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ABSTRACT

R-loops, which consist of a DNA/RNA hybrid and
a displaced single-stranded DNA (ssDNA), are in-
creasingly recognized as critical regulators of chro-
matin biology. R-loops are particularly enriched at
gene promoters, where they play important roles
in regulating gene expression. However, the molec-
ular mechanisms that control promoter-associated
R-loops remain unclear. The epigenetic ‘reader’ Tu-
dor domain-containing protein 3 (TDRD3), which rec-
ognizes methylarginine marks on histones and on
the C-terminal domain of RNA polymerase II, was
previously shown to recruit DNA topoisomerase 3B
(TOP3B) to relax negatively supercoiled DNA and
prevent R-loop formation. Here, we further charac-
terize the function of TDRD3 in R-loop metabolism
and introduce the DExH-box helicase 9 (DHX9) as
a novel interaction partner of the TDRD3/TOP3B
complex. TDRD3 directly interacts with DHX9 via its
Tudor domain. This interaction is important for re-
cruiting DHX9 to target gene promoters, where it
resolves R-loops in a helicase activity-dependent
manner to facilitate gene expression. Additionally,
TDRD3 also stimulates the helicase activity of DHX9.
This stimulation relies on the OB-fold of TDRD3,
which likely binds the ssDNA in the R-loop struc-
ture. Thus, DHX9 functions together with TOP3B to
suppress promoter-associated R-loops. Collectively,
these findings reveal new functions of TDRD3 and
provide important mechanistic insights into the reg-
ulation of R-loop metabolism.

INTRODUCTION

Eukaryotic gene expression is regulated through the re-
cruitment of transcription factors, chromatin-modifying

enzymes, and RNA polymerases, at enhancers and pro-
moters (1,2). Upon transcription initiation, the separated
DNA strands and nascent RNA transcript can adopt nu-
merous non-B DNA structures that, if left unresolved, may
interfere with the movement of the transcription machin-
ery and impede gene expression (3–6). One of the most
common non-B DNA structures that arise during tran-
scription is the three-stranded R-loop structure, which con-
sists of a DNA/RNA hybrid and a displaced non-template
strand (7–10). Recent studies using DNA/RNA-specific an-
tibodies (S9.6) and next-generation sequencing approaches
have revealed the widespread presence of R-loops along hu-
man genomes (11–13). Specifically, more than half of all
R-loops are formed at mammalian gene promoter regions
(11,14,15), where they can positively or negatively influence
gene expression. For example, in mouse embryonic stem
cells, promoter-associated R-loops differentially modulate
the binding of two key chromatin-regulatory complexes,
Tip60-p400 and polycomb repressive complex 2 (PRC2),
to promote the expression of genes important for differen-
tiation (16). R-loops can also repel the binding of DNA
methyltransferases to gene promoters, thus protecting the
underlying DNA from methylation (13,17). However, exces-
sive and prolonged R-loop formation can block RNA poly-
merase II (RNAPII) elongation and interfere with produc-
tive transcription (18). Persistent R-loops can also promote
heterochromatin formation and lead to gene silencing (19).
Importantly, because the exposed single-stranded DNA (ss-
DNA) is vulnerable to DNA damage, unprogrammed R-
loops have been increasingly recognized as a source of ge-
nomic instability, a hallmark of human cancers (7,10,20–
22).

Cells employ various strategies to prevent or limit un-
programmed R-loop formation. These mechanisms in-
clude: (i) DNA topoisomerases that act to relax nega-
tively supercoiled DNA and thereby prevent R-loop for-
mation (23–26); (ii) DNA/RNA helicases that unwind the
DNA/RNA hybrid and resolve R-loops (27–32); (iii) ri-
bonuclease (RNase) H enzymes that degrade the RNA
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portion of R-loops (33–35) and (iv) pre-mRNA processing
factors that, through interactions with mRNA transcripts,
prevent the re-hybridization of the nascent RNA with tem-
plate DNA (36,37). However, as the functions of R-loops
are dependent on the genomic context, how these seem-
ingly redundant R-loop-managing pathways are discrimi-
nately targeted to specific genomic regions is unclear.

Posttranslational modifications of histones play a piv-
otal role in regulating transcription, primarily by acting
as docking sites for effector proteins that recognize or
‘read’ these marks (38–40). The Tudor domain-containing
protein 3 (TDRD3) is one such effector molecule that
‘reads’ methylarginine marks on histones and on the C-
terminal domain of RNAPII (41–43). Importantly, the
genome-wide distribution of TDRD3 is strongly associ-
ated with gene promoters and coincides with the forma-
tion of promoter-proximal R-loops (11,13–15). Mechanis-
tically, the C-terminal Tudor domain of TDRD3 mediates
its interactions with arginine-methylated substrates and its
N-terminal oligonucleotide/oligosaccharide-binding (OB)-
fold recruits the DNA topoisomerase 3B (TOP3B) through
direct protein-protein interactions (25,42). Thus, TOP3B
is directed by TDRD3 to the promoters of actively tran-
scribed genes, including c-MYC and NRAS, to resolve neg-
atively supercoiled DNA in the wake of RNAPII and pre-
vent R-loop formation (25). Although several studies have
reported TOP3B as a major interaction partner of TDRD3
(25,44–46), it is likely that TDRD3 recruits additional pro-
teins for R-loop resolution. Furthermore, TDRD3 can also
bind single-stranded nucleic acids (47). Whether and how
this activity contributes to its function in R-loop regulation
is not known.

In this study, to further investigate the molecular path-
ways involved in the regulation of promoter-associated R-
loops, we identified the DExH-box helicase 9 (DHX9) as a
new interaction partner of TDRD3. DHX9 unwinds a vari-
ety of double-stranded DNA and RNA structures, includ-
ing R-loops, and is involved in various cellular processes,
including transcription, replication, and RNA processing
(27,48,49). Here, we show that DHX9 forms a protein com-
plex with TDRD3 and TOP3B, within which TDRD3 func-
tions as a scaffold to bridge their interactions. The interac-
tion of TDRD3 with DHX9 relies on its functional Tudor
domain, which is critical for the recruitment of DHX9 to
its target gene promoters. In addition to directing DHX9
to promoters, TDRD3 also stimulates DHX9 helicase ac-
tivity to resolve R-loops, likely through its N-terminal OB-
fold-mediated interaction with ssDNA in the R-loop struc-
ture. Furthermore, as demonstrated using both cellular
and in vitro transcription assays, DHX9 and TOP3B func-
tion cooperatively to resolve co-transcriptional R-loops at
TDRD3 target genes. These results reveal new functions of
the methylarginine effector molecule TDRD3 and provide
novel mechanistic insights into the regulation of promoter-
associated R-loops.

MATERIALS AND METHODS

Cell lines and reagents

HEK293 and MCF7 cells were obtained from ATCC.
Both cell lines were cultured in DMEM supplemented with
10% fetal bovine serum (FBS) and maintained at 37◦C.

Two TDRD3 knockout (KO) MCF7 cell lines (KO1 and
KO2) were generated using CRISPR/Cas9 technology, us-
ing two sgRNAs against TDRD3 (sgTDRD3-1: CTGCGA
TTACAGATGACTGA and sgTDRD3-2: GACTCTAA
CACCACAGTTCT). TOP3B KO MCF7 cells were gen-
erated using sgTOP3B: CCACTGAGAGCGCCTCGTTG.
The sgRNAs were cloned into the PX330 vector. Transfec-
tion was carried out using Lipofectamine 2000 (11668-019;
Thermo Fisher Scientific). Individual clones were screened
for deletion of TDRD3 and TOP3B by Western blot anal-
ysis. Anti-FLAG M2 Magnetic Beads (M8823) was pur-
chased from Sigma. The type I PRMT inhibitor MS023 and
the 3xFLAG peptide were purchased from APExBIO. The
site-directed mutagenesis kit (#200521) was purchased from
Agilent Technologies. The siRNA targeting the 3′-UTR
of DHX9 (A-009950-16-0005) and the siRNA targeting
TOP3B (L-005282-00-0005) were purchased from Dharma-
con. The restriction enzymes and RNase H (M0297L) were
purchased from New England BioLabs. RNase A (EN0531)
was purchased from Thermo Fisher Scientific.

Antibodies and plasmids

Anti-TDRD3 polyclonal and monoclonal antibodies were
prepared as described previously (42). Anti-TDRD3 rab-
bit monoclonal antibody (D3O2G #5492) was purchased
from Cell Signaling Technology. Anti-TOP3B mouse
monoclonal (ab56445) and anti-DHX9 rabbit polyclonal
(ab26271) antibodies were purchased from Abcam. Anti-
DHX9 rabbit polyclonal antibody (A300-854A) was pur-
chased from Bethyl Laboratories. Anti-GFP mouse mon-
oclonal antibody (B-2) was purchased from Santa Cruz
Biotechnology. Mouse monoclonal anti-Flag M2 (F1804)
and anti-ACTIN (A5316) antibodies were purchased from
Sigma. Mouse monoclonal anti-DNA/RNA hybrid S9.6
antibody used for the DNA/RNA immunoprecipitation
(DRIP) assay has been described before (25,50). The Asym-
metric 26 (ASYM26) antibody was kindly provided by Dr.
Stéphane Richard (McGill University).

GST-TDRD3, GST-OB, GST-UBA, GST-Tudor and
GST-TOP3B were prepared by sub-cloning the open read-
ing frames from full-length TDRD3 and TOP3B cDNA
into a pGEX-6P-1 vector, as described previously (25,42).
GFP-DHX9, GFP-DHX9 RBD (amino acids 1–262),
GFP-DHX9 RGG (amino acids 1064–1270), and GFP-
DHX9 HD (amino acids 255–1077) were generated by
sub-cloning open reading frames from full-length DHX9
cDNA into a pEGFP-C1 vector. Flag-TDRD3, Flag-
TOP3B, and Flag-DHX9 were generated by sub-cloning
TDRD3, TOP3B, and DHX9 cDNA into p3XFLAG-
CMV-7.1 vectors. All point mutations were generated using
site-directed mutagenesis. The pFC53 plasmid used in the in
vitro DNA/RNA immunoprecipitation (DRIP) assay have
been described before (25,50).

Tandem affinity purification

HEK293 cells were transfected with an NTAP-TOP3B
plasmid. A total of 3 × 108 cells were used for tandem
affinity purification. In brief, cells were first lysed in ly-
sis buffer containing 50 mM Tris–HCl (pH 7.5), 125 mM
NaCl, 5% glycerol, 0.2% NP-40, 1.5 mM MgCl2, 25mM
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NaF, 1 mM Na3VO4 and protease inhibitors. After cen-
trifugation, the supernatant was incubated with rabbit-IgG
Sepharose (GE17-0969-01; GE Healthcare Life Sciences) at
4◦C for 4 h. The bound beads were first washed with ly-
sis buffer and then TEV protease cleavage buffer (10 mM
Tris–HCl [pH 7.5], 100 mM NaCl and 0.2% NP-40). The
bound protein complexes were eluted by the addition of
50 mg TEV protease (4◦C, overnight). TEV protease cleav-
age products were then incubated with Streptavidin agarose
(69203–3; Millipore) at 4◦C for 2 h. The bound proteins
were eluted by boiling in SDS sample buffer. Samples were
loaded on SDS-PAGE gels followed by either silver stain-
ing or SYPRO Ruby staining. After comparison with con-
trol samples, differential bands were cut from the gel, and
proteins were identified by LC–MS/MS.

Recombinant protein expression and purification

GST-tagged constructs were transformed into Escherichia
coli BL21 (DE3) cells and grown to an OD600 of 0.6. Ex-
pression was induced by adding 1 mM isopropyl �-D-1-
thiogalactopyranoside (IPTG), and cells were cultured for
16 h at 16◦C. Cells were lysed by sonication in binding
buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
and 1.8 mM KH2PO4, pH 7.4) and centrifuged at 21 000
× g for 10 min. The supernatant was incubated with Glu-
tathione Sepharose (17075601; GE Healthcare Life Sci-
ences), and GST-tagged proteins were purified according
to the manufacturer’s instructions. Flag-tagged constructs
were transfected into HEK293 cells with Lipofectamine
2000. Forty-eight hours post-transfection, cells were lysed
in co-immunoprecipitation (co-IP) buffer containing 0.5 M
NaCl. Flag-tagged proteins were immunoprecipitated and
purified with anti-FLAG M2 magnetic beads and eluted
with 3xFLAG peptide.

Reverse transcription quantitative PCR (RT-qPCR)

Total RNA was extracted using TRIzol reagent (15596-018;
Thermo Fisher Scientific). Reverse transcription was per-
formed using a High-Capacity cDNA Reverse Transcrip-
tion Kit (4368814; Thermo Fisher Scientific). 2 �l of 10-
fold diluted cDNA was used for qPCR analysis using Power
SYBR Green PCR Master Mix (43–687-06; Thermo Fisher
Scientific). Real-time qPCR was performed on a CFX96
Touch Real-Time PCR Detection System (Bio-Rad), ac-
cording to the manufacturer’s instructions. The compara-
tive cycle threshold (CT) method (��CT) was used to quan-
tify relative changes in gene expression. CT values were nor-
malized by subtracting �-actin CT values from target gene
CT values for each sample. All amplifications were done in
triplicate.

Co-immunoprecipitation (co-IP)

Cells from a 10-cm plate were washed with 1× PBS and
lysed with 1 ml of co-IP buffer (50 mM Tris–Cl [pH 7.4], 150
mM NaCl, 15 mM MgCl2, 5 mM EDTA, and 0.1% Nonidet
P-40), containing a cocktail of protease inhibitors (A32965;
Thermo Fisher Scientific). Cell extracts were briefly soni-
cated and centrifuged at 21 000 × g for 10 min to remove

insoluble debris. Cell lysates were incubated with antibod-
ies overnight at 4◦C, followed by incubation with Protein
A/G polyacrylamide beads (53133; Thermo Fisher Scien-
tific) for 2 h. Beads were then washed three times with co-IP
buffer, and bound proteins were eluted by SDS-PAGE load-
ing buffer. Proteins were resolved on an SDS-PAGE gel and
analyzed by western blot analysis.

GST pull-down

For GST pull-down using recombinant proteins, GST-
tagged proteins purified from E. coli were incubated with
Flag-tagged proteins purified from HEK293 cells in the co-
IP lysis buffer. For GST pull-down using total cell lysates,
cells were lysed in lysis buffer containing 20 mM Tris–HCl
(pH 7.4), 150 mM NaCl, 0.1% NP-40 and protease in-
hibitors. After removing insoluble debris, the cell lysates
were incubated with purified GST-tagged recombinant pro-
teins with gentle rocking overnight at 4◦C. Glutathione
Sepharose beads were added to the protein and lysate mix-
ture and incubated with gentle rocking at 4◦C for 2 h. The
mixture was centrifuged, the supernatant was discarded,
and the beads were washed three times with the cell lysis
buffer. After centrifuging again, the pellet was eluted in 30
�l 2× SDS sample buffer. The samples were loaded on SDS-
PAGE gels and analyzed by western blot using the indicated
antibodies.

Chromatin immunoprecipitation (ChIP)

Cells from two 10-cm confluent plates were cross-linked
with 1% formaldehyde for 10 min at 37◦C. Cross-linking
was terminated by adding glycine to a final concentration
of 0.125 M, followed by incubation at RT for 5 min. Cells
were washed with 1× PBS and lysed with 2 ml of ChIP ly-
sis buffer (5 mM PIPES [pH 8.0], 85 mM KCl, 0.5% Non-
idet P-40 and protease inhibitor cocktail) for 15 min. The
lysate was centrifuged at 2400 × g for 5 min, and the nu-
clear pellet was resuspended in 900 �l of nuclei lysis buffer
(50 mM Tris–Cl [pH 8.0], 10 mM EDTA, 1% SDS, and pro-
tease inhibitor cocktail) for 5 min. Nuclear extracts were
transferred to 1.5 ml Bioruptor Microtubes (C30010016;
Diagenode), and chromatin was fragmented by sonication
using the Bioruptor Pico Sonication System (B01060003;
Diagenode) for 7–8 cycles (30 s on, 30 s off/cycle). Frag-
mented chromatin was centrifuged at 21 000 × g for 10 min
to remove insoluble debris, and supernatant was diluted 5-
fold in ChIP dilution buffer (20 mM Tris–Cl [pH 8.0], 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.01% SDS and
protease inhibitor cocktail). Four percent of the diluted
fragmented chromatin was used as input. Antibodies were
added to the diluted chromatin and incubated overnight at
4◦C, followed by incubation with Protein A magnetic beads
(10002D; Thermo Fisher Scientific) for 2 h. Proteins and
non-specific chromatin were washed off beads for 3–5 min
as follows: 1× wash with 1 ml of low salt wash buffer (20
mM Tris–Cl [pH 8.0], 150 mM NaCl, 2 mM EDTA, 1%
Triton X-100 and 0.1% SDS), 1× wash with high salt wash
buffer (20 mM Tris–Cl [pH 8.0], 500 mM NaCl, 2 mM
EDTA, 1% Triton X-100 and 0.1% SDS), 1× wash with
LiCl buffer (20 mM Tris [pH 8.0], 250 mM LiCl, 1 mM
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EDTA, 1% NP40, and 1% Na-deoxycholate), and 2× wash
with TE buffer (10 mM Tris–Cl [pH 8.0] and 1 mM EDTA).
Chromatin was eluted, and DNA/protein cross-links were
reversed by resuspending beads in 200 ul of elution buffer
(1% SDS and 0.1M NaHCO3), followed by incubation in
a 65◦C water bath overnight. Reverse cross-linked DNA-
protein samples were digested with proteinase K at 45◦C
for 45 min, and the immunoprecipitated DNA was puri-
fied by phenol:chloroform:isoamyl alcohol (25:24:1) extrac-
tion and ethanol precipitation. Precipitated DNA was re-
suspended in 100 �l of distilled water, and 2 �l was used for
qPCR analysis.

For ChIP-reChIP experiments, chromatin isolated from
MCF7 cells (three 10-cm plates) was subjected to two
ChIPs. In the first ChIP, chromatin was equally divided
for immunoprecipitation with 4 �g of control IgG or anti-
TDRD3 antibodies. Immunoprecipitated chromatin was
eluted with 75 �l TE/10 mM DTT solution and diluted 20
times with ChIP dilution buffer, and a second ChIP was car-
ried out with 4 �g of control IgG and anti-DHX9 or anti-
TOP3B antibodies. Purified DNA was analyzed by qPCR
using primers for the indicated regions. The comparative CT
method (��CT) was used to quantify relative changes in
DNA levels. CT values were normalized by subtracting in-
put CT values from target gene CT values for each sample.
All amplifications were performed in triplicate.

DNA/RNA immunoprecipitation (DRIP)-qPCR

The DRIP assay was adapted from multiple studies
(13,25,29) with the following modifications: After restric-
tion enzyme cocktail digestion, DNA was incubated in
RNase A buffer (10 �g/ml RNase A, 0.5 M NaCl, and 10
mM Tris–Cl [pH 7.4]) at 37◦C for 1 h, followed by phe-
nol:chloroform:isoamyl alcohol (25:24:1) extraction and
ethanol precipitation. DNA was resuspended in distilled
water and treated with or without RNase H (10 U/6 �g
DNA) at 37◦C overnight, followed by phenol:chloroform
extraction and ethanol precipitation. For each DRIP, 4 �g
of genomic DNA was incubated with 10 �g of S9.6 anti-
body in the binding buffer (10 mM NaPO4 [pH 7.0], 140
mM NaCl, and 0.05% Triton X-100). Precipitated DNA
was resuspended in 100 �l of distilled water, and 2 �l was
used for qPCR analysis. All amplifications were performed
in triplicate.

Quantification of nascent RNA transcription

Chromatin RNA immunoprecipitation assay was per-
formed to quantify the expression level of nascent RNA
(51). Briefly, cells from two 10-cm plates were cross-linked
with 1% formaldehyde for 10 min at RT, and terminated
by the addition of Glycine to a final concentration of 0.2
M for 5 min at RT. Cells were washed twice with PBS and
collected by centrifugation at 800 × g for 10 min. The pel-
lets were re-suspended in 4 ml of lysis buffer (1× PBS, pH
7.5, 1 mM PMSF, 0.2% NP40, supplemented with pro-
tease inhibitors), and incubated on ice for 20 min. The
nuclei were pelleted by centrifugation at 500 × g for 10
min at 4◦C. The collected nuclei were re-suspended in PBS
and sonicated using the Bioruptor Pico Sonication Sys-
tem (B01060003; Diagenode) for 12 cycles (30 s on, 30

s off/cycle). Supernatant was harvested by centrifugation
at 18 000 × g for 35 min at 4◦C, followed by overnight an-
tibody incubation at 4◦C. The immunocomplex was bound
by the Protein A magnetic beads, followed by washing for
three times with 1 ml RIPA-1000 buffer (1 M NaCl, 1 mM
PMSF, 1% NP40, 0.1% sodium deoxycholate, 0.05% SDS,
in 1× PBS), one time with 1 ml LiCl–wash buffer (250 mM
LiCl, 1% NP40, 0.1% sodium deoxycholate, 0.05% SDS,
in 1× PBS), and one time with TE buffer (10 mM Tris–
HCl, pH 8.0, 0.1 mM EDTA). The beads were then re-
suspended in 100 ml elution buffer (10 mM dithiothreitol
(DTT), 1% SDS, 1mM PMSF and 1× PBS) and incubated
for 5 h at 65◦C. After elution and reverse crosslinking, 500
�l of TRIzol reagent (15596-018; Thermo Fisher Scientific)
was added for RNA extraction, followed by the DNase I
(M0303L, New England Biolabs) treatment to remove con-
taminating DNA fraction in the final RNA samples. After
DNase I inactivation, the RNA samples were reverse tran-
scribed using the High-Capacity cDNA Reverse Transcrip-
tion Kit (4368814; Thermo Fisher Scientific). Before using
qPCR to quantify the target gene nascent transcription, all
cDNA samples (Input, IgG control, RNAPII IP, No-RT
control) were tested with ribosomal protein S19 and tRNA
primers. RNase inhibitor (M0314L, New England Biolabs)
was added to all the buffers described above.

In vitro R-loop detection using DRIP-qPCR

In vitro transcription for R-loop formation has been de-
scribed before (25). In brief, R-loop-prone pFC53 plasmids
were transcribed in vitro with T3 RNA polymerase in the
presence of individual proteins at 37◦C for 30 min. The
reaction was then inactivated at 65◦C for 10 min. Sam-
ples were equally divided and treated with either RNase
A plus RNase H or only RNase A at 37◦C for 30 min,
followed by proteinase K treatment at 37◦C for 30 min.
Samples were then purified using phenol:chloroform ex-
traction. Precipitated DNA was dissolved in water. In
vitro transcription products were incubated with S9.6 an-
tibody in binding buffer (10 mM NaPO4 pH 7.0, 140
mM NaCl, and 0.05% Triton X-100) at 4◦C overnight.
The binding mixture was then incubated with protein
A/G agarose for 1 h. The bound DNA was eluted with
buffer containing 50 mM Tris pH 8.0, 10 mM EDTA,
0.5% SDS and 300 �g of proteinase K at 50◦C for 30
min. Samples were then purified by phenol:chloroform
extraction and ethanol precipitation. Immunoprecipitated
DNA was analyzed by qPCR using pFC53 R-loop
primers: Forward, TTTAGAGCTTGACGGGGAAA; Re-
verse, CAACAGTTGCGTAGCCTGAA.

In vitro R-loop detection using Dot-Blot

Total nucleic acid from the in vitro pFC53 transcription
reaction was extracted by a standard SDS/Proteinase K
digestion, followed by phenol/chloroform extraction and
ethanol precipitation. Indicated amount of purified nucleic
acid was applied to the Hybond N+/Positive nylon mem-
brane (RPN303B, GE Healthcare) assembled in the Bio-
Dot Apparatus (1706545, Bio-Rad). The membrane was
subsequently UV cross-linked (0.12 J/m2) and blocked with
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5% milk/TBST (0.1% Tween 20) for 1 h at RT. The level of
R-loops was detected using the mouse monoclonal S9.6 an-
tibody and the loading of the nucleic acid was visualized by
the Methylene blue staining.

Helicase assay

The R-loop substrates were generated by annealing
5′ 6-carboxyfluorescein (FAM)-labeled RNA oligonu-
cleotides (UCGAAUCUCAUCAUCGCGCGAAAUUU
CACA), R-loop forward DNA oligonucleotides (CCTC
GCAAACTACTTAGATGTCATCCGCGAGC), and R-
loop reverse DNA oligonucleotides (GCTCGCAACGCG
CGATGATGAGATTCGAAAGCGAGG) at a molar ra-
tios of 1:5:2.5 (52). The annealing was carried out by heating
the oligonucleotides mixture to 95◦C for 5 min followed by
slow cooling to RT. The annealing product was then pu-
rified with MicroSpin™ S-200 HR columns. The helicase
assay was performed by incubating the R-loop substrates
(5 nM) with various recombinant proteins, as indicated, at
37◦C for 10 min in the helicase buffer (20 mM Tris [pH
7.5], 3.5 mM MgCl2, 3.5 mM ATP, 0.1 mg/ml BSA, 5 mM
DTT, and 1% [v/v] glycerol). The reaction was initiated by
adding ATP and terminated by chilling on ice for 5 min (27).
The products were separated by electrophoresis through
12% (w/v) nondenaturing polyacrylamide gels. After elec-
trophoresis, the FAM signal in the gels was detected using
a Chemi Doc™ Imaging System (Bio-Rad).

Electrophoretic mobility shift assay (EMSA)

The ssDNA probe used in the assay was a 5′ 6-FAM-labeled
DNA oligonucleotides (CCTCGCAAACTACTTAGATG
TCATCCGCGAGC). EMSA was performed by incubat-
ing the ssDNA probe (5 nM) with various recombinant
TDRD3 proteins at 25◦C for 20 min in binding buffer (20
mM Tris [pH 7.6], 10 mM MgCl2 and 1 mM DTT). The re-
sulting protein–DNA complexes were resolved on 6% non-
denaturing polyacrylamide gels at 80 V for 65 min using 1×
TBE buffer (89 mM Tris, 89 mM boric acid, and 2 mM dis-
odium EDTA) (53). After electrophoresis, the FAM signal
in the gels was detected using a Chemi Doc™ Imaging Sys-
tem (Bio-Rad).

RNA-seq and data analysis

RNA was isolated from wild type (WT) and TDRD3 KO
(KO1 and KO2) MCF7 cells (each with two biological
replicates) using TRIzol reagent according to the manufac-
turer’s instructions (Life Technologies). Poly(A) RNA-seq
libraries were constructed using a KAPA mRNA Hyper-
Prep Kit (Illumia), and purified libraries were validated us-
ing a Bioanalyzer 2100 system with DNA High Sensitiv-
ity Chip (Agilent) and quantified using a Qubit fluorometer
(Life Technologies). RNA sequencing was performed in the
City of Hope Integrative Genomics Core facility on an Illu-
mina HiSeq 2500 in 51-bp single-end read mode, following
the manufacturer’s recommendations.

The 51-bp-long single-ended sequence reads were
mapped to the human genome (hg19) using TopHat
(v2.0.8). The raw counts of each gene were generated by

HTSeq (v0.6.1p1) in ‘-m union’ mode, normalized using the
trimmed mean of M values (TMM) method, and compared
using the Bioconductor package ‘edgeR (v3.20.9)’. Genes
with RPKM (reads per kilobase of transcript, per million
mapped reads) ≥1 in at least one sample were retained, and
differentially expressed genes were identified by log2-based
fold change ≥1 or ≤–1 for up- and down-regulated genes
(FDR < 0.05), respectively.

To generate the heatmap plot, RPKM values were gen-
erated to normalize for sequencing depth and gene length
per each gene in a sample during edgeR running. Genes
with standard deviations of observed values ≤1 and with-
out at least three observations with absolute values greater
than four were removed. After filtration, 7950 out of 20
452 genes remained. Log2-based RPKM values were used
to generated clustering. Pearson correlations were used as
the distance measure for average linkage clustering in Clus-
ter3. TreeView was used to generate the heatmap plot using
the clustering outputs.

For gene set enrichment analysis (GSEA), genes were
ranked by the signed P-value score, which is − log10 (P) with
the sign of the log2-based fold change. The pre-ranked data
were uploaded to GSEA v3.0 and analyzed against the can-
cer hallmark pathway gene set.

Comparing TDRD3-regulated and DHX9-regulated gene ex-
pression

2336 commonly up- and 1903 down-regulated genes identi-
fied in both TDRD3 KO1 and KO2 MCF7 cells were an-
alyzed in comparison with differentially expressed genes
in control and DHX9 siRNA knockdown H1299 cells
(54). Enrichr with hallmark database (55–57) was used to
perform enrichment analyses on TDRD3-regulated and
DHX9-regulated genes. The bubble plot was generated
based on combined scores and common hallmark pathways
between both datasets from enrichment analyses.

Comparing TDRD3 target genes with R-loop forming pro-
moters

The 121 target genes that show TDRD3 occupancy at pro-
moters were searched against the R-loop mapping DRIP-
seq dataset (GSE70189) (15) uploaded onto the R-loop
database: http://rloop.bii.a-star.edu.sg

Statistical analysis

All experiments were performed at least three times. Statisti-
cal analyses were performed using Student’s t-tests. P < 0.05
was considered statistically significant. Quantification of
agarose gel images and immunoblotting images was per-
formed using ImageJ software.

RESULTS

TDRD3 interacts with DHX9

To investigate the transcriptional regulatory mechanism(s)
mediated by the TDRD3–TOP3B protein complex, we per-
formed tandem affinity purification and mass spectrome-
try (TAP-MS) analysis of TOP3B to identify additional

http://rloop.bii.a-star.edu.sg
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protein components of this complex. We identified DHX9
and heterogeneous nuclear ribonucleoprotein U (hnRNP
U) as novel interaction partners of TOP3B (Figure 1A
and Supplementary Table 1). DHX9 and hnRNP U have
been reported to interact with each other, and both pro-
teins are components of several messenger ribonucleopro-
tein (mRNP) complexes, including the coding region de-
terminant (CRD)-mediated complex (58). To validate the
protein interactions identified by TAP-MS, we immuno-
precipitated endogenous TOP3B from MCF7 breast can-
cer cell lysates and detected interacting proteins using west-
ern blot analysis. Both TDRD3 and DHX9 were detected
in TOP3B-enriched protein samples (Figure 1B), suggesting
that these three proteins likely exist in the same protein com-
plex. To further confirm their interaction, we performed
co-immunoprecipitation (co-IP) of TDRD3 from both wild
type (WT) and TDRD3 knockout (KO) MCF7 cells using
two anti-TDRD3 antibodies from different sources (Ab1
and Ab2) and detected its interaction with DHX9 and
TOP3B. Both anti-TDRD3 antibodies were able to co-IP
DHX9 and TOP3B in WT, but not TDRD3 KO, MCF7
cells, demonstrating that the interaction detected is not
caused by non-specific recognition by the TDRD3 antibody
(Figure 1C). Consistent with our previous reports (25), loss
of TDRD3 destabilizes TOP3B (Figure 1C), whereas it does
not affect the level of DHX9.

To characterize the interactions among these three pro-
teins, we tested the hypothesis that TDRD3 functions as
a scaffold for the TOP3B–DHX9 interaction. First, we
performed co-IP assays and compared the interaction of
TDRD3 with DHX9 in WT and TOP3B KO MCF7 cells.
The interaction of TDRD3 with DHX9 remains unaf-
fected in the absence of TOP3B (Figure 1D), suggesting
that TOP3B is not essential for the TDRD3–DHX9 in-
teraction. Next, we examined the interaction of TOP3B
with DHX9 in WT and TDRD3 KO MCF7 cells. The in-
teraction of TOP3B with DHX9 was abolished in the ab-
sence of TDRD3 (Figure 1E), suggesting that TDRD3 is
required for the TOP3B-DHX9 interaction. Lastly, to de-
termine if DHX9 directly interacts with TDRD3, we incu-
bated recombinant GST-tagged TDRD3 and TOP3B, pu-
rified from E. coli, with Flag-tagged DHX9, purified from
HEK293 cells (Supplementary Figure S1A), and conducted
a GST pull-down experiment. GST-TDRD3, but not GST-
TOP3B, directly interacted with DHX9 (Figure 1F). Thus,
these approaches have provided independent lines of evi-
dence supporting a direct and physiologically relevant in-
teraction between TDRD3 and DHX9.

The C-terminal Tudor domain of TDRD3 interacts with
DHX9

Next, we mapped the interaction between TDRD3 and
DHX9. TDRD3 contains three functional domains: the
OB-fold, the ubiquitin-associated (UBA) domain, and the
Tudor domain, which are critical for mediating its interac-
tion with protein partners (Figure. 2A, upper panel). The
OB-fold interacts with TOP3B, and the Tudor domain in-
teracts with arginine-methylated protein substrates, includ-
ing histones and the C-terminal domain of RNAPII (42,43).

The UBA domain of TDRD3 was reported to interact with
ubiquitin chains (59). Through sequence analysis and by
performing a GST pull-down assay, we demonstrated that a
conserved UBA domain amino acid, leucine 324 (L324), is
essential for the interaction between the UBA domain and
tetra-ubiquitin (Supplementary Figure S1B and S1C). To
determine which domain of TDRD3 interacts with DHX9,
we performed GST pull-down assays by incubating MCF7
cell lysates with recombinant GST-tagged TDRD3 trunca-
tions containing only the N-terminal OB-fold, UBA do-
main, or C-terminal Tudor domain. The Tudor domain of
TDRD3, but not the OB-fold or UBA domain, interacted
with DHX9 (Figure 2A, lower panel). Importantly, muta-
tion of glutamic acid to lysine at amino acid 691 (E691K) of
TDRD3, which was reported to abolish Tudor domain in-
teractions with arginine-methylated protein substrates (42),
completely disrupted the interaction between the Tudor do-
main and DHX9 (Figure 2A, lower panel).

To determine which segments of DHX9 interact with
TDRD3, we expressed three truncations of DHX9: the
N-terminal RNA-binding domain (RBD; amino acids 1–
262) that harbors two double-stranded RNA-binding do-
mains (dsRBD), the helicase domain (HD; amino acids
255–1077), and the C-terminal fragment that contains nu-
clear localization/export signals (NLS/NES) and an RGG-
box (49) (RGG; amino acids 1064–1270) (Figure 2B, upper
panel). The GFP-tagged truncations of DHX9, as well as
full-length (FL) DHX9, were expressed in MCF7 cells. In-
dividual cell lysates were incubated with the recombinant
GST-Tudor domain of TDRD3, and their interactions were
detected by GST pull-down and western blot analysis. Both
the N-terminal RBD and C-terminal RGG fragments of
DHX9 interacted with the Tudor domain of TDRD3 (Fig-
ure 2B, lower panel). To further demonstrate that the func-
tional Tudor domain is important for the TDRD3-DHX9
interaction, we performed a co-IP experiment to compare
the interactions of WT and Tudor domain-mutant (E691K)
TDRD3 with DHX9 in MCF7 cells. Consistent with the
results from the GST pull-down assays (Figure 2A), mu-
tation of the TDRD3 Tudor domain abolished its inter-
action with DHX9, whereas its interaction with TOP3B,
which is mainly mediated through the OB-fold, was largely
unaffected (Figure 2C). These results suggested that the
TDRD3-DHX9 interaction might be regulated by arginine
methylation.

It was reported that DHX9 is arginine methylated by
the protein arginine methyltransferase 1 (PRMT1) (60). To
determine the extent to which arginine methylation con-
tributes to the DHX9-TDRD3 interaction, we performed
a co-IP experiment in MCF7 cells treated with DMSO or
the type I arginine methyltransferase inhibitor MS023 to in-
hibit PRMT1 activity (61). As shown in Figure 2D, MS023
treatment dramatically reduced the cellular asymmetri-
cal dimethylation (ADMA) levels, including the arginine
methylation of DHX9, as detected by a pan-ADMA an-
tibody ASYM26. Concomitantly, the interaction between
DHX9 and TDRD3 was also reduced. Altogether, these re-
sults demonstrate that the Tudor domain of TDRD3 me-
diates its interaction with DHX9, likely by recognizing the
methylarginine modification on DHX9.
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Figure 1. TDRD3 interacts with DHX9. (A) Tandem affinity purification of the TOP3B protein complex (TOP3B.com) from HEK293 cells. The eluted
protein complex was separated by SDS-PAGE and silver-stained (left panel). The number of unique peptides from the top four purified proteins is shown
(right panel). (B) The interaction of DHX9 with TDRD3 and TOP3B was confirmed by co-immunoprecipitation (co-IP). MCF7 cells were immunoprecip-
itated with control IgG and �TOP3B antibodies. The eluted protein samples were detected by western blot analysis using �DHX9, �TDRD3 and �TOP3B
antibodies. (C) The interaction of DHX9 with TDRD3 and TOP3B was detected by co-IP in wild type (WT) and TDRD3 knockout (KO) MCF7 cells
using two different �TDRD3 antibodies (Ab1 and Ab2). TDRD3, TOP3B and DHX9 were detected in the input samples by western blot analysis. (D)
TOP3B is dispensable for the TDRD3-DHX9 interaction. Both WT and TOP3B KO MCF7 cells were transfected with Flag-TDRD3. The interaction of
TDRD3 with DHX9 and TOP3B was detected by co-IP. (E) TDRD3 is essential for the TOP3B-DHX9 interaction. Both WT and TDRD3 KO MCF7
cells were transfected with Flag-TOP3B. The interaction of TOP3B with DHX9 and TDRD3 was detected by co-IP. (F) TDRD3 directly interacts with
DHX9. Flag-DHX9 recombinant proteins were purified from HEK293 cells. GST, GST-TDRD3, and GST-TOP3B recombinant proteins were purified
from E. coli. The interactions of GST-tagged recombinant proteins with Flag-DHX9 were assessed by GST pull-down and western blot analysis using an
�Flag antibody. The amount of proteins used in the binding was visualized by the Ponceau S staining of the PVDF membrane.

TDRD3 recruits DHX9 to the promoters of its target genes

TDRD3 functions as an methylarginine effector molecule
and plays important roles in transcription regulation
and breast cancer tumorigenesis (25,42,62,63). To fur-
ther investigate the significance of its interaction with
DHX9, we tested the hypothesis that DHX9 can be re-
cruited by TDRD3 to regulate target gene expression.
First, we performed RNA-seq analysis to identify differ-
entially expressed genes in WT MCF7 cells and two in-
dependent TDRD3 KO MCF7 cell lines generated using
CRISPR/Cas9 technology (Supplementary Figure S2A).
Heatmap clustering analysis showed that the KO clones
(KO1 and KO2) exhibited strongly correlated up- and
down- regulation of gene expression (Supplementary Fig-

ure S2B), suggesting that the observed changes in gene
expression are due to TDRD3 KO and not likely caused
by off-target effects of the guide RNAs. We identified
2336 commonly up-regulated and 1903 commonly down-
regulated genes in both KO clones compared to the
WT MCF7 cells (Supplementary Figure S2C and Supple-
mentary Table 2). Gene set enrichment analysis (GSEA)
of these differentially expressed genes revealed that loss
of TDRD3 resulted in a significant down-regulation of
estrogen-responsive gene expression (Supplementary Fig-
ure S2D), consistent with its previously reported function
as a co-activator of estrogen receptor-mediated transcrip-
tion (42). Next, to determine the extent to which DHX9
contributes to TDRD3-regulated gene expression, we ana-
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Figure 2. Characterization of the interaction between DHX9 and TDRD3. (A) Mapping the region of TDRD3 that interacts with DHX9. GST-tagged
TDRD3 truncation constructs were generated, containing the oligonucleotide/oligosaccharide-binding (OB)-fold, the ubiquitin-associated domain (UBA;
wild type or with L324A mutation), and the Tudor domain (Tudor; wild type or with E691K mutation), respectively. A graphic summary of their interactions
with DHX9 is shown. A GST pull-down assay was performed by incubating the recombinant GST-fusion proteins with MCF7 cell lysates. The pull-down
samples were detected by western blot analysis using an �DHX9 antibody. The GST-fusion proteins were visualized by Ponceau staining. (B) Mapping the
region of DHX9 that interacts with TDRD3. GFP-tagged full-length or truncations of DHX9 constructs were generated. The locations of the N-terminal
double-stranded RNA binding domain (dsRBD), the helicase domain (HD), and the C-terminal RGG-containing domain (RGG) are indicated (upper
panel). A graphic summary of their interactions with TDRD3 is shown. A GST pull-down assay was performed by incubating the recombinant GST-Tudor
with MCF7 lysates that were transfected with different GFP-DHX9 fusion vectors. Both the input and pull-down samples were detected by western blot
analysis using an �GFP antibody. The GST-Tudor recombinant protein used in the binding was visualized by Ponceau staining. (C) The interaction of
TDRD3 with DHX9 requires a functional Tudor domain. A co-IP assay was performed to assess the interaction of Flag-tagged WT and methylarginine
binding-deficient (E691K) TDRD3 with endogenous DHX9 in MCF7 cells. The input and �Flag antibody-immunoprecipitated samples were analyzed by
western blot using indicated antibodies. (D) DHX9 interacts with TDRD3 in an arginine methylation-dependent manner. The interaction of DHX9 with
TDRD3 was detected by co-IP in MCF7 cells treated with vehicle (−) or with the type I PRMT inhibitor MS023 (+). The level of cellular ADMA was
detected by western blot using a pan-ADMA antibody (ASYM26). The DHX9-immunoprecipitated samples were probed for methylation and interactions
with TDRD3 using the ASYM26 and �TDRD3 antibodies.
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lyzed a set of recently published RNA-seq data from DHX9
knockdown human non-small cell lung carcinoma H1299
cells (54). Despite cell type differences, the majority of
down-regulated cancer hallmark pathways in TDRD3 KO
MCF7 cells, including estrogen response and mTORC1 sig-
naling, showed similar down-regulation in DHX9 knock-
down H1299 cells (Supplementary Figure S2E). Together
with the results demonstrating their direct protein-protein
interaction, this result further suggests that DHX9 func-
tions together with TDRD3 in regulating gene expression.
To further test this, we attempted to determine the genome-
wide co-localization of DHX9 with TDRD3 using chro-
matin immunoprecipitation followed by sequencing (ChIP-
seq). However, we were not able to obtain reliable DHX9
ChIP-seq signals using DHX9 antibodies from two differ-
ent sources, likely because of its weak and transient asso-
ciation with chromatin. Unfortunately, there was also no
publicly available DHX9 ChIP-seq datasets from any mam-
malian cells. Thus, we decided to take a candidate approach
to examine DHX9 function in the regulation of a few se-
lected TDRD3 target genes.

To identify direct TDRD3 target genes, we analyzed
genes that showed TDRD3 enrichment at their promot-
ers, identified by TDRD3 ChIP-seq analysis (42), and genes
that exhibited differential levels of expression in WT vs.
TDRD3 KO MCF7 cells (Supplementary Figure S2C).
Among these bona fide TDRD3 target genes (Supplemen-
tary Table 3), the majority (105 out of 121) showed signifi-
cantly reduced gene expression in TDRD3 KO MCF7 cells
(Figure 3A), supporting its function as a transcription co-
activator (25,42). To investigate how DHX9 and TDRD3
function together in transcription regulation, we focused
on eight genes that showed similarly reduced expression in
both KO clones (Figure 3B) and exhibited strong TDRD3
enrichment at their promoters (Figure 3C and Supplemen-
tary Figure S3A).

To determine if DHX9 is recruited to the promoters of
TDRD3 target genes, we performed ChIP experiments us-
ing control IgG and anti-DHX9 antibodies. Compared to
the IgG control, DHX9 showed ∼2- to 6-fold greater en-
richment on all of the promoters tested (Supplementary
Figure S3B), indicating its role in promoter regulation. To
determine if TDRD3 and DHX9 co-localize at these target
gene promoters, we performed ChIP-reChIP experiments
by using control IgG and anti-TDRD3 antibodies for the
first round, and control IgG and anti-DHX9 antibodies for
the second round (reChIP). Among the eight TDRD3 tar-
get genes tested, we detected significant co-occupancy of
TDRD3 and DHX9 on the promoters of five, including
RHOB, CEBPB, GADD45B, RAD23A and RAD51C (Fig-
ure 3D and Supplementary Figure S3C).

To test if TDRD3 is important for the recruitment of
DHX9 to target gene promoters, we performed ChIP ex-
periments and compared DHX9 enrichment levels in WT
and TDRD3 KO MCF7 cells. Because of the high simi-
larity between the two independent TDRD3 KO clones in
terms of gene expression (Supplementary Figure S2B and
S2C), we used only clone KO1, which we refer to as KO
in the following study. The loss of TDRD3 in MCF7 cells
does not affect DHX9 protein levels (Figure 3E). How-
ever, the enrichment of DHX9 was significantly reduced

on the promoters of all target genes they co-occupied (Fig-
ure 3F), suggesting that TDRD3 facilitates DHX9 recruit-
ment to these gene promoters. Because the functional Tu-
dor domain is essential for the interaction of TDRD3 and
DHX9 (Figure 2A and C), we next determined if the recruit-
ment of DHX9 relies on the TDRD3 Tudor domain. To do
that, we re-expressed either WT or Tudor domain-mutant
(E691K) Flag-TDRD3 in TDRD3 KO MCF7 cells and per-
formed ChIP experiments using aniti-DHX9 antibody. We
found that DHX9 expression levels were similar in MCF7
cells expressing WT and E691K mutant TDRD3 (Figure
3G); however, the enrichment of DHX9 at TDRD3 target
gene promoters was restored only by the expression of WT,
but not E691K mutant TDRD3 (Figure 3H), demonstrat-
ing that the recruitment of DHX9 to TDRD3 target gene
promoters depends on the functional Tudor domain. Con-
sistent with the role of arginine methylation in facilitating
their recruitment and interaction, treating cells with type I
PRMT inhibitor MS023 significantly reduced the promoter
recruitment of both TDRD3 and DHX9 (Supplementary
Figure S3D). Furthermore, when we knocked down DHX9
expression using siRNA, we found that the enrichment of
TDRD3 on two of the four target genes was decreased
(Supplementary Figure S3E and S3F), indicating that the
physical interaction between TDRD3 and DHX9 is impor-
tant for their stable association with target gene promoters.
As expected, DHX9 knockdown reduced the expression of
TDRD3 target genes (Figure 3I), further supporting that
these two proteins function together in regulating gene ex-
pression. Notably, when we examined TDRD3 recruitment
at a few previously reported DHX9 target sites, including
the promoter and transcription termination site of human
�-actin gene (28,64), we only found a marginal TDRD3 en-
richment at the termination region (Supplementary Figure
S3G), suggesting that TDRD3 and DHX9 might only co-
regulate a subset of target genes.

DHX9 resolves R-loops at TDRD3 target gene promoters

Our previous work demonstrated that about 50% of
TDRD3-bound promoters are enriched for R-loop forma-
tion (25). We analyzed the bona fide TDRD3 target genes
(Figure 3A), and found that 83% (100 out of 121) form pro-
moter R-loops (Figure 4A), as revealed by the DNA/RNA
immunoprecipitation followed by cDNA conversion cou-
pled to high-throughput sequencing (DRIPc-seq) (15). The
strong correlation between TDRD3 enrichment and R-loop
formation (p-value < 4.225e-30) led us to test if TDRD3
regulates R-loop levels at these target gene promoters. We
performed the DRIP-qPCR analysis on select TDRD3 tar-
get genes (Figure 3B) in WT and TDRD3 KO MCF7 cells.
The loss of TDRD3 caused significant elevation of R-loops
at almost all of the loci tested (Figure 4B), supporting the
function of TDRD3 in suppressing promoter R-loops (25).

The DNA/RNA helicase activity of DHX9 has been re-
ported to be involved in the resolution of various DNA and
RNA structures, including R-loops, formed during tran-
scription and DNA replication (27,48,49). To test the hy-
pothesis that TDRD3 recruits DHX9 to resolve promoter
R-loops, we compared the levels of R-loops formed at the
promoters of TDRD3 target genes in control and siRNA-
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Figure 3. TDRD3 recruits DHX9 to its target gene promoters. (A) A pie-chart demonstration of genes with TDRD3 bound to their promoters and genes
up- or down-regulated after TDRD3 knockout (KO) in MCF7 cells. (B) Genes showing more than a 2-fold reduction in TDRD3 KO versus wild type
(WT) MCF7 cells were selected for further analysis. The relative expression of each gene in both KO clones is shown. (C) UCSC Genome Browser plots
of TDRD3 ChIP-seq reads along the indicated genes in MCF7 cells. The y-axis represents the normalized number of reads; the thick blue boxes represent
the open reading frames; and the transcription start site (TSS) is labeled. (D) A ChIP-reChIP assay was performed to detect the co-occupancy of TDRD3
and DHX9 at target gene promoters. The first round of ChIP was performed using control IgG and �TDRD3 antibodies, and the second round of ChIP
(reChIP) was performed using IgG and �DHX9 antibodies. ChIP DNA was analyzed by qPCR using primers for the indicated gene promoters. (E) TDRD3
KO does not affect DHX9 protein expression. TDRD3 and DHX9 were detected in WT and TDRD3 KO MCF7 cells by western blot analysis. ACTIN
was used as a loading control. (F) Loss of TDRD3 reduces DHX9 recruitment to target gene promoters. ChIP assays were performed in WT and TDRD3
KO MCF7 cells using control IgG, �TDRD3, and �DHX9 antibodies. (G) Rescued expression of Flag-tagged WT and methylarginine binding-deficient
(E691K) TDRD3 in TDRD3 KO MCF7 cells, detected by western blot analysis. (H) The methylarginine binding function of TDRD3 is essential for
promoting DHX9 recruitment to the target gene promoters. DHX9 ChIP assays were performed in TDRD3 KO MCF7 cells and TDRD3 KO MCF7 cells
re-expressing Flag-TDRD3 (WT) and Flag-TDRD3 (E691K). The relative enrichment of DHX9 in TDRD3 KO MCF7 cells was used for normalization.
(I) DHX9 knockdown reduces TDRD3 target gene expression. MCF7 cells were transfected with either control siRNA (siControl) or DHX9-specific
siRNA (siDHX9). The expression of TDRD3 target genes was detected by RT-qPCR assays. Experiments were performed independently for three times.
Data are represented as mean ± standard deviation of three technical qPCR replicates. Statistical analysis was performed using Student’s t-tests. * P < 0.05;
** P < 0.01; *** P < 0.001.
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Figure 4. The TDRD3-DHX9 protein complex resolves promoter-associated R-loops. (A) Venn diagram of TDRD3 target genes and genes that form
R-loops at their promoters, as identified by DRIPc-Seq (15). (B) TDRD3 knockout (KO) increases the R-loop levels at the promoters of its target genes.
DRIP-qPCR analysis was performed to compare R-loop levels at the promoters of the TDRD3 target genes in wild type (WT) and TDRD3 KO MCF7 cells.
Samples treated with RNase H, which disrupts R-loops, served as negative controls. (C) DHX9 knockdown does not affect TDRD3 protein expression.
DHX9 and TDRD3 were detected by western blot analysis in MCF7 cells transfected with control siRNA (siControl) or DHX9-specific siRNA (siDHX9).
ACTIN was used as a loading control. (D) DHX9 knockdown increases R-loop levels at the promoters of TDRD3 target genes. DRIP-qPCR analysis was
performed to compare R-loop levels at the promoters of the TDRD3 target genes in control and DHX9 knockdown MCF7 cells. Samples treated with
RNase H served as negative controls. (E) MCF7 cells were transfected with control siRNA (siControl) or DHX9-specific siRNA (siDHX9). After 24 h,
the siDHX9-transfected cells were transfected with either an empty vector, WT DHX9 or helicase activity-deficient (K417R) DHX9 for an additional 48
h. DHX9 and TDRD3 were detected in these cells by western blot analysis. The anti-ACTIN was used as a loading control. (F) The helicase activity of
DHX9 is essential for resolving R-loops at TDRD3 target gene promoters. DRIP-qPCR analysis was performed to compare R-loop levels at the promoters
of the TDRD3 target genes in control (siControl) or DHX9 knockdown (siDHX9) MCF7 cells or DHX9 knockdown MCF7 cells with re-expression of
either WT DHX9 (siDHX9 + WT) or helicase activity-deficient DHX9 (siDHX9 + K417R), as described in (E). Samples treated with RNase H served as
negative controls. (G) TDRD3 KO and DHX9 knockdown cause RNAPII accumulation at gene promoters. RNAPII ChIP assays were performed in WT
and TDRD3 KO, as well as control and DHX9 knockdown MCF7 cells. Normal rabbit IgG was used as a negative control. (H) Impact of TDRD3 KO
and DHX9 knockdown on the nascent RNA transcription. Diagram demonstration of RHOB and RAD23A gene locus. The bars at the bottom of the
diagrams indicate the amplicon locations for nascent RNA transcripts (red: promoter; blue: gene body and 3′end). Chromatin RNA immunoprecipitation
was performed in WT and TDRD3 KO, as well as control and DHX9 knockdown MCF7 cells. The levels of nascent RNA were quantified by RT-qPCR.
Experiments were performed independently three times. Data are represented as mean ± standard deviation of three technical qPCR replicates. Statistical
analysis was performed using Student’s t-tests. * P < 0.05; ** P < 0.01; *** P < 0.001.
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mediated DHX9 knockdown MCF7 cells. DHX9 knock-
down was effective and did not affect TDRD3 expres-
sion levels (Figure 4C). Among the eight TDRD3 target
genes that we examined, five (RHOB, CEBPB, GADD45B,
RAD23A and RAD51C) showed increased R-loops at their
promoter regions upon DHX9 knockdown (Figure 4D).
To determine if the DNA/RNA helicase activity of DHX9
is essential for the resolution of promoter R-loops, we
re-expressed Flag-tagged WT or helicase activity-deficient
(K417R) DHX9 (65,66) in the DHX9 knockdown MCF7
cells. The DHX9-siRNA was designed to targets its 3′UTR
region, thus allowing the successful expression of exoge-
nous DHX9 (Figure 4E). The re-expression of WT DHX9,
but not K417R mutant DHX9, suppressed the induction of
R-loops caused by DHX9 knockdown at the promoters of
all target genes tested (Figure 4F). Altogether, these results
demonstrate that DHX9 is recruited by TDRD3 to resolve
promoter R-loops in a helicase activity-dependent manner.

Formation of R-loops is often associated with RNAPII
pausing (67,68). To further investigate the impact of in-
creased R-loops caused by TDRD3 KO and DHX9 knock-
down, we performed ChIP experiments and compared the
levels of RNAPII at the promoters of RHOB and RAD23A.
As expected, TDRD3 KO and DHX9 knockdown both led
to increased RNAPII levels at target gene promoters (Fig-
ure 4G), supporting RNAPII pausing. Next, we performed
chromatin RNA immunoprecipitation using the RNAPII
antibody (Supplementary Figure S4) and compared the
levels of nascent RNA transcripts (51). Consistent with
the increased R-loop and RNAPII pausing, the promoter-
associated nascent RNA was significantly increased upon
TDRD3 KO and DHX9 knockdown, whereas the tran-
scripts that extend to downstream gene body and 3′ end
were significantly reduced (Figure 4H), supporting the re-
duced gene expression. Taken together, these results re-
veal the function of TDRD3 and DHX9 in suppressing
promoter-associated R-loops to facilitate RNAPII elonga-
tion and gene expression.

TDRD3 promotes the helicase activity of DHX9 in R-loop
resolution

It was reported that, although the N-terminal dsRBD and
C-terminal RGG-box of DHX9 are dispensable for its ba-
sic helicase activity, they can modulate such activity by
regulating DHX9 interactions with DNA and RNA sub-
strates (69,70). The interaction of TDRD3 with both do-
mains of DHX9 (Figure 2B) led us to hypothesize that
TDRD3 might regulate DHX9 helicase activity. To test
this hypothesis, we first established an in vitro helicase as-
say in which recombinant DHX9 proteins purified from
HEK293 cells were incubated with an R-loop substrate. Be-
cause DHX9 prefers substrates with a short single-stranded
non-complementary 3′ tail (52,71), we assembled a unique
R-loop structure, which contains a free 10-bp 3′ end that
does not anneal to the complementary DNA sequences
(Materials and Methods). As shown in Figure 5A, addition
of increasing amounts of WT DHX9, but not the helicase
activity-deficient (K417R) DHX9, led to the appearance of
a faster-migrating species on native gels, representing the re-
lease of FAM (fluorescein)-labeled RNA oligonucleotides

and thus demonstrating a helicase activity-dependent R-
loop resolution. This activity requires ATP (Supplementary
Figure S5A). Next, to test if TDRD3 promotes DHX9 he-
licase activity in R-loop resolution, we added increasing
amounts of recombinant TDRD3 proteins to the helicase
assay reactions containing low concentrations of either WT
or K417R mutant DHX9. As shown in Figure 5B, the addi-
tion of TDRD3 strongly stimulated the R-loop resolution
activity of WT DHX9, but not the K417R mutant. This
stimulating effect can be observed in as early as 30 s from the
start of the reaction (Supplementary Figure S5B). Notably,
TDRD3 alone does not exhibit R-loop resolution activity.

TDRD3 was shown to enhance the processivity of
TOP3B enzymatic activity through its interaction with ss-
DNA (47). Because R-loops contain a displaced, non-
template ssDNA, we tested if the ssDNA-binding capa-
bility of TDRD3 is essential for its stimulation of DHX9
helicase activity. To do that, we first mapped the ssDNA-
interacting region of TDRD3, which was not defined in the
previous study (47). Briefly, three fragments of TDRD3,
corresponding to its OB-fold, UBA domain, and Tudor
domain, respectively, were purified as GST-tagged recom-
binant proteins (Figure 5C, left panel). Their interactions
with FAM-labeled ssDNA probes were examined using
the electrophoretic mobility shift assay (EMSA). The OB-
fold of TDRD3, but not the UBA or Tudor domain,
was sufficient to bind ssDNA, which caused slower mi-
gration of the ssDNA probes on native gels, represent-
ing the formation of protein-DNA complexes (Figure 5C,
right panel). Second, to determine if the OB-fold is essen-
tial for TDRD3 to interact with ssDNA, we performed
the EMSA assay and compared the ssDNA-binding abil-
ity of WT, methylarginine binding-deficient Tudor mutant
(E691K), and OB-fold truncation mutant (�OB) TDRD3
purified from HEK293 cells (Figure 5D, left panel). The
deletion of the OB-fold completely abolished the interac-
tion of TDRD3 with ssDNA, which was not affected by
the Tudor domain mutation (Figure 5D, right panel), sug-
gesting that TDRD3 binds ssDNA through its OB-fold.
Because the R-loop structure contains a non-templated ss-
DNA, we next tested if the ssDNA-binding capability en-
ables TDRD3 to bind R-loops. We performed the EMSA
assays to compare the interactions of TDRD3 with either
R-loops or DNA/RNA hybrids that do not contain single-
stranded oligonucleotides. As shown in Figure 5E, addition
of TDRD3 caused slower migration of the R-loop probes
on native gels but had no effects on the migration of the
DNA/RNA hybrid probes, suggesting that TDRD3 binds
R-loops, but not DNA/RNA hybrids. Furthermore, the
OB-fold deletion truncation failed to bind R-loops, suggest-
ing that the OB-fold-mediated ssDNA interaction is essen-
tial for TDRD3 to bind R-loops. Lastly, we performed the
helicase assay and compared the efficiency of WT, DHX9
interaction-deficient (E691K) (Figure 2C), and the ssDNA
binding-deficient (�OB) TDRD3 in stimulating DHX9-
catalyzed R-loop resolution. Only the WT TDRD3 was
able to promote DHX9 helicase activity (Figure 5F), sug-
gesting that both protein-protein interactions and the OB-
fold-mediated ssDNA interaction are essential for TDRD3
to promote DHX9 helicase activity in R-loop resolution.
These results demonstrate that, in addition to recruiting
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Figure 5. TDRD3 promotes DHX9 helicase activity in R-loop resolution. (A) DHX9 resolves R-loops in a helicase activity-dependent manner. Coomassie
Blue staining of recombinant wild type (WT) and helicase activity-deficient (K417R) DHX9 purified from HEK293 cells (left). The helicase assay on R-
loops was performed by incubating increasing amounts of recombinant WT or K417R DHX9 with 5′ 6-FAM-labeled R-loop substrates (5 nM) at 37◦C for
10 min. The reaction products were analyzed by gel electrophoresis and fluorescence imaging (right). The open triangle indicates the recombinant proteins.
(B) TDRD3 stimulates the helicase activity of WT DHX9, but not K417R mutant DHX9, in R-loop resolution. Coomassie Blue staining of recombinant
WT, K417R mutant DHX9, and TDRD3 purified from HEK293 cells (left). The helicase assay on R-loops was performed by incubating 5′ 6-FAM-labeled
R-loop substrates with constant amounts of either WT or K417R mutant DHX9 (2 nM) and increasing amounts (40 and 60 nM) of TDRD3 (right). The
open triangles indicate the recombinant proteins. (C) The OB-fold of TDRD3 binds single-stranded DNA (ssDNA). A graphic summary of the interactions
of truncated TDRD3 fragments with ssDNA is shown (upper panel). Coomassie Blue staining of recombinant GST-fusion proteins of TDRD3, including
its OB-fold, UBA domain, and Tudor domain, purified from E. coli (lower left panel). The electrophoretic mobility shift assay (EMSA) was performed by
incubating a 5′ 6-FAM-labeled ssDNA oligonucleotide (5 nM) with increasing amounts (25 and 50 nM) of the recombinant TDRD3 proteins (lower right
panel). The solid triangle indicates the protein–nucleotide complex. (D) The OB-fold is essential for the interaction of TDRD3 with ssDNA. A graphic
summary of the WT, methylarginine binding-deficient (E691K), and OB-fold-truncated (�OB) TDRD3 interaction with ssDNA is shown (upper panel).
Coomassie Blue staining of all three recombinant TDRD3 proteins purified from HEK293 cells (lower left panel). EMSA was performed to detect the
binding of increasing amounts (20, 40 and 60 nM) of recombinant proteins with a 5′ 6-FAM-labeled ssDNA oligonucleotide (5 nM) (lower right panel).
The open triangle indicates the recombinant proteins. The solid triangle indicates the protein-nucleotide complex. (E) TDRD3 interacts with R-loops, but
not DNA/RNA hybrids. EMSA was performed by incubating increasing amounts (40 and 60 nM) of recombinant WT and OB-fold-truncated (�OB)
TDRD3 with 5′ 6-FAM-labeled R-loop or DNA/RNA hybrid oligonucleotide (5 nM). The open triangle indicates the recombinant proteins. The solid
triangle indicates the protein-nucleotide complex. (F) Both the OB-fold and the functional Tudor domain are required for TDRD3 to stimulate the helicase
activity of DHX9 in R-loop resolution. The helicase assay on R-loops was performed by incubating 5′ 6-FAM-labeled R-loop substrates (5 nM) with a
constant amount of DHX9 (2 nM) and increasing amounts (20, 40 and 60 nM) of WT, methylarginine binding-deficient (E691K), and ssDNA binding-
deficient (�OB) TDRD3 (left). Helicase activity was quantified by measuring the percentage of unwound substrates under the indicated assay conditions
(right). Statistical analysis was performed using Student’s t-tests of data from three independent experiments. *** P < 0.001.



8586 Nucleic Acids Research, 2021, Vol. 49, No. 15

DHX9 to target gene promoters, TDRD3 can also stimulate
the biochemical activities of DHX9 on R-loop substrates.

DHX9 and TOP3B function together to resolve co-
transcriptional R-loops

We previously reported that TDRD3 recruits TOP3B to
gene promoters to resolve underwound and negatively su-
percoiled DNA and prevent R-loop formation (25,50).
Consistent with this finding, we detected co-occupancy of
TOP3B and TDRD3 at the promoters of TDRD3 target
genes (Figure 6A and Supplementary Figure S6A), and
TDRD3 knockout dramatically reduced the enrichment of
TOP3B at these promoters (Figure 6B and Supplementary
Figure S6B). Furthermore, siRNA-mediated knockdown
of TOP3B expression reduced the expression of TDRD3
target genes (Supplementary Figure S6C and S6D) and
increased the levels of R-loops at target gene promoters
(Supplementary Figure S6E), which are associated with
RNAPII promoter pausing (Supplementary Figure S6F)
and the increase of promoter-associated nascent transcripts
(Supplementary Figure S6G), suggesting that TOP3B is an-
other critical component, in addition to DHX9, that is re-
cruited by TDRD3 to regulate gene expression.

To investigate how DHX9 and TOP3B function together
to facilitate TDRD3 target gene expression, we tested the
hypothesis that both enzymes are involved in resolving co-
transcriptional R-loops at TDRD3 target gene promoters.
MCF7 cells were transfected with siRNAs to knockdown
the expression of DHX9 and TOP3B, either individually
or in combination (Figure 6C). We then performed DRIP-
qPCR analysis in these cells and compared the levels of
R-loops at the promoters of TDRD3 target genes. Knock-
down of either DHX9 or TOP3B caused an increase in R-
loops; however, knockdown of both DHX9 and TOP3B
led to a much greater increase in R-loops than knockdown
of either individually (Figure 6D), suggesting that DHX9
and TOP3B function non-redundantly in suppressing co-
transcriptional R-loops.

To further define the cooperative function of DHX9 and
TOP3B in R-loop resolution, we examined the effects of
these two enzymes on R-loop formation during in vitro
transcription of a GC-rich R-loop-prone plasmid (pFC53)
(13). Briefly, the plasmid was subjected to in vitro transcrip-
tion using T3 RNA polymerase, followed by RNase A di-
gestion to remove the transcribed RNA product. RNase
H treatment, which specifically degrades RNA in double-
stranded DNA/RNA hybrids, was used as a negative con-
trol. Following nucleic acid purification, the amount of co-
transcriptional R-loops can be quantified by Dot-Blot and
DRIP-qPCR analysis (Figure 6E). Unlike the helicase as-
say using short R-loop substrates, this assay system intro-
duces DNA topology and active transcription as additional
variables that impact co-transcriptional R-loop dynamics,
thus, more closely recapitulating in vivo situations. Using
this assay, we previously showed that TOP3B suppresses
the formation of co-transcriptional R-loops by resolving
underwound and negatively supercoiled DNA (25,50). In
this study, we observed that the addition of WT DHX9,
but not the helicase activity-deficient (K417R) DHX9, re-
duced the formation of R-loops during in vitro transcription

(Supplementary Figure S6H), consistent with results from
the helicase assays (Figure 5A) and further demonstrating
that the helicase activity of DHX9 is required to resolve co-
transcriptional R-loops. To determine if DHX9 and TOP3B
function together to suppress co-transcriptional R-loop for-
mation, we added DHX9 and TOP3B to the reaction either
individually or in combination and compared R-loop for-
mation using S9.6 Dot-blot and DRIP-qPCR analyses. No-
tably, the addition of DHX9 with WT TOP3B, but not the
topoisomerase activity-deficient (Y336F) TOP3B, cooper-
atively reduced the R-loop levels compared to the addition
of DHX9 or TOP3B individually (Figure 6F and Supple-
mentary Figure S6I). We noticed that the changes in R-
loop levels detected by DRIP-qPCR are more prominent
than those detected by total nucleic acid Dot-Blot anal-
ysis. This discrepancy likely arises because the DRIP as-
say involves several steps of stringent washing, which may
disrupt/remove some short base-paired R-loops that con-
tribute to total R-loop levels detected by S9.6 Dot-Blot as-
say. Altogether, these cellular and in vitro assays demon-
strate that DHX9 and TOP3B can function together to
suppress co-transcriptional R-loops at TDRD3 target gene
promoters.

DISCUSSION

R-loops have emerged as critical regulators of chromatin
biology, influencing both gene expression and genome sta-
bility. Because the formation of R-loops occurs at various
functional elements in the genome (i.e. enhancers, promot-
ers, termination sites, and intergenic regions), the molecular
pathways involved in R-loop regulation are likely context-
dependent. An ever-growing number of factors have been
reported to regulate cellular R-loop levels, including topoi-
somerases, helicases, and nucleases; However, how these
seemingly redundant molecular pathways are targeted to R-
loop-prone genomic regions remains unclear. Our study re-
veals that recruitment of the DNA/RNA helicase DHX9
and the DNA topoisomerase TOP3B by the epigenetic
reader protein TDRD3 could be a critical mechanism un-
derlying the regulation of promoter-associated R-loops in
transcription activation (Figure 6G).

TDRD3 directs TOP3B and DHX9 to suppress promoter-
associated R-loops

Genome-wide R-loop mapping studies have revealed that
promoter-proximal regions are hotspots for R-loop forma-
tion (11,13,14); however, the molecular mechanisms that
control the formation of promoter-associated R-loops are
still elusive. Mutations in serine/arginine-rich splicing fac-
tor 2 (SRSF2), which are found in a substantial propor-
tion of patients with myelodysplastic syndrome, lead to
the accumulation of R-loops at the promoters of genes
involved in cell proliferation (37). It was proposed that
SRSF2 mutations induce RNAPII pausing at transcription
start sites, which potentially increases promoter-associated
R-loops (37). However, how the mutation of a general
splicing factor causes R-loop levels to increase at spe-
cific target genes remains unclear. Furthermore, similar
to SRSF2 mutations, loss of function of the tumor sup-
pressor gene BRCA2 also causes RNAPII pausing and
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Figure 6. DHX9 and TOP3B function together to resolve co-transcriptional R-loops. (A) A ChIP-reChIP assay was performed to detect the co-occupancy
of TDRD3 and TOP3B at target gene promoters. The first round of ChIP was performed using control IgG and �TDRD3 antibodies, and the second
round of ChIP (reChIP) was performed using IgG and �TOP3B antibodies. ChIP DNA was analyzed by qPCR using primers for the indicated gene
promoters. (B) Loss of TDRD3 reduces TOP3B recruitment to target gene promoters. ChIP assays were performed in WT and TDRD3 KO MCF7 cells
using control IgG, �TDRD3, and �TOP3B antibodies. (C) MCF7 cells were transfected with control siRNA (siControl), DHX9-specific siRNA (siDHX9),
or TOP3B-specific siRNA (siTOP3B), individually or in combination. TOP3B, DHX9 and TDRD3 were detected by western blot analysis using indicated
antibodies. (D) TOP3B and DHX9 function together in resolving R-loops at TDRD3 target gene promoters. DRIP-qPCR analysis was performed to
compare R-loop levels at the promoters of TDRD3 target genes in control (siControl), DHX9 knockdown (siDHX9), TOP3B knockdown (siTOP3B), and
DHX9/TOP3B double knockdown (siDHX9 + siTOP3B) MCF7 cells. Samples treated with RNase H served as negative controls. (E) Schematic of the in
vitro plasmid-based R-loop formation assay followed by quantification of R-loop levels using Dot-blot and DRIP-qPCR. pFC53 plasmids, which contain
the R-loop-forming sequence of Airn (13), were transcribed in vitro using T3 RNA polymerase under standard conditions. The transcription products,
including the DNA template, the free RNA product, and R-loop containing template, were then subjected to RNase A digestion to remove RNA. The
remaining samples were equally divided and either left untreated (−) or treated with RNase H (+). The final products were purified and subjected to either
Dot-blot analysis or DRIP-qPCR with DNA/RNA hybrid-specific antibody (S9.6) for R-loop quantification. (F) TOP3B and DHX9 function together
to resolve co-transcriptional R-loops in vitro. The pFC53 plasmid was subjected to in vitro transcription in the presence of DHX9, WT TOP3B, and
topoisomerase activity-deficient (Y336F) TOP3B, either individually or in combination, as indicated. The level of R-loops in each reaction was detected
by Dot-Blot using the S9.6 antibody. The loading of the nucleic acid was visualized by methylene blue staining of the membrane. (G) TDRD3 functions
as a scaffold that assembles a protein complex, containing TOP3B and DHX9, to regulate co-transcriptional R-loops at gene promoters. TDRD3 not
only recruits TOP3B and DHX9 to specific genomic regions, but also stimulates their respective enzymatic activities to either resolve underwound DNA
to prevent R-loop formation (with TOP3B) or resolve existing R-loops to avoid R-loop accumulation (with DHX9). This activity of TDRD3 is likely
conferred by its interaction with ssDNA.
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R-loop accumulation at promoter-proximal pausing sites
(67), suggesting that the formation of R-loops is associated
with RNAPII pausing. However, whether paused RNAPII
is the cause or consequence of R-loop accumulation re-
mains to be further investigated. Results from this and
our previous studies suggest that the protein complex as-
sembled by the methylarginine effector molecular TDRD3,
which contains the DNA topoisomerase TOP3B and the
DNA/RNA helicase DHX9, could play a major role in
regulating the promoter-associated R-loops. Importantly,
knockout TDRD3 or knockdown either TOP3B or DHX9
leads to RNAPII promoter pausing and increases the lev-
els of promoter-associated nascent transcripts (Figure 4G,
H, and Supplementary Figure S6F, S6G)––similar effects
caused by the knocking down of SRSF2 or BRCA2 (37,67).
Thus, our study provides another strong evidence linking
promoter R-loop formation with RNAPII pausing.

TDRD3 is a major methylarginine effector molecule
(41,42) that is ubiquitously expressed in all tissues (59).
More than 60% of chromatin-localized TDRD3 is at pro-
moter regions (42), where it functions as a scaffold to as-
semble protein complexes to facilitate transcription acti-
vation. TDRD3 has the potential to form three different
protein complexes: TDRD3/TOP3B, TDRD3/DHX9, and
TDRD3/TOP3B/DHX9, involving in R-loop regulation.
We envision that different combination of the three pro-
tein components are likely recruited at different gene pro-
moters or at the same promoter but different stages of
transcription activation. One such example is the recruit-
ment of TDRD3-TOP3B complex to the NRAS gene pro-
moter (Supplementary Figure S6A), where the TDRD3-
DHX9 co-occupancy was not detected (Supplementary
Figure S3C). We propose that TDRD3 recruits TOP3B to
resolve underwound and negatively supercoiled DNA cre-
ated by transcribing RNAPII to prevent R-loop formation,
whereas recruits DHX9 to act directly on DNA/RNA hy-
brids to resolve existing R-loops. However, we cannot ex-
clude the possibility that DHX9 exists in TDRD3/TOP3B
complex to help altering DNA topology, and that TOP3B
participates in TDRD3/DHX9 complex for R-loop reso-
lution (Figure 6G). Nevertheless, the topoisomerase activ-
ity of TOP3B and the helicase activity of DHX9 assembled
by TDRD3 provides a unique mechanism that enables the
spatial-temporal modulation of R-loop dynamics at gene
promoters. This is important because, despite the function
of short-lived transient R-loops in promoting an open chro-
matin state for active transcription (13,16), persistent R-
loops can block RNAPII progression (18) and lead to the
epigenetic silencing of gene expression (19).

The stoichiometry of TDRD3 with its interaction part-
ners remains to be determined to better understand
how these different protein complex functions on chro-
matin. TDRD3 recruits TOP3B and DHX9 through direct
protein-protein interactions: the OB-fold binds TOP3B and
the Tudor domain binds DHX9. Because the Tudor domain
is the ‘reader’ module that is primarily responsible for the
chromatin localization of TDRD3, we speculate that the
Tudor domain may be critical for the initial promoter re-
cruitment of TDRD3, whereas other domains, such as the
N-terminal OB-fold and the UBA domain (Figure 2A), may
provide multivalent interactions that either synergistically

or sequentially contribute to the chromatin engagement of
TDRD3. In that case, the Tudor domain remains free to re-
cruit other arginine-methylated proteins, such as DHX9, to
the promoters.

Context-dependent function of DHX9 in R-loop metabolism

DHX9 is a multifunctional helicase that plays a central role
in many cellular processes, including the regulation of tran-
scription, DNA replication, and maintenance of genome
stability (27,48,49). Although its activity in resolving R-
loops has been characterized in vitro using biochemical as-
says, its functions in R-loop metabolism in vivo are likely
context-dependent, considering the distinct genetic and epi-
genetic composition of promoters, gene bodies, and ter-
mination sites. At gene promoters, DHX9 has been char-
acterized as a transcriptional co-activator that bridges the
acetyltransferase CBP to RNAPII through direct protein-
protein interactions (65). Importantly, the helicase activ-
ity of DHX9 has been reported to be critical for its func-
tion in transcription activation (66), but the natural DNA
substrate for its helicase activity at promoter regions has
not been determined. Results from our study suggest that
promoter-associated R-loops are likely targets of DHX9
helicase activity. Although the interaction between DHX9
and TDRD3 is specific and direct (Figures 1 and 2), it
is possible that only a portion of total cellular DHX9 is
associated with TDRD3 and TOP3B at gene promoters.
Due to potential technical difficulties, the extent to which
TDRD3 contributes to the genome-wide distribution of
DHX9 has yet to be determined by ChIP-seq analysis. How-
ever, the gene expression comparison supports an overall
functional correlation between TDRD3 and DHX9 in tran-
scription regulation (Supplementary Figure S2E). A recent
study reported that DHX9 is involved in R-loop resolu-
tion at the transcription termination sites of β-actin and
γ -actin genes (28). The formation of R-loops over G-rich
pause sites downstream of poly(A) signals is an important
feature of RNAPII pause-dependent transcriptional termi-
nation for a group of mammalian genes (8,22). The hu-
man helicase Senataxin has been found to resolve these R-
loops to promote RNAPII release and transcription ter-
mination (29). It is of interest to determine whether Sen-
ataxin and DHX9 function redundantly or cooperatively in
R-loop resolution at the transcription termination sites. Ad-
ditionally, Chakraborty et al. reported that DHX9 deple-
tion suppressed R-loop accumulation induced by the loss
of the splicing factors SF3B3 and SFPQ (72), indicating
that DHX9 may promote R-loop formation under certain
circumstances. However, it should be noted that the level
of R-loops is closely related to the activity of transcrip-
tion (73,74). Thus, by altering overall transcriptional out-
put, DHX9 can, in effect, promote R-loop formation indi-
rectly. This may explain the global attenuation of R-loops
in the absence of DHX9, despite its biochemical properties
towards R-loop resolution (28,72).

Whether the TDRD3-regulated DHX9 function could
contribute to R-loop metabolism at the transcription ter-
mination sites of the gene or under the splicing defi-
cient conditions are intriguing questions that deserve fur-
ther investigation. TDRD3 harbors a functional UBA do-
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main (Supplementary Figure S1C), but its endogenous pro-
tein target has not been identified. It is possible that the
UBA domain could contribute to the context-dependent
R-loop regulation either by modulating DHX9 activity or
by targeting the TDRD3–DHX9 protein complex to ge-
nomic regions enriched for ubiquitin signals, such as histone
H2B ubiquitination, which has been linked to transcrip-
tion elongation (75,76), RNA processing (77) and R-loop
suppression (78).

TDRD3 binds ssDNA and R-loops

In addition to directing DHX9 to specific gene promot-
ers, TDRD3 can also promote DHX9 helicase activity
to resolve R-loops (Figure 5), further demonstrating the
functional interaction between these two proteins. The N-
terminal OB-fold of TDRD3, which is necessary and suf-
ficient to bind ssDNA (Figure 5C and D), is required for
stimulating the helicase activity of DHX9 (Figure 5F). Al-
though the biochemical mechanisms underlying this stim-
ulation are still under investigation, we propose to test
a working model in which the OB-fold binds the dis-
placed ssDNA within the R-loop structure and tethers it
to DHX9, thereby increasing the affinity and processiv-
ity of DHX9 on the DNA/RNA hybrid substrate (Fig-
ure 6G). This model is supported by at least two pieces
of evidence: First, TDRD3 binds ssDNA and R-loops,
but not DNA/RNA hybrids (Figure 5E). The ssDNA-
binding activity of TDRD3 was reported to stabilize the
TOP3B-DNA complex and shift the DNA relaxation re-
action from a distributive to processive mode, thus stim-
ulating TOP3B topoisomerase activity (47). Second, the
ssDNA-binding protein RPA can enhance the association
of RNase H1 with DNA/RNA hybrids and stimulates
its activity on R-loops (53), suggesting that enhancing R-
loop engagement by the ssDNA-binding proteins could
be a potential mechanism to stimulate R-loop processing.
However, the ability of TDRD3 to regulate DHX9 heli-
case activity cannot simply be attributed to the binding of
TDRD3 to ssDNA, because this regulatory activity is lack-
ing in methylarginine binding-deficient (E691K) TDRD3,
in which the DHX9 interaction is abolished (Figure 5F),
demonstrating that both the physical protein-protein inter-
action and ssDNA-binding are required to stimulate DHX9
activity.

Identification of TDRD3 as an ssDNA and R-loop bind-
ing protein has another layer of significance in terms of un-
derstanding the molecular mechanisms by which TDRD3
associates with chromatin. Although the methylarginine
signals, either from histones or non-histone proteins, seem
essential for TDRD3 chromatin association (Supplemen-
tary Figure S3D), the mutation that disrupts the inter-
actions of the Tudor domain with methylarginine sub-
strates only partially abolishes its chromatin localization
(25), indicating that other anchoring mechanisms, such as
the OB-ssDNA interaction, could contribute, at least in
part, to the stable association. Furthermore, this ssDNA-
binding ability expands the functions of TDRD3 as a mul-
tivalent scaffold for both proteins and nucleic acids and
suggests its potential functions in other DNA-templated
processes.
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