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ABSTRACT

R-loops play versatile roles in many physiological
and pathological processes, and are of great inter-
est to scientists in multiple fields. However, con-
troversy about their genomic localization and in-
complete understanding of their regulatory network
raise great challenges for R-loop research. Here,
we present R-loopBase (https://rloopbase.nju.edu.
cn) to tackle these pressing issues by systematic
integration of genomics and literature data. First,
based on 107 high-quality genome-wide R-loop map-
ping datasets generated by 11 different technologies,
we present a reference set of human R-loop zones for
high-confidence R-loop localization, and spot con-
servative genomic features associated with R-loop
formation. Second, through literature mining and
multi-omics analyses, we curate the most compre-
hensive list of R-loop regulatory proteins and their
targeted R-loops in multiple species to date. These
efforts help reveal a global regulatory network of R-
loop dynamics and its potential links to the develop-
ment of cancers and neurological diseases. Finally,
we integrate billions of functional genomic annota-
tions, and develop interactive interfaces to search,
visualize, download and analyze R-loops and R-loop
regulators in a well-annotated genomic context. R-
loopBase allows all users, including those with little
bioinformatics background to utilize these data for
their own research. We anticipate R-loopBase will be-
come a one-stop resource for the R-loop community.

INTRODUCTION

R-loops are three-stranded nucleic acid structures com-
posed of an RNA:DNA hybrid and a displaced single-
stranded DNA (1). Initially considered as rare by-products
of transcription, R-loops are now found widely distributed
across genomes in species from bacteria to human (2). Ex-
cessive R-loops are critical sources of genome instability
(3,4), and underlie many human diseases (5), such as can-
cers (6,7), neurodegenerative disorders (8) and autoimmune
diseases (9). Intriguingly, R-loops have been increasingly
appreciated as key cellular regulators in many physiologi-
cal processes (1,4), including DNA replication (10), homol-
ogous recombination (11), DNA damage repair (12) and
transcription (13). Collectively, the functional studies of R-
loops have greatly advanced both basic and translational
research.

Over the past decade, the recognition of the functional
importance of R-loops has accelerated the development
of more than ten different genome-wide R-loop detection
technologies that are based on either the anti-RNA:DNA
hybrid monoclonal antibody S9.6 (14-21) or (the hybrid
binding domain of) catalytically-deficient RNase H1 (21—
25). Although all these technologies are able to create a
genome-wide R-loop map, they are not always consistent
with each other regarding R-loop sizes and locations, and
other associated genomic features (1,26-28). While an early
electron microscopy study suggested that individual R-loop
structures are of ~200 nt in length (29), sizes of mapped
R-loops are within a much broader range from a few hun-
dred bases to several kilobases. Promoter regions are gen-
erally considered as R-loop hotspots (21), a large frac-
tion of R-loops mapped by some technologies are however
within gene bodies (18), in the vicinity of transcription ter-
mination sites (18), or even in intergenic regions (15,19).
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Furthermore, many mapped R-loop regions do not seem
to comply with the GC skew sequence property, the G4 for-
mation propensity, and the topological requirement, all of
which have been found tightly associated with R-loop for-
mation (13,21,29,30). While limitations of different tech-
nologies that could largely explain these discrepancies have
been extensively discussed (1,26-28), what is missing is a
systematic effort to compare different technologies side by
side in a well-annotated genomic context, and to integrate
all available R-loop mapping data to generate a reference
set of R-loops for future functional R-loop studies.

An increasing number of proteins are now thought to reg-
ulate R-loop dynamics. Certain RNA processing proteins
and DNA damage-related factors may counteract R-loop
formation, and some nucleases and helicases may resolve
existing R-loops. However, the molecular mechanism and
the global regulatory network involved are only partially
understood. For example, considering their pervasive asso-
ciation with chromatin (31), RNA processing proteins may
regulate R-loops in an RNA-independent way rather than
through RNA binding activity as proposed before (4). Al-
though helicases are in general considered to limit R-loops
by resolving RNA:DNA hybrids, they may instead promote
R-loop formation by resolving structured RNA to facili-
tate its invasion into DNA (32). R-loop regulatory proteins,
named as R-loop regulators, have been systematically pro-
filed by either S9.6 antibody or hybrid probe enrichment
coupled with mass spectrometry analysis (33,34). However,
due to the affinity of S9.6 to dsRNA (35), it remains un-
clear whether the identified proteins are truly involved in R-
loop regulation. Furthermore, validated R-loop regulators
are scattered in the literature and how they are functionally
connected is unclear.

Here, we establish R-loopBase to tackle the above chal-
lenges. The massive amount of human genomics data en-
ables us to perform integrative analysis. We thus gener-
ate human R-loop zones of different confidence levels and
R-loop regulome with comprehensive functional annota-
tions. We also curate and annotate R-loop regulators in
mouse, yeast (Saccharomyces cerevisiae) and Escherichia
coli to support R-loop research in these model organisms.
User-friendly interfaces are developed to allow users, even
those with little bioinformatics background, to leverage
these data for their own R-loop research. We will contin-
uously update R-loopBase in the future to better serve the
R-loop community.

MATERIALS AND METHODS

Collection and analyses of genome-wide R-loop mapping data
in human

We collected meta information of genome-wide R-loop
mapping data from all PubMed literature with the key-
word “R-loop” OR “R-loops” OR “RNA DNA hybrid”
OR “RNA DNA hybrids” OR “DNA RNA hybrid” OR
“DNA RNA hybrids” as query. In current release of R-
loopBase, datasets generated from human cells under basal
conditions published on and before March 31st 2021
were downloaded (Supplementary Table S1). In total, 118
datasets generated by 11 different technologies were col-
lected (9,13,14,16,18,19,21,23-25,28,34,36-55) (Table 1 and

Supplementary Figure S1), and subjected to a standardized
data analysis pipeline (Supplementary Figure S2). Briefly,
technical replicates if existed were merged first, and raw
sequencing data were then mapped to the human genome
(hg38) using Bowtie2 local alignment mode (56). Uniquely-
mapped non-redundant reads were kept as useful reads and
samples with >7M useful reads were considered as with
sufficient read counts. To maximally leverage the sequenc-
ing data, biological replicates with <7M useful reads were
merged to meet with the minimal reads count cutoff as long
as they were highly correlated (Spearman correlation coeffi-
cient > 0.5). Finally, peak calling was done with MACS2
(57) for all useful reads (DRIP-seq, DRIVE-seq, MapR
and R-loop CUT&Tag) or useful reads from Watson or
Crick strand separately (DRIPc-seq, RDIP-seq, ssDRIP-
seq, JDRIP-seq, R-ChIP and RR-ChIP), using ¢g-value cut-
off 0.01 for narrow peak (R-ChIP and R-loop CUT&Tag)
and 0.05 for broad peak (DRIP-seq, DRIPc-seq, RDIP-
seq, ssDRIP-seq, qDRIP-seq, DRIVE-seq, MapR and RR-
ChIP). If multiple biological replicates existed, peaks with
>50 bp overlap among >2 replicates were merged and
taken as reproducible peaks. Only peaks with strong sig-
nal enrichment (fold change > 2) and outside of ChIP-
seq blacklisted regions were used for downstream analysis.
Samples with <100 peaks called were discarded. Follow-
ing ENCODE guidelines for ChIP-seq data analyses (58),
we further calculated signal portion of tags (SPOT) and
reads in blacklisted regions (RiBL) as part of quality con-
trol matrix for users’ reference (Supplementary Table S2).
When processing bisDRIP-seq data, rather than peak call-
ing, we uploaded the processed bisDRIP-seq data onto the
R-loopBase genome browser for visualization and compar-
ison with other data.

Generation of human R-loop zones of different confidence lev-
els

Considering that R-loop peaks co-detected independently
by multiple technologies are more likely conservative bona
fide R-loops, we performed integrative analysis of all
mapped R-loop peaks in human cells identified by all
technologies. First, stranded R-loop peaks were merged
as R-loop zones on Watson or Crick strand separately.
Non-stranded R-loops, if overlapped with stranded R-loop
peaks, were also assigned to Watson or Crick R-loop zones
accordingly. The remaining non-stranded R-loop peaks
were merged as non-stranded R-loop zones. Second, the
resulting R-loop zones were further partitioned into sub-
regions of n different confidence levels, where n is the
minimal number of technologies by which individual sub-
regions were detected by. For example, R-loop zones of level
3 were those co-detected by >3 technologies. Small R-loop
zones (<50 bp) were not included.

Collection of known R-loop regulators

To collect known proteins involved in R-loop regulation
from scattered literature, we downloaded all PubMed pub-
lications using keyword “R-loop” OR “R-loops” OR “RNA
DNA hybrid” OR “RNA DNA hybrids” OR “DNA RNA hy-
brid” OR “DNA RNA hybrids” as query for manual cura-
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Technology?® Treatment Samples Datasets References
DRIP-seq control B-cell (1/1°), CHLA10 (1/1), EWS502(1/1), HeLa (4/4), 55/47 (9,18,21,28,34,36—
HEK293 (2/2), SHSY5Y (2/2), TC32 (1/1), Stromal (4/4), 51)
Basal-epithelial (4/4), Luminal-progenitor (4/4),
Mature-luminal-epithelial (4/4), MCF-7 (1/1), NT2 (6/6),
K562 (2/1), Primary-fibroblast (2/2), U20S (8/7), U87
(2/2), Jurkat (2/0), T-cells (2/0), IMR-90 (1/0), HEK293T
(1/0)
knock down U20S (8/6), U7 (2/2), HeLa (4/4), HEK293 (2/2), 18/16 (38,41-43,50,51)
SHSYSY (2/2)
RDIP-seq control HelLa (2/2), IMR-90 (1/1), HEK293T (1/0) 4/3 (19,52)
knock down HeLa (2/2) 2/2 (52)
DRIPc-seq control K562 (2/2), HEK293 (2/2), NT2 (2/2) 6/6 (18,41,48)
knock down K562 (2/2), HEK293 (2/2) 4/4 (41,48)
ssDRIP-seq control HeLa (3/3), hVECs (2/2), hESCs (2/2), hiPSCs (2/2), 15/15 (53,54)
hMSCs (2/2), hNSCs (2/2), hVSMCs (2/2)
knock down HeLla (3/3) 3/3 (53)
bisDRIP-seq control MCF-7 (13/13) 13/13 (16)
qDRIP-seq control HeLa (3/2) 3/2 (14)
DRIVE-seq control NT2(1/1) 1/1 21)
R-ChIP control HEK?293T (5/5), K562 (2/2), HeLa (1/0) 8/7 (13,55)
RR-ChIP control HelLa (2/2) 2/2 (23)
MapR control HEK?293 (3/3), USTT (2/2) 5/5 (25)
R-loop CUT&Tag control HEK?293T (6/6) 6/6 (24)
Sum - 145/132

4refer to Supplementary Figure S1 for procedures of different technologies.
bnumber of datasets analyzed/high-quality datasets.

tion of R-loop regulators. A protein is considered as an R-
loop regulator if it binds to, stabilizes, resolves or degrades
RNA:DNA hybrids, or levels of R-loops or RNA:DNA
hybrids are changed upon chemical or genetic manipula-
tion of the protein. Validated R-loop regulators in human,
mouse, yeast (Saccharomyces cerevisiae) and E. coli were
collected and annotated (Supplementary Table S3), and
putative R-loop regulators identified in high throughput
screening studies (33,34) were also included.

Protein—protein Interaction (PPI) network and gene list en-
richment analysis of R-loop regulators

GO (gene ontology) (59) and DO (disease ontology) (60) en-
richment analysis of validated or putative R-loop regulators
were done by clusterProfiler (61), and only top ranked GO
or DO terms were shown. For validated R-loop regulators,
high-confidence physical interactions (minimal required in-
teraction score = (.700) with experimental evidences and
integrated information from databases were retrieved from
the STRING database (62) and visualized by Cytoscape
software (63). Proteins were organized into different clus-
ters using the AutoAnnotate plug-in (64). GO and KEGG
enrichment analyses were then performed for clusters con-
sisted of at least three genes.

Identification of R-loops targeted by R-loop regulators

R-loops have been mapped with replicates before and after
gene knockdown for ten R-loop regulators (Supplementary
Table S1), allowing us to identify their targeted R-loops.
To do so, broad peaks were first called by referring to the
references where these data were originally reported. Dif-
ferential binding analyses were then done with default set-
tings of DiffBind package (65) except for summits = FALSE

and bUseSummarizeOverlaps = TRUE. DEseq2 (66) was
called by DiffBind for differential analyses. Thirty-three
validated human regulators have ChIP-seq data available,
and 21 with CLIP-seq available. We downloaded peak files
of these data from ENCODE project (67). R-loops inter-
sected with ChIP-seq or CLIP-seq peaks as determined by
BEDTools (68) were taken as potential targets of the cor-
responding regulator. For the above human R-loop reg-
ulators, we turned to published literature to summarize
a list of their targeted R-loops validated by DNA:RNA
hybrid immunoprecipitation qPCR (Supplementary Table
S4). Primer-blast was used to locate the targeted R-loop re-
gion, which would be kept only when there was only one
perfectly-matched locus, and the locus was consistent with
what was reported in the corresponding literature.

Integration of functional genomics data

For cell types with R-loop mapping data available, we in-
tegrated and analyzed other genomics data that might help
to distinguish bona fide R-loops from false positives, or in-
terpret the molecular function of R-loops and R-loop reg-
ulators (Supplementary Table S5). G4 ChIP-seq (69-71),
RPA ChIP-seq (43,72), GRO-seq (13,73-76) and PRO-seq
(24,77) data were searched and downloaded from GEO
(78). All datasets were processed by following the orig-
inal publications. ChIP-seq data for 29 different histone
modifications, CLIP-seq and ChIP-seq data for validated
R-loop regulators, ATAC-seq, WGBS and Repli-seq data
were downloaded from ENCODE (67). R-loop-related se-
quence features were prepared as below. Putative G4 mo-
tifs were identified on a genome-wide scale as described
previously (79). GC percent was directly downloaded from
UCSC genome browser (80). AT or GC skew values were
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computed for every 110 nt window with the step size of 10
nt. Predicted R-loop forming sequences were downloaded
from R-loopDB (81). CrossMap was used for conversion
between different genome builds whenever needed (82). Ex-
pression profiles of R-loop regulators were based on GTEx
(83), TCGA (84) and CCLE (85) data.

Development of R-loopBase management system and inter-
active user interfaces

R-loopBase was developed using several web development
technologies. Data were largely managed with MySQL.
Web pages were built by HTML, CSS, JavaScript, AJAX,
JSP, Java and Tomcat. The page contents were delivered
by Apache. A local R-loopBase genome browser was de-
veloped on the basis of UCSC genome browser (80,86).
R-loopBase is freely accessible using the URL https://
rloopbase.nju.edu.cn.

RESULTS

Identification and characterization of a reference set of hu-
man R-loop zones

A major challenge in R-loop field is to precisely locate R-
loops across the genome (1). Different technologies usu-
ally give rise to distinct genome-wide R-loop maps in the
same cells (13,14,23-25,41,43,52,53) (Figures 1A-C). Even
applying the same technology in the same cell line, differ-
ent labs (42,46,51) (Figures 1A and D) or the same lab
(18,21,36) (Figures 1A and E) sometimes generate R-loop
maps with large differences. These broad discrepancies are
largely rooted in different protocols of DNA fragmenta-
tion, R-loop enrichment and sequencing library prepara-
tion adopted by different (and even the same) technolo-
gies (Supplementary Figure S1). It is currently premature
to conclude which technology or protocol is better than
the others. Nevertheless, the high reproducibility between
biological replicates generated in the same study indicates
that each technology itself is robust if all experimental con-
ditions are well controlled (54) (Figure 1F). With inspec-
tion, we noted that positive R-loop loci verified previously
are usually well-supported by multiple independent tech-
nologies, such as, the R-loop forming region at ATRAID
promoter (13) (Figure 2A). In contrast, as exemplified by
SNRPN locus (87) (Figure 2A), most negative R-loop loci
are not detectable or detected only by a limited number of
technologies. We therefore postulate that integrative analy-
sis of all R-loop mapping data holds the promise of distin-
guishing those conservative R-loop zones from technology-
specific false positives or experimental variations.

As R-loop mapping technologies have been extensively
applied to human cells in comparison with other species,
we were therefore motivated to generate a reference set of
human R-loop zones by integrative analysis. A total of
118 datasets generated in 28 human cell types under basal
conditions by 11 different R-loop mapping technologies
(Supplementary Figure S1) were collected and processed
(Materials and Methods, Table 1 and Supplementary Ta-
ble S1). Of them, 107 datasets from 26 cell types survived
quality control, which took into consideration of usable

reads count, reproducibility, signal enrichment and speci-
ficity and so on (Materials and Methods, Figure 2B and
Supplementary Table S2). We combined all mapping data
of different cell origins, aiming to characterize all possible
R-loop forming regions in any human cell type. We assumed
that regions detected with multiple independent technolo-
gies are more likely R-loop forming regions of high confi-
dence by mitigating intrinsic limitations of individual tech-
nologies. Following this principle, we partitioned the R-
loop regions mapped by different technologies into different
confidence levels, which correspond to the minimal num-
ber of technologies they were detected by (Materials and
Methods and Figure 2B). For example, the resulting R-loop
zones of level 1 are those detected by >1 technology, those
co-detected by >2 different technologies are classified as
level 2 R-loop zones, and so on and so forth. Along with the
increase of confidence levels, the number and median length
of R-loop zones decreased from ~800 000 to ~200 (Figure
2C), and from ~800 nt to ~200 nt (Figure 2D), respectively.
As predicted, R-loop zones of higher confidence levels were
more often distributed at promoter regions (Figure 2E), and
more likely associated with well-known R-loop-associated
features, such as GC skew (Figure 2F), and G4 formation
as determined by G4 ChIP-seq (Figure 2G), confirming
that bona fide R-loops were increasingly enriched in R-loop
zones of higher confidence levels. In support of the role of
R-loops in regulating transcription termination (88), per-
centages of R-loops at TTS regions also gradually increased
except for level 9. When compared with predicted R-loops
solely based on sequence features by R-loopDB (81), a simi-
lar trend was observed (Figure 2H). Notably, a considerable
fraction of high-confidence R-loops were not detected by
R-loopDB (Figure 2H), suggesting that sequence feature is
not the only molecular determinant for R-loop formation.
In sum, we characterized a reference set of human R-loops
of different confidence levels, allowing customized analysis
by researchers who are interested in R-loop biology.

Compendium of human proteins regulating R-loop homeosta-
sis

The regulatory mechanisms of R-loop dynamics have been
studied and documented in scattered literature, and we were
thus prompted to understand the global regulatory network
by manually curating and systematically characterizing the
most comprehensive list of R-loop regulatory proteins (Ma-
terials and Methods). A total of 1185 proteins in human,
24 in mouse, 63 in yeast (Saccharomyces cerevisiae) and 21
in E. coli were collected as R-loop regulators (Supplemen-
tary Table S3 and Figure 3A). We next focused on human
R-loop regulators given the greater breadth of data avail-
able in human. Of 1185 human proteins, 186 (15.69%) were
validated in multiple independent studies (53, 4.47%), or by
multiple assays (64, 5.40%) or one assay (69, 5.82%) in only
one study (Figure 3A). Among a variety of assays (Supple-
mentary Table S3), the S9.6 antibody was most widely used
(Figure 3B). However, given the specificity issue of S9.6 an-
tibody, the sensitivity to RNase H treatment was often in-
troduced as the gold standard (Figure 3B). It was also an
important alternative to directly examine the binding, he-
licase or nuclease activity of a protein towards synthetic


https://rloopbase.nju.edu.cn

A 5kbp—— - hg38
chr16: 31,185,000] 31,190,000]
FUS trmmrntbirmbibnibrmsmsm i bbb bbe
R-ChIP
DRIPc-seq
[
D
<
u MapR ——n e ittt o cllintn.
I - - - - - _—
DRIP-seq =~ omeesmmm o cssecosn
I I N
CUT&Tag |
- Ren
DRIP-seq
gDRIP-seq
MR R LN
3
% DO )
RDIP-seq ,.A_l..l.lnlh...ut_‘m ..L,ul
m 12220 )] D) n n [ 22052
SSDRI.Piseg e cecnanalhen! v il |[ \HM“H e o
n IRRRRIRN]
lab 1
o e Al odlilns. ... p—
8 ‘? lab 2 bl i
SE T amm e — o=
0O lab3
a _—_Jw.hud..m.*ﬂ
s expriment 1
b ’
gn_-_ expriment 2
nD: expriment 3
s replicate 1 » b M .
§ n_‘f i [222)2)))))))55))) } I)>]
%% rephgc.aie.z_._.;m_hm*..n_m‘.h__;h._ﬂ
1
m )}

Nucleic Acids Research, 2022, Vol. 50, Database issue D307

[}

HEK293

I

N

Number of
R-loops (x10%)

N DRIPc-seq . I
. DRIP-seq . l I [
I MapR .
10 5 0 technology
Number of R-loop (%10%)

c 20
“ ) 15
ox
g 2 10 HelLa
€ o
50
=z z 5
DRIP-seq
gDRIP-seq .
= RDIP-seq I . [
. RR-ChIP .
s ssDRIP-seq o
20 10 0 technology
Number of R-loop (x10%)
D E
U20S NT2
lab 1 expriment 1
17,772 13,026
992 5,607 114 93
4,614 10
7,841 581 13,239 6,419 140 2,333
lab 2 lab 3 expriment 2 expriment 3
F hNSCs

72,258 416,957 71,131

replicate 1 replicate 2

Figure 1. Broad discrepancy among mapped R-loops. (A) Shown are R-loop peaks and signals at FUS gene locus. Different technologies (the top two
panels), DRIP-seq datasets generated by different labs (the third panel) and in different experiments of the same lab (the fourth panel), and two biological
replicates generated by ssDRIP-seq (the bottom panel) are coded in different colors. The same color scheme is used in (B-F). (B, C) Upset plots showing the
technology-specific R-loop peaks or co-detected R-loop peaks in HEK293 (B) or Hela (C) cells. (D-F) Venn diagrams showing the overlap of DRIP-seq
data generated by different labs (D), in different experiments from the same lab (E), or ssDRIP-seq data generated as biological replicates in one study (F).

RNA:DNA hybrids in vitro (Figure 3B). Although not val-
idated yet, the remaining 999 human proteins are poten-
tially implicated in R-loop regulation as well. They were sig-
nificant hits in one or two proteomics profiling studies for
identification of RNA:DNA hybrid binding proteins (Fig-
ure 3A) (33,34). Similar to validated R-loop regulators, they
were also enriched to be DNA, RNA or chromatin bind-
ing proteins (Supplementary Figure S3), suggesting that a

considerable fraction of them may be authentic R-loop reg-
ulators. Collectively, we cataloged a comprehensive list of
proteins regulating R-loops to date.

To gain an insight into how R-loop regulators are func-
tionally related to each other, we performed PPI network
analysis focusing on validated human R-loop regulators
(Materials and Methods). Seven distinct clusters were read-
ily identified, and GO enrichment analysis revealed cluster-
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and distribution of percentages of individual R-loops overlapped with G4 ChIP-seq peaks (G) or predicted R-loop regions by R-loopDB (H) for R-loop
zones of different confidence levels. TSS: transcription start sites; TTS: transcription termination sites. Linear regression is done for (G) and the Pearson
correlation coefficient and p-value are indicated.



Nucleic Acids Research, 2022, Vol. 50, Database issue D309

A Spicies Supported by B 100 G hereditary breast ovarian cancer | [
human 3 sporadic breast cancer
- W >2studies ' 2HTS & 80 1 S96 2 p " cancer .
W mouse g >2assays 1HTS O o RNase H 2 _ Vyemersyndromey e
yeast I 1 assay “é M Synthetic oligos I bilateral breast cancer{ e Gene
E. coli /53 (4.47%) g © Fanconi's anemia] e nurqtaer
;. 64 ég"(tg‘glz)v) g E ataxia telangiectasia| e ° 20
24 ’, ez 2 lateral sclerosis | @ o 30
(1'2? A)\\ 820 15117$%) 5 inclusion body myositis | e L4
(1.62%), (69.20%) < S embryoma |@
(4.g§%) RS §' telangiectasis {o
& 5 10 15
-log10 (p.adjust)
C
Fanconi anemia  nuclease activity 2.22% ** DNA damage DNA metabolic
pathway 2.22% *= DNA replication 6.67% ** response,signal process @ Cluster 1 Cluster 2 Cluster 3 Cluster 4
chromosome, r ] transduction by p53 histone 25.00% ** Cluster 5 @ Cluster 6 Cluster 7 Other
telomeric region doublejstzrgnéjogrifk class medlitor arginine
40.00% ** repair 20.00% S (5;214% methylation
" : o *%
DNA metabolic 8 ] BN 42.86% oscz RNA degrade{tlon 100.00%
o)
process 28.89% R FgTAG1 SKIY / SUPV3L1
RPRD1B ’ AURKA / EX0SCTO\ /
G pe Base excision
- - S repair 75.00% ** PNPT1
RECBLS 5 1A SAP130 DHX9 - "
SP1 e 7 posttranscriptional positive
Y SINéA 5/ gene silencing regulation
5 . NPU  33.349% ** _of gene
~ P5 AN silencing
OSHA - - /AG02 by mIRNA
M HNRRPD! 50.00%
MDM2 pa ! posttranscriptional\ positive
MT1 FUI, FMR1 regulation of gene regulation
eXpression  of translation

g U2AFBP 8.33% ** 8.33% **
DHX33 5 | X positive regulation ; DA
d o i of DNA-templated z
57 RNBTT transcript:z)n, ,F\jNP RSF1 small nuclear
' elongation 66.67% ** SRSFZ, ; ribonucleoprotein
1 i complex 60.00% **
THOCY /

1
£ ¥ \ Spliceosome
DC73 POL : IP3 ¥ 3B§0'00% wr

A

X DDX398

E r N s . ’ ‘ ;
TOP3B SSRR1-, >/
NGL " \ SUPT16H RNA polymerase I, RBM&A [PX23 mRNA export ~
NEM1 eS—7 ZNF207 TDRD3 : holoenzyme 33.33% ** él‘_ 7 S PH fro1n(1J ggt;,/leis
CENPA h BUE3 TP AQRSFAS o
T
D E F
With target information 2 75 ChIP-seq No. of regulated
yes  no ChiP-se sg ” KD , CUP=seq 10 0 O = e 0« - Rigops (level 6)
q < 50 g 0 1000
KD 89 < Q 3000
1 $2 25 chiP-seq{ - OO OOOO ° (O s000
134 52 5= )
(72.04%) (27.96%) 7 0 —r . ——e Pr|°"°g'°” of
1 3‘)88&%&%%82 Eggggi%iﬁreguatereglons
i 583”2808k cTgek2ogs 08
2] < z w z o E
6 7 gS°X= w » g 0.2
CLIP-seq Regulator Regulator -

Figure 3. Characterization of R-loop regulators collected in R-loopBase. (A) Number of R-loop regulators in four species, and number of human R-loop
regulators with different levels of supporting evidence, i.e., being validated in at least two independent studies (>2 studies), with at least two independent
assays (>2 assays) or only one assay (1 assay), or hit in at least two high-throughput screening studies (>2 HTS) or only one HTS study (1 HTS). (B)
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(C) PPI network and GO enrichment analysis. PPI clusters defined by Cytoscape are labelled with different colors, and GO terms (biological process)
for clusters 1-6 are shown using corresponding color schemes. Solid and dash-dot edges represent interactions of high and low confidence as defined by
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(DO) terms, with the bubble size corresponding to number of genes associated with individual DO terms.
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specific enrichment of biological processes (Materials and
Methods and Figure 3C). Clusters 1, 5 and 6 mainly con-
sisted of proteins involved in DNA replication or damage
response processes, consistent with the deleterious role of
R-loops to induce replication stress and even DNA dam-
ages as well as the regulatory role of R-loops to facili-
tate efficient DNA damage repair (12). Proteins in RNA
metabolic processes, including RNA splicing and export
factors (cluster 2) and RNA exosome complex (cluster 7),
constituted the second largest group of R-loop regulators,
supporting the proposed function of RNA binding proteins
in counteracting R-loop formation (4). Interestingly, many
RNA binding proteins (cluster 4), especially those involved
in small RNA processing, are functionally connected with
DNA damage repair factors, in favor of the notion that RBP
re-localization upon DNA damage may coordinately regu-
late RNA and DNA metabolism (89). As R-loops are dy-
namically coupled with transcription (13), the other group
of R-loop modulators mainly included transcription elon-
gation factors (cluster 3).

With the availability of multi-omics data for human R-
loop regulators, we were prompted to establish regulatory
connections between individual R-loops and their regula-
tors. The differential R-loop peaks following knockdown
are likely targets of the corresponding regulator. In addi-
tion, R-loops may be directly modulated through chromatin
or RNA binding activity of their regulators. Accordingly,
we cataloged putative targeted R-loops for 52 validated R-
loop regulators based on knockdown, ChIP-seq or CLIP-
seq data (Materials and Methods and Figure 3D). Impor-
tantly, these regulatory connections were well aligned with
the existing lab results. We got 175 validated R-loop forming
regions targeted by one of 52 R-loop regulators (Materials
and Methods and Table S4). Although the existing experi-
mental data were mostly from cell lines different with ours,
we observed good validation rates for many regulators. For
example, about half of the experimentally-verified R-loop
targets are well-supported for BRCA1 (69%, 9/13), SMNI1
(57%, 8/14), SIN3A (50%, 4/8), U2AF1 (50%, 2/4) and etc.
Therefore, the regulatory relationship we deduced here is
a good starting point for mechanistic understanding of R-
loop regulation. With our data, we discovered that a few
proteins may be master R-loop regulators as they targeted
thousands of high-confidence R-loops (Figure 3E). Nine
regulators have both ChIP-seq and CLIP-seq data available,
allowing us to explore their regulatory mechanism. Inter-
estingly, although these are typical RNA binding proteins,
their chromatin binding rather than RNA binding activ-
ity are in general more associated with high-confidence R-
loops (Figure 3F). This finding contradicts with the view
that RNA binding proteins counteract R-loop formation
by binding to RNA (4), yet instead suggests RNA binding
proteins may regulate gene expression and R-loop dynam-
ics through direct association with chromatin (6,31). More
follow-up mechanistic studies are thus needed to resolve the
puzzle.

We further investigated the relevance of R-loop regula-
tors to human diseases, in hope of opening new avenues
for future disease mechanism research from the perspective
of R-loops. Malfunction of R-loop regulators was signifi-
cantly associated with human diseases. Of 186 validated hu-

man R-loop regulators, 128 are associated with human dis-
eases, significantly higher than background (Monte Carlo
simulation, P-value < 0.001). Besides cancers, neurologi-
cal diseases in a broad sense, including ataxia telangiecta-
sia and lateral sclerosis, were among the most enriched dis-
ease ontology terms (Figure 3G; Materials and Methods). It
shall be interesting to interrogate why and how neural cells
are specifically less tolerant of deficiency of R-loop regula-
tors.

R-loopBase development for R-loop studies in a well-
annotated genomic context

To maximize the usefulness of R-loop zones and regula-
tors described above, we characterized them by integrating
multiple categories of functional genomic annotations (Ma-
terials and Methods and Figure 4A). First, previous stud-
ies have linked R-loop formation with specific genomic fea-
tures, the integration of which may help evaluate indepen-
dently whether R-loop peaks detected by individual tech-
nologies or R-loop zones defined by our integrative anal-
ysis are true or not. To this end, we integrated the pre-
dicted R-loop forming sequences (81), and computed GC
content, GC skew and AT skew, and predicted G4 motifs.
As not all G4 motifs permit G4 formation in vivo and G4
structures may involve atypical motifs (90), we thus inte-
grated G4 structures mapped with ChIP-seq technology as
well. R-loop detection can rely on the identification of the
displaced ssDNA. The binding profile of ssDNA-binding
protein RPA was previously suggested as an alternative
method to locate R-loops (4), so we also collected public
RPA ChIP-seq data. R-loop formation is clearly a conse-
quence of transcription, and histone marks can be taken as
a proxy of transcription or chromatin status especially when
transcription data are not available. Therefore, GRO-seq
and PRO-seq data, and 29 types of histone modifications
were integrated from ENCODE project (67) and elsewhere.
R-loop formation is coupled with local unmethylated status
of the genomic DNA (21), prompting us to further integrate
whole genome bisulfide sequencing data. Hybrids between
template DNA and RNA primers during DNA replication
might be captured, we therefore also integrated replication
timing data (91). Second, for individual R-loop regulators,
we collected and organized gene annotations from HUGO,
NCBI and GeneCards. We also annotated each regulator
with its supporting evidences, molecular function for R-
loop regulation and putative R-loop targets (Supplemen-
tary Table S3). As R-loop regulators are in general associ-
ated with human diseases (Figures 3G), to better facilitate
functional study in a specific disease or cell model, we an-
notated their expression in normal and cancerous tissues,
as well as cell lines from GTEx (83), TCGA (84) and CCLE
(85) projects. Overall, about 300 datasets from ten broad
categories were integrated (Figure 4A and Supplementary
Table S95), generating billions of functional annotations.
To support the data management and to better serve
the R-loop community, we developed R-loopBase platform
with multiple user-friendly interactive interfaces (Figures
4B and 5). First, ID- and location-based query systems
were developed for searching human R-loop forming re-
gions (Figure 5A). For each query, statistics of R-loop zones
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Figure 4. R-loopBase data integration and interface development. (A) A matrix showing the datasets integrated in R-loopBase, with columns corresponding
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(bottom).

are shown with an UpSet plot (Figure 5B). Displayed below
are R-loopBase R-loop zones of different confidence levels,
each of which can be accessed through the drop-down menu
(Figure 5C). For each R-loop zone, the supporting tech-
nologies, cell lines in which it is detected and its known reg-
ulators are listed in detail (Figure 5C). Users will be further
directed to R-loopBase genome browser via the hyperlinked
genomic coordinate for visualization of R-loops in the well-
annotated genomic context (Figure 5SD). Alternatively, ID-,
location- and sequence-based queries are supported by R-
loopBase genome browser for visual inspection of R-loop
zones. Clearly, along with the increase of confidence level,
R-loop zones are growingly narrowed down and increas-
ingly associated with well-known R-loop-related features,
such as GC skew, G4 formation and local transcriptional
activity (Figure 5D). The R-loopBase genome browser also

allows direct comparison among R-loops identified by in-
dividual technologies and other genomic features.

Second, by following the hyperlink associated with a spe-
cific R-loop regulator, users can also be directed from the
R-loop page to the regulator page (Figures 4B and 5C),
which provides regulator-centric view of R-loopBase an-
notations. Besides, ID-, species- or expression-based query
systems were also developed for searching R-loop regula-
tors in specific species or with specific gene expression pro-
file (Figure SE). For a given R-loop regulator, four cate-
gories of gene annotations are provided (Figure 5F), i.e., ba-
sic information from public databases, supporting evidences
and functions of R-loops, putative R-loop targets and gene
expression profiles. We also implemented an interface for
R-loopBase team members and users to independently up-
date annotations for R-loop regulators to ensure the accu-
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Figure 5. Screenshots of R-loopBase interfaces. (A) Search box for R-loops. (B) UpSet plot showing numbers of R-loop zones detected by indicated
technologies. (C) Detailed information for R-loop zones. Hyperlinked texts are highlighted in purple. (D) A screenshot of R-loopBase genome browser
showing the R-loop zone displayed in (C). Displayed from top to bottom are R-loop zones of nine levels, individual R-loop peaks mapped by different
technologies, R-loop-associated features and R-loop regulators. (E) Query systems for R-loop regulators. (F) Four categories of annotation for R-loop
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racy and completeness (Figure 4B, top left). Similar to R-
loop pages, regulator pages are also cross-referenced with
R-loop pages and the R-loopBase genome browser. In par-
ticular, a regulator track showing DNA or RNA binding
sites and regulated R-loop regions are provided on the R-
loopBase genome browser. Such information may guide the
future investigations of the regulatory mechanism of indi-
vidual R-loop loci.

Finally, to support data analysis in batches, all search-
ing results can be directly downloaded as tables (Figures 5C
and F). Alternatively, to support genome-wide data analy-
sis, all R-loop zones, list of regulators and targeted R-loops
can be downloaded from the R-loopBase download page or
genome browser.

DISCUSSION

Rapid advances in R-loop research have tremendously
broadened our knowledge of R-loop regulation and func-
tion, but also led to confusions due to large discrepancies
in data-driven discoveries revealed by different R-loop map-
ping technologies. The massive set of R-loop mapping data
however has not been systematically collected and analyzed,
to allow the community to easily access and compare them,
thus taking full advantage of the information behind. We
attempted to address this by developing R-loopBase. We in-
tegrated R-loop sequencing data in human cells generated
by all 11 different technologies published to date and hun-
dreds of R-loop-related genomics datasets. By doing so, R-
loopBase functions nicely in direct comparison among dif-

ferent R-loop mapping technologies, and to bridge gaps be-
tween mapped R-loops at individual genomic loci and re-
lated sequence and biochemical properties. We have further
endeavored to define confidence levels for mapped R-loops
according to the number of technologies by which they are
supported. This unique function of R-loopBase is very help-
ful for selecting R-loops of high confidence for functional
studies. Furthermore, the regulatory mechanism for R-loop
homeostasis remains elusive. By our systematic effort to col-
lect, annotate and categorize 1293 potential R-loop regu-
lators from literature, we provide a global view of the R-
loop regulatory network for the first time. These efforts not
only allow users to access regulators with various types of
supporting evidence or expression profile for their own re-
search, but also link to the regulatory mechanism and dis-
ease relevance.

To the best of our knowledge, there are two other R-
loop databases, i.e., R-loopDB (81) and R-loop Atlas (http:
/Ibioinfor.kib.ac.cn/R-loopAtlas). R-loopDB is a collection
of predicted R-loop forming sequences in eight species, and
human and mouse R-loops mapped via DRIP-seq, DRIPc-
seq or RDIP-seq. R-loop Atlas is a specialized database
for R-loops in Arabidopsis thaliana and Oryza sativa, which
contains R-loops mapped mainly via the ssDRIP-seq. A
few key features well distinguish R-loopBase from these two
databases. First, R-loopBase has the most comprehensive
collection of R-loops in human. R-loopBase integrates pre-
dicted R-loops by R-loopDB, and archives human R-loop
mapping datasets generated by all 11 different technolo-
gies. Second, sequence-based R-loop prediction may miss
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R-loops with atypical sequence features (Figure 2H), and
different R-loop mapping technologies usually generate in-
consistent R-loop maps (Figure 1). It is thus not so straight-
forward to know the authority of a predicted or experimen-
tal R-loop from R-loopDB or R-loop Atlas. In contrast,
R-loopBase presents a reference set of human R-loops and
assign it with 9 different confidence levels based on integra-
tive analysis of all R-loop mapping datasets. Moreover, R-
loopBase integrates hundreds of R-loop-related genomics
datasets, which collectively enable customized evaluation of
the likelihood for R-loop formation at a specific genomic lo-
cus. Third, R-loop regulome is missing in either R-loopDB
or R-loop Atlas. R-loopBase fills this gap by collecting and
annotating a complete list of known R-loop regulatory pro-
teins and their targeted R-loops. Users can easily get access
to these resources for mechanistic and disease studies from
the perspectives of R-loops.

Lastly, there is still room for further development of R-
loopBase. The current release of R-loopBase is largely built
on human R-loop data, mainly because only human cells
have enough data for integrative analysis. However, since R-
loops are conserved from bacteria to human, it would be im-
portant to include other species to study R-loops from the
evolutionary point of view. While we collected R-loop reg-
ulators for three more species in addition to human, a refer-
ence set of R-loops for each species will be analyzed and pre-
sented when more genome-wide R-loop mapping data and
functional genomics data are available. More importantly,
as R-loops are dynamically regulated in a variety of phys-
iological processes important for development and disease
progression, our approach of defining high-confidence R-
loops may miss out cell- or condition-specific R-loops un-
der dynamic control. It is thus necessary to include R-loop
dynamics data and develop novel method for precise R-loop
mapping in the future. Of note, only a small fraction of R-
loop regulators has been functionally validated. An even a
smaller number of proteins have genomic target informa-
tion available. More efforts are clearly needed to fully dis-
sect the complex and region-specific mechanism of R-loop
regulation. With continuous updates, R-loopBase will be-
come more and more powerful as a one-stop interface to
serve the community in the future.
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