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Figure 5. R-loops in siDDX5 induce antisense transcription.

(A) Read coverage of DRIP-seq and RNA-seq signal centered at the R-loop gain peak associated to the EGR1, ACTG1, RHOB, RB1CC1, SOGAT, STIL, and UBALD1 genes and
the downstream of IER2 gene loci in siCTL and siDDX5 (absolute log, fold change > 1 and false discovery rate < 0.1, Wald test). The bottom two tracks show the intergenic
RNA-seq coverage of the pooled replicates. Whereas the gene expression decreased upon the knockdown treatment, the read coverage at the intergenic region adjacent
to the transcription start site increased, thus indicating possible antisense transcription. Control cells are blue, siDDX5 cells are red. (B) Antisense expression was
quantified by reverse transcription quantitative PCR (RT-qPCR) using cDNAs transcribed with random primers. The amplified fragments are located at the peak regions
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identified in U20S cells spanning ~4.5% of the genomic sequence,
with R-loop gain peaks being more prevalent in chromosomes with
high gene density. The DRIP-seq gain peaks were associated with
genomic regions known to be transcriptionally active; however,
most DRIP-seq gain peaks did not lie near differentially expressed
genes observed by RNA-seq between siCTL and siDDX5, siXRN2, and
SiPRMTS5 cells. These findings confirm that DDX5, XRN2, and PRMT5
are bona fide R-loop regulators, and it is not the differential RNA
expression that generates the increased R-loops. In cells deficient
for DDX5, XRN2, or PRMT5, an elevated number of peaks with in-
creased R-loop accumulation that overlaid with the TTS was ob-
served, suggesting they function together during transcription
termination. In addition, we noted that the intronic reads that had
increased accumulation in PRMT5-deficient cells were highly
clustered upstream of the TTS. In contrast, intronic reads were
equally distributed near the TSS and TTS in DDX5- and XRN2-
deficient cells. DDX5-, XRN2-, and PRMT5-deficient cells also had
increased reads in the promoter and TSS regions, regions known for
their elevated GC-rich sequences or CpG islands, defining a re-
quirement for DDX5, XRN2, and PRMT5 to repress R-loops associated
with initiation of gene transcription at certain loci. Finally, we
observe that the accumulated R-loops at certain loci in siDDX5,
SiIXRN2, and siPRMTS cells generated antisense intergenic tran-
scription. Our data provide a genome-wide perspective of R-loops
regulated by DDX5, XRN2, and PRMTS5.

DDX5 has been shown to function in many cellular RNA pro-
cesses where structured RNA is implicated and, in addition, DDX5
has been shown to influence gene transcription (Fuller-Pace, 2013;
Xing et al, 2017). The role in gene transcription, as suggested using
Drosophila and yeast DDX5 homologs, was to promote RNA release
from chromatin (Buszczak & Spradling, 2006; Cloutier et al, 2012).
DDX5 was shown to function as a resolvase for the GC-rich areas
forming G-quadruplex of the proximal promoter of MYC (Wu et al,
2019). Our data show enrichment of R-loop gains at promoters and
TSS regions with high GC-rich content in siDDX5 cells (Fig 4). Ac-
tually, an R-loop at the MYC locus was increased in DDX5-deficient
cells (Supplemental Data 1), consistent with GC-rich regions forming
both G-quadruplexes and R-loops. DDX5 associates with the
estrogen receptor a and is recruited to estrogen-dependent
promoters in a cyclic fashion, suggesting DDX5 plays a role in
transcription initiation (Endoh et al, 1999; Metivier et al, 2003;
Wortham et al, 2009). R-loops were shown to increase co-
transcriptionally during estrogen treatment (Stork et al, 2016).
Thus, DDX5 is likely required near the TSS to resolve R-loops,
allowing transcription and minimize DNA damage at these loci.
Estrogen-regulated genes were not enriched in our U20S data
(Supplemental Data 1), as these are likely occurring in a tissue-
specific manner in breast cancer cell lines (Stork et al, 2016) and
how DDX5 gets recruited at these sites is not known. Importantly,
the overexpression of DDX5 in breast cancer has been observed,

validating the therapeutic value of targeting the helicase activity of
DDX5 (Mazurek et al, 2012).

The exoribonuclease XRN2 is a known regulator of tran-
scription termination with its “torpedo” function (Kim et al, 2004;
Teixeira et al, 2004; West et al, 2004; Eaton & West, 2020). XRN2-
deficient cells have replicative stress with increased DNA
damage with increased R-loops using $S9.6 immunofluorescence
staining (Morales et al, 2016). We now define the genome-wide
loci where R-loops accumulate in the absence of XRN2. We
confirm the classical role of XRN2 at the TTS (Eaton & West, 2020),
where the highest R-loop gains were observed. We also noted an
increase in R-loop gains near the TSS, consistent with the
presence of intergenic RNAs likely to be potential antisense
RNAs and whether XRN2 has a role in transcription initiation
remains to be determined.

The DRIP-seq results reveal more R-loops affected by PRMT5
deficiency (2,632) than by DDX5 (762) or XRN2 (1,059) deficiency. As
PRMT5 posttranslationally modifies proteins, it is not surprising that
PRMT5 has an elevated number of cellular R-loops. RNA helicases
known to resolve R-loops containing arginine methylation sites
(RGG/RG motifs) and potential substrates of PRMT5 include DHX9
(Chakraborty et al, 2018; Cristini et al, 2018) and DDX21 (Song et al,
2017) and there are likely others. These observations suggest PRMT5
may regulate other RNA helicases, besides DDX5, to resolve R-loops.
Moreover, PRMT5 methylation of RNA polymerase Il C-terminal do-
main leads to the recruitment of RNA helicase Senataxin to resolve
R-loops (Zhao et al, 2016). In addition to RNA helicases, PRMT5
methylates many RNA splicing and processing factors (Guccione &
Richard, 2019), where defects in these processes also lead to R-loop
accumulation (Li & Manley, 2005; Bhatia et al, 2014). The intronic
DRIP-seq reads observed for PRMT5 were highly clustered before the
TTS, and these represent nascent RNAs consistent with the role of
PRMTS in pre-mRNA splicing (Friesen et al, 2001; Fong et al, 2019).
Thus, it is possible that PRMTS5 as well as DDX5 and XRN2 may also
influence R-loop accumulation by also affecting the processing and
nuclear export of RNAs.

The presence of unscheduled R-loops is associated with increased
DNA damage and genomic instability (Skourti-Stathaki & Proudfoot,
2014; Aguilera & Gomez-Gonzalez, 2017, Richard & Manley, 2017
Crossley et al, 2019; Wells et al, 2019). Thus, the presence of elevated
number of R-loops gain peaks in siPRMT5 cells is consistent with
inhibition of PRMT5 methyltransferase activity causing increased DNA
damage as a cancer therapeutic (Clarke et al, 2017, Hamard et al, 2018;
Fong et al, 2019; Mersaoui et al, 2019).

Taken together, our data identify a shared role for DDX5, XRN2,
and PRMT5 in R-loop metabolism at the TTS region. In addition, we
uncovered genomic loci where the loss of DDX5, XRN2, or PRMT5 leads
to R-loop-associated antisense expression near the TSS regions. Thus,
our data provide a valuable resource of the genome-wide R-loops
modulated by DDX5, XRN2, and PRMT5 using classical DRIP-seq.

upstream of EGR1, ACTG1, RHOB, RB1CC1, SOGA1, STIL, and UBALD1 genes and the downstream of IER2 gene. The relative expression was normalized with GAPDH. The
graph shows the average and SEM from four independent experiments. Statistical significance was assessed using t test. *P < 0.05, ** P < 0.01, and ***P < 0.001. (C) Agarose
gel image of the RT-PCR products amplified at the promoter region of the EGR1, ACTG1, RHOB, RB1CC1, SOGA1, STIL1, and UBALD1 genes and downstream of IER2 gene. The
RT primers used are sense primers, which hybrid with the antisense strand corresponding to the gene; antisense primer, annealing to the sense strand; random

primers; and no primer. DNA markers are shown on the left are in base pairs.
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Materials and Methods

Cell culture, siRNAs, and transfection

Human osteosarcoma cells U20S cells (ATCC) were cultured in
Dulbecco’s modified Eagle’s medium containing 10% vol/vol FBS at
37°C with 5% CO,. siRNA oligonucleotides were transfected using
Lipofectamine RNAIMAX (Invitrogen) according to the manufac-
turer’s instructions. All siRNAs were purchased from Dharmacon.
SiRNA sequences are as follows: siDDX5: 5'-ACA UAA AGC AAG UGA
GCG AdTdT-3"; siXRN2, SMARTpool siIGENOME human XRN2 siRNA (M-
017622-01); siPRMT5, 5'-UGG CAC AAC UUC CGG ACU UUU-3'. The
SiIRNA 5'-CGU ACG CGG AAU ACU UCG AdTdT-3’, targeting the firefly
luciferase (GL2), was used as control. 20 nM siRNA was used for
transfection.

DRIP procedure

DRIP assays were performed as described (Ginno et al, 2012). Briefly,
nucleic acids were extracted from U20S cells by SDS/proteinase K
treatment at 37°C overnight followed by phenol-chloroform ex-
traction using MaXtractTM High Density (100 x 15 ml from QIAGEN)
and ethanol precipitation at room temperature. The harvested
nucleic acids were digested for 24 h at 37°C using a restriction
enzyme cocktail (50 units/100 pg nucleic acids, each of BsrGl, EcoRl,
Hindlll, Sspl, and Xbal) in the New England Biolabs CutSmart buffer
with 2 mM Spermidine and 1x BSA. Digested DNAs were cleaned up
by phenol-chloroform extraction using MaXtractTM High Density
(200 x 2 ml) followed by treatment or not with RNase H (20 units/100
ug nucleic acids) overnight at 37°C in the New England Biolabs
RNase H buffer. DNA/RNA hybrids from 4.4 pg digested nucleic
acids, treated or not with RNase H, were immunoprecipitated using
10 pg of S9.6 antibody (ATCC) and 50 pl of protein A/G agarose beads
(Sigma-Aldrich) at 4°C for 2 h or overnight in IP buffer (10 mM
NaPO,, 140 mM NaCl, and 0.05% Triton X-100). The beads were then
washed four times with IP buffer for 10 min at room temperature,
and the nucleic acids were eluted with elution buffer (50 mMm
Tris—HCl, pH 8.0, 10 mM EDTA, 0.5% SDS, and 70 ug of protease K) at
55°C for 1 h. Immunoprecipitated DNA was then cleaned up by a
phenol-chloroform extraction followed by ethanol precipitation at
20°C for 1 h. For each replicate and condition, three IP were
combined and sent to IGM genome center of the University of
Californa San Diego for library construction and sequencing. Data
were generated at the UC San Diego IGM Genomics Center using an
Illumina NovaSeq 6000.

DRIP-seq analysis

Single-end reads of length 76 were first trimmed with fastg-mcf
(Aronesty, 2013) to remove the adapter sequence, then mapped to
the human genome (hg19/GRCh37) through Bowtie2 (Langmead &
Salzberg, 2012), and the resulting Sequence Alignment Map (SAM)
files were processed using SAMtools v1.9 (Li et al, 2009) to generate
sorted Binary Sequence Alignment Map (BAM) files with duplicate
reads removed. Peaks were called for each replicate relative to the
input samples through the MACS algorithm (Zhang et al, 2008) in
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broad mode at a g-value cutoff of 0.1. The resulting peaks were
merged into a single list of consensus peaks using the DiffBind R
package (Ross-Innes et al, 2012) and the differentially bound sites
of both gains and losses were then identified by DESeq2 v1.26.0 at a
false discovery rate (FDR) cutoff of 0.1 (Wald test) and absolute log-
fold-change larger than one. Consensus peaks were annotated with
the nearest and neighboring genes (definition of nearest and
neighbor: nearest is defined as the gene whose TSS or TTS lies
nearest to the peak, and neighbor is defined as the second nearest
gene) by BEDTools v2.28.0 (Quinlan & Hall, 2010) based on the
Ensembl gene database obtained from the University of Californa
Santa Cruz table browser (Karolchik, 2004), considering only the
longest transcript of each gene. Overlapping sets of peaks as well as
peak locations within the gene body and GC content histograms
were made through HOMER v4.11.1 (Heinz et al, 2010) Enrichment
plots of R-loop signal across the gene bodies were generated with
ngs.plot v2.63 (Shen et al, 2014). Pathway enrichment analysis of
genes lying in the nearest consensus peaks with gain in R-loop
signal upon knockdown was made through the Database for An-
notation, Visualization, and Integrated Discovery (DAVID) (Huang et
al, 2009). In 2016, Sanz et al (2016) carried out a DRIP-seq screen on
NT2 cells using the same enzyme as in this study (Sanz et al, 2016).
After assigning the nearest gene to each peak of both studies, we
found an overlap of 10,786 genes.

cDNA library preparation and next generation sequencing

Total cellular RNA was isolated from siRNA-transfected U20S cells
using GenElute Mammalian total RNA Miniprep Kit (Sigma-Aldrich)
according to the manufacturer’s instructions. For each experi-
mental condition, three independent siRNA transfection experi-
ments were carried out for the isolation of RNA. NEB rRNA-depleted
(HMR) stranded library preparation was performed using Illumina’s
platform following the manufacturer's protocol (New England
BioLabs). Purified libraries were subjected to sequencing on Illu-
mina HiSeq4000 PE100 in pools of five per lane. Sequencing pro-
duced an average of 79.2 million reads per sample (range 71.1-87.7
million).

RNA-seq analysis

Paired-end reads of length 100 were aligned to the human genome
(hg19/GRCh37) with STAR v2.7.1a (Dobin et al, 2013) and the SAM/
BAM files were processed using SAMtools v1.9 (Li et al, 2009).
Quantification of gene expression for each replicate was performed
through HOMER v4.11.1 (Heinz et al, 2010) using Gencode v19 gene
annotations (Frankish et al, 2019). The read counts were then
normalized across all samples and their differential expression
relative to the control computed through DESeq2 v1.26.0 (Love et al,
2014). Up-regulated and down-regulated genes were called at an
absolute log, fold change larger than one and FDR cutoff of 0.05,
Wald test. Overlaps between differentially expressed genes and
genes lying nearest gain or loss R-loop peaks were determined by
HOMER. To detect cases of antisense transcription, the intergenic
reads of each replicates were extracted with BEDTools v2.28.0
(Quinlan & Hall, 2010) using the University of Californa Santa Cruz
table browser database of Ensembl genes (Karolchik, 2004).
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Table 2. Primers for reverse transcription (RT)-PCR analysis. Table 3. Primers pairs for antisense RT-qPCR analysis.
RT sense: 5'-CCCTGTTCGCGTTCGGCCCC-3’ 5'-AGGCTCGGGGTGAGGAGTGT-3’
RT antisense: 5'-GCTCGGTGCTGCCCCCTGGAG-3’ FORT 5'-CGACGCAGTGAGCACGAACT-3’
FORT PCR forward: 5'-CACCCCCTGCTTCCTTCTCC-3' 5'-GTGTCCCTCGGTGTGTGACG-3'
PCR reverse: 5'-CGACGCAGTGAGCACGAACT-3' ACTET 5'-CAACAGACCCACCCGGACTC-3!
RT sense: 5'-CGGAGCAGAACGTAG-3’ 5'-GCCAGGAAGAGGGGCAATTC-3’
RT antisense: 5'-GCCCAGAATCTCCGG-3’ fiios 5'-GTCCGGGAGCTGGCTGTCT-3"
ACTOT PCR forward: 5'-GTGTCCCTCGGTGTGTGACG-3’ 5'-TCCCAACCATTAGGGTGCTCA-3'
PCR reverse: 5'-CGGGCAAGGCTGTCAGGTAT-3’ reTcc 5'-CGCCACAACCACGTTTTCAG-3’
RT sense: 5'-CGGGACTTGGAAGAG-3’ 5'-ACCTCGGCTCACTGCAACCT-3'
RT antisense: 5'-GCTCTGGCGGTACCC-3’ S0GAT 5'-CAAATTAGCCGGGCGTGGTA-3’
ko8 PCR forward: 5'-GGGGCCCTAAACCACAGGAG-3’ 5'-GTTCTTCGGGTGTCCGCTTC-3'
PCR reverse: 5'-GCCCCTCTTCCTGGCAAACT-3’ o1 5'-CGCAATGGAAAGCCCAGCTA-3’
RT sense: 5'-CGGGACTTGGAAGAG-3’ 5'-TCCTCGGACCCCGAGTAGGT-3'
RT antisense: 5'-GCTTGTTCCCCTCAG-3’ UBALDT 5'-GGGAGCGAATTTCGGAAACC-3'
reTca PCR forward: 5'-TCCCAACCATTAGGGTGCTCA-3’ 5'-CGGGCATTCCCTAACTGGTG-3’
PCR reverse: 5'-GCGGCACCATTTCTCAGACC-3' ek 5'-AAAGCCCCGATCTCCCTGTC-3'
RT sense: 5'-GAGATGGAGTCTAGC-3'
T RT antisense: 5'-CAGGAGTTCGAGACC-3' RT and quantitative PCR (RT-qPCR) analysis for antisense RNA
PCR forward: 5'-ACCTCGGCTCACTGCAACCT-3’ expression
PCR reverse: 5'-CCAACATGATGAAACCCCGTCT-3’ ) ) )
e ooy 7 ST A v o et o v i
TiL RT antisense: 5'-CGCGCTCGACCAATC-3! reverse transcription kit. For determining which strand of RNA was
PCR forward: 5’-GTTCTTCGGGTGTCCGCTTC-3' transcribed, two different primers were used in the RT reaction. The
PCR reverse: 5'-CGGCGCTCCAGGATCAAG-3 sense primer hybrids with the antisense strand and the antisense
RT sense: 5'-TAGAGACGGTTTGAC-3’ primer anneals to the sense strand. A random primer was used as
RT antisense: 5'-TTCCTGGCCCTGACC-3’
UBALD1 PCR forward: 5'-GTCIGECCTAGGCAATCC 3" Table 4. Primers for DRIP-qPCR validation.
PCR reverse: 5'-GGGAGCGAATTTCGGAAACC-3' ros 5'-CCTGCAAGATCCCTGATGACCT-3!
RT sense: 5'-CCGGTTACCACGTGG-3/ 5'-AGGGTGAAGGCCTCCTCAGACT-3!
- RT antisense: 5'-TGATACTGTAGGGCC-3' KLE2 5'-GACAACAGTGGGGAGTGGACCTT-3!
PCR forward: 5'-CGGGCATTCCCTAACTGGTG-3’ 5'-CTGAGGGATCCTTGCCCTACATC-3"
PCR reverse: 5'-GTGCAATCGATCCCCAGCTC-3/ R 5'-CCGGATGTGCACTAAAATGGAAC-3'
5'-AGTCGTGTAGAGAGAGGCCACCA-3’
5'-GCCATTTTAAGCCTCTCGGTCTG-3!
Differential expression at the intergenic regions within 5 kbp of Gl 5 CTCCTCAGACCTTCCTCCGTCTC-3!
either the TSS or TTS of the nearest gene for each DRIP-seq peak
relative to the control samples was then evaluated through HOMER. LY6E 5 "GAAGGCTGCTGAGTTTCCTCCTC- 3
The resulting hits were filtered using HOMER to lie within 5 kbp of 5'-GCTTCTCTCCTGACCCACTCLTC-3”
the nearest R-loop consensus gain peak, ensuring as well that the 5'-CTGGGACTATAAGCACGCACCAC-3’
expression of the nearest gene is not up-regulated relative to the SNHGT2 5/ TTGGGGTCAGGAGTTCAAGACTG-3’
e e e v
change of differential intergenic RNAseq expression relative to the 5'-GAAGTGGAGGGCAGAGAAGAGGT-3"
control at the 2 kb adjacent to the TSS or TTS, (2) log, fold change of 5'-TTAGTCGGTTCAGGGCAACTTGA-3'
differential gene expression relative to the control smaller than 2, RPS23-1 5/-CTAAGACACTCGCCTCACCTGGA-3'
N dompr il

control smaller than 0.7.
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positive control and for the negative control, no primer was added
in the RT reaction. Regular PCR reaction was performed using the
cDNA transcribed with different primers, and the PCR product was
revealed in agarose gel. Antisense expression was quantified by RT-
gPCR using SYBR Green PCR Master Mix (Applied Biosystems) and
cDNAs transcribed using random primers. The sequence of the
primers for RT reaction and PCR to identify sense or antisense
transcription are listed in Table2 and the primers for gPCR are in
Table 3. Gapdh housekeeping gene expression was used to nor-
malize antisense expression. DRIP-gPCR analysis was performed as
described previously (Mersaoui et al, 2019). The primers are listed in
Table 4.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202000762.
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