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ABSTRACT

DNA topoisomerase 3B (TOP3B) is unique among
all mammalian topoisomerases for its dual activities
that resolve both DNA and RNA topological entangle-
ments to facilitate transcription and translation. How-
ever, the mechanism by which TOP3B activity is reg-
ulated is still elusive. Here, we have identified argi-
nine methylation as an important post-translational
modification (PTM) for TOP3B activity. Protein argi-
nine methyltransferase (PRMT) 1, PRMT3 and PRMT6
all methylate TOP3B in vitro at its C-terminal argi-
nine (R) and glycine (G)-rich motif. Site-directed
mutagenesis analysis identified R833 and R835 as
the major methylation sites. Using a methylation-
specific antibody, we confirmed that TOP3B is methy-
lated in cells and that mutation of R833 and R835
to lysine (K) significantly reduces TOP3B methyla-
tion. The methylation-deficient TOP3B (R833/835K)
is less active in resolving negatively supercoiled
DNA, which consequently lead to accumulation of
co-transcriptionally formed R-loops in vitro and in
cells. Additionally, the methylation-deficient TOP3B
(R833/835K) shows reduced stress granule localiza-
tion, indicating that methylation is critical for TOP3B
function in translation regulation. Mechanistically,
we found that R833/835 methylation is partially in-
volved in the interaction of TOP3B with its auxil-
iary factor, the Tudor domain-containing protein 3
(TDRD3). Together, our findings provide the first evi-
dence for the regulation of TOP3B activity by PTM.

INTRODUCTION

DNA topoisomerases are a group of enzymes that resolve
DNA topological tensions generated during the fundamen-

tal biological processes of transcription, replication, DNA
recombination, DNA repair and chromatin remodeling
(1). Based on their structures and mechanisms of unwind-
ing, topoisomerases can be classified into type I and type
IT groups. Type I enzymes mediate DNA strand passage
through a reversible single-strand break, whereas type 11
enzymes mediate transport through a double-strand DNA
gate (1). Each of these groups is further divided into A and
B subfamilies. In metazoans and higher eukaryotes, DNA
topoisomerase III (TOP3) is the major type 1A topoiso-
merase, which contains two isoforms named o (TOP3A)
and B (TOP3B) (2). TOP3A and TOP3B have similar bio-
chemical activities and both preferentially unwind nega-
tively supercoiled DNA substrates (3). However, they seem
to have distinct biological functions in vivo. TOP3A was
found in complex with Bloom syndrome (BLM) helicase,
RMI1 and RMI2, and it plays a major role in dissolving
double holiday junctions, which are DNA intermediates
formed during homology directed DNA repair (4). TOP3B
shows both DNA and RNA topoisomerase activity in vitro
and is involved in distinct biological processes in vivo. In
the nucleus, TOP3B is targeted to chromatin by the epige-
netic effector molecule Tudor domain-containing protein 3
(TDRD3) (5), where it unwinds negative supercoiled DNA
in the wake of RNAP II (6). Defects in this activity lead to
accumulation of R-loops, three-stranded nucleic acid struc-
tures consisting of a DNA-RNA hybrid and a displaced
single-stranded DNA (6,7). In the cytoplasm, TOP3B in-
teracts with TDRD?3 and other proteins involved in RNA
metabolism, including the fragile X mental retardation pro-
tein (FMRP) and functions as an RNA topoisomerase to
facilitate translation (8.9).

TDRD3 is the major regulator of TOP3B function. It is
essential for TOP3B chromatin localization (6), protein sta-
bility (6), association with polyribosomes (8,9) and more
importantly, TOP3B enzymatic activity (10). A study from
Hsieh’s group identified TDRD3 as a nucleic acid bind-
ing protein that preferentially interacts with single-stranded
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DNA and RNA (10). It is proposed that this feature of
TDRD3 stabilizes TOP3B-bound nucleic acid complexes
and shifts the unwinding reaction from a distributive to
a processive mode (10). Additionally, TOP3B harbors a
C-terminal domain containing an RG/RGG motif that
mediates nucleic acid binding (11), a distinguishing fea-
ture not found in TOP3A and other mammalian topoiso-
merases. Deletion of the C-terminal domain significantly
reduces TOP3B topoisomerase activity toward both DNA
and RNA (8,12), suggesting that the RG/RGG motif is cru-
cial for maximizing TOP3B activity.

The arginine in the RG/RGG motif is often subjected
to methylation by a family of protein arginine methyl-
transferases (PRMTs) (13). The human genome encodes
nine PRMTs (PRMT1-9), which catalyze the deposition
of three types of methylated arginine residues—mono-
methylated arginine (MMA), asymmetrical dimethylated
arginine (ADMA) and symmetrical dimethylated arginine.
Arginine methylation is abundantly found on proteins in-
volved in regulation of transcription, replication, mRNA
splicing and signaling transduction (13-15). For example,
the DNA double-strand break repair protein MRE11 con-
tains an RG/RGG motif that is methylated by PRMT]I
(16,17). Defects in arginine methylation cause reduction of
MREI11 exonuclease activity and impaired DNA damage
checkpoint control (16). Furthermore, arginine methyla-
tion of the RG/RGG motif by PRMTI reduces the affin-
ity of FMRP to RNA and polyribosomes (18). Given the
unique enzymatic activity of TOP3B, and its diverse biolog-
ical function (in transcription and translation), we sought to
explore the regulation of TOP3B activity by arginine methy-
lation, with special focus on its RG/RGG motif-containing
C-terminal domain.

Here, we identified arginine methylation of TOP3B
using in vitro and in vivo assays. Two major methyla-
tion sites (R833/835) located at the RG/RGG motif-
containing C-terminal domain were identified through
site-directed mutagenesis. Arginine methylation deficient
TOP3B (R833/835K) exhibited weaker DNA topoiso-
merase activity compared to the wild-type enzyme, which
consequently led to accumulation of R-loops at target gene
promoters and inhibition of gene transcription. Addition-
ally, inhibition of TOP3B methylation using chemical in-
hibitors dampened its stress granule localization, indicat-
ing that methylation may also be critical for TOP3B func-
tion in translation regulation. Mechanistically, we identified
that the Tudor domain of TDRD3 interacts with TOP3B
in a methylation-dependent manner, raising the possibil-
ity that TOP3B arginine methylation may provide an addi-
tional layer of regulation with its auxiliary partner TDRD3.
Altogether, we identified arginine methylation as an impor-
tant post-translational modification (PTM) for modulating
TOP3B function.

MATERIALS AND METHODS
Plasmids, antibodies and cell lines

The human PRMT1, PRMT3, CARMI1/PRMT4, PRMT6
and PRMTS8 cDNAs were cloned into a pGEX-6P-1 vector
(GE Healthcare Life Sciences). The GST-Tudor (wild-type)
and GST-Tudor (E691K) of TDRD3 have been described

before (19). Human TOP3B ¢cDNA and its truncated cD-
NAs (1-707 and 708-862) were cloned into pGEX-6P-1 and
p3xFLAG-CMYV vector (Sigma). All R-to-K mutants of
TOP3B (708-862) were generated using site-directed muta-
genesis (Agilent Technologies). The sequences of all primers
are listed in Supplementary Table S3. The pUCI19 plasmid
used in the in vitro topoisomerase assay and the pFC53 plas-
mid used in the in vitro DNA/RNA immnoprecipitation
(DRIP) assay have been described before (6). Rabbit mono-
clonal anti-MMA antibody (#8711), anti-ADMA antibody
(#13522) and anti-TDRD3 antibody (#5942) were pur-
chased from Cell Signaling Technology. Rabbit polyclonal
anti-TDRD3 antibody used in the immunofluorescence
were made in our laboratory (5,6) and are currently avail-
able as cat #ABE1868 from Millipore. Mouse monoclonal
anti-TOP3B antibody (ab56445) and Rabbit monoclonal
anti-TOP3B antibody (ab183520) were purchased from Ab-
cam. Mouse monoclonal anti-DNA/RNA hybrid S9.6 an-
tibody used for DRIP assay has been described before (6).
Mouse monoclonal anti-Flag M2 antibody (F1804) and
anti-ACTIN antibody (A5316) were purchased from Sigma.
The human cervical cancer HeLa cell line was purchased
from American Type Culture Collection (ATCC). The hu-
man VMRC-LCD cell, which doesn’t express TDRD3 due
to gene deletion, has been described before (5).

Inhibitor and siRNA

The global methylation inhibitor adenosine dialdehyde
(AdOx) (A7154) was purchased from Sigma. The type I
PRMT inhibitor MS023 (18361) was purchased from Cay-
man Chemical. The siRNA targeting human TOP3B (J-
005282-10) was purchased from Dharmacon.

In vitro methylation assay

In vitro methylation reactions were carried out in 30 pl of
phosphate-buffered saline (pH = 7.4.) containing 0.5-1.0
g of substrate, 3 g of recombinant enzymes and 0.42 puM
S-adenosyl-1- [methyl-3H]methionine (79 Ci/mmol from a
7.5 M stock solution; PerkinElmer Life Sciences). The
reaction was incubated at 30°C for 1 h and separated by
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE), transferred to a Polyvinylidene difluoride
(PVDF) membrane, treated with En3Hance™ (PerkinElmer
Life Sciences) and exposed to film for 1 day at —80°C.
After exposure, the PVDF membrane was washed with
methanol and stained with coomassie to visualize total pro-
tein loaded.

Immunoprecipitation of arginine methylated proteins

To detected arginine methylated proteins, cells were either
untreated or treated with methylation inhibitor AdOx (20
pM) or MS023 (10 M) for 2 days. Cell pellets were lysed in
1 x RIPA buffer (20 mM Tris HCI, (pH 7.5), 150 mM NacCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease
inhibitor) at 4°C for 1 h. The lysates were sonicated on ice
and clarified by centrifugation followed by preclearing with
protein G agarose. The lysates were subsequently immuno-
precipitated with specific antibodies as indicated. Immuno-
precipitated proteins were analyzed by western blots.



In vitro topoisomerase assay

Both wild-type and methylation-deficient TOP3B
(R833/835K) were transfected into and purified from
HEK293 cells using ANTI-FLAG M2 Magnetic Beads
(M8823). The reaction mixture for the DNA relaxation
assay consisted of 40 mM Tris—Cl, pH 7.5, 1 mM MgCl,, 5
mM dithiothreitol, 0.1 mg/ml bovine serum albumin and
400 ng of negative supercoiled pUC19 DNA in a 30 pl
reaction system. The incubation was preceded at 37°C for
the indicated time. The reaction was stopped with 4 pl of
stop solution (1% SDS, 50% glycerol, 0.05% bromphenol
blue). The sample was then loaded onto a 0.8% agarose gel.
After electrophoresis, the gel was stained with ethidium
bromide and photographed under UV illumination.

In vitro R-loop detection using DNA/RNA immunoprecipi-
tation (DRIP)-qPCR

In vitro transcription of R-loop formation has been de-
scribed before (6). In brief, the pFC53 R-loop prone plas-
mids were in vitro transcribed with T3 RNA polymerase
in the presence of either wild-type or methylation-deficient
TOP3B (R833/835K) enzymes at 37°C for 1 h. The re-
action was then inactivated at 65°C for 10 min. Samples
were equally divided and either treated with 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 extraction. Precipi-
tated DNA was dissolved in water.

In vitro transcription products were incubated with S9.6
antibody in binding buffer (10 mM NaPO4 pH 7.0, 140
mM NacCl, 0.05% Triton X-100) at 4°C overnight. The bind-
ing mixture was then incubated with protein A/G agarose
for an additional 1 h. The bound DNA was eluted with
buffer containing 50 mM Tris pH 8.0, 10 mM ethylenedi-
aminetetraacetic acid (EDTA), 0.5% SDS and 300 pg of
proteinase K at 50°C for 30 min. Samples were then puri-
fied by phenol/chloroform extraction and ethanol precipi-
tation. Immunoprecipitated DNA was subjected to analysis
by quantitative polymerase chain reaction (QPCR).

In vivo DRIP-qPCR

Total genomic DNA was extracted from cells by
SDS/proteinase K treatment at 37°C overnight, fol-
lowed by phenol/chloroform extraction and ethanol
precipitation. DNA was fragmented using restriction
enzymes HindIII, EcoRI, BsrG1, Xbal and Sspl and pre-
treated (where indicated) with RNase H overnight. After
phenol/chloroform extraction and ethanol precipitation,
4 pg of each samples were subject to immunoprecipita-
tion with 10 pg of S9.6 antibody. Immunoprecipitated
DNA was analyzed by qPCR using primers listed in the
Supplemental Table S2.

Reverse transcription-quantitative PCR (RT-qPCR)

Total cellular RNA was extracted by the TRIzol Reagent
(Invitrogen). The RNA was analyzed for integrity using the
Agilent 2100 Bioanalyzer (Agilent Technologies). The to-
tal RNA (1pg) was then used as template to synthesize
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cDNA using the High Capacity cDNA Archive Kit (Ap-
plied Biosystems), and qPCR was subsequently performed
on the CFX96 Real-time System C1000 Touch Thermal Cy-
cler (Bio-Rad). The RNA levels were normalized to the en-
dogenous control gene (ACTIN). Data analysis was per-
formed using the Bio-Rad CFX Manager 3.1. The ex-
perimental cycle threshold (Ct) was calibrated against the
ACTIN control product. All amplifications were performed
in triplicate. Primer sequences are listed in the Supplemen-
tal Table S1.

Immunofluorescence

The HelLa cells, either transfected with plasmids or treated
with MS023, were grown on glass coverslips to the desired
confluence before fixation. The cells were either left un-
treated or treated with 0.5 mM sodium arsenite for 1 h.
The cells were rinsed with phosphate-buffered saline (PBS)
and fixed with ice-cold methanol for 20 min at room tem-
perature. After a blocking step with 20% newborn calf
serum, the cells were incubated with the indicated antibod-
ies at 4°C overnight. The cells were then stained with a
fluorescence-labeled secondary antibody and stained with
4',6-diamidino-2-phenylindole (DAPI). The coverslips were
then sealed and examined using an Olympus BX50 fluores-
cence microscope.

GST pulldown

Glutathione-S-transferase (GST), GST-Tudor (WT) and
GST-Tudor (E691K) were expressed and purified from Es-
cherichia coli. HeLa cells (untreated or treated with MS023)
were lysed in lysis buffer containing 50 mM Tris HCI, (pH
7.5), 150 mM NacCl, 0.1% Nonidet P-40, 5 mM EDTA, 5
mM EGTA, 1.5 mM MgCl,, 5% glycerol and protease in-
hibitors (Roche). The purified recombinant proteins were
incubated with HeLa cell lysates overnight at 4°C. Glu-
tathione Sepharose (GE Healthcare Life Sciences) beads
were added to the lysate mixture and incubated for 2 h at
4°C. The eluted samples were loaded on an SDS-PAGE gel
and detected by western blot using an anti-TOP3B anti-
body.

Co-immunoprecipitation

HeLa cells were washed with ice-cold PBS and lysed with
1 ml of co-immunoprecipitation buffer (50 mM Tris—HCI
(pH 7.5), 150 mM NacCl, 0.1% NP-40, 5 mM EDTA, 5
mM EGTA, 15 mM MgCl,) supplemented with protease in-
hibitor cocktail. After sonication, insoluble materials were
removed by centrifugation at maximum speed for 10 min.
Whole cell lysates were incubated with 2 g of immunopre-
cipitation antibody overnight at 4°C. After incubation with
Protein A/G agarose beads, bound proteins were eluted and
analyzed using western blots.

Statistical analysis

All experiments were performed at least three times. Sta-
tistical analyses was performed by Student’s z-test. P <
0.05 was considered statistically significant. Quantification
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of agarose gel images, immunoblotting images and number
and size of stress granules was performed using ImageJ soft-
ware.

RESULTS
TOP3B is arginine methylated in vitro

Mammalian type IA topoisomerase contains two par-
alogs: TOP3A and TOP3B. Although both proteins har-
bor a characteristic topoisomerase domain that deter-
mines their function, TOP3B, but not TOP3A, contains
an array of RG/RGG and PR (P: Proline) motifs at C-
terminus (Figure 1A). The arginine residues in these mo-
tifs are often subjected to methylation by PRMTs. To
test if TOP3B is arginine methylated, we performed in
vitro methylation assays by incubating recombinant full-
length TOP3B protein with GST-tagged PRMTs (PRMT1,
PRMTS3, coactivator-associated arginine methyltransferase
1 (CARM1), PRMT6 and PRMTS) in the presence of *H-
labeled S-adenosyl-l-methionine ([3H]AdoMet), the uni-
versal methyl group donor. All PRMTs used in this as-
say are active as GST fusion proteins (13,14). We found
that TOP3B can be methylated by PRMTI1, PRMT6 and
PRMTS3, although the latter methylated TOP3B to a much
lesser extent (Figure 1B). This is consistent with previous
reports that these PRMTs exhibit similar substrate prefer-
ence in vitro (13,14). Although equal amounts of PRMTI,
PRMT?3 and PRMT6 were used in the reaction (Figure 1B,
lower panel), the methylation by PRMT1 generated a much
stronger signal (Figure 1B, upper panel).

Alternative splicing of human TOP3B gene produces
three isoforms (Supplementary Figure S1). The shortest
isoform (isoform 3, NP_001336780.1) lacks C-terminal
RG/RGG and PR motifs (Supplementary Figure S1). Fur-
ther analysis of isoform expression by RT-qPCR demon-
strates that the expression of isoform 3 varies from about
1 to 4% of isoform 1 expression level across mouse tissues
and human cancer cell lines (Supplementary Figure S2A
and B). Western blot analysis using mouse monoclonal anti-
TOP3B antibody (ab56445) detects protein bands migrate
at expected molecular weight of all three isoforms. The in-
tensity of all three bands decreases when TOP3B expres-
sion is inhibited by siRNA-mediated knockdown, indicat-
ing that the observed signals are likely from TOP3B iso-
forms (Supplementary Figure S2C).

To further narrow down the arginine methylation region
on TOP3B, we generated two truncation proteins from the
longest TOP3B isoform (isoform 1), covering amino acid
1-707 (minus C-terminal RG/RGG and PR motifs) and
708-862, respectively. In vitro methylation reactions per-
formed using these two truncation proteins confirmed that
TOP3B (708-862), but not TOP3B (1-707), was methy-
lated by PRMT1, PRMT3 and PRMT6 (Figure 1C), which
is consistent with the methylation of full-length TOP3B.
The activity of recombinant PRMTs was confirmed by
in vitro methylation of their respective known substrates,
REF/ALY (20) and PABP1 (21) (Supplementary Figure
S3A and B). We also examined the methylation of TOP3B
(708-862) by PRMTS5, since PRMTS5 often shares similar
methylation motifs with PRMT1. However, at the same ex-
perimental conditions as other PRMTs, PRMTS5 does not

methylate TOP3B (Supplementary Figure S3C and D). The
methylation results are summarized in Figure 1A (right
panel).

There are 10 arginines located within the TOP3B methy-
lated region, six of which are clustered to form RG/RGG
motifs (Figure 1A). To further map the methylation site(s),
we created arginine to lysine (K) mutants that cover all 10
potential methylation sites and performed in vitro methyla-
tion assays. When comparing the methylation level among
the mutants, the R833/835K mutation showed the most
dramatic loss of methylation by all three PRMTs (Figure
1D). We conclude that R833 and R8&35 are the major argi-
nine methylation sites of TOP3B in vitro.

TOP3B is arginine methylated in cells

We next performed in vivo methylation assays to measure
TOP3B arginine methylation in cells. Using a TOP3B an-
tibody, we immunoprecipitated endogenous TOP3B from
HeLa cells either untreated or treated with adenosine di-
aldehyde (AdOx), a global methylation inhibitor. The im-
munoprecipitated samples were detected by western blot
against TOP3B methylation using a pan-ADMA anti-
body. A distinct band that migrated at the same molecu-
lar weight as endogenous TOP3B was detected from sam-
ples immunoprecipitated using the TOP3B antibody, but
not from the samples immunoprecipitated using control
IgG (Figure 2A). Importantly, the signal was reduced in the
AdOx treated group (Figure 2A), suggesting that TOP3B
is methylated in cells. To further confirm this, we used an
ADMA antibody to perform a reciprocal immunoprecip-
itation from control and AdOx-treated cells. Compared to
the IgG controls, TOP3B proteins were specifically detected
in the ADMA antibody immunoprecipitated samples (Fig-
ure 2B). AdOx treatment reduced the detected TOP3B sig-
nal, confirming that TOP3B is arginine methylated. The im-
munoprecipitation was performed under denaturing condi-
tions (0.1% SDS) to ensure that the methylation signal was
not from TOP3B-interacting proteins.

TOP3B is methylated by PRMT1, PRMT3 and PRMT6
in vitro (Figure 1). We next examined the impact of in-
hibiting these three enzymes on TOP3B methylation. HeLa
cells were treated with a newly developed PRMT inhibitor,
MSO023, which specifically targets type I PRMTs, includ-
ing PRMT1, PRMT3 and PRMT6 (22). Consistent with
the results from AdOx treatment, MS023 treatment re-
duces TOP3B methylation (Figure 2C). Interestingly, both
AdOx and MS023 treatment caused increases in global lev-
els of arginine monomethylation and concurrent TOP3B
monomethylation when detected using a pan-MMA anti-
body (Figure 2D). This is consistent with previous reports
showing that inhibition of type [ arginine methyltransferase,
either by genetic depletion or chemical inhibition, caused
substrate scavenging by other PRMTs (22,23). The speci-
ficity of MMA and ADMA antibodies was confirmed by
Dot-blot assays using synthetic arginine-methylated pep-
tides (Supplementary Figure S4).

To test if TOP3B is methylated at R833 and R835 in cells,
we transfected cells to express either Flag-tagged wild-type
or R833/835K mutant TOP3B and detected their methy-
lation using an ADMA antibody. Compared to wild-type
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methylation observed in B and C is shown. (B) TOP3B is methylated in vitro. In vitro methylation assays were performed by incubating recombinant PRMTs
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sites. The in vitro methylation assays were performed by incubating recombinant PRMT1, PRMT3 and PRMT6 with a series of R to K mutants of GST-
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TOP3B, the methylation level of R833/835K mutant was Arginine methylation promotes TOP3B topoisomerase activ-
significantly reduced (Figure 2E). Together with our in vitro ity

methylation results, we demonstrated that TOP3B is methy- . . .
lated at R833 and R835. We next determined the role of arginine methylation on

TOP3B topoisomerase activity using an in vitro negatively
supercoiled DNA relaxation assay (24,25). Flag-tagged
wild-type and methylation-deficient (R833/835K) TOP3B
were purified from HEK293 cells (Figure 3A). Both en-
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Figure 3. Arginine methylation promotes TOP3B DNA topoisomerase activity. (A) A coomassie blue-stained gel image showing the purified Flag-tagged
wild-type and arginine methylation-deficient (R833/835K) TOP3B from HEK?293 cells. (B) Arginine methylation-deficient TOP3B (R833/835K) shows
reduced activity in relaxing supercoiled plasmid DNA. Reaction mixtures containing negatively supercoiled plasmid DNA (pUC19) were incubated with
either wild-type or R833/835K mutant of TOP3B protein for the indicated time points. Escherichia coli Topol was used as a positive control. The arrows
indicate the negative supercoiled DNA substrate. (C) The topoisomerase activity was quantified by measuring the percentage of remaining substrates over
the indicated time points. Statistical analysis was performed using student’s 7-test from three independent experiments. *P < 0.05. (D) A coomassie blue-
stained gel image showing the recombinant Flag-TOP3B purified from control and MS023-treated HEK293 cells. (E) Arginine methylation of TOP3B
promotes its DNA topoisomerase activity in relaxing supercoiled plasmid DNA. The experiment was performed as described in (B), except the enzymes
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and Methods’ section. (G) pFC53 plasmid was subjected to in vitro transcription in the presence of either wild-type or R833/835K mutant of TOP3B as
indicated. DRIP-qPCR was performed to quantify the co-transcriptional R-loop levels in individual samples. The immunoprecipitated DNA samples were
analyzed by qPCR. Error bars represent standard deviation calculated from triplicate qPCR reactions of one representative experiment.
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zymes were incubated with negatively supercoiled pUCI19
plasmid DNA substrates at a 1:30 enzyme/DNA molar
ratio for indicated time period. The methylation-deficient
TOP3B (R833/835K) was significantly less active com-
pared to the wild-type enzyme (Figure 3B). Quantitative
analysis showed that wild-type TOP3B relaxed 50% of su-
percoiled DNA substrate in less than 30 min, whereas
TOP3B (R833/835K) needed more than 45 min (Fig-
ure 3C). To further confirm that the reduced activity in
TOP3B (R833/835K) is caused by lack of arginine methy-
lation, but not due to R to K mutation, we purified Flag-
tagged TOP3B from control and MS023 treated HEK293
cells (Figure 3D). MS023 treatment dramatically reduced
TOP3B asymmetrical dimethylation (Figure 2C). Consis-
tent with the results using methylation-deficient TOP3B
(R833/835K), inhibiting TOP3B asymmetrical dimethyla-
tion reduced its topoisomerase activity (Figure 3E).

The DNA topoisomerase activity of TOP3B is crucial
to suppress the formation of co-transcriptional R-loops,
which are three-stranded nucleic acid structures containing
a DNA/RNA hybrid and a single-stranded DNA (6,7). We
hypothesized that reduced topoisomerase activity observed
in hypomethylated TOP3B would increase the formation
of co-transcriptional R-loops. To test this, we performed
in vitro transcription of an R-loop prone plasmid (FC53)
(26) in the presence of either methylation-proficient (wild-
type) and -deficient (R833/835K) TOP3B (Figure 3A). The
in vitro transcribed product mixture was subjected to se-
quential treatment with RNASE A to remove RNA in the
product and/or RNASE H to remove DNA/RNA hybrids
(serving as negative controls). The amount of R-loops was
quantified by performing a DNA/RNA immunoprecipi-
tation (DRIP)-qPCR using an S9.6 antibody that specifi-
cally recognizes DNA/RNA hybrids (Figure 3F). Adding
wild-type TOP3B to the in vitro transcription system dra-
matically reduced R-loops in the final product (Figure 3G,
compare the second and third column). The methylation-
deficient TOP3B (R833/835K) was less efficient in sup-
pressing the formation of co-transcriptional R-loops, lead-
ing to ~4 times more R-loops compared to the wild-type
TOP3B (Figure 3G, compare the third and fourth column).
RNASE H treatment abolished the DRIP-qPCR signal,
confirming the specificity of the S9.6 antibody (Figure 3G,
RNase H+ group). Altogether, we demonstrated that argi-
nine methylation of TOP3B at R833 and R835 enhances
TOP3B topoisomerase activity and suppresses formation of
co-transcriptional R-loops in vitro.

Arginine methylation promotes TOP3B function in transcrip-
tion regulation

In the nucleus, TOP3B is targeted to transcriptional
start site and the elongating RNAP II by the methy-
larginine effector molecule TDRD3 (5,6). Through re-
laxing negatively supercoiled DNA and suppressing R-
loop formation, TOP3B facilitates transcription and main-
tains genome integrity (6). To determine the role of argi-
nine methylation in regulating TOP3B function in vivo,
we compared the activity of wild-type and methylation-
deficient TOP3B (R833/835K) in suppressing the forma-
tion of co-transcriptional R-loops in cells. HeLa cells

were transfected with control siRNA (small interfer-
ing RNA) and siRNA that specifically targets 3'-UTR
(untranslated region) of TOP3B to knockdown endoge-
nous TOP3B expression. Both wild-type and methylation-
deficient TOP3B (R833/835K) were re-expressed in the
knockdown cells by transient transfection to establish the
rescue-expressing cells. Protein expression was confirmed
by Western blot (Figure 4A). The genomic DNA from
these cells were extracted and subjected to DRIP-qPCR fol-
lowing a previously established protocol (6,26). We exam-
ined the formation of R-loops at three previously identified
TDRD3/TOP3B targeted loci, namely ¢-M YC, DDX5 and
NRAS (6). Knockdown of TOP3B caused accumulation of
R-loops at all three tested loci (Figure 4B). Importantly,
re-expressing wild-type TOP3B, but not the methylation-
deficient TOP3B (R833/835K), reduced R-loop accumula-
tion at all three loci, when compared to TOP3B knockdown
cells (Figure 4B).

We next examined the impact of wild-type and
methylation-deficient TOP3B (R833/835K) on gene
expression using RT-qPCR. Knockdown of TOP3B re-
duced the mRNA level of c-M YC and DDX5 (Figure 4C).
Re-expressing wild-type TOP3B, but not the methylation-
deficient TOP3B (R833/835K), rescued the expression of
c-MYC and DDX5 (Figure 4C). Interestingly, the mRNA
expression of NRAS was not regulated by TOP3B (Figure
4C), suggesting that uncharacterized mechanisms may
counteract the impact of R-loops for NRAS transcription
regulation in HeLa cells. Altogether, these results demon-
strated that arginine methylation of TOP3B is essential for
suppressing the formation of co-transcriptional R-loops,
likely by promoting TOP3B topoisomerase activity.

TOP3B arginine methylation regulates its stress granule lo-
calization

In the cytoplasm, TOP3B associates with polyribosomes
and localizes to stress granules in response to oxida-
tive stress induced by arsenite (8,9). We next deter-
mined the role of arginine methylation on TOP3B cyto-
plasmic function, particularly stress granule localization.
HeLa cells were transfected with either Flag-tagged wild-
type or methylation-deficient TOP3B (R833/835K). Im-
munofluorescence assays were performed using an anti-
Flag antibody. Similar to endogenous TOP3B, the local-
ization of Flag-tagged TOP3B was in the cytoplasm, co-
localizing with its binding partner TDRD3 (Figure 5A, un-
treated). No obvious subcellular localization change was
observed, comparing the wild-type to the methylation-
deficient TOP3B (R833/835K) (Figure 5A, untreated).
When the cells were treated with arsenite, wild-type TOP3B
formed large, distinct cytoplasmic foci that co-localized
with TDRD?3 (Figure 5A, arsenite treated). Compared to
the wild-type TOP3B, the methylation-deficient TOP3B
(R833/835K) formed much fewer and smaller foci, whereas
the majority of the mutant protein remained dispersed in
the cytoplasm (Figure 5A, arsenite treated). This is likely
not caused by disruption of the overall stress granule for-
mation, because the localization of TDRD3 was not af-
fected. Quantitative analysis of stress granules formed in the
wild-type and methylation-deficient TOP3B (R833/835K)
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expressing cells confirmed that the size and the number of
TOP3B positive (TOP3B+) stress granules were diminished
when TOP3B methylation was blocked (Figure 5B).

To further confirm that the reduced stress granule lo-
calization of methylation-deficient TOP3B (R833/835K) is
due to lack of arginine methylation, but not by R to K
mutation, we treated cells with the type I PRMT inhibitor

MS023 and examined endogenous TOP3B stress granule
localization after arsenite stress. Similar to the results ob-
served with methylation-deficient TOP3B (R833/835K), in-
hibition of arginine methylation led to smaller and fewer
TOP3B positive stress granules (Figure 5C and D; Supple-
mentary Figure S5), supporting the conclusion that argi-
nine methylation is important for TOP3B stress granule lo-
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calization. This is not surprising, because many stress gran-
ule proteins have been reported to be arginine methylated
and arginine methylation is essential for their stress granule
localization (27-29). Inhibition of PRMT activity is likely
to cause broader impacts on stress granule formation be-
cause localization of TDRD?3 to stress granules is also de-
creased (Figure 5C). Altogether, we demonstrated that argi-
nine methylation is important for TOP3B stress granule lo-
calization.

Arginine methylation enhances TOP3B interaction with
TDRD3

TOP3B forms a stable protein complex with TDRD3
(6,8,9). The N-terminus oligosaccharide/nucleotide-
binding (OB)-fold of TDRD3 interacts with the topoiso-
merase enzymatic domain of TOP3B (6,8). This protein—
protein interaction is important for TOP3B stability (6)
and its enzymatic activity toward both DNA and RNA
(10). The Tudor domain of TDRD3 prefers to interact



with methylated arginine motifs on both histone and non-
histone proteins (30-32). To test if arginine methylation
enhances TOP3B interaction with TDRD3, we performed
a GST pulldown assay to determine if the Tudor domain
of TDRD3 interacts with TOP3B. Recombinant proteins
of GST, GST-Tudor and mutant GST-Tudor (E691K,
which disrupts Tudor-methylarginine interaction (6,31),
Supplementary Figure S6A) were incubated with HeLa cell
total lysate, and pulldown samples were detected by west-
ern blot using an anti-TOP3B antibody. Wild-type Tudor
domain, but not the methylarginine-binding deficient Tu-
dor (E691K), interacted with endogenous TOP3B (Figure
6A). To test if this interaction is dependent upon TOP3B
arginine methylation, we performed a GST pull-down assay
by incubating recombinant GST-Tudor protein with HeLa
cell lysates pre-treated with or without PRMT inhibitor
MS023. The interaction of the Tudor domain with TOP3B
was reduced when the arginine methylation was inhibited
(Figure 6B), suggesting that the Tudor—-TOP3B interaction
is methylation dependent.

To further determine if the Tudor domain contributes
to TDRD3-TOP3B interaction in vivo, we performed a
co-immunoprecipitation assay by transfecting HeLa cells
with Flag-tagged TOP3B together with GFP-tagged vari-
ants of either wild-type or methylarginine-binding deficient
TDRD3 (E691K) (Supplementary Figure S6B) (6). Com-
pared to wild-type TDRD3, less GFP-TDRD3 (E691K)
was immunoprecipitated (Figure 6C), suggesting that func-
tional integrity of the Tudor domain may help maximize
the TDRD3-TOP3B interaction. To further confirm the
role of arginine methylation in enhancing TOP3B-TDRD3
interaction, we performed a co-immunoprecipitation assay
to compare the interaction of wild-type TOP3B and the
methylation-deficient TOP3B (R833/835K) with TDRD3.
Although equal amount of proteins were immunoprecip-
itated, less TDRD3 co-immunoprecipitated with TOP3B
(R833/835K) compared to wild-type TOP3B (Figure 6D).
To further assess the contribution of C-terminal arginine
methylation to TOP3B-TDRD3 interaction, we treated
cells with PRMT inhibitor MS023 and performed co-
immunoprecipitation using anti-TDRD3 antibody. As
shown in Figure 6E, MS023 treatment reduced TOP3B-
TDRD3 interaction, confirming that arginine methylation
of the RG/RGG motif enhances TOP3B interaction with
TDRD3 through the Tudor domain.

DISCUSSION

TOP3B is unique among all mammalian topoisomerases
because it has activity toward both DNA and RNA sub-
strates (33). Additionally, TOP3B contains a C-terminal
RG/RGG motif unlike TOP3A, the only other topoiso-
merase in the type IA subfamily. The goal of this study
was to reveal the molecular mechanisms that regulate
TOP3B function. We identified arginine methylation as a
novel PTM that regulates TOP3B topoisomerase activity.
Methylation of the C-terminus RG/RGG motifs is essen-
tial for maximizing TOP3B activity toward transcriptional
and translational regulation. Understanding how methyla-
tion regulates TOP3B will help to further elucidate normal
TOP3B biological function and its dysregulation, which
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has been linked to both cancer and neurological diseases
(8,9,34).

The C-terminal domain regulates TOP3B function

RG/RGG motifs, which include RG and RGG repeats of
varied lengths interspersed with spacers of different amino
acids (35), are often presented within low complexity, un-
structured regions of protein. Although a clear structure
has not been defined, RG/RGG motif plays important roles
in mediating nucleic acid binding, protein—protein interac-
tions and protein subcellular localization (11). For exam-
ple, RG/RGG motifs from nucleolin and FMRP can bind
and stabilize nucleic acid secondary structures known as G-
quadruplexes (G4s), which are structures formed by gua-
nine tetrads arranged in a planar conformation (36-38).
The RG/RGG motif located at the C-terminus of TOP3B
was recently reported to mediate DNA and RNA binding
(8). Deletion of the RG/RGG motif significantly reduced
TOP3B topoisomerase activity (8), suggesting that DNA
and RNA-binding activity of the RG/RGG motif is cru-
cial for TOP3B function. Interestingly, alternative splicing
of the human TOP3B gene locus produces three protein
isoforms with distinct C-terminal domains (Supplementary
Figure S1). One of the isoforms lacks the RG/RGG motif.
It is not uncommon for the presence or absence of certain
RG/RGG motifs to be regulated by alternative splicing (39—
41). For example, a splice variant of FMRI is missing exon
12 and 14, which introduces a frameshift resulting in trun-
cation and the loss of the RGG motif. This isoform showed
reduced localization to dendritic RNA granules (39). How-
ever, the tissue-specific expression and the biological signif-
icance of TOP3B isoforms without an RG/RGG motif are
still not clear.

In addition to the RG/RGG motif, the TOP3B C-
terminus contains two PR motifs (Figure 1A). PR motifs
are preferred methylation substrates for CARM1/PRMT4
(14). In vitro methylation assay did not detect TOP3B
methylation signal when reacted with CARM1/PRMT4
(Figure 1B and C). However, PR motifs can also mediate
protein—protein interaction with WW domains and Src ho-
mology 3 (SH3) domains (42-44). These domains are of-
ten presented in signaling transduction molecules, such as
proto-oncogene tyrosine-protein kinase Fyn and formin-
binding protein 30 (FBP30) (42,43), raising the possibility
that PR motifs may mediate protein-protein interaction and
allow the regulation of TOP3B function by cellular signal-
ing.

Arginine methylation regulates TOP3B DNA topoisomerase
activity and stress granule localization

RG/RGG motifs are preferred substrates for PRMTs
(11,13). Many of the RG/RGG motif functions are regu-
lated, at least in part, by arginine methylation. Although
methylation does not neutralize the cationic charge of an
arginine residue (45), each addition of a methyl group to
an arginine residue removes a potential hydrogen bond
donor and changes its structure. Thus, arginine dimethy-
lation imparts bulkiness and hydrophobicity to a pro-
tein and can affect protein—protein and protein—nucleic
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acid interactions. For example, methylation of FMRP at
its RGG motif results in reduced binding to a subset of
mRNAs (18), likely due to the reduced hydrogen bond-
ing between the RGG motif and RNA. TOP3B is asym-
metrically dimethylated at its C-terminus RG/RGG mo-
tif by type I PRMTs—PRMT]I, 3, 6 (Figures 1 and 2).
Arginine methylation deficient TOP3B exhibited reduced
DNA topoisomerase activity and impeded stress granule
localization (Figures 3-5), supporting the importance of
arginine methylation in regulating TOP3B function. To
test if TOP3B RG/RGG motif methylation affects its in-
teraction with nucleic acids, we performed pulldown ex-
periments using recombinant proteins and biotinylated-
DNA oligonucleotides (data not shown). We did not ob-
serve a significant difference in binding affinity between the
methylation-proficient and -deficient TOP3B (R833/835K).
However, we cannot exclude the possibility that pulldown
and immunoblotting-based approaches are not ideal for de-
tecting such a difference.

Many RG/RGG motif-containing proteins translocate to
SGs after cellular stress, possibly through their interaction
with mRNA. Although the underlying molecular mecha-
nism is still unclear, arginine methylation of the RG/RGG
motifs was reported to modulate this process both posi-
tively and negatively (29). We found that inhibition of argi-
nine methylation using chemical inhibitor (MS023) imparts
TOP3B localization to SGs (Figure 5C and D). Although
it is possible that globally reduced arginine methylation af-
fects the general mechanism of SG formation, our com-
plementary experiment using methylation-deficient TOP3B
mutant (R833/835K) confirmed that methylation is impor-
tant for efficient TOP3B SG localization (Figure SA and B).
Similar regulatory mechanisms have also been reported on
other RG/RGG motif-containing proteins, such as FMRP
(29), hnRNP A1 (28) and SERBP1 (27).

The Tudor domain of TDRD?3 is involved in the interaction
with TOP3B

Methylated arginine creates a docking site for protein-
protein interaction with the Tudor domain-containing pro-
teins (30). We found that the Tudor domain of TDRD3
interacts with TOP3B in a methylation-dependent man-
ner and that methylation enhances TDRD3-TOP3B inter-
action (Figure 6). TDRD3 is by far the most significant
regulator of TOP3B function. It regulates TOP3B protein
stability (6), chromatin localization (6), association with
polyribosomes (8,9) and topoisomerase activity (10). Al-
though previous studies demonstrated that the catalytic
domain (amino acid 125-625) of TOP3B is sufficient for
TDRD3 interaction (6,8), the extent to which this interac-
tion contributes to TOP3B stress granule localization has
not been determined. We examined the stress granule lo-
calizations of three GFP-fusion TOP3B truncations that
were previously used for mapping TDRD3 interaction (6).
Surprisingly, the TDRD?3 interacting catalytic domain of
TOP3B does not exhibit obvious stress granule localiza-
tion. Instead, the GFP-fusion TOP3B C-terminal domain
(amino acid 600-862) does (Supplementary Figure S7), ar-
guing that the C-terminal domain is important for TOP3B
stress granule localization. Further experiments are needed
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to determine the extent to which Tudor domain-mediated
interaction with arginine methylated C-terminal domain
contributes to TOP3B stress granule localization. Never-
theless, RG/RGG motif methylation-mediated interactions
with the Tudor domain may provide additional regulatory
flexibility for this protein complex.

Recently, TDRD3 was identified as a nucleic acid bind-
ing protein that has a strong preference for single-stranded
DNA and/or RNA structures (10). This activity of TDRD3
significantly stimulates the strand-annealing activity of
TOP3B. Although a possible mechanism was proposed in-
volving the TDRD3 OB-fold mediated interaction with
both TOP3B and nucleic acids, further biochemical studies
are required to determine if the Tudor domain mediated in-
teraction with the methylated C-terminal RG/RGG motif
may also contribute to this process.
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