding gene capped transcript, clearly indicative of
R-loop promoter activity for both 5’AS IncRNA. These two cases
provide further clear examples of 5’AS IncRNA driven by R-loop
promote activity, as shown above (Figure 5D). We also present
LSM4 as an example of a 3'AS IncRNA generated by R-loop pro-
moter activity (Figure 6C). Notably, this gene generates both
R-loop-dependent 5'AS and 3’AS IncRNA. The R-loop profiles
are quite complex over this gene, but R-loop peaks are detect-
able over the TSS on the basis of RR-ChIP-seq and TES
detected by RDIP-seq. Note that the RDIP-seq-derived R-loop
profile is sensitive to RNase H1 overexpression. The 5AS
INcRNA is clearly RNase HI sensitive on the basis of both

Figure 5. Cap Analysis of RNase H1-Sensitive Transcripts
(A) Schematic of ChrCAP-seq methodology.

(B) Overlap with CAP clusters of RDIP-seq peaks (top) and RR-ChIP-seq peaks (bottom).
(C) Boxplots showing expression level distribution for S and AS CAP signal for ChrCAP-seq clusters that overlap with AS transcript and are sensitive to RNase H1
overexpression. Statistical significance between distribution of medians assessed using the Wilcoxon test.

(D) CDK5RAPT1 displays RNase H1 capped sensitive 5’AS IncRNA.
(E) Chromosome 19 enhancer displays capped RNase H1-sensitive eRNA.
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ChrRNA-seq and ChrCAP-seq. In contrast, the TES associated
3’AS IncRNA appears complex, with several separate RNase
H1-sensitive capped 5’ ends evident.

To validate these three cases of R-loop-dependent IncRNA
using specific gqRT-PCR analysis, we first showed that each
IncRNA is RNase H1 sensitive and associated with RNase
H1-sensitive R-loops (Figure 6D). To extend this analysis, we
selected a further ten genes that also display 5'AS IncRNA (Fig-
ure SBA). In all ten cases, the 5’AS IncRNA are again RNase H1
sensitive, each with a nearby positioned RNase H1-sensitive
R-loop peak. We next carried out nuclear run-on analysis on
the TRIMM33, WHAMM, and LSM4 AS IncRNA promoters.
Nuclei were isolated from HelLa cell transfected with either
pGFP or pRNHI-GFP and subjected to in vitro transcription in
the presence of Br-UTP. This modified nucleotide is incorpo-
rated into the run-on transcript, allowing its immunoselection
(Skourti-Stathaki et al., 2011). Notably gRT-PCR of these run-
on transcripts showed high levels of Br-U-labeled nascent
RNA that is strongly sensitive to RNase H1 overexpression.
The MYOD1 promoter was used as a negative control, as it
does not display any 5'AS IncRNA R-loop-dependent promoter
activity (Figure 6E). These data provide independent evidence
for the existence of R-loop promoter activity driving the synthe-
sis of these three AS IncRNA. A further test for the requirement
of an accessible R-loop structure to display promoter activity
comes from the use of the mutant RNase H1 D210N. Remark-
ably, D210N mutant selectively enhances the synthesis of AS
INcRNA compared with the non-binding RNase H1 control,
WKKD (Figure 6F). Possibly the irreversible binding of D201N
RNase H1 to R-loops over the RNA:DNA hybrid stabilizes
the displaced DNA strand, so making it more effective as a
de novo promoter of Pol Il.

We finally investigated the effect of depleting factors that are
known to restrict R-loop levels. Thus, loss of topoisomerase 1
(TOP1) enhances R-loop levels by preventing the removal of
transcription associated negative supercoiling (Tuduri et al.,
2009). Similarly, helicases SETX and Aquarius (AQR) have
both been shown to remove transcription associated R-loops
(Grunseich et al., 2018; Hatchi et al., 2015; Sollier et al.,
2014). Small interfering RNA (siRNA) depletions of each of
these three proteins (Figure S6B) causes a consistent, though
variable activation level of R-loop-associated 5'AS IncRNA for
the tested protein-coding genes. Overall our data establish,
both by transcriptomic analyses and by different experimental
manipulations, that R-loop-dependent AS IncRNA promoter
activity is a widespread phenomenon across the Hela cell
genome.

AS IncRNA Transcription RNase H1-Sensitive PIC
Formation

We reasoned that if R-loops can act as de novo promoters of AS
transcription, then this effect should be associated with the for-
mation of Pol Il preinitiation complexes (PICs) of GTFs. We
initially aligned a set of about 2,000 TSS-associated R-loop
peaks as defined by our RR-ChlP-seq data with previously pub-
lished promoter nuclease sensitivity and ChlP-exo data (Rhee
and Pugh, 2012) for Pol Il together with the GTFs, TBP, and TFIIB
(Figure 7A). Heatmaps of these alignments clearly show that
these TSS-associated R-loops correspond to nucleosome-
depleted regions (NDRs). This confirms that R-loops may gener-
ally exclude nucleosomes. Furthermore, these R-loops are
generally associated with double Pol Il ChIP peaks, indicative
of dual protein coding and PROMPT promoters. Similarly, TBP
and TFIIB signals also accumulate over these R-loop peak re-
gions, although resolution limitations prevent their separation
into separate PICs for each promoter. To obtain a higher resolu-
tion PIC profile for these R-loop-associated TSS regions, we
aligned recent H3K4me3 profiles obtained using mononucleo-
some DNA sequencing (mNuc-seq) (Nojima et al., 2018b). This
technique involves the IP of H3K4me3-modified nucleosomes
and sequencing-associated DNA. Two peaks of H3K4me3 indic-
ative of separate promoters flanking the central NDR are evident
(Figure 7A).

High-resolution PIC mapping has been carried out in human
K562 cells using a genomic technique called protein interaction
profile sequencing (PIP-seq) that co-isolates ssDNA chemically
cleaved by permanganate and piperidine treatment formed at
promoters with associated GTFs (Lai and Pugh, 2017). We there-
fore selected 5 Pol Il promoters (for TRMIM33, EHD1, NBPF1,
SUCO, and AAAS), which are highly expressed in both HelLa
and K562 cells and all show separable PICs for S and AS tran-
scription (Figures 6A and S7A-S7C). Note that the AAAS AS
PIC is within exon 1, while for the four other genes the AS PIC
is upstream of the S gene’s PIC. For each of these dual-promoter
regions, we carried out selective ChIP analysis with primer pairs
over each S and AS PIC region using antibodies specific for a
range of GTFs that together define the PIC: TFIIA, B, D-F, H,
and TBP (Figures 7B and 7C). The ChlIP signals obtained were
normalized to input levels and then presented as a ratio of the
signal obtained with or without RNase H1 overexpression.
Remarkably, we mainly observed a reduction in signal for the
AS but not S PICs. Although specific ChIPs show significant vari-
ation, there is a defined trend for lower ChIP signal over the AS
PICs under conditions of RNase HI overexpression. Overall
these preliminary results on the nature of R-loop promoter

Figure 6. Validation of In Vivo R-Loop Promoter Activity

(A-C) Comparisons of different R-loop and RNA profiles (RPM) for TRIM33 (A), WHAMM (B), and LSM4 (C) displaying RNase H1 capped sensitive AS IncRNA.
Promoter regions for TRIM33 and WHAMM (pink shading) shown in expanded view.

(D) Validation of AS IncRNA RNase H1 sensitivity by gRT-PCR with relative expression values normalized to 18S RNA (left). DIP analyses (Skourti-Stathaki et al.,
2014) validate R-loop-occupied regions (right). Data are represented as mean + SEM (n = 3; *p < 0.05, **p < 0.01, and ***p < 0.001, paired t test). gPCR primer
locations are indicated (A-C) as red horizontal bars for R-loop location and blue for AS transcript expression.

(E) Bromo-UTP labeled nuclear run-on analysis of TSS R-loop promoter activity. Data are represented as mean + SEM (n = 3; *p < 0.05, **p < 0.01, and

***p < 0.001, between WT+BrU and RNaseH1+BrU, paired t test).

(F) Quantification of S or AS transcripts by qRT-PCR, stabilizing R-loops with catalytic mutant pRNH1P2'°N-GFP. Data are represented as mean + SEM (n = 3;

*p < 0.05, **p < 0.01, and ***p < 0.001, paired t test).
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activity imply that these dynamic structures somehow influence
the recruitment of PICs in an AS direction to the transcript that
initially forms a hybrid with its template DNA strand (see model
in Figure 7D). However, further biochemical and genetic analysis
is required to better understand the molecular nature of this
R-loop promoter activity. Even so, we establish here that
R-loops promote the synthesis of AS IncRNA by acting as
de novo promoters at numerous positions throughout the human
genome.

DISCUSSION

We describe in this study the capacity of R-loops to act as
inherent promoters for Pol Il transcriptional initiation. Although
our in vitro experiments (Figures 1 and S1) clearly show that
R-loops have promoter capability, it has proved harder to
define to what extent AS transcripts produced in vivo are truly
R-loop dependent. In particular this is because the genome-
wide analysis of R-loop profiles is limited by two aspects. First,
only two R-loop copies can exist per nucleus for diploid loci.
Consequently, R-loop signals will be potentially lower than
transcript signals, which may reach much larger copy numbers
per cell. Second, co-transcriptionally formed R-loops are
known to be generated in competition with RNA packaging or
processing activities. Consequently, the R-loops detected
genome-wide are in effect steady-state profiles that remain in
place throughout the genome, despite RNA packaging or pro-
cessing as well as their direct removal by RNase H or hybrid
helicase activities (Crossley et al., 2019; Santos-Pereira and
Aguilera, 2015; Skourti-Stathaki and Proudfoot, 2014). Coupled
with these theoretical issues, both existing methods for R-loop
detection have technical limitations. First, the hybrid specific
$9.6 antibody (used for RDIP-seq) also binds duplex RNA albeit
with 3- to 4-fold lower efficiency (Figure S2A). Second, the
mutated RNase H1 approach (RR-ChIP-seq) has limitations
due to the possibility that its irreversible binding to R-loops
may distort the physiological balance between transcription
and R-loop formation. Even so, our genomic analysis, obtained
using both methodologies (Figures 2 and S2), shows generally
consistent profiles. This suggests that we are able to delineate
many, although likely not all, R-loops across the Hela cell
genome.

Taken together, we establish in this study that a substantial
fraction of AS RNA derived from protein-coding genes are
R-loop associated. We note that our bioinformatic analyses
have selected for stronger AS RNA peaks where there are suffi-
cient reads to be certain of the transcript’s existence. Also, as
already mentioned, our genome-wide R-loop predictions may
exclude less stable structures. Even so, we predict that many

of the now well-documented AS RNA from transcribed protein-
coding gene regions derive from intrinsic promoter activity of
R-loops, as characterized in our in vitro transcription studies
(Figure 1). We therefore demonstrate that R-loops have the clear
capacity to define large parts of the mammalian transcriptome.
Although many of these AS transcripts are likely rapidly
degraded to prevent negative effects, some may have evolved
into key regulators of gene expression. Added to these pro-
tein-coding gene-associated IncRNA, we also show that the
potentially more numerous class of eRNA show clear R-loop
promoter dependency. In effect, it is probable that a substantial
fraction of IncRNA genome-wide owe their existence to R-loop-
associated promoter activity.

Several previous studies are indicative of R-loop promoter ac-
tivity. In the case of the vimentin gene, a TSS-proximal IncRNA
that initiates in intron 1 was shown to enhance VIM transcript
levels, possibly by setting up a more open chromatin environ-
ment over the VIM promoter (Boque-Sastre et al., 2015). Simi-
larly, the ZEB2 gene, which is associated with stem cell
development and reprogramming, generates a INcRNA (referred
to as a native AS RNA or NAT) initiating in the ZEB2 intron 1 that
plays a positive role in activating ZEB2 expression. This is
achieved in part by this AS IncRNA acting to block splicing of
intron 1 to allow translation initiation on an IRES contained within
this intron (Beltran et al., 2008). Recently, this INcRNA has also
been shown to directly activate ZEB2 expression, suggesting a
positive effect of this INcRNA on gene transcription (Bernardes
de Jesus et al., 2018). Several previous examples of 3'AS
IncRNA have also been described. These are associated with
R-loops in the B-actin gene (ACTB) (Skourti-Stathaki et al.,
2014) as well as several other pre-mRNA 3’ end regions (Neve
et al., 2016), and may induce more efficient pre-mRNA 3’ end
formation. Finally, an intriguing example of R-loop-associated
promoter activity comes from a recent study on the role of
transcription in double-strand break repair (Burger et al., 2019).
Here transcripts that initiate on the 3’ ends of DNA breaks are
shown to have a propensity to form R-loops, which in turn are
associated with AS IncRNA, likely related to R-loop promoter
activity.

It is worth considering the expanding impact R-loops can have
on both genomic and transcriptomic integrity. It is now well es-
tablished that R-loops can induce DNA damage by exposure
of the displaced ssDNA to spontaneous or enzymatic mutation
such as chemical oxidation or enzymatic deamination, respec-
tively. It is also abundantly clear that the inherent stability of
the hybrid structure can impede other copying enzymes, espe-
cially DNA polymerase. Because R-loops are associated with
the stalling of associated RNA polymerase, this may in turn result
in collision with oncoming replisomes, especially in head-on

Figure 7. Preinitiation Complexes on R-Loop Promoters

(A) Heatmap of RR-ChlP-seq signal density using k-means clustering showing correlation of RR-ChlP-seq peaks in a +1 kb window with DNase-seq, Pol Il, TBP,

TFIIB ChIP-seq, and H3K4me3 mNuc-seq datasets.

(B) Schematic of PIC positions with respect to protein-coding gene TSS. GOI, gene of interest.

(C) gPCR quantification of ChlP signal for GTFs over regions as in (B). Data represented as mean + SEM (n = 3).

(D) Model: Pol Il and GTFs are recruited to R-loop regions through direct or indirect effects of ssDNA displaced by formation of RNA:DNA hybrid between S
transcript and template DNA strand over the promoter. This will lead to synthesis of an antisense (AS) transcript through recruitment of an AS PIC either to the
ssDNA or adjacent DNA. Positions of H3K4me3 nucleosomes that define bidirectional PICs are indicated.
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orientation. Another major impact of R-loop structure is the pro-
vision of a sequence-specific recognition structure for binding of
protein factors often with ssDNA binding capability (Cristini et al.,
2018). Clear examples are the Arabidopsis protein AtNDX, which
binds the ssDNA formed by a 3'AS IncRNA R-loop on FLC, the
master regulator of plant vernalization. Recruitment of this factor
plays a crucial role in the regulation of FLC (Sun et al., 2013).
Also, recently the protein factor GADD45A has been shown to
be recruited to the promoter of the tumor suppressor gene
TCF21. This occurs through its interaction with an R-loop struc-
ture formed by the 5’AS IncRNA TARID. GADD45A so recruited
then itself recruits the DNA demethylase TET1, which in turn
will activate the TCF21 CpG island promoter by promoting
DNA hypomethylation (Arab et al., 2019). It is further proposed
that this may represent a general mechanism to activate a set
of genes dependent on CpG island promoter demethylation. A
range of other potential gene regulatory factors have been
shown to associate with R-loops, suggesting that R-loops may
provide a very general means of sequence-specific gene regula-
tion. These examples of how R-loop structures may target gene-
modifying factors clearly underlie their biological importance.
Even so, we now show an additional layer of R-loop regulation
whereby these structures act to expand the transcriptomic
repertoire.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
HelLa cells were maintained in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS).
METHOD DETAILS

In vitro R-loop formation and transcription assay

Genomic region of B-actin terminator (Skourti-Stathaki et al., 2014) was PCR amplified and inserted into the URA3 gene from
S. cerevisiae. This was cloned into pCl vector at the BamHI/Bglll site (so lacking CMV and T7 promoters), to generate pCIUBU.
T7 promoted S and T3 AS transcripts of the B-actin terminator region were synthesized with «->2PUTP using MAXIscript (Thermo-
Fisher Scientific). PCR amplicons were used as templates by simple amplification of T7 or T3 promoter primers onto 5’ or 3’ ends
of the B-actin terminator region respectively. Primers employed to generate pCIUBU and the ssRNAs are listed in Table S1. Synthetic
R-loops were generated by modifying a previous protocol (Lee and Clayton, 1996). Briefly, 10 pmol of pCIUBU was mixed with 10
pmol of radio-labeled strand specific transcript in a 100 ul reaction mixture in R-loop buffer (62% formamide, 400 mM NaCl, 25 mM
HEPES [pH7.5], 1.25 mM EDTA). Following incubation at 92°C for 2 min then at 62°C for 4 hr, the temperature was slowly reduced
(1°C every 8.5 min) to 42°C, held at 42°C for 6 hr and then slow cooled to 37°C, 1°C per hr. The mixture was finally incubated at
room temperature for 1 hr. Where indicated, the mixture was further digested with RNase H (Promega), RNase A (Sigma) or RNase
T1 (Invitrogen). R-loops were detected by 0.8% agarose gel electrophoresis followed by autoradiography. R-loops were purified by
first removal of formamide by Sephadex G-50 spin column (GE Healthcare) followed by selection of R-loop containing plasmid by
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immobilised S9.6 antibody Dynabeads. In vitro transcription was performed on beads with selected R-loop plasmid in transcription
buffer (40 mM HEPES-KOH pH7.9), 0.5 mM DTT, 3 mM MgCl,, 60 mM KCI, 5 mM phosphocreatine, 0.5% polyvinyl alcohol, 12%
glycerol, 500 uM NTP, 90 ug Hela nuclear extract (Ipracell) for 1 hr. HeLa nuclear extract was RNase H1 and H2A immunodepleted
using antibodies (Abcam) at 1 ug antibody per 10 ug nuclear extract. These were incubated for 2 hr at room temperature followed by
removal of the precipitates with Dynabeads (ThermoFisher Scientific). RNA was extracted with TRIzol reagent (Ambion) and precip-
itated with isopropanol. Quantitation of the in vitro transcribed RNA was analyzed using RT-gPCR with primers as listed (Table S2).

Bisulfite conversions on in vitro plasmid R-loop

Exposed ssDNA on R-loop plasmid was detected by subjecting 1 g of R-loop plasmid to bisulfite conversion (EpiMark Bisulfite con-
version kit, NEB), essentially following manufacturer’s instructions with the exception that the native bisulfite treatment was per-
formed overnight at 37°C. PCR was subsequently carried out with forward and reverse primers corresponding to the 5’ and 3’
ends of S. cerevisiae URAS3 (listed in Table S2) before cloning using Agilent PCR Strataclone.

Cell transfection of siRNA and plasmids

RNAi was performed with Lipofectamine RNAiMax (Life technologies), delivered at 30 nM final concentration. siRNAs used are listed
(Table S3). Lipofectamine 2000 (Life technologies) was employed to deliver RNase H1 overexpression plasmid (pEGFP-M27-H1)
(Cerritelli et al., 2003) or as we have renamed it pRNH1-GFP, pGFP (pMAXGFP, Lonza), pRNH1%2'®"-GFP and pRNH1"**C_-GFP
plasmids. All transfections employed 6-7 x 10° Hela cells. Site directed mutagenesis was used to generate both pRNH1P210N.
GFP and pRNH1WKKP_GFP (W43A, K59A, KB0A and D210N) mutants using QuikChange Il Site-Directed Mutagenesis Kit according
to manufacturer specifications (Agilent).

Total RNA and chromatin-associated RNA (ChrRNA) library preparation

Total RNA was isolated with TRIzol (Ambion) according to manufacturer instructions. The procedure used for isolating chromatin-
associated RNA is as described (West et al., 2008). HeLa cells were transfected with pRNH1-GFP (Cerritelli et al., 2003) and
pGFP (Lonza) plasmids for 36 hr followed by FACS sorting to select transfected cells. Library preparations of chromatin associated
RNA fraction begins by rRNA depletion with Ribo-Zero gold rRNA-removal kit Human/Mouse/Rat (lllumina MRZG12324) from 5 ug of
ChrRNA. The resulting 100 ng of ribosomal depleted ChrRNA was used to make the libraries according to the manual of NEBNext
Ultra Il directional RNA library prep kit for lllumina (New England Biolabs). Libraries were sequenced on lllumina NEXTseq 550 with
42bp paired end reads.

RNA quantitation by RT-qPCR
Hela cell derived chromatin-associated RNA or in vitro transcribed RNA was extracted with TRIzol and analyzed using gene specific
primers by RT-qPCR. Primers used for RT-qPCR are presented in Tables S2 and S4.

Br-UTP nuclear run-on analysis
The Br-UTP NRO was carried out as previously described (Gromak et al., 2013), followed by RT-gPCR analysis as described above.
The primers used are listed in Table S4.

Western blot

Cell extracts were prepared in 15 mM HEPES, pH 7.5, 0.25 M NaCl, 0.5% NP-40, 10% glycerol, 1 x protease inhibitor (Roche) and
1 mM PMSF. Proteins were separated by 4%-12% Tris-glycine SDS-PAGE and transferred to nitrocellulose (0.45 uM, Amersham
Biosciences), and protein detection was carried out by standard western blot techniques. Anti-TOP1, AQR, SETX (Bethyl Labora-
tories), and Tubulin (Sigma) were used as primary antibodies in this study. Secondary antibodies were anti-mouse (A9044; Sigma)
and anti-rabbit (A0545; Sigma). Signals were detected using ECL kit (GE Healthcare).

$9.6 validation by dot blot western

The specificity of S9.6 antibody binding was validated by dot blot analysis. Mixtures of RNA:DNA, DNA:DNA, RNA:RNA, ssRNA,
ssDNA and RNA G-quadruplexes in KCI or in LiCl oligonucleotides were blotted on a Hybond-N+ nylon transfer membrane. The
membrane was then blocked overnight in 5% milk, followed by a two hr incubation with the primary S9.6 antibody at 4°C before being
washed with 1% milk. Secondary anti-mouse antibody (A9044; Sigma) was used before washing with 1% milk. Signals were de-
tected using ECL kit (GE Healthcare). The oligonucleotide sequences used for this are provided (Table S3).

5 RACE
5 RACE was carried out using the 5'/3' RLM-RACE kit (Ambion) and 5'/3' RACE kit (TAKARA) according to manufacture instructions.

RNA specific RR-ChIP-seq

RR-ChIP-seq procedure was modified from the previously described R-ChIP method (Chen et al., 2017). Briefly, chromatin immu-
noprecipitation (ChIP) was performed on Hela cells expressing pRNH1P2"N_GFP, pRNH1"VKXP_GFP or pRNH1-GFP. Approximately
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1 x 107 Hela cells were crosslinked with 1% formaldehyde for 15 min at 37°C before 0.125M glycine was added to quench the re-
sidual formaldehyde for a further 5 min. Petri dishes were washed twice with cold PBS before cells were scraped off and lysed in
400 pL of cell lysis buffer (10 mM Tris-HCI pH8.0, 85 mM KClI, 0.5% NP-40 and 1xComplete) for 10 min on ice. Isolated nuclear pellets
were resuspended in 400 pL of nuclear lysis buffer (25 mM Tris-HCI pH8.0, 0.5% SDS, 5 mM EDTA and 1xComplete) and incubated
on ice for 10 min before sonication (Bioruptor) to shear chromatin to 200-500 bp. 5% chromatin fragments were saved for total input
and the remaining immunoprecipitated with magnetic beads conjugated with anti-GFP antibody (Abcam) overnight in IP buffer
(10 mM Tris-HCI pH8.0, 5 mM EDTA, 0.5% Triton X-100 and 0.15 M NaCl) at 4°C. The beads (with the IPed DNA) were washed
with 1 mL of buffer A (20 mM Tris-HCI pH8.0, 2 mM EDTA, 0.05% SDS, 1% Triton X-100 and 0.165 M NaCl) once, 1 mL of buffer
B (20 mM Tris-HCI pH8.0, 2 mM EDTA, 0.05% SDS, 1% Triton X-100 and 0.5 M NaCl) once, 1 mL of buffer C (10 mM Tris-HCI
pH8.0, 1 mM EDTA, 1% NP-40, 1% Sodium Deoxycholate and 0.25 M LiCl) once and then 1 mL of buffer D (10 mM Tris-HCI
pH8.0 and 1 mM EDTA) twice. The chromatin complex was eluted in 300 puL of buffer E (1% SDS, 0.1 M NaHCO3; and 0.5 M
NaCl) at 65°C for 20 min before further incubation at 65°C overnight to reverse crosslink. 0.3mg/mL Proteinase K was added and
incubated 45°C for 2 hr. The nucleic acids were extracted by phenol/chloroform (Sigma) and precipitated with glycogen before re-
suspension in nuclease free water. The hybrid fragments were then incubated at 90°C for 3 min (to separate R-loop strands), and
quickly cooled to 4°C before subjecting to DNase | treatment. RNA moiety of the R-loop was extracted with TRIzol and precipitated
with isopropanol and glycogen. These were used to make the libraries according to the manual of NEBNext Ultra Il Directional RNA
Library Prep kit for lllumina (New England Biolabs). Libraries were sequenced on lllumina NEXTseq 550 with 42bp paired end reads.

DIP and RNA specific RNA-DNA hybrid immunoprecipitation analysis (RDIP-seq)

DIP and RDIP-seq experiments were modified from previous method (Skourti-Stathaki et al., 2011). Briefly, nuclei were isolated from
transfected HeLa cells from an 80% confluent 10 cm? plate. Following nuclear lysis, nuclear extracts were incubated with 30 ug of
proteinase K (Roche) at 37°C overnight, and genomic DNA was isolated and quantitated. Genomic nucleic acids were pre-treated
with RNase | (Promega) at 2 U per 100 ug nucleic acids for 15 min at 37°C) to reduce noise as S9.6 antibody can weakly detect
nonspecific RNA conformations (Zhang et al., 2015). These were then sonicated (Bioruptor) to 200-300bp. Half of fragmented nucleic
acids were treated with RNase H (Roche) at 10U per 100 g nucleic acids at 37°C overnight. Both RNase H treated and untreated
samples were subjected to S9.6 antibody immunoprecipitation overnight. Hybrids were enriched by immuno-magnetic precipitation
with M-280 sheep anti-mouse IgG Dynabeads (ThermoFisher Scientific). They were then extracted by phenol/chloroform (Sigma) and
precipitated in the presence of glycogen before resuspension in nuclease free water. Here, samples can be removed for DIP-gPCR
analysis where specific primers were tested (Table S4). For RDIP-seq, samples were then incubated at 90°C for 3 min and quick
cooled to 4°C before subjecting to DNase | treatment. RNA moiety of the R-loop was then extracted with TRIreagent (Sigma) and
precipitated with isopropanol and glycogen. Libraries were prepared with the NEBNext Ultra Il Directional RNA Library Prep Kit
for lllumina (NEB) according to the manufacturer’s guidelines. Libraries were sequenced on an lllumina NEXTseq 550 with 75 bp sin-
gle end reads.

Chromatin CAP-seq (ChrCAP-seq)

ChrCAP-seq experiments were modified from a previous method (Pelechano et al., 2015). Briefly, 50ug of FACs sorted chromatin
associated RNA were treated with Turbo DNase | (Life technologies) according to manufacturer’s instructions. RNA was recovered
after acid phenol treatment. Sequential order of enriching for capped RNA started by first, the removal of 5P RNA. RNA samples were
treated with 1U Terminator 5'P dependent exonuclease (Epicenter, TER51020) before recovering the RNA through acid phenol treat-
ment. The samples were then subjected to 30U Calf Intestine Phosphatase treatment (NEB, M0290S) to further remove 5'P and
5'PPP uncapped RNA before recovering the cap-enriched RNA by acid phenol treatment. The removal of 5'cap from RNA was per-
formed using Cap-Clip Acid pyrophosphatase (CellScript, C-CC15011H). The resulting 5'P RNA enables single stranded RNA ligation
of adaptor rp5: (5’ CTTTCCCTACACGACGCTCTTCCGATrCrUrNrNrNrNrNrNrNrN-3') with T4 RNA ligase (NEB M0204S). The result-
ing RNA was then recovered by acid phenol treatment and used for library preparation. These RNA libraries were prepared with the
NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina (NEB) according to the manufacturer’s guidelines. Libraries were
sequenced on an lllumina NEXTseq 550 with 150 bp single end reads.

Chromatin Immunoprecipitation (ChIP) of GTFs

Approximately 1x10” HelLa cells (in 10 mL DMEM) were crosslinked with 1% formaldehyde at 37°C for 15 min with gentle shaking
before 0.125M glycine was added to quench the residual formaldehyde for a further 5 min. Cells were washed twice with cold
PBS before centrifugation at 1,400 rpm for 5 min to collect cells into 10 mL tube (Nunc). The washed cells were lysed with 400 pL
of cell lysis buffer (10 mM Tris-HCI pH8.0, 85 mM KCl, 0.5% NP-40 and 1xComplete) and incubated on ice for 10 min. They were
then centrifuged at 2,400 rpm for 5 min to remove the supernatant (cytoplasm fraction) before resuspension of nuclear pellets in
400 pL of nuclear lysis buffer (25 mM Tris-HCI pH8.0, 0.5% SDS, 5 mM EDTA and 1xComplete) and incubation on ice for 10 min.
Cell suspensions were sonicated for 15 min (medium power, 30 s on-off repeats). To collect 400 pL of the supernatant as a soluble
chromatin fraction, sonicated nuclei were centrifuged at 13,000 rpm for 10 min before 8-fold dilution with IP dilution buffer (10 mM
Tris-HCI pH8.0, 5 mM EDTA, 0.5% Triton X-100 and 0.15 M NaCl). 5% Input was collected before the sonicated chromatin suspen-
sions were immuno-precipitated with magnetic beads conjugated with anti-TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH, TBP and IgG (as a
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negative control) overnight at 4°C. IPed DNA was washed with 1 mL of buffer A (20 mM Tris-HCI pH8.0, 2 mM EDTA, 0.05% SDS, 1%
Triton X-100 and 0.165 M NaCl) once, 1 mL of buffer B (20 mM Tris-HCI pH8.0, 2 mM EDTA, 0.05% SDS, 1% Triton X-100 and 0.5 M
NaCl) once, 1 mL of buffer C (10 mM Tris-HCI pH8.0, 1 mM EDTA, 1% NP-40, 1% Sodium Deoxycholate and 0.25 M LiCl) once and
then 1 mL of buffer D (10 mM Tris-HCI pH8.0 and 1 mM EDTA) twice. IPed beads were incubated with 0.01 mg/mL RNase A (Ambion)
in 300 pL of buffer E (1% SDS, 0.1 M NaHCO3; and 0.5 M NaCl) at 65°C for at least 4 hr. After RNase treatment, 30 uL of 10x Proteinase
K mixture (200 mM Tris-HCI pH 6.5, 150 mM EDTA and Proteinase K 0.3 mg/mL) were added and then incubated 45°C for 2 hr. DNA
fragments were purified using phenol/chloroform (pH 7.0) and ethanol precipitation. gPCR was carried out to determine the occu-
pancy of the general transcription factors. The primers are listed in Table S5.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of n biological replicates is provided within each figure legend. Statistical p values were calculated using two-tailed Stu-
dent’s t tests with two sample assuming unequal variances. The error bars denote SEM, the center values denote mean.

Bioinformatic analysis

hg19/GRCh37 was used as a reference genome. Gene boundaries were obtained from ENSEMBL (GRCh37.75; (Flicek et al., 2014).
All genes were taken from the most 5’ TSS to the most 3’ TES. A set of non-overlapping protein-coding genes was achieved by re-
taining genes showing no transcript overlap (within 2 kb) with other (protein coding or non-coding) genes in the genome according to
the ENSEMBL annotation. Only genes longer that 2 kb were considered for this study. PROMPTs, eRNAs, and lincRNA annotation
was employed as previously described (Nojima et al., 2018b).

Data processing and visualization

ChrRNA-seq

Adaptors were trimmed using Cutadapt (Martin, 2011) in paired-end mode discarding reads with less than 20 bases. Resulting
paired-end reads for each sample were then mapped to human genome reference assembly GRh37/hg19 (build 37.2, February
2009) with Tophat v. 2.0.13 (Kim et al., 2013), https://ccb.jhu.edu/software/tophat/) and the parameters -g 1 -r 3000-no-
coverage-search. Properly paired and mapped reads were obtained with SAMtools v. 1.2 ((Li et al., 2009), http://www.htslib.org/)
using samflags 0x63, 0x93, 0x53, 0xA3. Number of reads mapped to each gene was normalized for length and total number of
genome-aligned reads (RPKM) with Bedtools (genomecov -bg —scale). For genes with multiple isoforms, the expression levels
were calculated using the length of the longest isoform. For data visualization, UCSC genome browser trackhubs were created
by employing the UCSC bedGraphToBigWig tool (Kent et al., 2002).

RR-ChIP-seq

Raw reads from RR-ChIP-seq were demultiplexed using in-house Perl script and aligned to reference genome hg19/GRCh37 using
bowtie2 (Langmead and Salzberg, 2012). Uniquely mapped reads with no mismatches were retained for further analysis. Plus and
minus strand were assigned to mapped reads using SAMtools. RR-ChIP-seq peaks were called using MACS2 (Zhang et al.,
2008) algorithm with default options. R-loop peaks with > 5 folds enrichment and with g-value < 0.05 were retained for subsequent
analyses. This resulted in 27868 peaks. Strands were assigned to peaks by intersecting the called peaks to strand specific reads
using bedtools (Quinlan and Hall, 2010). The RR-ChIP peak summit files generated by MACS2 were used for further downstream
analysis.

RR-ChIP peaks were assigned to one of the following categories; TSS peaks spanned from 2kb upstream to 1kb downstream of
TSS; TES peaks overlapped a window of 1kb upstream to 2kb downstream of annotated poly(A) site; Genebody peaks were the re-
maining genic region; AS peaks overlapped 2 kb upstream to 2 kb downstream of a gene but in reverse direction and Intergenic peaks
show no overlap with any above-mentioned categories.

ChrCAP-seq

ChrCAP-seq reads (strand-specific, single-end, 160 bp) were mapped to the human genome (hg19) using Bowtie2 in via default local
mode. SAMtools was used to filter non-redundant reads (-q 2). Bedtools was used to generate library-size normalized bedgraph files
and trackhubs in the UCSC browser were generated with the UCSC bedGraphToBigWig tool. ChrCAP-seq clusters were identified
using findpeaks function with ‘-style tss’ from the HOMER software r (http://homer.salk.edu/homer/). This resulted in 20,417 ChrCAP-
seq clusters.

Metagene profiles

To plot the distribution of RR-ChIP peaks relative to TSS and TES, bedtools closest function was used to obtain distance of peak
summits from TSS and TES for D210 and WKKD samples. Peak density was subsequently plotted for both S and AS plotted using
Matplotlib (Hunter, 2007) in Python.

TSS and TES profiles were obtained by plotting normalized read counts around annotated 3'end (TES plots) and 5’end (TSS plots)
for sense strand relative to the direction of gene transcription using in-house Perl scripts. Graphs were plotted using Matplotlib
(Hunter, 2007).
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For data visualization in boxplot format, gene expression in Reads per Million mapped reads (RPM), was calculated for all non-
overlapping genes. Sense gene expression are reads mapped to S direction of the gene and AS gene expression was calculated
for reads mapped to reverse direction of a S gene.

For eRNA analysis, bedtools closest function was used to overlap RR-ChIP peaks to annotated eRNA regions. Peaks within a win-
dow of + 500bp of annotated eRNA regions were considered as overlapping. Regions where the RPKM fold change upon RNase H1
overexpression was at least 1.5 times compared to the wild-type were considered as sensitive to RNase H1 overexpression.

RNase H1 sensitive capped RNA analysis, antisense expression was calculated for all ChrCAP-seq clusters to find regions that
show RNase H1 overexpression sensitivity. Out of the in 20,417 ChrCAP-seq clusters scanned, 2160 were sensitive to RNase H1
overexpression. Effect of RNase H1 overexpression on the expression of ChrRNA-seq sense and antisense transcripts for these re-
gions were then visualized using boxplot.

PICs correlation heatmap
Heatmap showing the correlation of RR-ChIP peaks in a +-1kb window with DNASE-seq, Pol Il, TBP, TFIIB ChlP-seq and H3K4me3
mNuc-seq datasets was computed using Deeptools2.1.0. (Ramirez et al., 2016).

DATA AND CODE AVAILABILITY

The accession number for the genome-wide datasets reported in this paper is GEO: GSE87607. Public data analyses for R-ChlP-seq
and DRIPc-seq were downloaded from NCBI Gene Expression Omnibus with the accession number GEO: GSE97072 and GEO:
GSE70189 respectively. For comparison of ChrCAP-seq and 5'-GRO-seq, 5'-GRO-seq data was downloaded from GEO: GSE63872.

BigWig files for DNase-seq, Polll and TBP ChIP-seq data for HeLa-S3 cells were downloaded from the UCSC ENCODE ftp server.
TFIIB data was downloaded from the GEO repository GEO: GSE71848. H3K4Me3 mNuc-seq data was downloaded from GEO:
GSM2976692.
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