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ABSTRACT

The RNA methyltransferase TRDMT1 has recently
emerged as a key regulator of homologous recombi-
nation (HR) in the transcribed regions of the genome,
but how it is regulated and its relevance in cancer re-
main unknown. Here, we identified that TRDMT1 is
poly-ubiquitinated at K251 by the E3 ligase TRIM28,
removing TRDMT1 from DNA damage sites and al-
lowing completion of HR. Interestingly, K251 is adja-
cent to G155 in the 3D structure, and the G155V mu-
tation leads to hyper ubiquitination of TRDMT1, re-
duced TRDMT1 levels and impaired HR. Accordingly,
a TRDMT1 G155V mutation in an ovarian cancer su-
per responder to platinum treatment. Cells express-
ing TRDMT1-G155V are sensitive to cisplatin in vitro
and in vivo. In contrast, high expression of TRDMT1
in patients with ovarian cancer correlates with plat-
inum resistance. A potent TRDMT1 inhibitor resen-
sitizes TRDMT1-high tumor cells to cisplatin. These
results suggest that TRDMT1 is a promising thera-
peutic target to sensitize ovarian tumors to platinum
therapy.

INTRODUCTION

Recent work has identified and mapped a range of post-
transcriptional modifications in mRNA, including methy-
lation of the N6 and N1 positions in adenine, pseudouridy-
lation and methylation of carbon 5 in cytosine (m°C)
(1,2). Increased mRNA:m>C was detected in 5-azacytidine
(5-AZA)-resistant clinical AML/MDS cells (3). However,

knowledge about RNA:m>C methyltransferases (RCMTs)
and the consequences of RNA m’C modification is still ex-
tremely limited.

tRNA-aspartic acid methyltransferasel (TRDMT1),
known as DNA methyltransferase 2 (DNMT?2), was iden-
tified as a highly conserved cytosine-C5 methyltransferase
that introduced the C38 methylation of tRNA-Asp in
many species (4-8). TRDMT1 does not show methyltrans-
ferase activities on DNA but was recently shown to con-
tribute to mRNAs methylation in addition to tRNA (9-
11). TRDMT]1 is essential for oxidative stress and heat
shock-induced tRNA cleavage (12) and is involved in the
resistance to 5-AZA by directly binding hnRNPK (3,13).
We used KillerRed (KR), which releases O™, in a light-
inducible manner to cause single-strand breaks and double-
strand breaks (DSBs), to induce DNA damage at spe-
cific sites in the genome and locally activate DNA repair
pathways (14,15). We found DNA damage-induced and
TRDMTI mediated-mRNA m>C is required for the effi-
cient repair of DSBs by promoting homologous recombi-
nation (HR) (16). These new findings indicate an impor-
tant role of TRDMT1 in cell survival after DNA dam-
age, motivating us to investigate the function of TRDMT1-
mediated RNA m°C modification in cancer therapy. Of
note, how TRDMTTI is regulated in cells after damage is
still not understood. The cytosine analogs azacytidine and
decitabine have been developed as DNA methyltransferases
(DNMTs) inhibitors for cancer therapy, but their use was
limited owing to poor bioavailability and toxicities (17). Al-
though selective inhibitors have been developed for the pro-
tein lysine/arginine methyltransferases (PKMTs/PRMTs)
and DNMTs (18-20); no known inhibitors of RNA methyl-
transferases (RNMTs) beyond the reaction product S-
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Adenosylhomocysteine (AdoHcy, or SAH) and the univer-
sal nucleoside analog sinefungin (21).

In this study, we explored the relevance of TRDMTI in
the treatment response of ovarian cancers. Using mass spec-
trometry analysis, we identified that the TRDMTT1 is highly
polyubiquitinated at Lysine 251 (K251) via the E3 ligase
TRIM2S, also named KAP-1. K251 is adjacent to G155 in
the 3D protein structure. Interestingly, G155V mutation of
TRDMT]I leads to excessive TRDMTI degradation, and
subsequent loss of TRDMT1 function leads to inefficient
repair and contributes to increased DNA damage sensitiv-
ity of cancer cells. Indeed, TRDMT1 G155V mutation iden-
tified in a patient with ovarian cancer is sensitive to plat-
inum therapy. Given the crucial role of TDRMTT in the
DNA damage response of cancer cells, we developed a po-
tent inhibitor of TRDMT1 and showed that it sensitizes
cancer cells to DNA-damaging agents, thereby opening a
new avenue to targeting RNMTs in cancer therapy.

MATERIALS AND METHODS
Cell culture and transfection

U208, 293, MCF-7, SKOV3, HCC-1954 and HCC-1937
cells were cultured in DMEM with 10% (v/v) FBS in a
controlled humidified atmosphere containing 5% CO, at
37°C. The U20S-TRE cells used for the DART system
were derived from the U20S-263 cell line and the construc-
tion of U20S TRDMT1 knockout (KO) cells has been de-
scribed previously (16). Lipofectamine 2000 and Lipofec-
tamine RNAiMax (Invitrogen) were used for plasmid and
siRNA transfection, respectively, following a standard pro-
tocol. TRDMT1 siRNA was purchased from Invitrogen
(siRNA ID: 54219, Cat#: 4392420). TRIM28 siRNA se-
quence is GCGGAAAUGUGAGCGUGUACACGCUC
ACAUUUCCG.

Plasmids

The TA-KR in pBroad3 plasmids were constructed as
previously described (15). The GFP spark-TRDMT]1 was
purchased from Sino biological (HG11224-ACG). The
cDNAs of WT and mutated TRDMTI1 (C79A, G155V,
K251R, K122R, G155V/K251R) were then sub-cloned to
the EGFP-C3 plasmid (Clontech), linked by EcoRI and
BamHI for imaging experiments. Primers are shown in
Supplementary Table S2. The construction of NLS-GFP-
RADS52 and NLS-I-Scel plasmids have been described pre-
viously (22).

Cell survival assay

Approximately 500 U20S/TRDMT1 KO U20S/MCF-
7/HCC1954/HCC1937 cells and TRDMTI1 siRNA or
GFP-TRDMT1 WT/G155V/K251R transfected cells were
seeded in 6 cm dish with or without TRDMT]1 inhibitors
(2.5 puM/1). Six hours after seeding, cells were exposed
to cisplatin (1134357, Sigma, 1 uM/1), ATMi (KUS55933,
C9867, Sigma, 10 uM/1), ATRi (AZ20,S7050, Selleck, 1
wM/1) or PARPi (Olaparib,AZD2461, Sigma, 1 pnM/l) at
indicated concentration or ionizing radiation (IR). After 7—
14 days, colonies were fixed and stained with 0.3% crystal

violet in methanol, and the number of colonies was counted
manually.

Microscopy and activation of KillerRed

The Olympus FV1000 confocal microscopy system (Cat.
FIOPRDMYR-1, Olympus) and FV1000 software were
used for the acquisition of images. Cells were cultured in
35 mm glass-bottom dishes (MatTek, P35GC-1.5-14-C) be-
fore observation. Activation of KR in bulky cells was com-
pleted by exposing cells to a 15 W Sylvania cool white fluo-
rescent bulb for 25 min in a stage UVP (Uvland, CA). The
intensity was measured by ImageJ 1.52i software.

Immunoprecipitation and LC/MS analysis of GFP-
TRDMT1

GFP-TRDMTT1 stably expressed Flp-in 293 cells were
treated with or without 2 mM H,0, for 3 h before har-
vest as damaged and undamaged conditions. Wild-type 293
cells were used as control. The cell noodles were made in
liquid nitrogen and then cryogenically milled into micron-
sized particles to maximize the efficiency of solvent extrac-
tion of proteins. Two lysis buffer (20 mM HEPES, 0.5%
TritonX-100 and protease inhibitors) with different salt
concentrations (150 or 300 mM NaCl) were used to cap-
ture the protein interactions while preserving the extrac-
tion efficiency (23). Affinity purification of GFP-TRDMT1
from the whole cell lysates was carried out by an anti-GFP
nanobody (24) coupled to magnetic dynabeads (Thermo,
Cat# 14302D). After protein reduction and alkylation, the
immunoprecipitation samples under each condition were
run on a 4-12% SDS-PAGE gel using a short gradient. The
whole region of each sample was cut and in-gel digested
with trypsin as previously described (25). After proteoly-
sis, the peptide mixtures were desalted and analyzed with a
nano-LC 1200 coupled to a Q Exactive™ Orbitrap™ mass
spectrometer (Thermo Fisher). The peptides were loaded
onto a picochip column (C18, 3 wm particle size, 300 A pore
size, 50 pm x 10.5cm; New Objective) and eluted using a
60 min LC gradient: 7% B-12% B, 0-3 min; 12% B-40%
B, 3-50 min; 40% B-100% B, 50-53 min; 100% B, 53-60
min; mobile phase A consisted of 0.1% formic acid (FA) in
LC/MS water, and mobile phase B consisted of 0.1% FA
in 100% acetonitrile. The QE instrument was operated in
the data-dependent mode, where the top 10 most abundant
ions (mass range 350-1500, charge state 2-6) were frag-
mented by high-energy collisional dissociation (normalized
collision energy 30). The target resolution was 60 000 for
MS and 7500 for MS/MS analyses. The quadrupole isola-
tion window was 2.0 Th and the maximum injection time for
MS/MS was set at 100 ms. After MS analysis, the data were
searched by Maxquant (26) for identification and label-free
quantification. The mass accuracy was specified as 10 and
20 ppm for MS and MS/MS, respectively. Other search pa-
rameters included cysteine carbamidomethylation as a fixed
modification and methionine oxidation as a variable modi-
fication. A maximum of three trypsin missed-cleavage sites
was allowed.

For western blot analysis, proteins from cells or tis-
sues were separated by SDS-PAGE and then transferred



to polyvinylidene difluoride membranes (PVDF; Bio-
Rad, USA). The membranes were blocked with 5% non-
fat milk in PBS and probed with antibodies against
TRDMT1 (sc-365001, Santa Cruz Biotechnology,1:400),
TRIM28 (ab10484, Abcam, 1:1000), Ub (sc-8017, Santa
Cruz Biotechnology, 1:500), Tubulin (12004165, Bio-Rad,
1:1000), B-actin (8H10D10, Cell Signaling Technology,
1:10 000). After primary antibody incubation at 4°C
overnight and secondary antibody incubation at room tem-
perature for 1 h, the membranes were washed three times
in 0.1% PBST. Chemiluminescent HRP substrate was pur-
chased from Millipore (Catalog#: WBKLS0500). Images
were taken in the BIO-RAD Universal Hood II machine
with corresponding ImageLab software.

Dot blot assay

Total poly(A)+ mRNA from U20S-TRE cells was puri-
fied with Dynabeads™ mRNA DIRECT™ Purification Kit
(ThermoFisher Scientific, Catalog#: 61011). The amount
of mRNA from different samples was diluted to the same
concentration using 10 mM Tris-HCI from the kit. The
mRNA solutions were loaded onto a positive-charged Ny-
lon66 membrane (Biodyne B transfer membrane, 0.45 pm,
60209) and 1200 wJ was applied twice to the membrane
in 1 min (UV Stratalinker 2400). After primary antibody
(1:100) incubation at 4°C overnight and secondary anti-
body (1:10 000) incubation at room temperature for 1 h, the
membrane was washed three times in 0.02% PBST for 10
min each. The following steps were the same as in the west-
ern blot. The membrane was stained with 0.1% methylene
blue (SIGMA-ALDRICH, Catalog#: M9140-25G) in 0.5
M sodium acetate.

Immunoassays and m>C staining

Cells for immunofluorescence observation were fixed in 4%
PFA (Affymetrix, 19943 1 LT) at room temperature for
15 min and further treated with 0.2% triton for 10 min.
They were then blocked by 3% BSA (SIGMA, A-7030) at
room temperature for 1 h. Primary antibody for RADSI
(ab63801, Abcam, 1:200)), RADS52 (sc-365341, Santa Cruz,
CA, USA, 1:500), TRIM28 (ab10484, Abcam, 1:500) and
vyH2AX ser139 (JBW301, 05-636, EMD Millipore, 1:200)
were incubated with cells at 4°C overnight. After washing
with 0.05% PBS-Tween (PBST), the cells were incubated
with secondary antibody for 1 h at room temperature.

For m°C staining using the heat method, the cells or tis-
sues were fixed and permeabilized in a 35 mm glass-bottom
dish using a standard protocol, incubated in buffer (10 mM
Tris-HCI, 2 mM EDTA, pH 9), and steamed on a 95°C
heating block for 20 min to expose the antigen. The dish
was cooled, washed three times with PBS and blocked using
5% BSA in 0.1% PBST for 0.5 h at room temperature. Pri-
mary antibody for m°C (33D3, ab10805, Abcam) and sec-
ondary antibody were diluted in the same buffer (5% BSA
in 0.1% PBST) and followed the standard IF protocol. This
protocol is modified from the classic heat-induced antigen
retrieval method for paraformaldehyde-fixed tissues using
Tris-EDTA bulffer.
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Animal assay

SKOV3 cells (1.0 x 10° were transfected with LV-
TRDMTI1-RNAIi (g2cAGAAGA AATTCACAGGAAA) or
LV-NC-RNAIi and injected intraperitoneally into female
nude mice that were then randomly divided into four groups
(six animals per condition). When mice developed palpable
tumors (about a week after injection), cDDP (5 mg/kg) or
saline was then injected into the center of the xenograft tu-
mors twice per week for 3 consecutive weeks. On day 28,
mice were sacrificed, and tumors were harvested. Termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) (In Situ Cell Death Detection Kit, Fluorescein,
11684795910, Roche, Basel, Switzerland) was used to assess
tissue apoptosis according to the instructions. All animal
experiments were approved by and conducted according to
the guidelines established by the Institutional Animal Care
and Use Committee at the University of Pittsburgh. With
the approval of the University of Pittsburgh, serous ovar-
ian cancer samples from patients with FIGO stage IIIC or
IV (n = 38) were collected from tissue banks. All patients
were treated with the standard care of platinum-based ther-
apy after surgery, and informed consent was obtained from
all patients. PFS was calculated from the time of surgery to
the time of progression or recurrence. Platinum resistance
or platinum sensitivity was defined by relapse or progres-
sion within 6 months or 6 months after the last platinum-
based chemotherapy, respectively. Clinical and pathological
features are described in Supplementary Table S1.

Immunohistochemistry and scoring

Tumors were fixed, embedded in paraffins and sectioned
into 4 wm thickness. After deparaffinization and rehy-
dration, sections were blocked and incubated with an-
tibody against TRDMTI(sc-365001, Santa Cruz, CA,
USA,1:200), Ki-67 (sc-23900, Santa Cruz,1:200), and then
detected using the Dako Envision two-step method of
immunohistochemistry (Carpinteria, CA, USA). All IHC
staining was scored independently by two pathologists. We
divided the positive staining results into 0-4 categories as
following: 0: <5%; 1: 6-25%; 2: 26-50%; 3: 51-75%; and 4:
>76% staining.

NHEJ and HR assay

Using a previously described method (27), U20S (DR-
GFP) and U20S (EJ5-GFP) cells were seeded into six-well
plates and treated with indicated siRNAs and inhibitors af-
ter 16-24 h of seeding. About 1 pg of I-Scel vector was
transfected into siRNA or inhibitors pretreated cells using
Lipofectamine 2000 (Invitrogen). Cells were then harvested
by trypsinization and washed with PBS 48 h after I-SCEI
transfection. The GFP signal arising from the recombina-
tion (HR) or nonhomologous end joining (NHEJ) events
was measured by flow cytometry.

Synthesis of YW-1842

The synthesis of YW-1842 is illustrated in Supplemen-
tary Scheme S1. Starting from the commercially avail-
able 2,4-dichloro-6,7-dimethoxyquinazoline, YW-1842 is
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obtained through a sequential Suzuki-coupling reaction
and microwave-assisted nucleophilic substitution reaction.
YW-1842 is purified to be >95% and characterized by
NMR and LCMS. Detailed synthetic procedures and ana-
lytical data are reported in the Supplementary Information
(Supplementary Figures S4 and S5).

Statistical analysis

The data were presented as mean + SD from at least
three independent experiments. Comparisons between each
group were calculated using Student’s z-test, two-tailed
Fisher’s exact test method of summing small P-values, one-
and two-way analysis of variance, and Bonferroni’s multi-
ple comparison test as appropriate. A value of P < 0.05 was
considered significant. GraphPad Prism version 7 was used
for graphics (GraphPad Software, San Diego, CA, USA).

RESULTS

TRDMT1 is regulated by polyubiquitination and the
TRDMT1%'55V mutant is highly poly-ubiquitinated

TRDMT1 was found consistently up-regulated in hundreds
of tumor samples listed in the COSMIC database and >90
somatic mutations in TRDMT1 have been identified in tu-
mors of various tissue types (28), while little is known re-
garding how its mutations influence tumorigenesis and af-
fect treatment response in cancer. Our previous study in-
dicated that TRDMT1-mediated mRNA m>C formation
promoted HR in the transcriptionally active regions of the
genome (16). The role of TRDMTTI raises the possibility
that TRDMT1-regulated mRNA m’C modification might
be involved in resistance to other damage agents that in-
duce HR to repair damage. Cisplatin induces DNA cross-
linking and subsequent DSBs and triggers HR (29,30). In-
deed, we observed enhanced sensitivities of cells treated
with siTRDMTT to cisplatin in multiple cell lines including
U208, breast cancer cell line MCF-7 and ovarian cancer
cell line SKOV3 (Figure 1A), confirming that downregula-
tion of TRDMTT1 increases the sensitivity of tumor cells to
Cisplatin.

G155 is a hotspot of somatic cancer mutations, which
locates on the back side, right in front of motif VIII
of TRDMTI1 (Figure 1B). The Cancer Genome At-
las (TCGA)-13-0720 reveals that a patient bearing
TRDMT195Y mutation is a super responder to the pri-
mary platinum treatment, displaying a complete response
to cisplatin treatment and exhibiting a better prognosis
(28). Eventually, the patient had almost a year longer
overall survival time compared with the patients at the
same clinical stage (stage I11). As known, cancer mutations
may reduce the stability of the protein, alter its localization
or affect the methylation activity of RNA substrates
(28,31). Comparing with stably expressed TRDMTI1WT
and TRDMT1¢7°A> a methyltransferase catalytic deficiency
mutant, the protein level of TRDMTI1 was consistently
low in TRDMT1S15V stably expressed 293 TRDMT1 KO
cell line (Figure 1C). To understand the low expression
of TRDMT1 is due to protein instability or degradation,
we examined the ubiquitination level of TRDMTIWYT or
TRDMTI1S!5V, GFP, GFP-WT and GFP-G155V were

IPed with anti-GFP antibody in the absence or presence of
MG132. In the absence of MG132, less GFP-G155V than
GFP-WT was detected at the ‘unmodified’ position (~70
kDa) (Figure 1D, left). Furthermore, in the presence of
MG132, more GFP-G155V than GFP-WT was detected in
the ‘ubiquitinated’ smears (>70 kDa) (Figure 1D, right).
These observations suggest that G155V is more ubiqui-
tinated and less stable than WT. Moreover, degradation
of TRDMTI1S!Y was faster than TRDMTIWVT after
treatment of a protein synthesis inhibitor, cycloheximide
(CHX) (Figure 1E). Degradation of TRDMTT is prevented
by MG132, suggesting that this is a proteosome-dependent
degradation (Figure 1E). TRDMTI is an mRNA m5C
writer at sites of transcribed damage, our previous study
indicates the m>C in mRNA is required for damage removal
in the nucleus and drug-resistance of cells. We, therefore,
measured the m°C level of mRNA. The level of m°C in
mRNA extraction was decreased in TRDMT19153Vstably
expressesd TRDMT1 KO 293 cell line compared to WT
(Figure 1F). It is not surprising that the yH2AX clearance
was delayed at sites of damage (Figure 1G and H) and the
survival rates of both cisplatin- and IR-treated cells were
decreased in TRDMT1%!5Vcompared to TRDMTIWT
expressed TRDMT1 KO cells (Figure 1I). These results
indicate that the stability of TRDMT]1 in cells is regulated
by ubiquitination, and importantly, insufficient repair
capacity of G155V-mutated TRDMT1 contributes to cell
death after damage.

TRIM28 promotes DNA damage-induced TRDMT1 ubiqui-
tination at transcriptionally active sites

To understand how TRDMTT is regulated via ubiquitina-
tion, we tried to identify the E3 ligases. We pulled down
TRDMTI1 and performed the mass spectrometry analy-
sis to determine its interacting proteins. Among them, we
listed all E3 ligases pulled down by TRDMTT after wash-
ing with sodium chloride at either 150 or 300 mM concen-
tration (Figure 2A). In the E3 ligases pool pulled down by
TRDMTI, TRIM28 was the only E3 ligase detected un-
der both washing conditions, and the number of peptides
was significantly increased compared to the control group
(Figure 2A). TRIM2S, also named KAP-1, is known to
be involved in the upstream of recruitment of repair pro-
teins of DSBs via modulating chromatin relaxation (32).
We knocked down TRIM28 and found the ubiquitination
level of TRDMT1 was indeed significantly decreased in
TRDMTIWT and further decreased in TRDMT1615V sta-
bly expressed TRDMT1 KO 293 cells (Figure 2B), suggest-
ing that TRIM28 is the E3 ligase for TRDMTI1. More-
over, the interaction between TRIM28 and TRDMTI1 was
confirmed using TRIM28 in IP (Figure 2C). GFP did not
pull down any TRIM28, confirming that TRIM28 interacts
with TRDMT]1 specifically. TRIM28 coprecipitated with
TRDMTI1 both before and after IR, suggesting that the
TRIM28-TRDMT1 interaction is not strictly DNA dam-
age dependent. To pursue the putative link between mRNA
m>C modification and DNA damage response regulated by
TRDMTTI, we used KillerRed (KR), a light-excitable and
superoxide-releasing chromophore, to conditionally gener-
ate local DSBs at a genomic locus in U20S Tet Response
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Figure 1. TRDMT 16155V is highly ubiquitinated in cells. (A) The survival rate of MCF-7, U20S and SKOV3 cells with siCtrl or siTRDMT] and indicated
dose of cisplatin (n = 3, mean & SD). (B) Schematic diagram of TRDMT1 and TRDMT1613V mutant. (C) WB of TRDMT 1 in GFP-tagged TRDMTIWT,
TRDMTICPA or TRDMTI1615V stably expressed TRDMT1 KO 293 cells. (D) The ubiquitination level of TRDMT]1 in GFP-vector TRDMT1WT or GFP-
TRDMTI1653V transfected TRDMT1 KO 293 cells. Indicated cell lines were treated with or without 20 wM MG132 for 6 h before protein extraction. (E)
WB of GFP-TRDMT1 in TRDMT1%YTor GFP-TRDMT1Y153V transfected TRDMT1 KO U20S cells treated with 100 pg/ml CHX with or without 20
wM MG132 for the indicated time. (F) Dot blot analysis of m>C in mRNA of TRDMT 1 KO 293 cells with stable expression of GFP-tagged TRDMT1WT,
TRDMTICA or TRDMT1613%V (G-H) y-H2AX staining in GFP-tagged TRDMTIWT or TRDMT16153Vtransfected TRDMT1 KO U20S-TRE cells.
Cells were irradiated with 6 Gy IR and stained with y-H2AX at the indicated time point, numbers of y-H2AX foci in each cell (G) and the frequency of
100 cells with y-H2AX foci (H) were counted in each experiment (n = 3, mean £ SD). (I) The survival rate of the cells after IR or Cisplatin in GFP-tagged
TRDMTIWT or TRDMT1Y!%Vtransfected TRDMT1 KO U20S-TRE cells (n = 3, mean + SD). Statistical analysis was done with the Student’s r-test, *:
P < 0.05;%*: P < 0.01; ***: P < 0.001; ****: P < 0.0001 for all the figures in the paper.
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Figure 2. TRDMT 1 is ubiquitinated by E3 ligase TRIM28 at sites of DNA damage. (A) GFP-TRDMT 1 stably expressed 293 cells were immunoprecipitated
by anti-GFP and washed with sodium chloride concentrations at 150 or 300 mM. E3 ligases identified from mass spectrometry by pulling down by GFP-
TRDMT]1 under each wash condition and numbers of unique peptides of E3 ligases are indicated. (B) 293 TRDMT1 KO cells stably expressing GFP-
tagged TRDMTWT and TRDMT1Y!%Vwere pulled with anti-GFP and immunoblotted with anti-ubiquitin. Cells were treated with 20 wM MG132 for 6
h before pulling down. (C) IP of GFP-TRIM28 and TRDMT 1. GFP-vector or GFP-TRIM28 transfected U20S-TRE cells were treated with or without
IR. GFP-vector or GFP-TRIM28 was pulled down by anti-GFP and immunoblotted with anti-TRDMT]. (D) Schematic diagram of KillerRed (KR)-
mediated damage at genomic loci in U20S-TRE cells. (E) U20S-TRE cells co-transfected TA-KR /TA-Cherry/tetR-KR /tetR-Cherry with or without
GFP-TRDMT]1 plasmid were exposed to light for 30 min for KR activation and allowed to recover for 30 min before fixation. Recruitment of TRIM28
with anti-TRIM?28 antibody at each indicated site is shown. (F) Quantification of the frequency of cells in 50 cells with GFP-TRDMT1 or TRIM28 foci
from three independent experiments (z = 3, mean + SD). (G) WB of TRDMT1 and TRIM28 and the survival rate of WT cells and TRDMT1 KO U20S

cells with or without siTRIM28 after 2 Gy IR treatment.
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Element (TRE) cells (Figure 2D). When a fusion protein
of KR and the transcription activator VP16 (TA-KR) is ex-
pressed in these cells, it binds to the array and activates tran-
scription locally, upon light activation, TA-KR releases free
radicals intensively at the specific locus of the genome and
induces DSBs at the locus (15). In this system, TA-KR rep-
resents the sites DSBs in the transcriptionally active regions
of the genome; tetR-KR represents sites of damage with-
out transcription; TA-cherry represents actively transcribed
sites without damage, and tetR-cherry is the maker of TRE
integration without damage and active transcription. We
found that both TRDMT1 and TRIM28 were preferentially
recruited at sites of TA-KR but not at sites of tetR-KR,
TA-cherry and tetR-cherry (Figure 2E and F), indicating
that TRDMT1 and TRIM?28 are enriched at transcribed
damage sites. Knocking down TRIM28 in TRDMT1 KO
cells did not further sensitize cells to cisplatin and IR com-
pared to single KD or KO of a single gene, indicating that
TRDMT1 and TRIM28 are epistatic in the repair of DSBs
(Figure 2G).

Having shown that both TRDMTI1 and TRIM28 are
recruited to damage sites of the transcriptionally active
regions of the genome, we examined the damage re-
sponse of the TRDMT1Y15%V mutant. The TRDMT16135V
foci intensity was significantly decreased at the TA-
KR site in TRDMT1 U20S-TRE cells compared to
TRDMTIWT (Figure 3A, left panel). This is reasonable
since the TRDMT19"5V mutant degraded much faster
in cells (Figure 1D and E). To understand if depletion
of TRIM28-mediated poly ubiquitination contributes to
could restore TRDMT1 G155V intensity, we examined the
damage response of TRDMTI1 G155V after siTRIM28
transfection (Figure 3A, right). In siTRIM28 transfected
cells, the intensity of G155V is about 80-90% of WT
TRDMT]1 at sites of damage, whereas in WT cells the in-
tensity of G155V is only 60% of WT TRDMTI. Thus, the
accumulation of G155V at DNA damage sites is partially
restored in sSiTRIM28-treated cells. The slight reduction of
TRDMT1 G155V intensity in siTRIM28 cells (around 10—
20% of WT) might be dependent on incomplete TRIM28
knockdown or an alternative but inefficient ubiquitin lig-
ase for TRDMTI. Since TRDMT1 is a ‘writer’ of m°>C
in mRNA during the DNA damage response, not sur-
prisingly, TRDMT16!5%V failed to restore the local m°C
level in U20S-TRE (Figure 3B). Notably, in contrast to
TRDMTIWT, TRDMT1%%V failed to restore the recruit-
ment of RADSI and RADS2 at damage sites, which are
critical factors of TC-HR, at TA-KR sites in U20S-TRE
TRDMT1 KO cells (Figure 3C and D). These results in-
dicate that the complete response to Cisplatin treatment
of TRDMT1615%V bearing patient might due to defective
DNA repair for DSBs.

Ubiquitination of TRDMT]1 at K251 is required for cell sur-
vival after DNA damage

The ubiquitin must be attached to a lysine site of a substrate.
Given that TRIM28 co-localizes and is required poly-
ubiquitination TRDMTI, we tried to determine the ubiq-
uitination site of TRDMT]1. There are 25 lysine residues in
TRDMT]I. The fact that TRDMT15"5%V is highly ubiqui-
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tinated prompts us to search any lysine residues near the
glycine 155. By analyzing the crystal structure of TRDMT]1
from the database (uniprot.org), we found that lysine 251
is the nearest lysine site to glycine 155 (Figure 4A). We
constructed GFP-tagged TRDMTIWT, TRDMTI1G!5%V,
TRDMTI1X>R and TRDMT1GISV/KSIR mytants and
transfected them into TRDMT1 KO U20S-TRE cells. We
found that both TRDMT1X%!R and TRDMT16155V/K251R
exhibited decreased ubiquitination of TRDMT! (Figure
4B). In contrast, mutation of another lysine 122, K122R,
which is located far away from G155, did not alter the
level of ubiquitination of TRDMT]1 (Supplementary Fig-
ure S1A).

To confirm the role of K251 mediated polyubiquitina-
tion in DNA repair, we measured the cell survival after
damage. TRDMT1K23IR expressed cells were as sensitive as
TRDMT!1 KO cells to cisplatin compared to TRDMTI1*!
expressed TRDMT]1 KO cells (Figure 4C and Supplemen-
tary Figure S1B). Thus, either hyper-ubiquitination or loss
of ubiquitination of TRDMT]1 could sensitize the cells to
DNA damage. We also found that TRDMT1X>IR was re-
cruited at sites of TA-KR as well as TRDMT1WT: however,
TRDMT1XR was recruited to sites of TA-KR more effi-
ciently and remained for a long time (Figure 4D), indicating
that the remaining of TRDMT1X23IR might affect repair
progression. Interestingly, siTRIM28 also decreased the re-
cruitment of Rad52 and Rad51 at TA-KR sites (Figure 4E),
indicating that level of TRDMT]1 at sites of DNA damage is
tightly regulated. Given RADSI1 foci is the critical step for
repair progression, we measured the effect of K251R mu-
tation on Rad51 foci. K251R mutation compromised the
frequency of Rad51 foci (Figure 4F). To understand the
effects of the G155V/K251R double mutant on DNA re-
pair, we measured cell survival after cisplatin treatment. If
the G155V/K251R double mutant is defective for repair,
the TRDMT1 KO cells expressing this mutant should re-
main sensitive to DNA damage. Indeed, expression of the
G155V/K251R double mutant in TRDMT1 KO cells did
not rescue cell survival in cisplatin (Figure 4G). Together,
poly-ubiquitination mediated TRDMT1 degradation is re-
quired for repair progression and cell survival.

Reduced TRDMT1 expression increases cisplatin sensitivity
in tumors

Given that TRDMT]1 suppression leads to increased cis-
platin and IR sensitivity in cells, we validated the role of
TRDMTTI in drug resistance in vivo, using a model of ep-
ithelial ovarian cancer (EOC) by subcutaneous injection of
SKOV3 cells that were infected with lentiviruses (LV) carry-
ing TRDMTI1-RNAIi (Lv-shTRDMT1) or NC-RNAI (Lv-
NC) was established (Figure SA). There were no significant
differences in tumor size between TRDMT1-depleted tu-
mors and the control tumors. However, with cisplatin treat-
ment, xenografts developed from Lv-shTRDMTI infected
SKOV3 cells grew statistically smaller (Figure 5B-D). In
Lv-shTRDMT1 infected tumor tissue, we observed an over-
all decrease of m°>C (Figure 5E). These results suggesting
TRDMTT1 depletion sensitizes EOC cells to cisplatin, which
correlates to the level of m°C. To further explore the correla-
tion between TRDMT1 and drug resistance, we quantified
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Figure 3. TRDMTI1S!55V expression diminishes m>C and the response of repair factors at damage sites. (A) TRDMT1 KO U20S-TRE cells transfected
with TA-KR and TRDMT1WTor GFP-TRDMT1S155V after pre-treated cells with or without siTRIM28, following with treatment described in Figure 2D.
The fold increase of intensity of GFP-TRDMTI1 VT or GFP-TRDMTI16!53V at sites of TA-KR was shown (n = 3, 10 cells per replicate, mean & SD). (B
and C) TRDMT!1 KO U20S cells were transfected with TA-KR and Myc-TRDMTIWT/ TRDMTI16155V following with treatment with 2D and stained
for m3C (B) and RADS51 or RADS52 (C). (D) Quantification of recruitment of RAD51 and RADS52 at TA-KR sites (n = 3, 50 cells per replicate, mean =+

SD).

TRDMT1 and a marker of cell proliferation (Ki67) expres-
sion in primary EOC specimens derived from 38 EOC pa-
tients (Supplementary Table S1). As expected, TRDMTI
protein level and the number of Ki67-positive cells ele-
vated in tumors from patients with progression-free sur-
vival (PFS) <6 months (clinically described as platinum-
resistant), while their expression was decreased in tumors
from patients with PFS >6 months (platinum-sensitive)
(Flgure SF and G), supporting that high TRDMT1 expres-
sion is correlated to enhanced drug resistance.

The TRDMT]1 Inhibitor YW-1842 reduces m*C induction
and HR

Under normal conditions, TRDMT]1 transfers the methyl
group from SAM to the fifth carbon atom of cytosine on
RNA to produce m>C and SAM was converted to SAH (4).
Previous studies and our current findings (Figures 1 and 5)
as described above suggested TRDMT] is a promising tar-
get for cancer therapy based on its role in DNA repair (3).
To identify a small molecule TRDMT]1 inhibitor, an in-
house compound library was screened, and a promising hit
was discovered. Subsequent SAR optimization led to the
identification of compound YW-1842 (detailed medicinal
chemistry works will be published in due course), which
exhibited -m°C inhibitory activity almost equivalent to
TRDMTT1 depletion at the concentration of 2.5 wM/L (Fig-
ure 6A and B). To rule out the possibility that YW-1842
is a cytotoxic drug, the antiproliferative effect of YW-1842

was measured and the compound did not prohibit cell pro-
liferation at the concentration below 5 pM/1 (Supplemen-
tary Figure S2A). DNA repair efficiency was also decreased
with the compound as evidenced by a delayed clearance of
v-H2AX foci in cells after IR (Supplementary Figure S2B)
with 2.5 wnM/1 YW-1842. Next, we used reporter assays to
confirm the effects of YW-1842 on the HR-mediated repair
of nuclease-generated DSBs at transcribed loci. Using the
DR-GFP assay, we confirmed that YW-1842 diminished
the repair of I-Scel-generated DSBs in comparison with
the DMSO treated group as well as siTRDMTI (Figure
6C). However, nonhomologous end joining (NHEJ) showed
no obvious changes in either TRDMT1 KD cells or the
TRDMT1 wild-type cells treated by compound YW-1842
(Figure 6D). This observation is in line with our previous
findings that TRDMTT1 loss would not affect the efficiency
of NHEJ (16). These data implicates YW-1842 is a potent
inhibitor for TRDMT].

YW-1842 sensitizes tumor cells to DNA damage in a
TRDMT1-dependent manner

We have demonstrated that TRDMT] plays a pivotal role
in DNA repair by the HR pathway (16). Therefore, the
inhibition of TRDMTI activity may augment the cyto-
toxic effects of radiation and the DNA damaging agents,
e.g. H,Oy; cisplatin; ATR inhibitor (ATR1) AZ20; ATMi
KUS55933; PARPi Olaparib. These DNA damaging agents
cause comprehensive lesions, while DSBs accumulated by
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Figure 5. Reduced TRDMT 1 expression renders cisplatin sensitization in vivo. (A) Lv-shTRDMT 1 or Lv-NC transfected SKOV 3 cells were subcutaneously
injected into BALB/c nude mice, a week after injection, cisplatin (5 mg/kg) or saline was injected into the center of the xenograft tumors twice per week
for three consecutive weeks. (B) Representative images of tumors in xenografts transfected with LV-shTRDMT1/LV-NC with saline or cisplatin treatment.
(C) Tumor size of SKOV3 subcutaneous xenograft tumors (7 = 6, mean £+ SD). (D) WB for TRDMT]1 in tumor tissues collected from mice in each group
(tissues from six tumors in the same group were mixed into one sample). (E) Representative photographs of m5C staining and TUNEL analysis in tumors
treated as indicated above. (F and G) IHC of TRDMT 1 and KI-67 expression in ovarian cancer tissues of patients who were platinum-sensitive (PFS > 6)
and -resistant (PFS < 6) (F). Staining was assessed and scored on a scale of 0 (<5% staining) to 4 (>75% staining) in (G). Quantification of IHC staining

(n =38, PFS > 6, n =24; PFS < 6, n = 14) was shown.

these agents are lethal to cells and could be repaired by
the HR pathway (29,30,33,34). Importantly, compound
YW-1842 at 2.5 wM/I, which does not kill cells alone
(Supplementary Figure S2A), sensitizes the cells to above
DNA damaging agents compared to single treatment (Fig-
ure 6E). Especially, YW-1842 at 2.5 pM demonstrated a
strong synergy with a marketed drug PARPi Olaparib at
1 pM in a triple-negative breast cancer HCC 1954 cell
lines (Figure 6E). Moreover, when YW-1842 was com-
bined with IR, a clear sensitivity enhancement for IR
was exhibited (Supplementary Figure S3). The combina-

tion of YW-1842 with H,O, also decreased the survival
rate of all three cell lines compared to DMSO (Sup-
plementary Figure S3). Finally, we tested the effect of
YW-1842 after damage in TRDMT1 KO cells express-
ing TRDMTIWT or TRDMTI1S"%%V, Compound YW-1842
does not sensitize TRDMT1 KO, while TRDMTIWT ex-
pression rescued the sensitivity of TRDMTI1 KO cells
to either IR or cisplatin, indicating that the effect of
YW-1842 is dependent on TRDMT1 expression (Figure
6F). Consistently, TRDMT16!5%V expression did not res-
cue the sensitivity of TRDMT1 KO cells to either IR or
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cisplatin, supporting our findings that the depletion of
TRDMTI1 due to TRDMT1¢"*V.induced hyper ubiqui-
tination renders the drug sensitivity in the patient (Fig-
ure 6F). These findings strengthen the notion that con-
current modulation of TRDMT1 may be a therapeutically
effective adjunctive treatment with chemotherapy or ra-
diotherapy for patients who harbor TRDMT 1-upregulated
tumors.

DISCUSSION

Our data demonstrate that the loss of TRDMTI1 expres-
sion in cancer could lead to increased sensitivity of can-

cer cells to chemotherapy and/or radiotherapy due to in-
efficient DNA repair. The markedly reduced overall m°C
methylation in RNA and changes of the DNA damage
response in TRDMT1 KO cells could be rescued by sta-
ble expression of TRDMTI1WT but not the patient-derived
mutant TRDMT1!5V . This phenomenon was likely due
to the loss of TRDMTTI via hyper-ubiquitination. When
DNA damage is induced in the transcribed regions in the
genome, R loops are efficiently induced (16). Our previ-
ous study shows that the DNA: RNA hybrids around SSBs
and DSBs may recruit TRDMT1 and serve as its substrate.
Once modified with m°>C, the DNA: RNA hybrids recruit
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RADS52 and RADS1 more efficiently to promote HR and
protect cells from DNA damage (16). In this study, we iden-
tified that the E3 ligase TRIM28 is recruited by TRDMT]1
and targets its lysine K251 for poly-ubiquitination, which is
likely required for removal of TRDMT1 from DNA dam-
age site and completion of repair. Although K251 is likely
the primary site of ubiquitination, it may not be the only
site. Indeed, we observed low levels of ubiquitination of
the K251R mutant. Both K251R and G155V/K251R mu-
tants are ubiquitinated at low levels (Figure 4B). This is
very different from the G155V mutant, which is increas-
ingly ubiquitinated compared to WT (Figure 4B). These
results argue that the effects of G155V on ubiquitination
are largely, if not completely, dependent on K251, sup-
porting the notion that G155V affects K251 ubiquitina-
tion. However, we agree with the reviewer that the effect of
G155V may not exclusively be attributed to the change of
local folding near K251. We cannot rule out the possibil-
ity that G155V affects the folding of TRDMT1 extensively
and makes it a better substrate of ubiquitination. Interest-
ingly, both loss of TRDMTT1 ubiquitination (e.g. TRIM28
loss) and TRDMT1 hyper ubiquitination (e.g. G155V) im-
pair DNA repair and increase cellular sensitivity to DNA
damage. It is worth pointing out that the expression of the
G155V/K251R double mutant in TRDMT1 KO cells did
not rescue cell survival in cisplatin (Figure 4G). This re-
sult suggests that the loss of K251 ubiquitination impairs
repair, and this effect is dominant over that of G155V. It is
likely that the TRDMT1 G155V/K251R mutant cannot be
removed from DNA damage sites properly, which blocks
the completion of repair. Together, our data suggest that
the amount of TRDMTT at sites of DNA damage has to
be tightly regulated in cells to ensure efficient repair and
cell survival. Both the lack of TRDMTT1 and the failure in
TRDMT1 removal are detrimental to DNA repair.

TRDMTI1 was known to modify tRNA in the cytoplasm
(8,35); TRDMT1-dependent m>C sites has also been de-
tected in mRNAs (9-11); biochemical fractionation exper-
iments in Drosophila showed that TRDMT1 was mostly a
cytoplasmic protein with a minor nuclear fraction tightly
attached to the nuclear matrix (36); TRDMT1 was shown
to exhibit nucleo-cytoplasmic shuttling in response to cel-
lular stress (37). Previously, we showed TRDMT1 carry-
ing nuclear localization signal (NLS) localized to damage
sites in the nucleus and restored m°C formation and vy-
H2AX clearance at the locus marked by TA-KR, support-
ing that the nuclear localization of TRDMTT is important
for DNA repair (14,22). In addition to RADSI, the repair
of TA-KR-induced DSBs requires RADS52 (14). Here, we
found TRDMT1Y!5V expression led to reduced mRNA
m°C methylation and inefficient HR as evidenced by de-
creased recruitment of RADS51 and RADS2, and delayed
clearance of y-H2AX foci at sites of DNA damage induced
by TA-KR or IR compared to TRDMTI1WT transfection.
Thus, the G155V mutation significantly reduces the func-
tion of TRDMT]1 in the face of DNA damage, which may
weaken the function of TDRMT1 in DNA repair, increas-
ing the effects of chemotherapeutic drugs or radiation. It
is reasonable to speculate that additional cancer mutations
that stabilize TRDMT]1 may also enhance the therapeutic
response in cancers.

E3s control both the efficiency and substrate specificity
of the ubiquitination reaction (38). Here, we found that
TRIM28 is the E3 ligase of TRDMT1. The TRIM28 not
only mediates the ubiquitination of a particular protein,
but also mediates other biological processes, such as DNA
damage repair, repression of transcriptional elongation,
and cancer development (39-41). In ovary cancer, TRIM28
high expression was an independent predictor for patients
with ovarian cancer (42). It is also shown that TRIM28
plays a unique and essential role in transcriptional elonga-
tion (43). We show that TRIM?28 is specifically recruited
to damage sites where TRDMT]1 is enriched, indicating
the unique role of TRIM28 in protecting the transcription-
ally active regions of the genome from damage. It would
be interesting to investigate whether TRIM28 ubiquitinates
and removes other repair proteins to complete repair and
whether the expression of TRIM28 affects the therapeutic
response of cancers.

This intriguing feature of TRDMTI1 in DNA damage
regulation pushed us to further explore the possibility of
discovering TRDMT1 small molecule inhibitors. From an
extensive drug discovery campaign, we identified a highly
potent inhibitor YW-1842. We showed that YW-1842 ef-
ficiently inhibited TRDMT] recruitment, m°C formation
and HR efficiency at DNA damage sites, and enhanced
the cellular sensitivity to multiple DNA-damaging agents.
These findings further supported the notion that TRDMT1
is an attractive target to sensitize cancer cells to chemother-
apy.

Importantly, TRDMTT is upregulated in a subset of tu-
mors and correlated with the poor prognosis of patients.
Some selective inhibitors of specific protein methyltrans-
ferases, including DOTI1L, EZH2 and PRMTS, are cur-
rently under clinical investigation as cancer therapeutics
(20,21,44). However, the structural details of the various
RNMTs are unique and distinguished from those of the
protein methyltransferases that have been proved quite
amenable to modulation by small-molecule inhibitors with
good pharmacological properties (45). YW-1842 demon-
strated high inhibitory activity, providing a starting point
for further optimization for therapeutic purposes. Taken to-
gether, our study demonstrated that the expression, degra-
dation, and activity of TRDMTI are highly relevant to
the response of cancer cells to chemotherapy, and made
an important step toward the synthesis of potent, specific
inhibitors for TRDMTI, providing a basis for improving
chemotherapy in future studies.

DATA AVAILABILITY

The datasets generated
the current study are available from the corre-
sponding author upon request. The LC/MS raw
files and search results were deposited into Mas-
sIVE data repository. https://secure-web.cisco.com/
121wrFVgr3JpWPCftV2ydTxo000ZPkb5S3YEfEQ-
brgqsZa0ZDX41MctPmY VOW)jwTlhps_Qf8§T5STOqwOC
WdZx9BsU11aWsS_jvrnvF21ph1w9SSIBq_vTaDYbyp-
S46DQru_ 4TPIV-vDrPafflUtLkSDKVT64£S3-
Vq711Qgt_sP7XQGGrIgghPI168i1040fx9m2Yd§jfUaOe WX
Xod8CIs5bv9crWyuLoRdvjKV_0SWjrmDcjy-

and/or analyzed during


https://secure-web.cisco.com/121wrFVgr3JpWPCftV2ydTxoo0OZPkb5S3YEfEQ-brgqsZa0ZDX41MctPmYVOWjwTlhps_Qf8T5T0qwOCWdZx9BsU11aWsS_jvrnvF21ph1w9SSlBq_vTaDYbyp-S46DQru_4TPIV-vDrPafflUtLk5DKVT64fS3-Vq7llQgt_sP7XQGGrIgghPI68i04Ofx9m2Yd8jfUaOeWXXod8CIs5bv9crWyuLoRdvjKV_0SWjrmDcjy-37FcQOF8IBaQKKL/https%3A%2F%2Fmassive.ucsd.edu%2FProteoSAFe%2Fstatic%2Fmassive.jsp

37FcQOF8IBaQKKL/https%3A%2F%2Fmassive.ucsd.
edu%2FProteoSAFe%2Fstatic’2Fmassive.jsp Accession
number: MSV000085313

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Cancer Online.

ACKNOWLEDGEMENTS

Author Contributions: X. Z. and X. W. conducted the ma-
jor experiments. W. Y. and F. L. synthesized the compounds
and participated in data analysis. H.Y., Y. X., and S.Y.
helped the experiments. H.L. and L.L. provided overall ex-
perimental guidance. All authors acknowledge their specific
contributions and have reviewed the manuscript.

FUNDING

National Institutes of Health [GM 118833 to L.L. (in part)].
Funding for the open access charge: National Institutes of
Health [GM118833].

Conflict of interest statement. None declared.

REFERENCES

1. Shi,H., Wei,J. and He,C. (2019) Where, when, and how:
context-dependent functions of RNA methylation writers, readers,
and erasers. Mol. Cell, 74, 640-650.

2. Chen,X.Y., Zhang,J. and Zhu,J.S. (2019) The role of m(6)A RNA
methylation in human cancer. Mol. Cancer, 18, 103.

3. Cheng,J.X., Chen,L., Li,Y., Cloe,A., Yue,M., Wei,J., Watanabe, KA.,
Shammo,J.M., Anastasi,J., Shen,Q.J. e al. (2018) RNA cytosine
methylation and methyltransferases mediate chromatin organization
and 5-azacytidine response and resistance in leukaemia. Nat.
Commun., 9, 1163.

4. GolLM.G., Kirpekar,F., Maggert,K.A., Yoder,J.A., Hsieh,C.L.,
Zhang,X., Golic,K.G., Jacobsen,S.E. and Bestor,T.H. (2006)
Methylation of tRNAAsp by the DNA methyltransferase homolog
Dnmt2. Science, 311, 395-398.

5. Tovy,A., Siman Tov,R., Gaentzsch,R., Helm,M. and Ankri,S. (2010)
A new nuclear function of the Entamoeba histolytica glycolytic
enzyme enolase: the metabolic regulation of cytosine-5
methyltransferase 2 (Dnmt2) activity. PLoS Pathog., 6, €1000775.

6. Muller,S., Windhof,I.M., Maximov, V., Jurkowski,T., Jeltsch,A.,
Forstner,K.U., Sharma,C.M., Graf,R. and Nellen,W. (2013) Target
recognition, RNA methylation activity and transcriptional regulation
of the Dictyostelium discoideum Dnmt2-homologue (DnmA).
Nucleic Acids Res., 41, 8615-8627.

7. Becker,M., Muller,S., Nellen,W., Jurkowski, T.P., Jeltsch,A. and
Ehrenhofer-Murray,A.E. (2012) Pmtl, a Dnmt2 homolog in
Schizosaccharomyces pombe, mediates tRNA methylation in
response to nutrient signaling. Nucleic Acids Res., 40, 11648-11658.

8. Jeltsch,A., Ehrenhofer-Murray,A., Jurkowski, T.P., Lyko,F.,
Reuter,G., Ankri,S., Nellen,W., Schaefer,M. and Helm,M. (2017)
Mechanism and biological role of Dnmt2 in Nucleic Acid
Methylation. RNA Biol., 14, 1108-1123.

9. Khoddami,V. and Cairns,B.R. (2013) Identification of direct targets
and modified bases of RNA cytosine methyltransferases. Nat.
Biotechnol., 31, 458-464.

10. Gilbert,W.V., Bell, T.A. and Schaening,C. (2016) Messenger RNA
modifications: Form, distribution, and function. Science, 352,
1408-1412.

11. Dev,R.R., Ganji,R., Singh,S.P., Mahalingam,S., Banerjee,S. and
Khosla,S. (2017) Cytosine methylation by DNMT?2 facilitates
stability and survival of HIV-1 RNA in the host cell during infection.
Biochem. J., 474, 2009-2026.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25

26.

27.

28.

29.

30.

31.

NAR Cancer, 2021, Vol. 3, No. 1 13

. Schaefer,M., Pollex, T., Hanna,K., Tuorto,F., Meusburger,M.,

Helm,M. and Lyko,F. (2010) RNA methylation by Dnmt2 protects
transfer RNAs against stress-induced cleavage. Genes Dev., 24,
1590-1595.

Schaefer,M., Hagemann,S., Hanna,K. and Lyko,F. (2009)
Azacytidine inhibits RNA methylation at DNMT2 target sites in
human cancer cell lines. Cancer Res., 69, 8127-8132.

Teng,Y., Yadav,T., Duan,M., Tan,J., Xiang,Y., Gao,B., Xu,J.,
Liang,Z., Liu,Y., Nakajima,S. ef al. (2018) ROS-induced R loops
trigger a transcription-coupled but BRCA1/2-independent
homologous recombination pathway through CSB. Nat. Commun., 9,
4115.

. Lan,L., Nakajima,S., Wei,L., Sun,L., Hsieh,C.L., Sobol,LR.W.,

Bruchez,M., Van Houten,B., Yasui,A. and Levine,A.S. (2014) Novel
method for site-specific induction of oxidative DNA damage reveals
differences in recruitment of repair proteins to heterochromatin and
euchromatin. Nucleic Acids Res., 42, 2330-2345.

Chen,H, Y.H.,Zhu X, Yadav,T, Ouyang,J, Truesdell,SS, Tan,J,
Wang,Y, Duan,M, Wei,L, Zou,L, Levine,AS, Vasudevan,S and
Lan,L. (2020) m5C Modification of mRNA Serves a DNA damage
code to promote homologous recombination. Nat. Commun., 11,
2834.

Gnyszka,A., Jastrzebski,Z. and Flis,S. (2013) DNA methyltransferase
inhibitors and their emerging role in epigenetic therapy of cancer.
Anticancer Res., 33, 2989-2996.

Christman,J. K. (2002) 5-Azacytidine and 5-aza-2’-deoxycytidine as
inhibitors of DNA methylation: mechanistic studies and their
implications for cancer therapy. Oncogene, 21, 5483.

Schubert,H.L., Blumenthal,R.M. and Cheng,X. (2003) Many paths
to methyltransfer: a chronicle of convergence. Trends Biochem. Sci.,
28, 329-335.

Kaniskan,H.U., Martini,M.L. and Jin,J. (2018) Inhibitors of protein
methyltransferases and demethylases. Chem. Rev., 118, 989-1068.
Boriack-Sjodin,P.A., Ribich,S. and Copeland,R.A. (2018)
RNA-modifying proteins as anticancer drug targets. Nat. Rev. Drug
Discov., 17, 435-453.

Wei,L., Nakajima,S., Bohm,S., Bernstein,K.A., Shen,Z., Tsang,M.,
Levine,A.S. and Lan,L. (2015) DNA damage during the GO/G1
phase triggers RNA-templated, Cockayne syndrome B-dependent
homologous recombination. Proc. Natl. Acad. Sci. U.S.A., 112,
E3495-3504.

Shi,Y., Pellarin,R., Fridy,P.C., Fernandez-Martinez.J.,
Thompson,M.K., Li,Y., Wang,Q.J., Sali,A., Rout,M.P. and
Chait,B.T. (2015) A strategy for dissecting the architectures of native
macromolecular assemblies. Nat. Meth., 12, 1135-1138.

Fridy,P.C., Li,Y., Keegan,S., Thompson,M.K., Nudelman,I.,
Scheid,J.F., Oeffinger,M., Nussenzweig, M.C., Fenyo,D., Chait,B.T.
et al. (2014) A robust pipeline for rapid production of versatile
nanobody repertoires. Nat. Meth., 11, 1253-1260.

. Algret,R., Fernandez-Martinez.J., Shi, Y., Kim,S.J., Pellarin,R.,

Cimermancic,P., Cochet,E., Sali,A., Chait,B.T., Rout, M.P. et al.
(2014) Molecular architecture and function of the SEA complex, a
modulator of the TORC1 pathway. Mol. Cell. Proteom., 13,
2855-2870.

Tyanova,S., Temu,T. and Cox,J. (2016) The MaxQuant
computational platform for mass spectrometry-based shotgun
proteomics. Nat. Protoc., 11, 2301-2319.

Lan,L., Ui,A., Nakajima,S., Hatakeyama,K., Hoshi,M.,
Watanabe,R., Janicki,S.M., Ogiwara,H., Kohno,T., Kanno,S. et al.
(2010) The ACF1 complex is required for DNA double-strand break
repair in human cells. Mol. Cell, 40, 976-987.

Forbes,S.A., Beare,D., Gunasekaran,P., Leung,K., Bindal,N.,
Boutselakis,H., Ding,M., Bamford,S., Cole,C., Ward,S. et al. (2015)
COSMIC: exploring the world’s knowledge of somatic mutations in
human cancer. Nucleic Acids Res., 43, D805-D811.

Siddik,Z.H. (2003) Cisplatin: mode of cytotoxic action and molecular
basis of resistance. Oncogene, 22, 7265.

Furuta,T., Ueda,T., Aune,G., Sarasin,A., Kraemer,K.H. and
Pommier,Y. (2002) Transcription-coupled nucleotide excision repair
as a determinant of cisplatin sensitivity of human cells. Cancer Res.,
62, 4899-4902.

Elhardt,W., Shanmugam,R., Jurkowski, T.P. and Jeltsch,A. (2015)
Somatic cancer mutations in the DNMT2 tRNA methyltransferase
alter its catalytic properties. Biochimie, 112, 66-72.


https://secure-web.cisco.com/121wrFVgr3JpWPCftV2ydTxoo0OZPkb5S3YEfEQ-brgqsZa0ZDX41MctPmYVOWjwTlhps_Qf8T5T0qwOCWdZx9BsU11aWsS_jvrnvF21ph1w9SSlBq_vTaDYbyp-S46DQru_4TPIV-vDrPafflUtLk5DKVT64fS3-Vq7llQgt_sP7XQGGrIgghPI68i04Ofx9m2Yd8jfUaOeWXXod8CIs5bv9crWyuLoRdvjKV_0SWjrmDcjy-37FcQOF8IBaQKKL/https%3A%2F%2Fmassive.ucsd.edu%2FProteoSAFe%2Fstatic%2Fmassive.jsp
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcab010#supplementary-data

14 NAR Cancer, 2021, Vol. 3, No. 1

32.

33.

34.

35.

36.

37.

38.

Ziv,Y., Bielopolski,D., Galanty,Y., Lukas,C., Taya,Y., Schultz,D.C.,
Lukas,J., Bekker-Jensen,S., Bartek,J. and Shiloh,Y. (2006) Chromatin
relaxation in response to DNA double-strand breaks is modulated by
a novel ATM- and KAP-1 dependent pathway. Nat. Cell Biol., 8,
870-876.

Wright,W.D., Shah,S.S. and Heyer, W.D. (2018) Homologous
recombination and the repair of DNA double-strand breaks. J. Biol.
Chem., 293, 10524-10535.

Carvalho,J.F. and Kanaar,R. (2014) Targeting homologous
recombination-mediated DNA repair in cancer. Expert Opin. Ther.
Targets, 18, 427-458.

Rai,K., Chidester,S., Zavala,C.V., Manos,E.J., James,S.R.,
Karpf,A.R., Jones,D.A. and Cairns,B.R. (2007) Dnmt2 functions in
the cytoplasm to promote liver, brain, and retina development in
zebrafish. Genes Dev., 21, 261-266.

Schaefer,M., Steringer,J.P. and Lyko,F. (2008) The Drosophila
cytosine-5 methyltransferase Dnmt2 is associated with the nuclear
matrix and can access DNA during mitosis. PLoS One, 3, e1414.
Thiagarajan,D., Dev,R.R. and Khosla,S. (2011) The DNA
methyltranferase Dnmt2 participates in RNA processing during
cellular stress. Epigenetics, 6, 103—113.

Zheng,N. and Shabek,N. (2017) Ubiquitin Ligases: Structure,
Function, and Regulation. Annu. Rev. Biochem., 86, 129-157.

39.

40.

41.

42.

43.

44,

45.

White,D.E., Negorev,D., Peng,H., Ivanov,A.V., Maul, G.G. and
Rauscher,F.J. (2006) KAP1, a novel substrate for PIKK family
members, colocalizes with numerous damage response factors at
DNA lesions. Cancer Res., 66, 11594-11599.

Bunch,H., Lawney,B.P, Lin,Y.F., Asaithamby,A., Murshid,A.,
Wang,Y.E., Chen,B.P. and Calderwood,S.K. (2015) Transcriptional
elongation requires DNA break-induced signalling. Nat. Commun., 6,
10191.

Pineda,C.T., Ramanathan,S., Fon Tacer,K., Weon,J.L., Potts, M.B.,
Ou,Y.H., White,M.A. and Potts,P.R. (2015) Degradation of AMPK
by a cancer-specific ubiquitin ligase. Cel/, 160, 715-728.

Cui, Y., Yang,S., Fu,X., Feng.J., Xu,S. and Ying,G. (2014) High levels
of KAPI expression are associated with aggressive clinical features in
ovarian cancer. Int. J. Mol. Sci., 16, 363-377.

Bunch,H. and Calderwood,S.K. (2015) TRIM28 as a novel
transcriptional elongation factor. BMC Mol. Biol., 16, 14.

Ribich,S., Harvey,D. and Copeland,R.A. (2017) Drug discovery and
chemical biology of cancer epigenetics. Cell Chem. Biol., 24,
1120-1147.

Swinehart, W.E. and Jackman,J.E. (2015) Diversity in mechanism and
function of tRNA methyltransferases. RNA Biol., 12, 398-411.



