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ABSTRACT

Human tyrosyl-DNA phosphodiesterases (TDP) hy-
drolyze the phosphodiester bond between DNA and
the catalytic tyrosine of Top1 to excise topoiso-
merase I cleavage complexes (Top1cc) that are
trapped by camptothecin (CPT) and by genotoxic
DNA alterations. Here we show that the protein argi-
nine methyltransferase PRMT5 enhances the repair
of Top1cc by direct binding to TDP1 and arginine
dimethylation of TDP1 at residues R361 and R586.
Top1-induced replication-mediated DNA damage in-
duces TDP1 arginine methylation, enhancing its 3′-
phosphodiesterase activity. TDP1 arginine methyla-
tion also increases XRCC1 association with TDP1 in
response to CPT, and the recruitment of XRCC1 to
Top1cc DNA damage foci. PRMT5 knockdown cells
exhibit defective TDP1 activity with marked elevation
in replication-coupled CPT-induced DNA damage and
lethality. Finally, methylation of R361 and R586 stim-
ulate TDP1 repair function and promote cell survival
in response to CPT. Together, our findings provide
evidence for the importance of PRMT5 for the post-
translational regulation of TDP1 and repair of Top1cc.

INTRODUCTION

DNA topoisomerase 1 (Top1) is essential for the release
of DNA supercoiling generatedf during replication, tran-
scription and chromatin remodeling (1,2). Supercoiling re-
laxation requires the production of reversible Top1-linked
DNA single-strand breaks (SSBs) (Top1 cleavage com-
plexes; Top1cc), which are normally transient but are selec-
tively trapped by the anticancer drug camptothecin (CPT)
and its clinical derivatives topotecan and irinotecan (2–
4). Top1cc also accumulate under physiological conditions

when Top1 acts on frequently occurring DNA alterations
(mismatches, abasic sites, oxidized and adducted bases)
(2,3,5). Trapping of Top1cc damages the genome by gener-
ating DNA double-strand breaks (DSBs) upon replication
and transcription collisions (2), ensuing cell cycle arrest and
cell death. Thus, repairing irreversible Top1cc is critical for
DNA metabolism, genome maintenance and relevant to re-
sistance of tumors to Top1 inhibitors (2,4–6).

Tyrosyl-DNA phosphodiesterase 1 (TDP1), the key en-
zyme for the repair of Top1cc, catalyzes the hydrolysis
of the phosphodiester bond between the catalytic tyro-
syl of Top1 and the 3′-end of DNA broken by Top1 (5).
Genetic inactivation of TDP1 causes hypersensitivity to
CPT (5,7–10). Homozygous mutation of TDP1 is also re-
sponsible for the neurodegenerative syndrome, spinocere-
bellar ataxia with axonal neuropathy SCAN1, which re-
sults from elevated levels of Top1cc in post-mitotic neu-
rons (11–15). The importance of TDP1 outside Top1cc re-
pair stems from the cleansing activity of TDP1 toward
blocking DNA lesions at the 3′-end of DNA breaks, in-
cluding phosphoglycolate, abasic sites, and alkylated bases
at the 3′-end of DNA breaks (5,9,15–17) resulting from
oxidative DNA damage produced by radiomimetic drugs
such as bleomycin, alkylating agents and nucleoside analogs
(5,7,9,17,18). TDP1 possesses nucleosidase activity for 3′-
deoxyriboses, 3′-ribonucleotides and 3′-chain terminating
anticancer and antiviral nucleosides (cytarabine, acyclovir,
AZT and abacavir) and even 5′-phosphodiesterase activity
for topoisomerase II cleavage complexes (5,17,19–21) and
acts both in the cell nucleus and mitochondria (9,18).

The regulation of cellular TDP1 occurs mainly at
the post-translational level (5,10). ATM-and/or DNA-
dependent protein kinase (DNA-PK)-mediated S81 phos-
phorylation stabilizes TDP1 (10,22) and fosters the recruit-
ment and activity of TDP1 for repairing Top1cc and ioniz-
ing radiation (IR)-induced DSBs (6,10,22–24). Poly(ADP-
ribosyl)ation of TDP1 by poly(ADP-ribose) polymerase-1
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(PARP1) also enhances the stability of TDP1 and its inter-
action with X-ray cross-complementing group 1 (XRCC1)
and the recruitment of TDP1 to Top1cc damage sites (19).
Additionally, SUMOylation of TDP1 at lysine 111 has
been proposed to recruit TDP1 at transcription-associated
Top1cc damage sites (25). The diversity of TDP1 post-
translational modifications (PTMs) suggests that TDP1 is
regulated through multiple cooperative events. However un-
til now, none of the PTMs had any impact on the catalytic
activity of TDP1 (10,19,22,25).

Arginine methylation is increasingly recognized as a piv-
otal post-translational modification orchestrating a vari-
ety of cellular processes including epigenetic regulation,
DNA repair and genome maintenance (26–29). It is car-
ried out by protein arginine methyltransferases (PRMTs)
that catalyze the methylation of the guanidium group of
arginine residues using S-adenosyl methionine (SAM) as
a methyl group donor. PRMTs are classified as type 1
(PRMT1, PRMT2, PRMT3, PRMT4, PRMT6, PRMT8),
type 2 (PRMT5 and PRMT9) and type 3 (PRMT7) en-
zymes on the basis of their ability to catalyze the forma-
tion of asymmetric (ADMA), symmetric dimethylated argi-
nine (SDMA) and monomethylated arginine (MMA), re-
spectively (30). Until this report, arginine methylation had
not been implicated in the cellular responses to Top1cc.

Human PRMT5 is commonly activated in cancers. It
stimulates cellular proliferation by adding SDMA marks on
a range of acceptor proteins including the core histones H3
and H4, leading to transcription repression of tumor sup-
pressor genes (RB1 and CUL4A), and by adding SDMA
activating marks on non-histone proteins including p53,
E2F1 and two DNA repair proteins FEN1 and RAD9 asso-
ciated with DNA replication (26–28,31–34). Our study pro-
vides the first evidence that PRMT5 is a molecular determi-
nant for Top1cc repair. We show that TDP1 is dimethylated
at R361 and R586 by PRMT5, and that arginine methyla-
tion of TDP1 is a critical modulator of the catalytic activity
of TDP1, and of its association with XRCC1 for the repair
of Top1cc-mediated DNA damage.

MATERIALS AND METHODS

Drug and antibodies

Camptothecin (CPT), aphidicolin (APH), propidium
iodide (PI) and, 5,6-dichlorobenzimidazole 1-�-D-
ribofuranoside (DRB) were purchased from Sigma (St
Louis, MO, USA). Rabbit polyclonal anti-symmetric
dimethyl arginine (SDMA) (SYM10 and SYM11), anti-
PRMT5 (07-405), anti-PRMT9 (MABE1112) and mouse
monoclonal anti-�H2AX (05-636) antibodies were pur-
chased from Millipore, USA. Rabbit polyclonal TDP1
(Ab4166) and GAPDH (Ab9485), mouse monoclonal
XRCC1 (Ab1838) and Histone H3 (Ab24834) antibodies
were purchased from Abcam (Cambridge, MA, USA).
Mouse monoclonal anti-flag (M2) (F3165), rabbit poly-
clonal anti-FLAG (F7425) antibodies were purchased
from Sigma (St Louis, MO, USA). The anti-PAR rabbit
polyclonal antibody was from Trevigen (Gaithersburg,
MD, USA). Anti-actin (ACTN05) antibody was from
Neo Markers (Fremont, CA, USA). Rabbit polyclonal
anti-GFP (A-11122) antibody was from Invitrogen. Rabbit

polyclonal PARP1 antibody and secondary antibodies:
Horseradish peroxidase (HRP)-conjugated anti-rabbit
IgG or anti-mouse IgG were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Expression constructs and site-directed mutagenesis

Human flag-tagged full-length TDP1 (FLAG-TDP1WT),
His-tagged and green fluorescent protein (GFP)-tagged
TDP1 constructs were described previously (10,19). The
FLAG-PRMT5 fusion construct was a kind gift from Dr
Shilai Bao (Institute of Genetics and Developmental Biol-
ogy, CAS, China). The flag-tagged N-terminal (1–293 aa)
and C-terminal (294–637 aa) truncated PRMT5 and GFP-
tagged N-terminal (1–185 aa) truncated TDP1 constructs
were generated by polymerase chain reaction amplifica-
tion using full-length PRMT5 or full-length TDP1 (FLAG-
TDP1WT) as template and were cloned in the mammalian
expression vectors pCMV-Tag2 (Stratagene, La Jolla, CA,
USA) or pEGFP-N2 vector (CLONTECH) respectively.
The following point mutations: TDP1R361K, TDP1R586K,
TDP1R361K, R586K in FLAG and GFP tagged TDP1 con-
structs as well as His-TDP1R361K,R586K were created us-
ing the ‘QuickChange’ protocol (Stratagene, La Jolla, CA,
USA). All PCR-generated constructs were confirmed by
DNA sequencing.

Cell culture, treatment and transfections

Cell cultures were maintained at 37◦C under 5% CO2 in
Dulbecco’s modified Eagle’s medium containing 10% fe-
tal calf serum (Life Technologies, Rockville, MD, USA).
The colon carcinoma cell line (HCT116), human kidney
origin (HEK293) and human breast cancer (MCF7) was
obtained from the Developmental Therapeutics Program
(NCI, NIH/ USA). TDP1+/+ and TDP1−/− primary MEF
cells were a kind gift from Dr Cornelius F Boerkoel (Uni-
versity of British Columbia, Vancouver, British Columbia,
Canada). Cells were treated with the indicated concentra-
tions of CPT. Plasmid DNAs were transfected with Lipofec-
tamine 2000 (Invitrogen) according to the manufacturer’s
protocol. TDP1−/− MEF cells were transfected with the
FLAG-TDP1 constructs using X-tremeGENE HP DNA
transfection reagent (Roche) according to the manufac-
turer’s protocol.

siRNA transfection

Transfections were performed as described previously (10).
In brief, cells (1.5 × 105) were transfected with con-
trol siRNA or 25 nM PRMT5 siRNA (GE Dharma-
con, SiRNA-SMARTpool) using oligofectamine (Invitro-
gen) according to the manufacturer’s protocol. Time course
experiments revealed a maximum suppression of PRMT5
protein at day 3 after transfection, as analyzed by western
blotting.

Cell extracts, immunoblotting, and immunoprecipitation

Preparation of whole cell extracts, immunoprecipitation,
and immunoblotting were carried out as described previ-
ously (10,18,19). Briefly, cells were lysed in a lysis buffer
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(10 mM Tris–HCl (pH 8), 150 mM NaCl, 0.1% SDS, 1%
NP40, 0.5% Na-deoxycholate supplemented with complete
protease inhibitors) (Roche Diagnostics, Indianapolis, IN)
and phosphatase inhibitors (Phosphatase Inhibitor Cock-
tail 1 from Sigma). After thorough mixing and incubation
at 4◦C for 2 h, lysates were centrifuged at 12 000 g at 4◦C for
20 min. Supernatants were collected, aliquoted, and stored
at –80◦C.

For immunoprecipitation, cells were lysed in a lysis buffer
(50 mM Tris–HCl (pH 7.4), 300 mM NaCl, 0.4% NP40,
10 mM MgCl2, 0.5 mM dithiothreitol supplemented with
protease and phosphatase inhibitors). Supernatants of cell
lysates were obtained by centrifugation at 15 000 g at 4◦C
for 20 min and pre-cleared with 50 �l of protein A/G-PLUS
agarose beads (Santa Cruz, CA, USA). About 5 mg of pre-
cleared lysate was incubated overnight at 4◦C with indi-
cated antibodies (2–5 �g/ml) and 50 �l of protein A/G-
PLUS agarose beads. Isolated immunocomplexes were re-
covered by centrifugation, washed thrice with lysis buffer,
and were subjected to electrophoresis on 10% Tris–glycine
gels and immunoblot analysis. Immunoblottings were car-
ried out following standard procedures, and immunore-
activity was detected using ECL chemiluminescence reac-
tion (Amersham) under ChemiDoc™ MP System (Bio-Rad,
USA). Densitometric analyses of immunoblots were per-
formed using Image J software.

Immunocytochemistry and confocal microscopy

Immunofluorescence staining and confocal microscopy
were performed as described previously (10,18,19). Briefly,
cells were grown and drug treated on chamber slides
(Thermo Scientific™ Nunc™ Lab-Tek™ II Chamber slides)
followed by fixation with 4% paraformaldehyde for 10 min
at room temperature. Primary antibodies against PRMT5,
�H2AX and XRCC1 were detected using anti-rabbit or
anti-mouse IgG secondary antibodies labeled with Alexa
488/568 (Invitrogen). Cells were mounted in anti-fade so-
lution with 4′,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories, Burlingame, CA, USA) and examined under
Leica TCS SP8 confocal laser-scanning microscope (Ger-
many) with a 63×/1.4 NA oil objective. Images were col-
lected and processed using the Leica software and sized in
Adobe Photoshop 7.0. The �H2AX intensity per nucleus
was determined with Adobe Photoshop 7.0 by measuring
the fluorescence intensities normalized to the number of cell
count (10,18,19).

In vitro methylation assays

The in vitro methyaltion assays were carried out as described
previously (31,33,34). Briefly, PRMT5 was immunoprecipi-
tated and incubated with recombinant His-TDP1WT or His-
TDP1KK proteins (1.5 �g). Methylation reactions were car-
ried out using methylation buffer (50 mM Tris–HCl, (pH
8.5), 5 mM MgCl2, 4 mM DTT) containing 100 �M un-
labeled S-(5′-adenosyl)-L-methionine chloride dihydrochlo-
ride (SAM) (A7007) (Sigma) for 2 hours at 30◦C. Reactions
were stopped by adding 2× SDS loading buffer (Invitrogen)
and boiling the samples for 5 minutes. Methylation reaction
products were separated by SDS–PAGE, transferred on to

PVDF membrane and analyzed by Western blotting using
anti-SDMA and anti-TDP1 antibodies.

Oligonucleotides and preparation of DNA substrates

The N14Y oligonucleotide (5′-GATCTAAAAGACTTY-
3′), which contains a 3′-phosphotyrosine (Y) was synthe-
sized by Midland Certified Reagents Company (Midland,
TX, USA). The N14Y oligonucleotide was 5′-end labeled
using T4 polynucleotide kinase and [� -32P] ATP. Unincor-
porated radioactive nucleotides were removed using a mini
Quick Spin Oligo column (Roche Diagnostics) after inacti-
vation of the kinase by heating for 5 min at 95◦C.

TDP1 activity assays

TDP1 activity assays were performed as described pre-
viously (9,18,35). Briefly, cellular lysates obtained from
TDP1−/− MEF cells transfected with FLAG–TDP1WT,
FLAG–TDP1KK or vector control, and, PRMT5 or con-
trol siRNA transfected HCT116 cells were subjected for
gel based TDP1 assay. Additionally, in vitro methyaltion
of His-tagged TDP1 was carried out as described above
and were subjected for gel based TDP1 assays. HCT116
cells transfected with FLAG or GFP–TDP1WT or FLAG or
GFP–TDP1KK were immunoprecipitated using anti-FLAG
or anti-GFP antibody and the purified immune complexes
were used as source of TDP1 activity. One nanomolar of
the 5′-end radiolabeled N14Y substrate was incubated ei-
ther with the cell lysates or purified immune complexes for
30 min at 25◦C in a reaction buffer containing 1× PBS, 80
mM KCl, and 0.01% Tween-20. Reactions were terminated
by the addition of two volumes of gel loading buffer (96%
(v/v) formamide, 10 mM EDTA, 1% (w/v) xylene cyanol
and 1% (w/v) bromophenol blue). The samples were sub-
sequently heated for 5 min at 95◦C and subjected to 20%
sequencing gel electrophoresis. Gels were then dried and ex-
posed on PhosphorImager screens. Imaging and quantifica-
tion were done using Typhoon FLA 7000 and ImageQuant
software (GE Healthcare, UK). TDP1 activity was deter-
mined by measuring the percentage of 14Y converted to 14P
by densitometry analysis of the gel image.

Alkaline COMET assays

To compare the levels of DNA damage in PRMT5 depleted
cells and TDP1−/− MEFs cells transfected with FLAG-
TDP1WT, FLAG-TDP1KK and vector control, were sub-
jected to alkaline comet assays according to the manu-
facturer’s instructions (Trevigen, Gaithesburg, MD) as de-
scribed previously (10,13,36). Briefly, after treatment with
5 �M CPT, cells were collected and mixed with low melt-
ing agarose. Slides were immersed in lysis solution at 4◦C
for 1 h. After a rinse with deionized water, slides were im-
mersed in a 4◦C alkaline solution (50 mM NaOH, 1 mM
EDTA, and 1% dimethyl sulfoxide) for 1 h. Electrophore-
sis was carried out at a constant voltage of 25 V for 30 min
at 4◦C. After electrophoresis, slides were neutralized in 0.4
M Tris–HCl (pH 7.5), dehydrated in ice-cold 70% ethanol
for 5 min, and air-dried. DNA was stained with ethidium
bromide (EtBr) purchased from Sigma (USA). The relative
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length and intensity of EtBr-stained DNA, tails to heads, is
proportional to the amount of DNA damage present in the
individual nucleus. Comet length was measured using the
TriTek Comet Score software (TriTek Corp, Sumerduck,
VA) and was scored for at least 50 cells. Distributions of
comet lengths were compared using the Student t-test.

Cell survival assays

Cells (6 × 103) were transfected with control or PRMT5
siRNA (25 nM) as described above and seeded in 96-well
plates (BD Biosciences, USA). After 24 h, cells were
treated with CPT at the indicated concentrations and
kept further for 48 h. Cell survival was then assessed
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) purchased from Sigma, USA as described
previously (37). Plates were analyzed on Molecular Devices
SpectraMax M2 Microplate Reader at 570 nm. The percent
inhibition of viability for each concentration of CPT was
calculated with respect to the control. Data represent mean
values ± S.D. for three independent experiments.

For the clonogenic assays (10), TDP1−/−MEF cells (2 ×
106) were separately transfected with 5 �g of plasmid DNA
(FLAG–TDP1WT, FLAG–TDP1KK, or vector control) us-
ing X-tremeGENE HP DNA transfection reagent (Roche)
according to the manufacturer’s protocol, protein expres-
sions were determined by Western blot analysis. After 5 h
treatment with the indicated concentrations of CPT, cells
were trypsinized, washed in PBS, and seeded in triplicate
at a density of 500 cells per well in six-well plates. Colonies
were allowed to grow for 10–12 days and visualized after
washing with PBS, fixation in methanol for 30 min, wash-
ing again with PBS, and staining with 0.05% methylene
blue for 30 min. Percent survival was normalized to the ob-
served number of colonies generated from untreated cells
(14). Data represent mean values ± S.E.M. for three inde-
pendent experiments.

Mass spectrometry analysis of TDP1

Ectopic FLAG-TDP1 complexes were immunoprecipitated
with anti-FLAG antibody as described above. To induce
DNA damage cells expressing FLAG-TDP1 were treated
with CPT (5 �M/3 h) prior to anti-FLAG immunopre-
cipitation and were subjected to tryptic digestion at 37◦C,
overnight, followed by lyophilization, reconstitution, and
fractionation applying strong cation exchange (SCX) liq-
uid chromatography (LC) and mass spectrometry analysis
as previously described (38).

Cell cycle analysis

Cell cycle analysis was performed as described previously
(31). Briefly cells (1 × 106) were transfected with control
or PRMT5 siRNA (25 nM) as described above and seeded
in six-well plates. After 48 h, cells were treated with 5 �g /
ml aphidicolin (Sigma) and kept further for 24 h. Cells were
then harvested, rinsed in PBS, permeabilised in ice cold 70%
ethanol, and kept at 4◦C overnight. Prior to fluorescence-
activated cell-sorting (FACS) analysis, cells were washed
with PBS and stained with 500 �l of propidium iodide (PI)

solution containing 10 �g/ml PI and 100 �g/ml RNase A
(Sigma). Following incubation in the dark at room tem-
perature for 45 minutes, the samples were analyzed on a
FACS Calibur (Becton Dickinson), and the percentages of
G0/G1, S and G2/M populations were determined using
BD FACS Diva 8.0.1 software.

Cell fractionation and isolation of chromatin bound protein

For cell fractionation and isolation of chromatin bound
proteins (39), cells were washed with 1× PBS followed by
washing with hypotonic buffer containing 20 mM HEPES,
pH 7.5, 20 mM NaCl, 5 mM MgCl2 and suspended in hy-
potonic buffer (10 ml). Post 10 min incubation on ice, cells
were lysed to free nuclei by 45 strokes of a dounce homog-
enizer and were centrifuged at 1500 g at 4◦C for 5 min to
isolate the supernatant from the nuclear pellet. Nuclei were
further suspended in extraction buffer containing 50 mM
HEPES, pH 7.5, 100 mM KCl, 0.25% Triton X-100, 2.5 mM
MgCl2, 1mM dithiothreitol, aprotinine (1 �M), leupeptine
(50 �M), 4-(2-aminoethyl)-bezenesulfonylfluoride/HCl (1
mM) and NaF (10 mM) followed by centrifugation at 600
g at 4◦C for 3 min. Nuclei were further suspended thrice in
extraction buffer for complete lysis of the nuclear envelope
and full extraction. Supernatants were pooled to yield nu-
cleosolic proteins and the residual pellet contained all DNA
and structure bound proteins (chromatin fraction).

RESULTS

PRMT5 physically interacts with TDP1

The emerging role of PRMT5 in the DNA damage re-
sponse pathways (27,28,31–34) prompted us to test its
role in Top1cc repair. Because TDP1 is the key repair
protein for Top1cc, we directly examined TDP1-PRMT5
interaction. We pulled down endogenous TDP1 from
HCT116 cells and tested TDP1-PRMT5 association. Co-
immunoprecipitation (co-IP) of endogenous TDP1 pulled
down endogenous PRMT5 (Figure 1A) both in the pres-
ence and absence of CPT, indicating TDP1-PRMT5 bind-
ing independent of DNA damage. Figure 1B shows endoge-
nous PRMT5 in the GFP-TDP1 co-immunoprecipitation
in cells ectopically expressing GFP-TDP1 (Figure 1B) both
in the presence and absence of CPT. We further established
the presence of TDP1 in the PRMT5-complex using reverse
co-IP in cells ectopically expressing FLAG-PRMT5 (Fig-
ure 1C). We also confirmed that the TDP1-PRMT5 associa-
tion is independent of the TDP1 fusion tag by pulling down
ectopic FLAG-tagged TDP1 with an anti-FLAG antibody
both in the presence and absence of CPT (Supplementary
Figure S1A). Under similar condition we did not detect
PRMT9, another type 2 arginine methyltransferases in the
GFP-TDP1 co-immunoprecipitation (Supplementary Fig-
ure S1B), confirming the specific association between TDP1
and PRMT5.

To identify the interacting domains between TDP1 and
PRMT5, we used the GFP-tagged fragments of TDP1 (Fig-
ure 1D) and flag-tagged PRMT5 (Figure 1E) correspond-
ing to their different domains. The GFP-tagged N-terminal
domain of TDP1 (1–185 amino acids) was sufficient to pull
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Figure 1. PRMT5 physically interacts with TDP1. (A) Endogenous TDP1 from HCT116 cells treated with or without CPT (5 �M, 3 h) was immuno-
precipitated using anti-TDP1 antibody and the immune complexes were blotted with anti-PRMT5 antibody. The same blot was stripped and reprobed
with anti-TDP1 antibody. Aliquots (10%) of the input show the level of PRMT5 prior to immunoprecipitation. (B) HCT116 cells ectopically expressing
GFP-TDP1 treated with or without CPT (5 �M, 3 h), and were immunoprecipitated using anti-GFP antibody. Immune complexes were blotted with
anti-PRMT5 antibody. The same blot was stripped and reprobed with anti-GFP antibody to show the expression of the GFP-TDP1. Aliquots (10%) of the
input show the level of PRMT5 prior to immunoprecipitation. (C) HCT116 cells ectopically expressing FLAG-PRMT5 were immunoprecipitated using
anti-flag antibody and the immune complexes were blotted with anti-TDP1 antibody. The same blot was stripped and reprobed with anti-PRMT5 antibody.
Aliquots (10%) of the input show the level of TDP1 prior to immunoprecipitation. (D) Schematic representation of GFP-tagged constructs showing full
length (1-608 aa), truncated N-terminal domain (1–185 aa; N-terminal domain [NTD]), and truncated C-terminal domain (185–608 aa; catalytic domain)
of human TDP1 are indicated. Ectopic GFP-TDP1 variants were expressed in HCT116 cells and immunoprecipitated using anti-GFP antibody and the
immune complexes were probed with anti-PRMT5 antibody. To examine direct protein-protein interaction cell lysates were pretreated with benzonase prior
to co-IP as indicated. Blots were subsequently stripped and probed with anti-GFP antibody to show the expression of the GFP-TDP1 variants. Aliquots
(10%) of the input show the level of PRMT5 prior to immunoprecipitation. Migration of protein molecular weight markers (kDa) is indicated at right. (E)
Schematic representation of flag-tagged constructs showing full length (1–637 aa), truncated N-terminal domain (1–293 aa) and truncated C-terminal do-
main (294–637 aa) of human PRMT5. Flag-tagged PRMT5 constructs were ectopically expressed in HCT116 cells and were co-immunoprecipitated with
anti-flag antibody. The immune complexes were probed with anti-TDP1 antibodies. Blots were subsequently stripped and probed with anti-flag antibody
to show the expression of FL and truncated constructs of Flag-PRMT5. Aliquots (10%) of the input show the level of TDP1 prior to immunoprecipitation.
Migration of protein molecular weight markers (kDa) is indicated at right.
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down endogenous PRMT5. We also detected a weak bind-
ing of PRMT5 with the catalytic domain of TDP1 (185–
608 amino acids) indicating that the catalytic domain of
TDP1 is not necessary for the interaction of TDP1 with
PRMT5. We also observed a weak binding of PRMT5 with
the C-terminal domain of TDP1 (185-608 amino acids). To
test whether PRMT5 directly interacts with TDP1, we per-
formed co-IP with GFP-TDP1 in the presence of the ben-
zonase nuclease. We found that the TDP1-PRMT5 associa-
tion was resistant to benzonase, indicating a direct protein-
protein interaction, not mediated through DNA (Figure
1D).

Next, to determine the domain of PRMT5 interact-
ing with TDP1, we used truncated flag-tagged N- and C-
terminal domains of PRMT5 as shown in Figure 1E (40).
Flag-pull down experiments with N-terminal domain of
PRMT5 (1-293 amino acids) detected endogenous TDP1
(Figure 1E). We also observed a weak binding of TDP1 with
the C-terminal domain of PRMT5 (294–637 amino acids),
which was predominantly distributed in the cytoplasmic
soluble fraction of HCT116 cells similar to the N-terminal
domain of PRMT5 (1–293 amino acids) and full-length
PRMT5 (Supplementary Figure S1D). The C-terminal do-
main (294–637 amino acids) of PRMT5 contains the cat-
alytic domain (40). Therefore, it is conceivable that PRMT5
interacts with TDP1 through its N-terminal domain with-
out interfering its C-terminal catalytic domain.

PRMT5 catalyzes TDP1 methylation at R361 and R586

To investigate the significance of TDP1-PRMT5 associa-
tion we examined TDP1 methylation using mass spectrom-
etry (MS). MS analysis of FLAG-TDP1 immunoprecipi-
tation complex detected R361 and R586 as dimethylated
arginine residues on TDP1 (Supplementary Figure S2). MS
data also revealed that TDP1-R586 dimethylation was de-
tected independently of DNA damage, while CPT triggered
TDP1-R361 dimethylation, indicating that DNA damage
enhances TDP1 arginine methylation. Both R361 and R586
of human TDP1 are phylogenetically conserved across ver-
tebrate species (Figure 2A), and R361 is within a conserved
motif, which is the preferred substrate for PRMT5 (26).

To confirm TDP1 arginine methylation by PRMT5
(Supplementary Figure S2), we performed co-
immunoprecipitation of ectopic GFP-TDP1 in cells
treated with or without CPT and probed with antibod-
ies that recognize symmetrically dimethylated arginine
residues (anti-SDMA) (31,41,42). Figure 2B shows that
GFP-TDP1 reacts to the SDMA specific antibody. The
methylation signal on TDP1 was consistently increased
(∼40%) upon CPT treatment (Figure 2B; D and E). TDP1
arginine dimethylation was induced both by Top1cc (CPT)
and ionizing radiation (Figure 2C). To further validate
the methylation of TDP1 on its R361 and R586 residues,
we ectopically expressed methylation mutant GFP-TDP1
variants (single mutants: R361K and R586K, and the
double-mutant: R361K + R586K [KK]) (Figure 2D).
The TDP1 single mutant GFP-TDP1R361K showed strong
reduction and the single mutant GFP-TDP1R586K a weaker
reduction, while the double-mutant (GFP-TDP1KK) abol-
ished the methylation signal on TDP1, confirming selective

TDP1 methylation on R361 and R586 residues (Figure
2D). Our data demonstrate that DNA damage (CPT or
IR) induce TDP1 arginine methylation on residues 361 and
586 (Figure 2B, C and D).

To establish whether PRMT5 is responsible for TDP1
arginine methylation, we ectopically expressed GFP-tagged
wild-type TDP1 in PRMT5-knockdown cells using small
interfering RNA (siRNA). Figure 2E shows that PRMT5
depletion resulted in a marked decrease in arginine-
methylated TDP1, showing that TDP1 not only physically
interacts (see Figure 1) but is also arginine methylated in
vivo by PRMT5.

To obtain further evidence for TDP1 methylation by
PRMT5 at R361 and R586, we performed in vitro methy-
lation assays with recombinant His-tagged TDP1 (WT
[TDP1WT] and double-mutant R361K + R586K [TDP1KK])
as substrates for immunoprecipitated PRMT5 in the pres-
ence of S-adenosylmethionine (SAM). Methylation of
TDP1WT by PRMT5 was suppressed in the TDP1KK

double-mutant (Figure 2F), demonstrating that R361 and
R586 are the major residues for PRMT5-mediated TDP1
arginine methylation. Under similar condition PRMT9
failed to methylate the TDP1 arginine residues (Supplemen-
tary Figure S1C), affirming that PRMT5 is the key arginine
methyltransferase for TDP1. Because R361 and R586 (Fig-
ure 2A) as well as PRMT5 are conserved among vertebrates
(26), we conclude that R361 and R586 of TDP1 are plausi-
ble cellular targets for PRMT5 across species.

PRMT5 depletion enhances Top1-induced DNA damage

To test the mechanistic link between PRMT5 and Top1-
induced DNA damage, we measured ADP-ribose polymers
(PAR) and the DSB marker �H2AX (10,19) in PRMT5
knockdown and proficient cells. Both PAR and �H2AX
were consistently increased (∼3-fold) in PRMT5-deficient
cells treated with CPT (Figure 3A), suggesting a role of
PRMT5 in limiting Top1cc-induced DNA damage.

To further establish the role of PRMT5 in Top1cc repair,
we performed survival assays. Figure 3B shows that inac-
tivation of PRMT5 increased the cytotoxicity of CPT in
human colon carcinoma HCT116 cells. Similarly, knocking
down PRMT5 in HEK293 and MCF7 human cells (Supple-
mentary Figure S3A and B) or in mouse embryonic fibrob-
last led to a marked increase in CPT-induced cytotoxicity
(Figure 3C), implying that the protective role of PRMT5 is
independent of tissue types. Genetic inactivation of TDP1
or PRMT5 in MEFs cells induces increased cytotoxicity to
CPT (Figure 3C), and we observed an additional sensitivity
to CPT (Figure 3C) upon double inactivation of TDP1 plus
PRMT5 in mouse cells (TDP1-/- / siPRMT5), suggesting
that PRMT5 exhibits additional mechanisms for the repair
of Top1cc independently of TDP1.

Next, we used alkaline comet assays (Figure 3D and E) to
compare the CPT-associated DNA strand breaks (10,13,25)
in PRMT5-deficient and -proficient cells. We measured the
level of DNA strand breaks following 1 h incubations
with CPT, and Figure 3E shows that CPT-treated PRMT5-
deficient cells accumulate ∼3-fold more DNA breaks as
compared to the control cells.
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Figure 2. TDP1 is methylated at R361 and R586 by PRMT5. (A) Schematic representation of human TDP1 showing the arginine dimethylation sites (R361
and R586), the S81-phosphorylation site, the K111-SUMOylation site and the catalytic residues (HKN motifs). Alignment of TDP1 sequences spanning
R361 and R586 (highlighted in grey boxes) from human (Homo sapiens), monkey (Macaca mulatta), cattle (Bos taurus), rat (Rattus norvegicus), mouse (Mus
musculus) demonstrates their phylogenetic conservation. (B) HCT116 cells ectopically expressing GFP-TDP1 were treated with or without CPT (5 �M, 3
h). GFP-TDP1 was immunoprecipitated using anti-GFP antibody and the immune complexes were blotted with SDMA-specific antibody. The same blot
was stripped and reprobed with anti-GFP antibody to show equal loading. (C) HCT116 cells ectopically expressing GFP-TDP1 were treated with IR (10
Gy). Cells were analyzed 3 h after irradiation. GFP-TDP1 was immunoprecipitated using anti-GFP antibody and the immune complexes were blotted with
SDMA-specific antibody. The same blot was stripped and reprobed with anti-GFP antibody to show equal loading. (D) Detection of arginine methylation
of TDP1 at R361 and R586. The GFP-tagged TDP1 constructs: wild-type (GFP-TDP1WT), single-mutants for arginine methylation sites: GFP-TDP1R361K

and GFP-TDP1R586K, and the double-mutant R361K + R586K [KK] were ectopically expressed in HCT116 cells, treated as indicated with CPT (5 �M, 3
h). GFP-TDP1 variants were immunoprecipitated using anti-GFP antibody and the immune complexes were blotted with anti-SDMA-specific antibody.
The same blot was stripped and reprobed with anti-GFP antibody to show equal loading. Control immunoprecipitation with anti-IgG demonstrates the
specificity of the reactions. Migration of protein molecular weight markers (kDa) is indicated at right. (E) PRMT5 depletion abrogates the symmetric
dimethylation of arginine residues on TDP1. HCT116 cells were transfected with PRMT5 or control (Ctr) siRNA, then transfected 48 h later with a GFP-
tagged human TDP1 construct (GFP-TDP1WT). Following CPT treatment (5 �M, 3 h), ectopic GFP-TDP1 was immunoprecipitated using anti-GFP
antibody and the immune complexes were blotted with SDMA specific antibodies. The same blot was stripped and reprobed with anti-GFP antibody.
Aliquots (10%) of the input show the level of PRMT5 knockdown, and GFP-TDP1 prior to immunoprecipitation. Electrophoretic migration of protein
molecular weight markers (kDa) is indicated at right. (F) In vitro methylation assay with flag-tagged PRMT5 immunoprecipitated from HCT116 cells using
anti-flag antibody with unlabeled S-adenosylmethionine (SAM). The substrates were recombinant His-tagged TDP1: wild-type (WT) and double-mutant
for the R361 and R586 methylation sites (KK). The same blot was stripped and reprobed with anti-TDP1 antibody showing the amount of substrate in
each reaction. Migration of protein molecular weight markers (kDa) is indicated at right.



5608 Nucleic Acids Research, 2018, Vol. 46, No. 11

Figure 3. PRMT5 deficient cells are hypersensitive to camptothecin. (A) siRNA knockdown of PRMT5 enhances CPT-induced DNA damage response.
Following transfection with PRMT5 or control siRNA for 72 h, HCT116 cells were treated with CPT (5 �M) for the indicated times (h), and protein levels
(PAR, �H2AX and PRMT5) were analyzed by western blotting (A representative experiment is shown). Actin served as loading control. Migration of
protein molecular weight markers (kDa) is indicated at right. (B) Cell survival curves of HCT116 cells transfected with PRMT5 or control siRNA. CPT-
induced cytotoxicity (%) was calculated with respect to the untreated control. Each point corresponds to the mean ± S.D. of at least three experiments.
Error bars represent SD (n = 3). (C) Cell survival curves of TDP1+/+ and TDP1−/− MEF cells transfected with PRMT5 or control siRNA. CPT-induced
cytotoxicity (%) was calculated with respect to the untreated control. Each point corresponds to the mean ± S.D. of at least three experiments. Error
bars represent SD (n = 3). Western blots showing siRNA-mediated depletion of PRMT5 in TDP1+/+ and TDP1−/− MEF cells. (D) PRMT5 depletion
produces an accumulation of CPT-induced DNA strand breaks. Representative images of alkaline comet assays in control and PRMT5-depleted HCT116
cells treated with CPT (5 �M, 1 h). (E) Quantification of CPT-induced DNA strand breaks calculated for 20–25 cells (average ± S.E.M). Asterisks denote
significant difference (**P<0.001; t test) between control and PRMT5-depleted cells. (F) PRMT5 depletion enhances CPT-induced �H2AX. Confocal
immunofluorescence microscopic analysis of CPT (5 �M)-induced �H2AX in control and PRMT5-depleted HCT116 cells after the indicated times.
PRMT5 and �H2AX are shown in red and green respectively. Nuclei were stained with DAPI (blue). (G) Quantification of CPT-induced �H2AX intensity
per nucleus obtained from confocal immunofluorescence microscopy was calculated for 20–25 cells (calculated value ± S.E.M.) and plotted as a function
of time (h). Asterisks denote significant difference (****P < 0.0001; t test) in CPT-induced �H2AX intensity between control and PRMT5 depleted cells.
Note: CPT-induced accumulation of PRMT5 in the nucleus.
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We further determined DNA damage in PRMT5-
deficient cells as CPT-induced �H2AX foci at the single
cell level with confocal immunofluorescence microscopy
(10). Figure 3F shows representative images demonstrating
enhanced CPT-induced �H2AX foci in PRMT5-depleted
cells. Quantitation showed a ∼3-fold increase in �H2AX at
all time points examined (Figure 3G), which demonstrates
increased CPT-induced DNA damage in PRMT5-deficient
cells (Figure 3B). Interestingly, under similar conditions,
in PRMT5-proficient cells, CPT induced PRMT5 signals
in the nucleus at DNA damage sites marked by �H2AX
foci (Figure 3F; CPT 5 h). Consistently, CPT lead to an in-
creased chromatin binding of PRMT5 (Supplementary Fig-
ure S1E). Taken together our data provide evidence for the
engagement and role of PRMT5 in Top1cc repair.

Coordinated role of PRMT5 and TDP1 for the repair
Top1cc-induced replication-mediated DNA damage

Because Top1cc induce PRMT5-catalysed TDP1 arginine
methylation (Figure 2), we examined the induction of
TDP1 methylation upon Top1-mediated replication- and
transcription-associated DNA breaks (2,43,44) by using
the DNA polymerase inhibitor, aphidicolin (APH) to
arrest replication, and 5,6-dichlorobenzimidazole 1-�-D-
ribofuranoside (DRB) to inhibit transcription (10,43,44).
Figure 4A and B shows that aphidicolin (APH) markedly
suppressed CPT-induced TDP1 arginine methylation
(SDMA), signifying that activation of TDP1 methylation is
primarily replication-dependent. DRB partially abrogated
CPT-induced TDP1-arginine methylation (Figure 4A and
B), implying that transcription-induced damage by Top1cc
has a more modest effect on TDP1-arginine methylation
than replication damage.

To confirm the role of PRMT5 in response to Top1-
mediated replication damage, we determined CPT-induced
�H2AX foci in PRMT5-depleted cells in the presence
of APH. Because APH arrests replication independently
of PRMT5 expression (Supplementary Figure S4), CPT-
induced �H2AX foci in APH-treated cells represent
replication-independent Top1cc-induced DSBs (3,5,44).
Figure 4C and D shows that APH markedly (∼4-fold) in-
hibited CPT-induced �H2AX foci in PRMT5-proficient
cells, while APH had less effect (∼2-fold reduction) in
PRMT5-deficient cells (Figure 4D). CPT-induced �H2AX
in PRMT5-depleted cells was only partially abrogated by
DRB (see quantification in Figure 4D). But combina-
tion of APH + DRB abrogated the CPT-induced �H2AX
foci in PRMT5-depleted cells (Figure 4C and D), sug-
gesting that the APH-resistant CPT-induced �H2AX foci
are transcription-dependent. Taken together, our data in-
dicate that PRMT5 activates TDP1 arginine methylation
to repair Top1cc-induced replication- and transcription-
mediated DSBs.

Arginine methylation stimulates TDP1 catalytic activity

To test whether PRMT5 has a functional impact on the
3′-phosphodiesterase activity of TDP1, we performed gel-
based TDP1 activity assays (15,16,18,19,35,45). TDP1 cat-
alyzes the hydrolysis of a 3′-tyrosyl-DNA nucleopeptide

Figure 4. Replication-coupled DNA damage induces TDP1 arginine
methylation and PRMT5-dependent Top1cc repair. (A) TDP1 methyla-
tion induction by replication DNA damage. HCT116 cells were trans-
fected with a GFP-tagged human TDP1 construct (GFP-TDP1WT). Cells
were pre-treated with 1 �M aphidicolin (APH) for 15 min or 10 �M
DRB for 1 h. Following CPT treatment (5 �M, 3 h), ectopic GFP-TDP1
was immunoprecipitated using anti-GFP antibody and the immune com-
plexes were blotted with SDMA specific antibodies. The same blot was
stripped and reprobed with anti-GFP antibody. (B) Densitometry analysis
of arginine methylation of TDP1 (SDMA-TDP1) shown in panel A nor-
malized against GFP TDP1. (C) PRMT5 depletion enhances replication-
associated �H2AX. Confocal immunofluorescence microscopic analysis
of CPT (5 �M, 3 h) induced �H2AX in control and PRMT5-depleted
HCT116 cells pretreated with APH (1 �M, 15 min), DRB (10 �M, 1 h),
or, both (APH +DRB, 1h) as indicated. PRMT5 and �H2AX are shown
in red and green respectively. Nuclei were stained with DAPI (blue). (D)
Quantification of replication and transcription associated CPT-induced
�H2AX intensity per nucleus obtained from confocal immunofluorescence
microscopy were calculated for 20–30 cells (calculated value ± S.E.M.) (h).
APH induced reduction (fold change) in CPT-induced �H2AX intensity
in PRMT5 proficient and PRMT5 depleted cells are indicated. Asterisks
denote significant difference (**P < 0.001; t test) in CPT-induced �H2AX
intensity between control and PRMT5 depleted cells.
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substrate (14-Y) to a product with a 3′-phosphate (14-P)
with increased electrophoretic mobility (Figure 5A).

We employed an ex vivo approach with cellular extracts
to test the impact of TDP1 arginine methylation on TDP1
catalytic activity (9,35). The advantage of employing cellu-
lar extracts is that the enzyme is maintained in its native
structure and with its post-translational modifications. The
assays were performed with cellular extracts from TDP1-
knockout mouse embryonic fibroblasts (TDP1−/−) com-
plemented either with wild-type TDP1 (FLAG-TDP1WT)
or with the double arginine methylation mutant TDP1
(FLAG-TDP1KK). Both TDP1 constructs were expressed
at similar levels (Figure 5B). Figure 5C shows that cellular
extracts expressing methylation-deficient TDP1 (TDP1KK)
were partially defective (∼2-fold) in converting the 14-Y
substrate to the 14-P product compared to wild-type TDP1
(see quantification in Figure 5D). We also confirmed that
FLAG- or GFP- tagged TDP1 showed similar catalytic ac-
tivity under condition when both TDP1 constructs inde-
pendent of their tag were expressed at similar levels (Sup-
plementary Figure S1D - F). Recombinant enzymes (His-
TDP1WT and His-TDP1KK) exhibited similar levels of con-
version of 14-Y to 14-P product (Supplementary Figure
S2H). These experiments demonstrate that the TDP1KK

mutant is partially catalytically defective.
To demonstrate that arginine methylation stimulates the

catalytic activity of TDP1, we conducted in vitro methy-
lation of recombinant TDP1 with immunoprecipitated
PRMT5 in the presence of S-adenosylmethionine (SAM)
(Figure 5E, top panel), which was subjected to the gel based
TDP1 activity assays (Figure 5E, bottom panel). Figure 5E
and F shows that PRMT5-methylated TDP1 exhibits en-
hanced (∼3 fold) activity, demonstrating that TDP1 argi-
nine methylation stimulates the catalytic activity of TDP1.

Next, we tested the impact of PRMT5 deficiency on
TDP1 activity. Cellular extracts from PRMT5-deficient
cells were employed for TDP1 activity assays. Figure 5G
shows that cellular lysates from PRMT5-deficient cells were
less active (∼3–4-fold) in TDP1 activity compared to the
matched control (see quantification in Figure 5H). Collec-
tively, these data demonstrate that PRMT5-mediated argi-
nine methylation (SDMA) directly stimulates TDP1 cat-
alytic activity.

TDP1 arginine methylation promotes XRCC1 repair foci for-
mation

Because TDP1 is found in XRCC1 repair complexes
(5,10,19,46), we tested the role of TDP1 arginine
methylation on its association with XRCC1. First, co-
immunoprecipitation (co-IP) of ectopic FLAG-TDP1WT

or FLAG-TDP1KK showed that the TDP1KK mutant was
defective in pulling down XRCC1 after CPT treatment
(Figure 6A), whereas the PARP1-TDP1 association (19)
(Figure 6A) or TDP1-PRMT5 binding (Figure 6B) were
similar with TDP1WT and TDP1KK. Second, we tested
TDP1-XRCC1 complex formation in PRMT5-depleted
cells. Figure 6C shows that GFP-TDP1 was significantly
defective in pulling down XRCC1 in PRMT5-depleted cells
either in the presence or absence of CPT. Together, these

results suggest that TDP1 methylation at R361 and R586
is critical for the association of TDP1 with XRCC1.

Next, we tested whether arginine methylation of TDP1
promotes XRCC1 foci formation (10,19). Immunofluores-
cence microscopy in untreated cells (Figure 6D) showed
limited XRCC1 foci (Figure 6D). However, while PRMT5-
proficient cells treated with CPT showed a time-dependent
increase in nuclear XRCC1 foci, the PRMT5-depleted cells
showed attenuated XRCC1 foci formation after CPT treat-
ment (Figure 6E), and this effect was not due to reduced ex-
pression of XRCC1 (Figure 6F). We conclude that PRMT5-
mediated arginine methylation is not only needed for TDP1-
XRCC1 association but also for XRCC1 repair foci forma-
tion at Top1cc-induced DNA damage sites.

Arginine methylation protects cells against DNA damage

To establish the functional role of TDP1 arginine methy-
lation in vivo, we tested whether expression of methylation-
deficient flag-tagged human TDP1 (FLAG-TDP1KK) could
rescue the CPT hypersensitivity of TDP1−/− cells in sur-
vival assays (7,8,10). Figure 7A shows that transfec-
tion with FLAG-TDP1KK failed to protect TDP1−/−
cells against CPT compared to transfection with FLAG-
TDP1WT. Next, we measured DNA damage using alka-
line comet assays (10). Figure 7B shows that TDP1−/−
cells expressing FLAG-TDP1KK accumulated higher levels
of CPT-induced DNA breaks than TDP1−/− cells express-
ing FLAG-TDP1WT, which is consistent with the defective
TDP1 activity of the methylation mutant TDP1 (see Figure
5).

Although Top1cc reverse within minutes after washing
out CPT (3,47), DNA damage measured by �H2AX has
much slower reversal kinetics (19). Therefore, we investi-
gated the formation and disappearance of CPT-induced
�H2AX using immunofluorescence microscopy. As ex-
pected, the levels of �H2AX in TDP1−/− cells (comple-
mented with vector control) were markedly higher than
in TDP1−/− cells complemented with wild-type TDP1
(FLAG-TDP1WT) (Figure 7C) (10). In contrast, cells trans-
fected with FLAG-TDP1KK showed significantly higher
�H2AX compared to their wild-type counterpart (Fig-
ure 7C). After washing out CPT, TDP1−/− cell expressing
FLAG-TDP1KK showed more persistent �H2AX foci (Fig-
ure 7C and D). These results demonstrate that expression of
a non-methylable allele of TDP1 results in defective repair.

DISCUSSION

The present study reveals that arginine methylation of
TDP1 is a major regulatory factor for TDP1-mediated
DNA repair. Figure 8 summarizes our findings demonstrat-
ing the direct binding of PRMT5 to TDP1 and showing
that PRMT5 catalyzes TDP1 methylation at residues R361
and R586 both in vitro and in vivo. We establish that argi-
nine methylation promotes TDP1 catalytic activity and its
association with XRCC1, thereby facilitating the forma-
tion of XRCC1 repair foci. Enhanced formation of Top1-
associated DSBs in cells lacking TDP1 or expressing the
non-methylated TDP1 (TDP1KK) imply a previously un-
known role of PRMT5 in the repair of DNA damage in-
duced by Top1 inhibitors.
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Figure 5. R361 and R586 methylation enhances the catalytic activity of TDP1. (A) Schematic representation of the TDP1 biochemical assays using a
single-stranded oligopeptide 14Y. 32P-radiolabeling (*) was at the 5′-end of the oligopeptide. TDP1 catalyzes the hydrolysis of 3′-phosphotyrosine bond and
converts the 14Y substrate to an oligonucleotide with 3′-phosphate, 14P. (B) Representative blot showing TDP1 levels in TDP1−/− MEF cells expressing
FLAG-TDP1WT, FLAG-TDP1KK, or empty vector. Actin served as loading control. (C) Representative gel autoradiographs showing TDP1 catalytic
activity using cellular lysates from TDP1−/− MEF cells expressing TDP1WT, TDP1KK, or empty vector (panel B). The cell lysates were normalized to
yield similar protein concentrations (2 �g/�l) and serial dilutions (3-fold) were used to perform TDP1 activity assays. (D) Densitometry analysis of the
gel shown in panel C. TDP1 mediated conversion of 14Y to 14P as a function of the concentration of serially diluted lysates as indicated). Error bars
represent mean ± S.E. (n = 3). (E) TDP1 methylation stimulates its catalytic activity. Representative Western blot showing in vitro methylation levels of
recombinant His-tagged wild-type TDP1 (TDP1) catalyzed by immunoprecipitated PRMT5 reacted with unlabeled S-adenosylmethionine (SAM). The
same blot was stripped and reprobed with anti-TDP1 antibody showing the amount of substrate in each reaction. Representative gel showing TDP1 activity
assays performed with non methylated vs. methylated TDP1. Indicated proteins after serial dilutions (3 fold) were used to perform TDP1 activity assays. (F)
Densitometry analysis of non methylated vs. methylated TDP1 activity (panel E) as a function of serially diluted proteins as indicated. Error bars represent
mean ± S.E. (n = 3). (G) siRNA knockdown of PRMT5 in HCT116 cells shows defective TDP1 activity. Western blots showing siRNA-mediated depletion
of PRMT5 in HCT116 cells. Representative gel showing TDP1 activity assays using cell lysates from control and PRMT5 depleted cells. The cell lysates
were normalized to yield similar protein concentrations (2 �g/�l). Serial dilutions (3-fold) were used for the TDP1 activity assays. (H) Densitometry
analysis of TDP1 activity (panel G) as a function of concentration of serially diluted cell lysates as indicated. Error bars represent mean ± S.E. (n = 3).
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Figure 6. TDP1 methylation promotes TDP1-XRCC1 association and XRCC1 focal accumulation in response to Top1cc sites. (A) Wild-type (WT) and
methylation-mutant (KK) flag-tagged TDP1 were ectopically expressed in HCT116 cells. After CPT treatment (5 �M, 3 h), ectopic TDP1 was immuno-
precipitated using anti-flag antibody and the immune complexes were blotted with anti-XRCC1 antibody. The same blot was stripped and blotted with
anti-PARP1 and anti-TDP1 antibody. Aliquots (10%) of the input show the similar level of XRCC1 prior to immunoprecipitation. Migration of pro-
tein molecular weight markers (kDa) is indicated at right. (B) Methylation mutant TDP1 (GFP-TDP1KK) was not deficient in interaction with PRMT5.
HCT116 cells ectopically expressing GFP-TDP1 constructs (GFP-TDP1WT and GFP-TDP1KK) were treated with or without CPT (5 �M, 3 h). GFP-
TDP1 was immunoprecipitated using anti-GFP antibody and the immune complexes were blotted with anti-PRMT5 antibody. The same blot was stripped
and reprobed with anti-GFP antibody to show equal loading. (C) PRMT5 depletion compromises the association of XRCC1 with TDP1. HCT116 cells
were transfected with PRMT5 (siPRMT5) or control (Ctr) siRNA, followed by ectopic expression of GFP-TDP1WT. Following CPT treatment (5 �M,
3 h), ectopic GFP-TDP1 was immunoprecipitated using anti-GFP antibody and the immune complexes were blotted with anti-XRCC1 antibodies. The
same blot was stripped and reprobed with anti-GFP antibody. Aliquots (10%) of the input show the level of PRMT5 knockdown, and XRCC1 prior to
immunoprecipitation. Electrophoretic migration of protein molecular weight markers (kDa) is indicated at right. (D) Kinetics of appearance of nuclear
XRCC1 foci in control and HCT116 cells transfected with PRMT5 siRNA. Cells were treated with CPT (5 �M). XRCC1 foci and PRMT5 are shown in
green and red, respectively. Nuclei were stained with DAPI (blue). (E) Quantification of CPT-induced XRCC1 foci per nucleus (marked in dotted circle)
obtained from immunofluorescence confocal microscopy were calculated for 20–25 cells (calculated value ± S.E.M.) and plotted as a function of time.
Asterisks denote significant difference (**P < 0.001; t test) in CPT-induced XRCC1 foci between control and PRMT5 siRNA-transfected HCT116 cells.
(F) siRNA knockdown of PRMT5 does not reduce XRCC1 expression. HCT116 cells were transfected with PRMT5 or control (Ctr) siRNA, then treated
with CPT (5 �M) for indicated times (h) and protein levels (XRCC1 and PRMT5) were analyzed by Western blotting (Representative experiment is shown).
Actin served as loading control. Electrophoretic migration of protein molecular weight markers (kDa) is indicated at right.
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Figure 7. TDP1 arginine methylation at R361 and R586 protects cells against CPT-induced DNA damage. (A) Clonogenic survival of TDP1−/− MEF cells
expressing empty vector, TDP1WT or TDP1KK after treatment with the indicated concentrations of CPT for 3 h. Percent survival was normalized to the
observed number of colonies from untreated control ± S.E.M. Asterisks denote statistically significant difference (**P < 0.001; t test). (B) Quantification
of CPT-induced (5 �M) DNA strand breaks measured by alkaline comet assays in TDP1−/− MEF cells expressing empty vector, FLAG-TDP1WT or
FLAG-TDP1KK in a time-dependent manner as indicated. CPT-induced DNA strand breaks were calculated for 20–25 cells (mean ± S.E.M.). Asterisks
denote statistically significant differences (**P < 0.001; t test). (C) �H2AX kinetics after CPT removal. TDP1−/− MEF cells were transfected with FLAG-
TDP1WT, FLAG-TDP1KK or empty vector. Twenty four hours after transfection, cells were treated with CPT (5 �M, 3 h). After CPT removal (Rev), cells
were cultured in drug-free medium for the indicated times (shown in top panel). Representative confocal images showing expression of FLAG-TDP1WT or
FLAG-TDP1KK detected by immunofluorescence staining with anti-FLAG antibody (green). �H2AX induction is shown in red. Cells were counterstained
with DAPI to visualize nuclei (blue). Nuclei are outlined in dashed white lines expressing ectopic FLAG-TDP1 variants. (D) Quantification of �H2AX
intensity per nucleus after CPT removal obtained from immunofluorescence confocal microscopy were calculated for 20–25 cells (mean ± S.E.M.) and
plotted as a function of time (h). Asterisks denote statistically significant difference (**P < 0.001; t test).
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Figure 8. Schematic representation of the activation of TDP1 by its arginine methylation at R361 and R586 by PRMT5. Symbols are indicated at right
and details are provided in the Discussion.

Post-translational modifications (PTM) play key roles in
ensuring efficient propagation of damage signals for DNA
repair (23,24). While arginine methylation is an established
key epigenetic mark regulating gene expression and cell pro-
liferation, its emerging role in coordinating the optimal ac-
tivity of non-histone proteins in the DNA damage response
pathways (DDR) demonstrates that arginine methylation is
akin to other PTM involved in the DNA damage response
(DDR) (26–29,48,49). Hence, TDP1 can now be added to
the DDR substrates of PRMT5.

PRMT5, the major arginine methyltransferase catalyzing
SDMA modifications (26) is commonly activated in cancers
(26,27). Genetic inactivation of PRMT5 in mice is early em-
bryonic lethal (50), while PRMT5 depletion causes cell pro-
liferation defects (51). The role of PRMT5 in Top1cc re-
pair can be derived from our data showing that PRMT5
knockdown cells have defective TDP1 activity (Figure 5G
and H) and elevated CPT-induced DSBs, ADP-ribose poly-
mers and lethality (Figure 3). Consistent with the role of
PRMT5 in DDR signaling, deficiency in PRMT5 reduces
p53 levels leading to cell cycle checkpoint defects and cell
death (34). Rad9, another PRMT5 substrate, is regulated
by PRMT5 for replication damage checkpoint activation
and resistance to hydroxyurea-induced DNA damage (33).
The replication and repair endonuclease FEN1 is also con-
trolled by PRMT5. Deficiency in FEN1 symmetric arginine
methylation (SDMA) by PRMT5 has been implicated in de-
fective long-patch base excision repair (BER), replication
delay and genomic instability (31). When a replication fork
proceeds toward a stalled Top1cc, the extension of the lead-
ing strand is terminated with replication fork run-off, result-
ing in a Top1-linked double-stranded end (2,3,52). Here we
show that Top1-induced replication damage induces TDP1
arginine methylation (Figure 4A), which is consistent with
the role of PRMT5 in the repair of replication-associated
Top1cc (Figure 4). Our findings unveil a novel physical
and functional association between PRMT5 and TDP1 en-
suring the repair of Top1cc-associated DNA damage and
genome maintenance. TDP1 and PRMT5 are plausibly
working in additional pathway as revealed by the additional
sensitivity to CPT upon double inactivation of TDP1 plus
PRMT5 (Figure 3C). Our results imply that the enhanced
camptothecin sensitivity is not solely mediated by the failure
to arginine-methylate TDP1 (and dotted arrow in Figure 8),
and is in keeping with the fact that PRMT5 is involved in

several DDR and replication response pathways including
transcriptional regulation, RNA metabolism ribosome bio-
genesis, Golgi apparatus structure maintenance, epigenetic
regulation, DNA repair pathways and genome maintenance
(26–28,42). Nonetheless, our results reveal that PRMT5 de-
pletion reduces TDP1 catalytic activity, abrogates repair
complex formation with XRCC1 and CPT-induced Top1cc
repair.

The known PTM regulation sites for TDP1 primarily in-
volve its N-terminal domain (NTD; see Figure 2A), which
is dispensable for TDP1 catalytic activity (5,10). Prior stud-
ies showed that the N-terminal region of TDP1 is re-
quired for the formation of PARP1-TDP1 complexes and
that PARylation is required for the detection and repair of
Top1cc in the context of XRCC1 repair complexes (19).
Two other NTD post-translational modifications (PTM) of
TDP1 regulate its activity. TDP1 phosphorylation by ATM
and DNA-PK at serine 81 enhances TDP1 activity by pro-
moting its stability and interaction with ligase III (10,22).
TDP1 SUMOylation at lysine 111 also promotes DNA re-
pair and recruitment of TDP1 to DNA damage sites (25).
Our study shows that the N-terminal domain of TDP1 (1-
185 amino acids) also binds the N-terminal domain (1-293
amino acids) of PRMT5 (Figure 1 and Scheme in Figure
8). Consistently, the N-terminus of PRMT5 harbors a TIM-
barrel domain that functions as a structural scaffold for re-
cruiting PRMT5 substrates and association with MEP50
(40), which is in agreement with the fact that N-terminal
deletion of PRMT5 inhibits its interaction with TDP1 (Fig-
ure 1E). In turn, PRMT5 catalyzes TDP1 methylation at
R361 and R586, two residues in the catalytic core of TDP1
(see Figure 2 and Supplementary Figure S2, and Figure 8).
Crystal structure analyses (53) show that both R361 and
R586 are on the surface of TDP1 outside the catalytic HKN
motifs of TDP1 (see Figure 2A), which is consistent with
their accessibility for SDMA modification by PRMT5, and
with the fact the double mutant TDP1R361K, R586K remains
catalytically active (see Figure 5). Yet, our data further es-
tablish the stimulation of TDP1 activity by PRMT5 using in
vitro methylation of recombinant TDP1 (Figure 5E and F).
Consistent with these data, extracts from PRMT5-depleted
cells demonstrate reduced TDP1 catalytic activity (Figure
5G and H).

Our findings extend the role of the arginine methyl-
transferases in DNA repair and DNA damage responses
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(26,28). PRMT5 acts directly by catalyzing methylation of
TDP1 (present report), FEN1, RAD9 and p53 (31,33,34).
PRMT1 and PRMT6, the methyltransferases responsible
for asymmetric dimethylation of arginine residues also en-
hance DNA repair by methylating MRE11, 53BP1, BRCA1
and DNA polymerase � (26,28,48,49). Hence, both PRMT5
and PRMT6 are now involved in the repair of Top1cc.
Polymerase � is a component of the base excision re-
pair which form complexes with TDP1 (2,54). As TDP1
generates 3′-phosphate DNA termini, PNKP converts the
3′-phosphate to 3′-hydroxyl end before they can be ex-
tended by polymerase � and further sealed by XRCC1-
ligase III (5,13,54). As XRCC1 is implicated in Top1cc re-
pair (5,10,19,55), it is notable that defective TDP1 activ-
ity in PRMT5 knockdown cells affects the recruitment of
XRCC1 repair foci at Top1cc-induced DNA damage sites
(Figure 6D). Lastly, activation of the exonuclease activity
of MRE11 by PRMT1 (28,49) is also likely to contribute to
Top1cc repair as Mre11, which is a part of the MRN com-
plex (Mre11/Rad50/Nbs1) constitutes an alternative path-
way for the excision of Top1-DNA adducts (2,5,6).

In conclusion, the present study reveals the significance
of PRMT5 for the repair of Top1cc. It also suggests the
importance of PRMT5 as a potential resistance determi-
nant to clinically used camptothecins derivatives (topote-
can and irinotecan), and as a potential target for combina-
tion therapy with these Top1 inhibitors. Further studies are
warranted to determine the potential relevance of PRMT5
for the other DNA repair functions of TDP1 (5). Impend-
ing evidence also suggest a role of PRMT5 in tumorigenesis
including leukemia, lymphoma, and in many solid tumors,
making PRMT5 an attractive anticancer target (26,51,56–
58).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We wish to thank Dr Hemanta K Majumder and Dr Nahid
Ali, CSIR-Indian Institute of Chemical Biology, India for
their suggestions, opportunity to use the FACS machine
and help during the study. We are also thankful to Dr
Thorkell Andresson, Mass Spectrometry Section, Labo-
ratory of Proteomics and Analytical Technologies, SAIC-
Frederick, Inc., NCI-Frederick, Frederick, Maryland, USA
for the mass spectrometry analysis.

FUNDING

The work was supported by Wellcome Trust/DBT India
alliance intermediate fellowship grant [IA/I/13/1/500888];
Indian Association for the Cultivation of Science intramu-
ral fund, Department of Science and Technology, Govern-
ment of India; Studies performed at the National Cancer
Institute by B.B.D. and Y.P. were supported by the National
Cancer Institute Intramural Program, Centre for Cancer
Research [Z01 BC 006150]; National Cancer Institute, Na-
tional Institutes of Health, USA. A.G. and S.B. are the re-
cipients of CSIR-NET senior and junior Research Fellow-

ship respectively, India. B.B.D. is Wellcome Trust/DBT In-
dia alliance intermediate fellow. Funding for open access
charge: Wellcome Trust/DBT India alliance intermediate
fellowship grant [IA/I/13/1/500888].
Conflict of interest statement. None declared.

REFERENCES
1. Champoux,J.J. (2001) DNA topoisomerases: structure, function, and

mechanism. Annu. Rev. Biochem., 70, 369–413.
2. Pommier,Y., Sun,Y., Huang,S.-y.N. and Nitiss,J.L. (2016) Roles of

eukaryotic topoisomerases in transcription, replication and genomic
stability. Nat. Rev. Mol. Cell. Biol., 17, 703–721.

3. Pommier,Y. (2006) Topoisomerase I inhibitors: camptothecins and
beyond. Nat. Rev. Cancer, 6, 789–802.

4. Das,S.K., Rehman,I., Ghosh,A., Sengupta,S., Majumdar,P., Jana,B.
and Das,B.B. (2016) Poly(ADP-ribose) polymers regulate DNA
topoisomerase I (Top1) nuclear dynamics and camptothecin
sensitivity in living cells. Nucleic Acids Res., 44, 8363–8375.

5. Pommier,Y., Huang,S.Y., Gao,R., Das,B.B., Murai,J. and
Marchand,C. (2014) Tyrosyl-DNA-phosphodiesterases (TDP1 and
TDP2). DNA Repair (Amst.), 19, 114–129.

6. Ashour,M.E., Atteya,R. and El-Khamisy,S.F. (2015)
Topoisomerase-mediated chromosomal break repair: an emerging
player in many games. Nat. Rev. Cancer, 15, 137–151.

7. Hirano,R., Interthal,H., Huang,C., Nakamura,T., Deguchi,K.,
Choi,K., Bhattacharjee,M.B., Arimura,K., Umehara,F., Izumo,S.
et al. (2007) Spinocerebellar ataxia with axonal neuropathy:
consequence of a Tdp1 recessive neomorphic mutation? EMBO J.,
26, 4732–4743.

8. Katyal,S., el-Khamisy,S.F., Russell,H.R., Li,Y., Ju,L.,
Caldecott,K.W. and McKinnon,P.J. (2007) TDP1 facilitates
chromosomal single-strand break repair in neurons and is
neuroprotective in vivo. EMBO J., 26, 4720–4731.

9. Murai,J., Huang,S.Y., Das,B.B., Dexheimer,T.S., Takeda,S. and
Pommier,Y. (2012) Tyrosyl-DNA phosphodiesterase 1 (TDP1)
repairs DNA damage induced by topoisomerases I and II and base
alkylation in vertebrate cells. J. Biol. Chem., 287, 12848–12857.

10. Das,B.B., Antony,S., Gupta,S., Dexheimer,T.S., Redon,C.E.,
Garfield,S., Shiloh,Y. and Pommier,Y. (2009) Optimal function of the
DNA repair enzyme TDP1 requires its phosphorylation by ATM
and/or DNA-PK. EMBO J., 28, 3667–3680.

11. Takashima,H., Boerkoel,C.F., John,J., Saifi,G.M., Salih,M.A.,
Armstrong,D., Mao,Y., Quiocho,F.A., Roa,B.B., Nakagawa,M. et al.
(2002) Mutation of TDP1, encoding a topoisomerase I-dependent
DNA damage repair enzyme, in spinocerebellar ataxia with axonal
neuropathy. Nat. Genet., 32, 267–272.

12. Katyal,S., Lee,Y., Nitiss,K.C., Downing,S.M., Li,Y., Shimada,M.,
Zhao,J., Russell,H.R., Petrini,J.H., Nitiss,J.L. et al. (2014) Aberrant
topoisomerase-1 DNA lesions are pathogenic in neurodegenerative
genome instability syndromes. Nat. Neurosci., 17, 813–821.

13. El-Khamisy,S.F., Saifi,G.M., Weinfeld,M., Johansson,F., Helleday,T.,
Lupski,J.R. and Caldecott,K.W. (2005) Defective DNA single-strand
break repair in spinocerebellar ataxia with axonal neuropathy-1.
Nature, 434, 108–113.

14. Caldecott,K.W. (2008) Single-strand break repair and genetic disease.
Nat. Rev. Genet., 9, 619–631.

15. Interthal,H., Chen,H.J., Kehl-Fie,T.E., Zotzmann,J., Leppard,J.B.
and Champoux,J.J. (2005) SCAN1 mutant Tdp1 accumulates the
enzyme–DNA intermediate and causes camptothecin
hypersensitivity. EMBO J., 24, 2224–2233.

16. Inamdar,K.V., Pouliot,J.J., Zhou,T., Lees-Miller,S.P., Rasouli-Nia,A.
and Povirk,L.F. (2002) Conversion of phosphoglycolate to phosphate
termini on 3′ overhangs of DNA double strand breaks by the human
tyrosyl-DNA phosphodiesterase hTdp1. J. Biol. Chem., 277,
27162–27168.

17. Abo,M.A., Sasanuma,H., Liu,X., Rajapakse,V.N., Huang,S.-y.,
Kiselev,E., Takeda,S., Plunkett,W. and Pommier,Y. (2017) TDP1 is
critical for the repair of DNA breaks induced by sapacitabine, a
nucleoside also targeting ATM- and BRCA-Deficient tumors. Mol.
Cancer Ther., 16, 2543–2551.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky291#supplementary-data


5616 Nucleic Acids Research, 2018, Vol. 46, No. 11

18. Das,B.B., Dexheimer,T.S., Maddali,K. and Pommier,Y. (2010) Role
of tyrosyl-DNA phosphodiesterase (TDP1) in mitochondria. Proc.
Natl. Acad. Sci. U.S.A., 107, 19790–19795.

19. Das,B.B., Huang,S.Y., Murai,J., Rehman,I., Ame,J.C., Sengupta,S.,
Das,S.K., Majumdar,P., Zhang,H., Biard,D. et al. (2014)
PARP1-TDP1 coupling for the repair of topoisomerase I-induced
DNA damage. Nucleic Acids Res., 42, 4435–4449.

20. Huang,S.Y., Murai,J., Dalla Rosa,I., Dexheimer,T.S., Naumova,A.,
Gmeiner,W.H. and Pommier,Y. (2013) TDP1 repairs nuclear and
mitochondrial DNA damage induced by chain-terminating
anticancer and antiviral nucleoside analogs. Nucleic Acids Res., 41,
7793–7803.

21. Nitiss,K.C., Malik,M., He,X., White,S.W. and Nitiss,J.L. (2006)
Tyrosyl-DNA phosphodiesterase (Tdp1) participates in the repair of
Top2-mediated DNA damage. Proc. Natl. Acad. Sci. U.S.A., 103,
8953–8958.

22. Chiang,S.C., Carroll,J. and El-Khamisy,S.F. (2010) TDP1 serine 81
promotes interaction with DNA ligase IIIalpha and facilitates cell
survival following DNA damage. Cell Cycle, 9, 588–595.

23. McKinnon,P.J. (2012) ATM and the molecular pathogenesis of ataxia
telangiectasia. Annu. Rev. Pathol., 7, 303–321.

24. Shiloh,Y. and Ziv,Y. (2013) The ATM protein kinase: regulating the
cellular response to genotoxic stress, and more. Nat. Rev. Mol. Cell.
Biol., 14, 197–210.

25. Hudson,J.J., Chiang,S.C., Wells,O.S., Rookyard,C. and
El-Khamisy,S.F. (2012) SUMO modification of the neuroprotective
protein TDP1 facilitates chromosomal single-strand break repair.
Nat. Commun., 3, 733.

26. Yang,Y. and Bedford,M.T. (2013) Protein arginine methyltransferases
and cancer. Nat. Rev. Cancer, 13, 37–50.

27. Karkhanis,V., Hu,Y.J., Baiocchi,R.A., Imbalzano,A.N. and Sif,S.
(2011) Versatility of PRMT5-induced methylation in growth control
and development. Trends Biochem. Sci., 36, 633–641.

28. Auclair,Y. and Richard,S. (2013) The role of arginine methylation in
the DNA damage response. DNA Repair (Amst.), 12, 459–465.

29. Pal,S. and Sif,S. (2007) Interplay between chromatin remodelers and
protein arginine methyltransferases. J. Cell Physiol., 213, 306–315.

30. Yang,Y., Hadjikyriacou,A., Xia,Z., Gayatri,S., Kim,D.,
Zurita-Lopez,C., Kelly,R., Guo,A., Li,W., Clarke,S.G. et al. (2015)
PRMT9 is a type II methyltransferase that methylates the splicing
factor SAP145. Nat. Commun., 6, 6428.

31. Guo,Z., Zheng,L., Xu,H., Dai,H., Zhou,M., Pascua,M.R.,
Chen,Q.M. and Shen,B. (2010) Methylation of FEN1 suppresses
nearby phosphorylation and facilitates PCNA binding. Nat. Chem.
Biol., 6, 766–773.

32. Cho,E.C., Zheng,S., Munro,S., Liu,G., Carr,S.M., Moehlenbrink,J.,
Lu,Y.C., Stimson,L., Khan,O., Konietzny,R. et al. (2012) Arginine
methylation controls growth regulation by E2F-1. EMBO J., 31,
1785–1797.

33. He,W., Ma,X., Yang,X., Zhao,Y., Qiu,J. and Hang,H. (2011) A role
for the arginine methylation of Rad9 in checkpoint control and
cellular sensitivity to DNA damage. Nucleic Acids Res., 39,
4719–4727.

34. Jansson,M., Durant,S.T., Cho,E.C., Sheahan,S., Edelmann,M.,
Kessler,B. and La Thangue,N.B. (2008) Arginine methylation
regulates the p53 response. Nat. Cell Biol., 10, 1431–1439.

35. Marchand,C., Huang,S.Y., Dexheimer,T.S., Lea,W.A., Mott,B.T.,
Chergui,A., Naumova,A., Stephen,A.G., Rosenthal,A.S., Rai,G.
et al. (2014) Biochemical assays for the discovery of TDP1 inhibitors.
Mol. Cancer Ther., 13, 2116–2126.

36. Das,S.K., Ghosh,A., Paul Chowdhuri,S., Halder,N., Rehman,I.,
Sengupta,S., Sahoo,K.C., Rath,H. and Das,B.B. (2018) Neutral
porphyrin derivative exerts anticancer activity by targeting cellular
topoisomerase I (Top1) and promotes apoptotic cell death without
stabilizing Top1-DNA cleavage complexes. J. Med. Chem., 61,
804–817.

37. Majumdar,P., Bathula,C., Basu,S.M., Das,S.K., Agarwal,R., Hati,S.,
Singh,A., Sen,S. and Das,B.B. (2015) Design, synthesis and
evaluation of thiohydantoin derivatives as potent topoisomerase I
(Top1) inhibitors with anticancer activity. Eur. J. Med. Chem., 102,
540–551.

38. Das,S., Bosley,A.D., Ye,X., Chan,K.C., Chu,I., Green,J.E.,
Issaq,H.J., Veenstra,T.D. and Andresson,T. (2010) Comparison of

strong cation exchange and SDS-PAGE fractionation for analysis of
multiprotein complexes. J. Proteome Res., 9, 6696–6704.

39. van Betteraey-Nikoleit,M., Eisele,K.H., Stabenow,D. and Probst,H.
(2003) Analyzing changes of chromatin-bound replication proteins
occurring in response to and after release from a hypoxic block of
replicon initiation in T24 cells. Eur. J. Biochem., 270, 3880–3890.

40. Antonysamy,S., Bonday,Z., Campbell,R.M., Doyle,B., Druzina,Z.,
Gheyi,T., Han,B., Jungheim,L.N., Qian,Y., Rauch,C. et al. (2012)
Crystal structure of the human PRMT5:MEP50 complex. Proc. Natl.
Acad. Sci. U.S.A., 109, 17960–17965.

41. Boisvert,F.M., Cote,J., Boulanger,M.C., Cleroux,P., Bachand,F.,
Autexier,C. and Richard,S. (2002) Symmetrical dimethylarginine
methylation is required for the localization of SMN in Cajal bodies
and pre-mRNA splicing. J. Cell Biol., 159, 957–969.

42. Deng,X., Gu,L., Liu,C., Lu,T., Lu,F., Lu,Z., Cui,P., Pei,Y., Wang,B.,
Hu,S. et al. (2010) Arginine methylation mediated by the Arabidopsis
homolog of PRMT5 is essential for proper pre-mRNA splicing. Proc.
Natl. Acad. Sci. U.S.A., 107, 19114–19119.

43. Holm,C., Covey,J.M., Kerrigan,D. and Pommier,Y. (1989)
Differential requirement of DNA replication for the cytotoxicity of
DNA topoisomerase I and II inhibitors in Chinese hamster DC3F
cells. Cancer Res., 49, 6365–6368.

44. Sordet,O., Redon,C.E., Guirouilh-Barbat,J., Smith,S., Solier,S.,
Douarre,C., Conti,C., Nakamura,A.J., Das,B.B., Nicolas,E. et al.
(2009) Ataxia telangiectasia mutated activation by transcription- and
topoisomerase I-induced DNA double-strand breaks. EMBO Rep.,
10, 887–893.

45. Yang,S.W., Burgin,A.B. Jr., Huizenga,B.N., Robertson,C.A.,
Yao,K.C. and Nash,H.A. (1996) A eukaryotic enzyme that can
disjoin dead-end covalent complexes between DNA and type I
topoisomerases. Proc. Natl. Acad. Sci. U.S.A., 93, 11534–11539.

46. Plo,I., Liao,Z.Y., Barcelo,J.M., Kohlhagen,G., Caldecott,K.W.,
Weinfeld,M. and Pommier,Y. (2003) Association of XRCC1 and
tyrosyl DNA phosphodiesterase (Tdp1) for the repair of
topoisomerase I-mediated DNA lesions. DNA Repair (Amst.), 2,
1087–1100.

47. Tanizawa,A., Fujimori,A., Fujimori,Y. and Pommier,Y. (1994)
Comparison of topoisomerase I inhibition, DNA damage, and
cytotoxicity of camptothecin derivatives presently in clinical trials. J.
Natl. Cancer Inst., 86, 836–842.

48. El-Andaloussi,N., Valovka,T., Toueille,M., Steinacher,R., Focke,F.,
Gehrig,P., Covic,M., Hassa,P.O., Schar,P., Hubscher,U. et al. (2006)
Arginine methylation regulates DNA polymerase beta. Mol. Cell, 22,
51–62.

49. Boisvert,F.M., Dery,U., Masson,J.Y. and Richard,S. (2005) Arginine
methylation of MRE11 by PRMT1 is required for DNA damage
checkpoint control. Genes Dev., 19, 671–676.

50. Tee,W.W., Pardo,M., Theunissen,T.W., Yu,L., Choudhary,J.S.,
Hajkova,P. and Surani,M.A. (2010) Prmt5 is essential for early mouse
development and acts in the cytoplasm to maintain ES cell
pluripotency. Genes Dev., 24, 2772–2777.

51. Wang,L., Pal,S. and Sif,S. (2008) Protein arginine methyltransferase 5
suppresses the transcription of the RB family of tumor suppressors in
leukemia and lymphoma cells. Mol. Cell. Biol., 28, 6262–6277.

52. Strumberg,D., Pilon,A.A., Smith,M., Hickey,R., Malkas,L. and
Pommier,Y. (2000) Conversion of topoisomerase I cleavage
complexes on the leading strand of ribosomal DNA into
5′-phosphorylated DNA double-strand breaks by replication runoff.
Mol. Cell. Biol., 20, 3977–3987.

53. Davies,D.R., Interthal,H., Champoux,J.J. and Hol,W.G. (2003)
Crystal structure of a transition state mimic for tdp1 assembled from
vanadate, DNA, and a topoisomerase I-derived Peptide. Chem. Biol.,
10, 139–147.

54. Moor,N.A., Vasil’eva,I.A., Anarbaev,R.O., Antson,A.A. and
Lavrik,O.I. (2015) Quantitative characterization of protein-protein
complexes involved in base excision DNA repair. Nucleic Acids Res.,
43, 6009–6022.

55. Horton,J.K., Watson,M., Stefanick,D.F., Shaughnessy,D.T.,
Taylor,J.A. and Wilson,S.H. (2008) XRCC1 and DNA polymerase
beta in cellular protection against cytotoxic DNA single-strand
breaks. Cell Res., 18, 48–63.

56. Kryukov,G.V., Wilson,F.H., Ruth,J.R., Paulk,J., Tsherniak,A.,
Marlow,S.E., Vazquez,F., Weir,B.A., Fitzgerald,M.E., Tanaka,M.



Nucleic Acids Research, 2018, Vol. 46, No. 11 5617

et al. (2016) MTAP deletion confers enhanced dependency on the
PRMT5 arginine methyltransferase in cancer cells. Science, 351,
1214–1218.

57. Mavrakis,K.J., McDonald,E.R. 3rd, Schlabach,M.R., Billy,E.,
Hoffman,G.R., deWeck,A., Ruddy,D.A., Venkatesan,K., Yu,J.,
McAllister,G. et al. (2016) Disordered methionine metabolism in

MTAP/CDKN2A-deleted cancers leads to dependence on PRMT5.
Science, 351, 1208–1213.

58. Chan-Penebre,E., Kuplast,K.G., Majer,C.R., Boriack-Sjodin,P.A.,
Wigle,T.J., Johnston,L.D., Rioux,N., Munchhof,M.J., Jin,L.,
Jacques,S.L. et al. (2015) A selective inhibitor of PRMT5 with in vivo
and in vitro potency in MCL models. Nat. Chem. Biol., 11, 432–437.


