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RNA modifications regulate a variety of cellular processes including DNA repair.
The RNA methyltransferase TRDMT1 generates methyl-5-cytosine (m5C) on messen-
ger RNA (mRNA) at DNA double-strand breaks (DSBs) in transcribed regions, pro-
moting transcription-coupled homologous recombination (HR). Here, we identified
that Fragile X mental retardation protein (FMRP) promotes transcription-coupled HR
via its interaction with both the m5C writer TRDMT1 and the m5C eraser ten-eleven
translocation protein 1 (TET1). TRDMT1, FMRP, and TET1 function in a temporal
order at the transcriptionally active sites of DSBs. FMRP displays a higher affinity for
DNA:RNA hybrids containing m5C-modified RNA than for hybrids without modifica-
tion and facilitates demethylation of m5C by TET1 in vitro. Loss of either the chroma-
tin- or RNA-binding domain of FMRP compromises demethylation of damage-induced
m5C in cells. Importantly, FMRP is required for R-loop resolving in cells. Due to unre-
solved R-loop and m5C preventing completion of DSB repair, FMRP depletion or low
expression leads to delayed repair of DSBs at transcriptionally active sites and sensitizes
cancer cells to radiation in a BRCA-independent manner. Together, our findings present
an m5C reader, FMRP, which acts as a coordinator between the m5C writer and eraser
to promote mRNA-dependent repair and cell survival in cancer.
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It is known that DNA damage becomes deleterious to cells at transcriptionally active
coding regions because RNA polymerase II (RNA Pol II) is generally stalled at DNA
strand breaks, and nascent RNA transcript is able to rehybridize with DNA template
and displaces nontemplate single-stranded DNA, forming a so-called R-loop structure
(1). R-loops are susceptible to breakage and cause genome instability. Meanwhile,
R-loops serve as a signal to initiate transcription-coupled homologous recombination
(TC-HR) after damage at the transcribed genome (1, 2). Such beneficial impact of
transcription on DNA repair was discovered in transcription-coupled nucleotide exci-
sion repair (TC-NER) (3, 4) for ultraviolet (UV)-induced damage and TC-HR for
DNA nuclease-induced double-strand breaks (DSBs) and oxidative damage-induced
DSBs at the transcribed genome (5–8). Although the impact of transcription on DNA
repair has been long appreciated, the functions of RNAs in DNA repair have just
begun to unfold. The RNAs newly synthesized upon DSB generation, including small
RNA and long noncoding RNA, have been demonstrated to activate DNA damage
response or promote the DSB repair (9–12). Recent studies indicate that RNA modifi-
cations, e.g., N6-methyladenosine (m6A) and methyl-5-cytosine (m5C), contribute to
R-loop stabilization and are involved in TC-HR (13, 14). Among RNA modifications,
m5C is less studied, and “readers” of m5C are not well identified, while emerging stud-
ies have revealed m5C RNA modification as a new layer in tumorigenesis and tumor
progression. For example, elevated m5C RNA modification has been reported in the
circulating tumor cells from lung cancer patients compared to the whole blood cells
(15). More recently, m5C RNA modification was found to be increased in human uro-
thelial carcinoma of the bladder (16) and in human hepatocellular carcinoma (17).
Importantly, m5C RNA modification promotes the pathogenesis of bladder cancer
through stabilizing messenger RNAs (mRNAs) (16). A growing body of studies has
shown that just like phosphorylation and ubiquitination, dephosphorylation (18, 19)
and deubiquitination (20, 21) play important roles in the DNA damage repair process.
Thus, we are very interested in how m5C RNA modification is dynamically regulated
in cells and subsequently contributes to repair and cancer-cell survival. Furthermore,
the removal of R-loops is required for the completion of DNA repair, but how it is reg-
ulated is also unknown. Thus, elucidating the regulation of m5C and R-loops during

Significance

This study shows that Fragile X
mental retardation protein (FMRP)
promotes messenger RNA
(mRNA)-dependent recombination
via facilitating ten-eleven
translocation protein 1 (TET1)-
mediated mRNAmethyl-5-
cytosine (m5C) demethylation.
Loss of FMRP leads to damage
inducedmRNAm5C and R-loop
accumulation at sites of active
transcription, defective
recombination repair, and
increased radiosensitivity of tumor
cells. FMRP-dependent RNAm5C
demethylation and R-loop
resolving during DNA repair are
important for repair completion
and the maintenance of genome
stability. The removal of m5C by
the FMRP–TET1 axis is coupled
with R-loop dissolution, which
ensures proper completion of
DNA repair and survival of cells
after DNA damage. These findings
significantly advance our
understanding of the regulation of
RNAmodifications in R-loop
dynamics during DNA repair.

Author contributions: L.L. designed research; H.Y., Y.X.,
T.Y., J.O., L.P., X.Z., and L.L. performed research; H.Y.,
Y.W., Y.X., T.Y., J.O., L.P., X.Z., Y.S., L.Z., and L.L.
analyzed data; and H.Y., L.Z., and L.L. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email:
llan1@mgh.harvard.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2116251119/-/DCSupplemental.

Published March 15, 2022.

PNAS 2022 Vol. 119 No. 12 e2116251119 https://doi.org/10.1073/pnas.2116251119 1 of 12

RESEARCH ARTICLE | CELL BIOLOGY

https://orcid.org/0000-0003-3038-6453
https://orcid.org/0000-0002-6732-5649
https://orcid.org/0000-0003-0383-6172
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:llan1@mgh.harvard.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116251119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116251119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2116251119&domain=pdf&date_stamp=2022-03-15


DNA repair is critical for understanding how DNA repair is
uniquely regulated in the transcribed genome.
In this study, we identified the Fragile X mental retardation

protein (FMRP) as an interacting partner of the m5C writer,
TRDMT1, using immunoprecipitation (IP) and mass spec-
trometry (MS). FMRP, encoded by FMR1, is a predominantly
cytoplasmic RNA-binding protein that regulates protein trans-
lation (22, 23). The deficiency of FMRP causes Fragile X syn-
drome, which is associated with inherited intellectual disability,
premature ovarian failure, autism, Parkinson's disease, develop-
mental delays, and other cognitive deficits (24). Here, we found
that the knockdown (KD) or knockout (KO) of FMRP delays
the demethylation of m5C RNA modification and resolving of
R-loops after DNA damage. FMRP preferentially binds
DNA:RNA hybrids containing m5C-modified RNA. Mecha-
nistically, FMRP is recruited to sites of damage by the m5C
writer, TRDMT1, and then promotes the removal of m5C by
its eraser ten-eleven translocation protein 1 (TET1). Both the
chromatin-binding domain and RNA-binding domain are
required for FMRP to promote m5C demethylation. Loss of
FMRP leads to defective HR repair and increased radiosensitiv-
ity of tumor cells. Thus, FMRP-dependent m5C RNA-
modification demethylation and R-loop resolving during DNA
repair are important for repair completion and the maintenance
of genome stability.

Results

FMRP Interacts with m5C RNA-Modification Writer TRDMT1
and Promotes m5C Demethylation after DNA Damage. Most
cancer cells are consistently burdened by oxidative stress due to
altered oxidation metabolism. Our recent study revealed that
oxidative damage and oxidative damage-derived DSBs trigger
the methyltransferase TRDMT1-mediated m5C RNA modifi-
cation, which contributes to DNA repair and cell survival (14).
To understand how m5C RNA modification is dynamically
regulated in cells and subsequently contributes to repair and
cancer-cell survival, we sought to identify regulators of the
m5C RNA-modification writer TRDMT1. TRDMT1 stably
expressed Flp-in 293 cells with or without H2O2 damage were
subjected to IP, and the pull-down elution fractions were
applied to MS analysis (Fig. 1A). Under the unperturbed con-
ditions, most of the pulled-down proteins by green fluorescent
protein (GFP)-tagged TRDMT1 are involved in four specific
biological processes: transfer RNA (tRNA) or mRNA biogene-
sis, DNA synthesis, DNA repair, and cell-cycle regulation (SI
Appendix, Fig. 1A). Level of exogenously expressed TRDMT1
was identical to endogenous TRDMT1 expression (SI
Appendix, Fig. 1B). Specifically, a number of aminoacyl–tRNA
synthetases were detected, including phenylalanyl–tRNA syn-
thetase, tyrosyl–tRNA synthetase, and glycyl–tRNA synthetase
(SI Appendix, Fig. 1A), which is consistent with the role of
TRDMT1 as a tRNA methyltransferase. In addition, the RNA
Pol II subunit, POLR2B, was detected as a TRDMT1-
interacting protein (Fig. 1B), which is consistent with a previ-
ous report that TRDMT1 forms a complex with RNA Pol II
(25). We also confirmed that the interaction between
TRDMT1 and RNA Pol II increases upon DNA damage (Fig.
1B). As previously reported, we also detected Top2A, MSH2,
MSH6, and HDAC2 as TRDMT1-interacting partners (26).
For the H2O2-damaged condition, 10 of the top 15 enriched
proteins are RNA-binding proteins. Among them, FMRP was
identified as one of the top proteins. Interestingly, it has been
shown that many FMRP-binding sites in RNA overlap with

sites of m5C modification in RNA (27); however, the role of
FMRP in the regulation of m5C RNA modification is
unknown. The relative abundance of FMRP in different groups
of MS was analyzed, and FMRP was found to be mostly
enriched in the H2O2 damage group after TRDMT1 pull-
down (Fig. 1B). The interaction between FMRP and
TRDMT1 was confirmed by co-IP detected with the anti-
FMRP antibody. As expected, H2O2 treatment increased their
interaction (Fig. 1C). In contrast, EtBr treatment, RNaseH, or
RNaseA treatment did not abolish the interaction, indicating
that the interaction is not mediated by DNA, RNA, or DNA:
RNA hybrid (SI Appendix, Fig. 1C). FMRP and TRDMT1
interacted with each other in the in vitro pull-down with puri-
fied FMRP and TRDMT1 proteins, indicating a direct
protein–protein interaction between FMRP and TRDMT1
(Fig. 1D).

To investigate if m5C RNA-modification kinetics is regu-
lated by FMRP upon DNA damage, we created the FMRP KO
U2OS cells (SI Appendix, Fig. 1D) and examined the level of
m5C in mRNA using the dot-blot assay. After the cells were
treated with H2O2 for 1 h, H2O2 was removed from the
medium, and cells were allowed to recover for 8 h. The level of
m5C in mRNA isolated from cells was analyzed. In the wild-
type (WT) U2OS cells, an increase of m5C in mRNA was
detected after 1-h H2O2 treatment (Fig. 1E), as reported (14).
To be noticed, the m5C level in mRNA gradually decreased
after damage induction. In the FMRP KO cells, the induction
of m5C at 1 h after treatment with H2O2 was the same as in
WT cells (Fig. 1E). However, at 8 h after H2O2 removal, the
m5C RNA-modification level in FMRP KO cells remained sig-
nificantly higher than in WT cells (Fig. 1 E and F). m5C RNA
modification is a signal to promote repair, while the resolving
of m5C is also required with repair progression. FMRP deple-
tion affects the resolving of m5C at the late stage of repair,
indicating that FMRP may be required for repair completion.

We previously established the DNA damage at RNA-
transcribed sites (DART) system to monitor the kinetics of
DNA repair at transcribed vs. nontranscribed genome in real
time in live cells (8, 28). In the DART system, we used
KillerRed (KR), a light-excitable chromophore, to release free
radicals upon light activation in a dose-dependent manner. A
tandem tetracycline-responsive element array cassette with an
adjacent reporter gene was stably integrated into the genome of
U2OS cells. When KR is fused with either tetR (tetR-KR) or
tetR with transcription activator VP16 (TA-KR) and expressed
in cells, the fusion protein tetR-KR or TA-KR binds to the
TRE locus. TetR-KR binds to the TRE locus, but does not
activate transcription, while TA-KR binds and activates the
reporter gene transcription locally (8, 28). After KR activation
with visible light exposure, either tetR-KR or TA-KR releases
free radicals and causes the equivalent amount of local oxidative
damage-derived DSBs at the locus (8, 28). With this system,
we have detected robust m5C at the TRE locus specifically at
sites of TA-KR, but not at sites of tetR-KR, despite the similar
induction of damage at both sites after light activation (14) (SI
Appendix, Fig. 1E). Without light activation, KR did not
release free radicals, and there were no m5C foci at this locus
(SI Appendix, Fig. 1E). We have monitored the kinetics of local
m5C with different recovery time points after light activation-
induced damage in the DART system with or without small
interfering TRDMT1 (siTRDMT1) and/or small interfering
FMRP (siFMRP) (Fig. 1G). In the small interfering Control
(siCtrl)-treated cells, the percentage of m5C-positive cells
increased and reached the maximum at damage sites at 1-h
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recovery, then decreased gradually. In siFMRP-treated cells,
although m5C was similarly induced at 1-h recovery, the disap-
pearance of m5C was delayed with time (Fig. 1G and SI
Appendix, Fig. 1F). These results confirmed that FMRP is
required for local m5C resolving at the transcribed genome

after damage. Moreover, m5C kinetics in both siTRDMT1-
and siFRMP-treated cells is identical to that in siTRDMT1
cells with reduced m5C induction 1 h after damage. This result
supports the idea that TRDMT1 acts upstream of FMRP in
the m5C pathway at a DNA damage site (Fig. 1G).

Fig. 1. FMRP interacts with the m5C RNA-modification methyltransferase TRDMT1 and contributes to m5C RNA-modification demethylation after damage.
(A) Schematic diagram of the MS to identify the interacting partners of TRDMT1. (A, Right) Top 15 proteins enriched in the H2O2 damage group. RNA-binding
proteins were marked with orange color. (B) The relative abundance of POLR2B and FMRP in different groups of mass spectrometry. The relative intensity
of three identified peptides for FMRP in three groups of MS was calculated (mean ± SEM). (C) Flp-in 293 cells were transfected with GFP-TRDMT1 or GFP
empty vector with or without treatment of 1 mM H2O2 for 1 h. Interaction of FMRP and TRDMT1 was detected with Co-IP. Anti-GFP antibody was used for
pull-down, and anti-FMRP was used for detection in Western blot (WB). (D) In vitro pull-down of FMRP and TRDMT1. We used 0.3 μg of purified His-FMRP
and His-TRDMT1 for pull-down assay with the anti-FMRP antibody. WB of anti-His antibody is shown. (E and F) WT and FMRP KO U2OS–TRE cells were
treated with or without 2 mM H2O2 for 1 h and then recovered for 8 h after H2O2 removal. After treatment, mRNA was extracted for m5C dot-blot assay at
the indicated time point. Quantification of the level of m5C (mean ± SD) from three independent experiments normalized with WT no H2O2 is shown in F.
(G) siFMRP, siTRDMT1, or control siRNA pretreated U2OS–TRE cells were transfected with TA-KR. The cells were exposed to light for KR activation for 25 min
and followed with recovery for the indicated time before fixation. m5C foci frequency at TA-KR sites at the indicated time point is shown. (Scale bar: 10 μm.)
(n = 3; 50 cells per replicate; mean ± SD.) Statistical analysis was done with the unpaired two-tailed Student t test. ns. not significant. **P < 0.01.
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FMRP Preferentially Binds DNA:RNA Hybrids Containing m5C-
Modified RNA and its RNA Binding Is Required for m5C Deme-
thylations. To understand the molecular basis of the regulation
on the m5C RNA-modification kinetics by FMRP, we exam-
ined if FMRP could bind m5C-modified RNA:DNA hybrids.
We synthesized a set of biotin-labeled RNA oligos of 30 nucle-
otide long, with or without five m5Cs, and used them to gener-
ate DNA:RNA hybrids (Fig. 2 A, Left). The 30-bp DNA:RNA
hybrids containing m5Cs captured FMRP in cell lysates more
efficiently than the hybrids containing unmodified RNA
(Fig. 2 A and B). Thus, FMRP preferentially binds m5C RNA-
modified RNA:DNA hybrids.
To understand how the m5C RNA-modified hybrids-

preferred binding affinity of FMRP affects the demethylation
process of m5C RNA modification, we performed the demeth-
ylation assay using the FMRP pull-down fraction from FMRP-
expressed FMRP KO Flp-in 293 cell lysates. The FMRP pull-
down fraction was incubated with m5C-modified RNA:DNA
hybrids. The m5C level in the FMRP-expressed cells was lower
compared to that in FMRP KO cells (Fig. 2 C and D),

indicating that FMRP is involved in the demethylation of the
m5C-modified RNA:DNA hybrids. In contrast, the FMRP
mutant I304N, which is defective in RNA binding (29), failed
to remove the m5C-modified DNA:RNA hybrids (Fig. 2 C
and D). These results together suggest that FMRP preferentially
binds m5C RNA-modified RNA:DNA hybrids and subse-
quently contributes to the demethylation of m5C in cells.

FMRP Is Epistasis of TRDMT1 and Is Recruited to DNA Damage
Sites by TRDMT1. Since FMRP is required for damage-induced
m5C RNA-modification demethylation, we asked if FMRP
itself is recruited to the sites of m5C locally. Cells transfected
with Flag-FMRP and TA-KR or TA-Cherry were light-
irradiated and allowed to recover for 1 h before fixation and
staining with Flag antibody. Cherry was used as an additional
nondamage control for KR, and TA-Cherry activates transcrip-
tion at the TRE array, but does not induce damage upon light
exposure. The majority of FMRP was distributed in the cyto-
plasm, which is consistent with previous literature (22). Impor-
tantly, after damage induction by KR in the nucleus, FMRP
was preferentially recruited to sites of TA-KR, but not to
TA-Cherry (Fig. 3 A and B), indicating that transcription itself
does not trigger the recruitment of FMRP. The chromatin IP
(ChIP)-qPCR assay confirmed the specific binding of Flag-
FMRP to sites of TA-KR compared to the Flag empty vector
(Fig. 3C). Besides the Flag-tagged FMRP, the endogenous
FMRP was also recruited to the sites of TA-KR after damage
induction (SI Appendix, Fig. 2A). Importantly, the recruitment
of FMRP at sites of TA-KR was diminished in TRDMT1 KO
cells (Fig. 3 D and E), indicating that TRDMT1 may facilitate
the recruitment of FMRP to m5C sites via the TRDMT1–
FMRP interaction.

Light-activated KR induces oxidative damage-derived DSBs,
and the repair kinetics can be monitored by γH2AX kinetics at
local damage sites (14). We characterized the γH2AX kinetics
in FMRP KO cells to understand if the FMRP-dependent
m5C demethylation is important for DNA repair. We observed
the equivalent induction of TA-KR–induced γH2AX foci in
the WT and FMRP KO cells 1 h after damage induction. In
the WT cells, the frequency of TA-KR–induced γH2AX foci
was significantly reduced 36 h after damage induction; how-
ever, the decline of γH2AX foci at the TRE array was compro-
mised in FMRP KO cells (Fig. 3F), suggesting that FMRP is
required for efficient repair of DSBs at the transcribed genome.
We also examined the effect of FMRP KO on the repair of
DSBs at the sites of tetR-KR, in which DSBs were induced
within heterochromatin structure without the presence of
mRNA and active transcription. At sites of tetR-KR, the rate of
γH2AX clearance did not show any differences between the
U2OS WT and FMRP KO cells (Fig. 3G). To rule out the
possibility that the γH2AX clearance defect of the FMRP KO
cell is due to the checkpoint defect caused by FMRP deficiency,
we checked the activation of the ATM signaling pathway upon
ionizing radiation (IR) damage. Under the condition of no IR
damage, no activation of ATM or CHK2 was observed in the
FMRP KO cells compared to U2OS WT cells. After cells were
exposed to IR damage, similar activation of ATM and CHK2
was observed for FMRP KO cells and U2OS WT cells (SI
Appendix, Fig. 2B), indicating that the ATM signaling pathway
was not affected by knocking out FMRP. Thus, the FMRP-
dependent m5C demethylation specifically contributes to the
repair of DSBs within actively transcribed chromatin. We also
used reporter assays to examine the HR-mediated repair of
DSBs. Using the direct-repeat GFP (DR-GFP) assay, we found

Fig. 2. FMRP preferentially binds m5C RNA-modified RNA:DNA hybrids
and contributes to m5C demethylation dependently on its RNA binding in
cells. (A) Lysates of Flp-in 293 cells with overexpression of GFP–FMRP were
incubated with biotin-labeled DNA–RNA hybrids with or without m5C RNA
modification coated on streptavidin magnetic beads. Pull-down fractions
were detected by FMRP–antibody. The presence of m5C in the RNA oligo
was confirmed by m5C dot blot. (B) Relative binding efficiency of FMRP with
biotin-labeled DNA–RNA hybrids with or without m5C RNA modification
was calculated from three pull-down experiments (mean ± SD). (C and D)
Flp-in 293 FMRP KO cells were transfected with Flag, Flag-FMRP, or Flag-
FMRP I304N treated with 1 mM H2O2 for 1 h. Cell lysates were pulled down
with the anti-FMRP antibody. The m5C RNA:DNA hybrid was incubated with
the pulled-down fraction at room temperature for 3 h following the
demethylation assay protocol. The m5C level after demethylation assay
was checked with dot blot and quantified in D (n = 3, mean ± SD). Statisti-
cal analysis was done with the unpaired two-tailed Student t test. ns, not
significant. **P < 0.01; ***P < 0.001.
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that FMRP KD decreased the repair of I-SceI–generated DSBs
(SI Appendix, Fig. 2C). Furthermore, the HR-mediated integra-
tion of mClover in a site of CRISPR/Cas9-generated DSB in
the endogenous LAMIN A gene was reduced in FMRP KD
cells compared to control cells (SI Appendix, Fig. 2D). The
genome of U2OS–TRE cells contains 96 copies of I-SceI sites
within the TRE array. Thus, coexpression of the I-SceI endo-
nuclease with TA-Cherry induced I-SceI–generated DSBs at
the TRE array. FMRP was found to be recruited to the
I-SceI–generated DSBs (SI Appendix, Fig. 2E), which has also
been reported for TRDMT1 (14). Thus, FMRP is required for
efficient HR for DSBs in an exogenously or endogenously tran-
scribed gene.

TRDMT1 is likely to be upstream of FMRP to recruit
FMRP to sites of damage, as double depletion of TRDMT1
and FRMP didn’t alter the methylation status of damage-
induced m5C RNA modification at the TRE array compared
to the single depletion of TRDMT1 (Fig. 1G). Next, we exam-
ined how the depletion of TRDMT1 and/or FMRP affects cell
survival after IR with the colony-forming assay. FMRP KO
cells displayed increased IR sensitivity compared to WT U2OS
cells. Importantly, TRDMT1 KD in FMRP KO cells did not
further increase the cell sensitivity of FMRP KO cells
(Fig. 3H). In addition, FMRP KD in TRDMT1 KO cells
didn’t further delay the γH2AX clearance compared to single
KD or KO (Fig. 3I). FMRP is largely distributed in the

Fig. 3. FMRP is recruited to the transcribed damage sites by TRDMT1 and cooperates with TRDMT1 to promote efficient damage removal. (A) U2OS–TRE
cells transfected with TA-KR/TA-Cherry and Flag-FMRP plasmids were light-irradiated and allowed to recover for 1 h before fixation. Cells were stained with
Flag antibody, and represented figures are shown. (Scale bar: 10 μm.) (B, Left) FMRP foci frequency at TA-KR or TA-Cherry in U2OS–TRE cells (n = 3; 50 cells
per replicate; mean ± SEM). (B, Right) Fold increase of FMRP foci intensity was quantified. Mean intensity of FMRP at TA-KR or TA-Cherry/mean intensity of
background is shown (n = 15, mean ± SEM). (C) ChIP PCR detected the DNA at the loci near the TRE region in cells transfected with TA-KR and GFP/GFP-
FMRP. (D) WT and TRDMT1 KO U2OS–TRE cells transfected with TA-KR and Flag-FMRP plasmids were light-irradiated and allowed to recover for 1 h before
fixation. Cells were stained with Flag antibody, and representative figures are shown. (Scale bar: 10 μm.) (E, Left) FMRP foci frequency at TA-KR in U2OS–TRE
and TRDMT1 KO cells (n = 3; 50 cells per replicate; mean ± SEM). (E, Right) Fold increase of FMRP foci intensity = mean intensity of FMRP at TA-KR/mean
intensity of background (n = 15; mean ± SEM). (F and G) γH2AX foci frequency at sites of TA-KR (F) or tetR-KR (G) at early (1 h) and late (36 h) time points after
damage induction in U2OS–TRE WT and FMRP KO cells. (Scale bar: 10 μm.) (n = 3; 50 cells per replicate; mean ± SEM.) (H) WT and FMRP KO U2OS–TRE cells
transfected with siTRDMT1 or control siRNA were exposed to 4 Gy of IR. Survival rate was measured via colony-formation assay (n = 3; mean ± SEM).
(I) γH2AX foci frequency at TA-KR at early (1 h) and late (36 h) time points after damage induction in WT or TRDMT1 KO U2OS–TRE cells pretreated with
siFMRP or control siRNA (n = 3; 50 cells per replicate; mean ± SEM). Statistical analysis was done with the unpaired two-tailed Student t test. ns, not signifi-
cant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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cytoplasm and can be shuttled to the nucleus. Both IR and
H2O2 treatments increased the nuclear distribution of FMRP
(SI Appendix, Fig. 2F), suggesting that the nuclear function of
FMRP might contribute to cell survival and damage repair.
These results also suggest that FMRP and TRDMT1 are in the
same epistasis group for damage removal at the transcriptionally
active sites of damage.

The Chromatin- and RNA-Binding Domains of FMRP Are
Required for m5C RNA-Modification Demethylation. Having
shown that TRDMT1 is required the recruitment of FMRP to
the damage sites, we next determined the interacting domain of
FMRP that interacts with TRDMT1 for their cooperation.
The N-terminal domain and K Homology (NKH) domain and

the Nuclear Export Sequence and the C-terminal (NESC)
domain were constructed for this study (30, 31) (Fig. 4A). The
N-terminal NKH fragment of FMRP contains a nuclear locali-
zation signal, and the C-terminal NESC fragment of FMRP
contains a nuclear export signal (NES). Therefore, the NKH
fragment predominantly localizes in the nucleus, whereas the
NESC fragment is exclusively cytoplasmic. Furthermore, the
NKH fragment is recruited to sites of damage induced by
TA-KR, but the NESC fragment is not (Fig. 4A). The NKH
fragment, but not NESC, interacted with TRDMT1 in co-IP
(Fig. 4B). To understand if the NKH domain could rescue
m5C resolving, we first used the small interfering RNA
(siRNA)-targeted 30 untranslated region (UTR) of FMRP to
suppress endogenous FMRP. Treatment with siRNA targeting

Fig. 4. Both chromatin-binding and RNA-binding domains of FMRP are required for m5C RNA-modification resolving. (A, Upper) Schematic diagram of the
FMRP fragments. (A, Lower) U2OS–TRE cells transfected with TA-KR and GFP-FMRP fragment plasmids were light-irradiated and allowed to recover for 1 h
before fixation. Representative figures are shown. (Scale bar: 10 μm.) (B) Interaction of FMRP fragments and TRDMT1 detected with Co-IP. Flp-in 293 FMRP
KO cells were transfected with FMRP fragments and GFP-TRDMT1, treated with 1 mM H2O2 for 1 h before co-IP analysis with the anti-GFP antibody. (C)
U2OS–TRE cells pretreated with control siRNA or siFMRP targeting in the 30 UTR region of FMRP were transfected with TA-KR and FMRP fragment plasmids.
The cells were exposed to light activation for 25 mins and then left to recover for 8 h before fixation. m5C foci frequency at TA-KR sites is shown (n = 3;
50 cells per replicate; mean ± SEM). (D) FMRP KO U2OS–TRE cells transfected with full-length FMRP or FMRP fragment plasmids were treated with or without
2 mM H2O2 for 1 h and then recovered for 8 h after H2O2 removal. After treatment, mRNA was extracted for m5C dot-blot assay at the indicated time point.
(E, Upper) Schematic diagram of the FMRP mutants. (E, Lower) Interaction of FMRP point mutants and TRDMT1 detected with Co-IP. Flp-in 293 FMRP KO cells
were transfected with FMRP point mutants and GFP-TRDMT1 or GFP empty vector, treated with 1 mM H2O2 for 1 h before co-IP analysis with the anti-GFP
antibody. (F) U2OS–TRE cells pretreated with control siRNA or siFMRP targeting in the 30 UTR region of FMRP were transfected with TA-KR and FMRP mutant
plasmids. The cells were exposed to light activation for 25 mins and then left to recover for 8 h before fixation. m5C foci frequency at TA-KR sites is shown
(n = 3; 50 cells per replicate; mean ± SEM). (G) FMRP KO U2OS–TRE cells transfected with full-length FMRP or FMRP fragments plasmids were exposed to
2 Gy of IR. Survival rate was measured via colony-formation assay (n = 3, mean ± SEM). Statistical analysis was done with the unpaired two-tailed Student
t test. ns, not significant. *P < 0.05; **P < 0.01.
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30 UTR of FMRP led to m5C accumulation 8 h after light acti-
vation at TA-KR damage sites as well as the other FMRP KD
did in Fig. 1G (Fig. 4C and SI Appendix, Fig. 1F). Expression
of full-length FMRP in 30 UTR of FMRP pretreated cells facili-
tated m5C clearance at 8 h after light activation. The expres-
sion of the NKH fragment rescued m5C clearance as the
full-length FMRP, while the NESC did not (Fig. 4C). Simi-
larly, comparable to the expression of full-length FMRP in
FMRP KO cells, expression of the NKH fragment, but not the
NESC, restored the decline of global m5C level at 8 h after
H2O2 damage from mRNA extracts (Fig. 4D). Thus, the NKH
domain of FMRP, which interacts with TRDMT1, is impor-
tant for FMRP-dependent m5C RNA-modification resolving.
The NKH domain also contains chromatin-binding activity

or RNA-binding ability, which may be important for FMRP to
regulate m5C (29, 32). Next, we made chromatin-binding
defective mutant Y103L and RNA-binding defective mutant
I304N of FMRP to test if chromatin-binding ability or
RNA-binding ability is important for FMRP to regulate m5C

(29, 32). Both Y103L and I304N FMRP still interacted with
TRDMT1 (Fig. 4E); however, none of them rescued the func-
tion of FMRP to resolve the m5C RNA modification at the
late stage of damage repair (Fig. 4F). These results indicate that
both intrinsic chromatin-binding and RNA-binding domains
of FMRP are required for m5C RNA modification resolving
after FRMP is recruited to sites of damage by TRDMT1. The
colony-forming assay with IR demonstrated that the NKH frag-
ment, but not the NESC fragment, rescues survival of FMRP
KO cells after IR as full-length FMRP does (Fig. 4G). Together,
these results indicate that the nucleus-localized NKH domain of
FMRP with TRDMT1 interaction, chromatin, and RNA-
binding activity is crucial for its functions at DNA damage sites.

Loss of FMRP Prevents the Resolving of R-Loops at the Late
Stage of DNA Repair. To understand the connection between
m5C regulation and contribution to downstream damage repair
by FMRP upon DNA damage, we monitored the key structure,
R-loops, in the TC-HR pathway (Fig. 5A). Considering that

Fig. 5. FMRP prevents the resolving of R-loops at the late stage of repair. (A) U2OS–TRE cells pretreated with control siRNA or siFMRP were transfected with
TA-KR plasmid. The cells were exposed to light activation for 25 mins and then left to recover for different time points before fixation and S9.6 staining.
R-loop foci frequency at TA-KR sites at different time points after light activation is shown. (Scale bar: 10 μm.) (n = 3; 50 cells per replicate; mean ± SEM.) (B)
U2OS–TRE cells pretreated with control siRNA or siFMRP were transfected with TA-KR. The relative foci intensity of RPA, CSB, TRDMT1, RAD52, and RAD51 at
TA-KR (recover 1 h after light activation) are shown (n ≥ 10; mean ± SD). (C) WT and FMRP KO U2OS–TRE cells were transfected with TA-KR. The cells were
exposed to light activation for 25 mins and then left to recover for different time points before fixation and RAD51 staining. (Scale bar: 10 μm.) RAD51 foci
intensity at TA-KR sites at different time points after light activation is shown (n > 15; mean ± SD). (D) WT and FMRP KO U2OS–TRE cells were cotransfected
with TA-KR and GFP-RAD52. The cells were exposed to light activation for 25 mins and then left to recover for different time before fixation. RAD52 foci fre-
quency at TA-KR sites at different time points after light activation is shown. (Scale bar: 10 μm.) (n = 3; 50 cells per replicate; mean ± SEM.) Statistical analysis
was done with the unpaired two-tailed Student t test. ns, not significant. *P < 0.05; **P < 0.01.
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the m5C modification occurs within the R-loop structure, we
followed the R-loop kinetics with S9.6 antibody at the TRE
locus upon light activation of TA-KR. The R-loop was greatly
induced within 4 h after light activation (Fig. 5A). The R-loop
level at the damage sites induced by TA-KR was abolished by
the expression of RNase H1, but not by the catalytically inac-
tive mutant D210N (SI Appendix, Fig. 3A), confirming the spe-
cificity of S9.6 staining-dependent R-loop detection. In the
siCtrl-treated cells, the R-loop level largely decreased 8 h and
24 h after light activation. However, in siFMRP-treated cells,
the clearance of R-loops was significantly delayed (Fig. 5A). To
test whether the delay of m5C resolution or R-loop disappear-
ance was caused by the FMRP depletion-mediated interruption
of RNA degradation, the RNA transcripts at the TRE array
were monitored by using MS2 foci as a read-out. At the TRE
array, an RNA transcript containing MS2-binding sites is gen-
erated, and YFP-MS2 binds to the RNA and acts as an RNA
and transcription reader (2, 33). MS2 foci decreased similarly
in both WT and FMRP KO cells 1 h after damage induction,
which is consistent with the transcription repression after DNA
damage (2). At 24 h after damage induction, MS2 foci recov-
ered similarly in WT and FMRP KO cells (SI Appendix, Fig.
3B). These results suggest that loss of FMRP does not affect
the levels of RNA during the DNA damage response. Although
temporary R-loops at damage sites facilitate TC-HR, persistent
R-loop structure is a cause of DNA damage and is a threat to
genome stability due to its unique structure. Therefore, the
delay of m5C erasing in FMRP-deficient cells could affect the
timely resolving of R-loops, thus further impairing the repair
progression and completion.
Next, we examined the effect of FMRP knocking down on

the damage response of a set of R-loop sensors, recognizers, and
downstream repair factors, which are involved in TC-HR. RPA
is known to be an R-loop sensor (34). CSB and RAD52 recog-
nize R-loops (7). RAD51 is required for R-loop–initiated
TC-HR (7). Above R-loop regulators either are involved in
R-loop formation or play a role in the context of R-loops (Fig.
5B). FMRP KD only had a mild effect on the damage response
of RAD51, while it didn’t affect the recruitment of RPA, CSB,
TRDMT1, and RAD52 to the R-loop structure at the early
stage of damage repair (Fig. 5B and SI Appendix, Fig. 3C).
Meanwhile, the analysis of the RNA-sequencing (RNA-seq)
data from the breast cancer patients showed that high expres-
sion of FMRP was correlated with slightly increased expression
of RPA1, CSB, and RAD51, with no correlation for RAD52
(SI Appendix, Fig. 4). These results suggest that FMRP is not
required for R-loop formation and may be the downstream reg-
ulator of R-loop players. To comprehensively investigate the
influence of FMRP on the RAD51, a downstream factor after
R-loop formation, we assayed the RAD51 foci at the damage
sites at different time points after light activation of KR. At the
late stage of damage repair, the disassociation of RAD51 from
damage sites was delayed (Fig. 5C). Consistently, we observed
that the R-loop and m5C recognizer RAD52, which regulates
RAD51 foci in TC-HR, was retained at damage sites in FMRP
KO cells (Fig. 5D). These results indicate that the TC-HR pro-
cess could be less efficient or prolonged in the FMRP KO cells.

FMRP Stimulates TET1-Mediated Demethylation of m5C RNA
Modification both in Cells and In Vitro. Although we have
shown that FMRP pull-down cell fraction could demethylate
the m5C RNA modification in DNA:RNA hybrids (Fig. 2 C
and D), it is still unknown if FMRP is a cofactor of demethylase
or a direct demethylase by itself for m5C RNA modification.

FMRP does not contain any conserved motif with other known
demethylases on RNA m6A or m5C, e.g., FMRP and FTO or
ALKBH5 or TET family (35, 36). Furthermore, the demethyla-
tion activity of purified FMRP was not detected with the sub-
strate of m5C-modified single-stranded RNA (ssRNA) or
DNA:RNA hybrid under the in vitro demethylation assay (SI
Appendix, Fig. 5 A and B). These results indicate that FMRP
itself is not sufficient for demethylation reaction in vitro,
although FMRP facilitates demethylation in cells. Since TET1
is the founding member of the TET family, which are the only
established demethylases for m5C RNA modification (37), we
tested if FMRP is a cofactor of TET1 activity (36, 38). In
FMRP stably expressed cells identical to endogenous FMRP
level (SI Appendix, Fig. 5C), we found that FMRP could pull
down TET1 in cells (Fig. 6A), and benzonase treatment didn’t
abolish their interaction (SI Appendix, Fig. 5D), indicating that
the interaction between FMRP and TET1 is also not mediated
by nucleotides. Moreover, in the ChIP-qPCR assay, TET1 was
recruited to the TA-KR damage sites, as well as TRDMT1 and
FMRP. Importantly, the recruitment of TET1 to damage sites
was decreased in FMRP KO cells (Fig. 6B). As well as FMRP
KD, TET1 KD delayed the m5C disappearance (Fig. 6C).
Furthermore, the kinetics of m5C disappearance after TET1
KD in WT cells was similar with TET1 KD in FMRP KO cells
(Fig. 6D). While TET1 KD decreased the HR repair efficiency
as FMRP KD, double depletion of FMRP and TET1 didn’t
further decrease the HR repair efficiency (Fig. 6E). These data
collectively support that FMRP and TET1 are also epistasis in
m5C demethylation. Together, the TRDMT1–FMRP–TET1
axis plays an important role to regulate the m5C dynamics for
repair progression in cells. Unlike FMRP, the demethylation
activity of TET1 on m5C RNA modification in the context of
DNA:RNA hybrids was detected in in vitro demethylation
assay analyzed by liquid chromatography (LC)/MS. Further-
more, in the in vitro reaction, the presence of FMRP largely
enhanced the demethylation activity of TET1 on m5C RNA
modification within DNA:RNA hybrids (Fig. 6F). Thus,
FMRP is not only critical to recruiting TET1 to sites of dam-
age in cells, but also is an enhancer for TET1 to demethylate
m5C RNA modification within DNA:RNA hybrids.

FMRP Promotes Radioresistance and TC-HR in Tumor Cells
Independently of BRCA. Given that HR is an essential repair
mechanism for IR-induced DNA damage and FMRP defi-
ciency leads to increased IR sensitivity, we analyzed the clinical
relevance of FMRP expression and radio response in patients.
Based on clinical information and RNA-seq gene expression in
breast cancer downloaded from The Cancer Genome Atlas
(TCGA), the radiosensitivity index (RSI) showed a significant
difference in FMRP low and high groups. Low-FMRP-group
patients correlated significantly with higher sensitivity and vice
versa (Fig. 7A). The same correlation was observed in BRCA2
expression. However, double KD of FMRP and BRCA2 fur-
ther increased the IR sensitivity compared to single KD of
FMRP or BRCA2 (Fig. 7B), indicating that FMRP is not in
the same epistasis group with BRCA2 in protecting cell survival
after damage.

TC-HR was shown to be the predominant repair mecha-
nisms for DSBs at transcriptionally active sites, in which the
recruitment of RAD51 is essential for repair (5–8). Although
BRCA1 and BRCA2 facilitate RAD51 loading in canonical
HR, they are not essential for RAD51 recruitment at R-loops
(7). Moreover, TRDMT1, which is required for the TC-HR to
repair reactive oxygen species-induced DSBs, is not epistatic to
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BRCA1 and BRCA2 in the DSB repair (14). Here, the recruit-
ment of FMRP was not affected by the loss of BRCA1 and vice
visa (Fig. 7 C and D). Since FMRP affects RAD51 kinetics in
the context of TC-HR (Fig. 5), we further explored if the role of
FMRP is in the same epistasis with BRCA genes. The decrease of
HR efficiency mediated by FMRP KD was further decreased in
BRCA1 KD cells, reinforcing that FMRP promotes DSB repair
in a BRCA1-independent manner (Fig. 7E). These results indi-
cate that in the absence of BRCA functions, FMRP-dependent
TC-HR could serve as a backup repair for cell survival.

Discussion

Various RNA modifications have emerged as important post-
transcriptional regulators of a wide range of cellular processes

(39), including the DNA damage response (40). m5C RNA
modification was first identified in tRNA and rRNA (41).
Recently, the presence of m5C in mRNA has been reported in
mammals and plants (27, 42, 43). Our recent studies suggest
that the RNA methyltransferase TRDMT1 generates m5C in
DNA-damage-induced R-loops at sites of DSBs to promote
TC-HR (14). m5C RNA modification has been shown to be
elevated in many types of cancer (15–17), which is consistent
with the high oxidative damage level in cancer cells (44), as oxi-
dative damage and oxidative damage-derived DSBs at tran-
scribed sites generate m5C RNA modification in R-loop (14).
Moreover, the m5C at DNA damage sites is gradually resolved
during DNA repair. Here, we identified FMRP as the interact-
ing partner of TRDMT1. Depletion of FMRP delays the
demethylation of m5C in R-loops. The persistence of m5C

Fig. 6. FMRP stimulates TET1-mediated demethylation of m5C. (A) Interaction of FMRP and TET1 detected with Co-IP. Flp-in 293 cells were cotransfected
with GFP-FMRP and Flag-TET1, treated with 1 mM H2O2 for 1 h before co-IP analysis with anti-Flag antibody. (B) ChIP-qPCR detected the DNA at the loci near
the TRE region in cells transfected with TA-KR and Flag/Flag-TET1. (C and D) siTET1 or control siRNA pretreated U2OS–TRE or FMRP KO cells were transfected
with TA-KR. The cells were exposed to light for KR activation for 25 min and followed with recovery for the indicated time before fixation. m5C foci frequency
at TA-KR sites at the indicated time point is shown. (Scale bar: 10 μm.) (n = 3; 50 cells per replicate; mean ± SD.) (E) U2OS–TRE cells pretreated with siFMRP,
siTET1, or control siRNA were transfected with Cas9-sgLMNA-mCherry and LMNA-mClover. The fraction of mClover-positive cells in mCherry-positive popula-
tion was analyzed by flow cytometry (n = 3; mean ± SEM). (F) On the LC/MS system, the amount of each ribonucleoside was quantified by its integration
area (in a rectangle) in the corresponding chromatogram (blue for m5C, red for guanosine). The relative abundance of m5C was calculated based on the
amount of m5C relative to guanosine. Statistical analysis was done with the unpaired two-tailed Student t test. ns, not significant. **P < 0.01; ***P < 0.001;
****P < 0.0001.
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delays R-loop removal, which eventually impairs the comple-
tion of DNA repair (Fig. 8). While m5C RNA modification
and R-loop promote the damage repair at an early stage, their
persistence at the damage sites impairs the repair completion at
a late stage of repair. FMRP, which contributes to m5C RNA-
modification demethylation and following R-loop resolution at
damage sites, is highly expressed in human breast cancer (45),
hepatocellular carcinoma (46), and melanoma (47), reinforcing

the importance of FMRP to facilitate m5C demethylation and
to maintain genome stability of cancer cells.

FMRP is largely a cytoplasmic RNA-binding protein that
represses translation of the proteins in the metabotropic gluta-
mate receptor pathway, contributing to FXS pathogenesis. We
found that FMRP is recruited to DNA damage sites in tran-
scribed regions via association with TRDMT1, which is consis-
tent with the previous report that FMRP was recruited onto

Fig. 7. FMRP promotes radioresistance and TC-HR in tumor cells independently of BRCA. (A) Clinical and RNA-seq gene-expression data were downloaded
from TCGA. RSI was calculated by rank-based linear regression algorithm. The median value of FMRP TPM was defined as the cutoff value to divide patients
into high-expression and low-expression groups. (B) U2OS–TRE cells transfected with siFMRP, siBRCA2, or control siRNA were exposed to a gradient dose of
IR. Survival rate was measured via colony-formation assay (n = 3; mean ± SEM). (C) U2OS–TRE cells pretreated with control siRNA or siBRCA1 were trans-
fected with TA-KR and Flag-FMRP. The foci intensity of Flag-FMRP at TA-KR (recovered 1 h after light activation) is shown. (Scale bar: 10 μm.) (n ≥ 10; mean ±
SD.) (D) U2OS–TRE cells pretreated with control siRNA or siFMRP were transfected with TA-KR and GFP-BRCA1. The foci intensity of GFP-BRCA1 at TA-KR
(recovered 1 h after light activation) is shown. (Scale bar: 10 μm.) (n ≥ 10, mean ± SD.) (E) U2OS–TRE cells pretreated with siFMRP, siBRCA1, or control siRNA
were transfected with Cas9-sgLMNA-mCherry and LMNA-mClover. The fraction of mClover-positive cells in the mCherry-positive population was analyzed by
flow cytometry (n = 3, mean ± SEM). Statistical analysis was done with the unpaired two-tailed Student t test. **P < 0.01; ****P < 0.0001.
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chromatin in response to replication-stress-induced DNA dam-
age (32, 48). We show that FMRP is an m5C reader in the
context of RNA:DNA hybrids and facilitates the m5C demeth-
ylation at DNA damage sites, thereby contributing to DSB
repair through HR and to the maintenance of genome stability.
Similarly, FMRP has been recently reported to prevent R-loop
accumulation and decrease DSB formation during replication
stress (49). Although we compared the binding of purified
FMRP to m5C-modified RNA:DNA hybrid and unmodified
hybrid using an electrophoretic mobility shift assay experiment,
we didn’t see preferential binding of FMRP to m5C-modified
hybrid. This is not consistent with the result that m5C-
modified RNA:DNA hybrids captured FMRP in cell lysates
more efficiently. We anticipate that posttranslational modifica-
tion may be required for FMRP to perform the m5C reader
role. The previous reports of increased DNA damage and apo-
ptosis in Fragile X patients also support the role of FMRP in
protecting genome stability (50, 51). Apart from regulating
m5C demethylation, FMRP was also found to preferentially
bind m6A-modified RNA and modulate its stability or nuclear
export (52, 53). RNA m6A was primarily induced by UVC-
generated DNA damage via the METTL3–METTL14 complex
(40). Interestingly, the METTL3–m6A-YTHDC1 axis was just
reported to promote accumulation of DNA–RNA hybrids at
DSB sites, which then recruit RAD51 and BRCA1 for HR
repair (54). The involvement of FMRP in the regulation of
m5C and m6A induced by various DNA damage suggests that
the writer and readers of these RNA modifications must be
intricately regulated in different contexts. Protein complexes
that contain both ubiquitin ligases and deubiquitinases have
been shown to localize to DNA damage sites (55). FMRP is
recruited by the m5C RNA-modification writer, TRDMT1,
which also suggests that the formation and removal of m5C
during DNA repair are coordinated.
The removal of m5C involves the oxidation of m5C, which

is catalyzed by the demethylase. TET proteins belong to the
Fe(II)-dependent and 2-oxoglutarate–dependent dioxygenases
family and could induce oxidation of m5C in DNA (56).
Recently, the function of TET proteins to oxidize m5C RNA

modification has been reported (36, 57). Our result confirmed
that TET1 responds to DNA damage and catalyzes the
demethylation of m5C RNA modification at damage sites.
Importantly, our data suggest that TRDMT1–FMRP–TET1
factors function in a temporal order to coordinate the dynamic
m5C in cells. The fact that FMRP interacts with TET1 and
stimulates its demethylase activity of TET1 further suggests
that these proteins function as a dynamic complex to regulate
m5C at damage sites. We also showed that although TRDMT1
is required for the damage response of FMRP to sites of m5C,
chromatin- and RNA-binding domains of FMRP are also
required for m5C demethylation. The binding of FMRP to
chromatin and DNA:RNA hybrids may cooperate with TET
for demethylation of m5C (Fig. 8). Therefore, the m5C in
DNA damage-induced R-loops is dynamically regulated by the
TRDMT1–FMRP–TET1 axis.

While R-loops are a source of genomic instability, the
R-loops induced by DNA damage have positive roles in DNA
repair (7, 58, 59). R-loop-initiated TC-HR plays an important
role in maintaining cancer-cell survival. TRDMT1–FMRP–
TET1-mediated m5C regulation promotes TC-HR, which also
serves as a backup repair for cancer-cell survival. Thus, targeting
enzymes in TC-HR in cancer cells provide a promising
approach to kill cancer cells of high oxidative stress level and/or
sensitize tumors to radiation and other DNA-damage drugs. In
these DNA-damage-induced R-loops, m5C RNA modification
serves as a signal to promote the early phase of DNA repair.
However, as m5C RNA modification increases the stability of
RNA (60), the timely resolution of R-loops in the late phase of
DNA repair requires the removal of m5C RNA modification.
Depletion of FMRP doesn’t affect the recruitment of the
DNA-repair proteins that we examined, but it delays the clear-
ance of m5C and R-loops at the DNA-damage sites, which
impairs the completion of DNA repair. As the demethylation
of m5C is a multistep biochemical process (36) and many pro-
teins may go on and off the DNA-damage-induced R-loops
during the process, future studies are needed to fully under-
stand how m5C RNA-modification demethylation occurs dur-
ing HR and how R-loop stability is regulated by this dynamic
RNA modification.

Materials and Methods

U2OS and Flp-in 293 cells were cultured in Dulbecco’s modified Eagle medium
(catalog no. 12-604F, Lonza) with 10% (volume [vol]/vol) fetal bovine serum at
37 °C with 5% CO2. The U2OS–TRE cells used for the DART system have been
described in previous articles (28). For plasmid and siRNA transfection, Lipofect-
amine 2000 and Lipofectamine RNAiMax (Invitrogen) were used following the
manufacturer’s standard protocol, respectively. The siRNA for TRDMT1 was pur-
chased from Invitrogen (siRNA ID s4219; catalog no. 4392420). The siRNA for
FMRP was purchased from Dharmacon (catalog no. L-019631-00-0005); the
sequences of siRNA targeting FMRP 30 UTR are 50- GUACUGAGCAGUGAU
AUUCdTdT-30 and 50- GAAUAUCACUGCUCAGUACdTdT-30. Other siRNAs include
siTET1 (catalog no. AM16708, assay ID:147892, Thermo), siBRCA1 (catalog
no. L-003461-00, Dharmacon), and siBRCA2 (catalog no. GS675, Qiagen). Anti-
bodies used in this study are summarized in SI Appendix, Table 1. Other meth-
ods used in the study are described in detail in SI Appendix, Materials and
Methods.

Data Availability. The LC/MS raw files and search results were deposited into
the MassIVE data repository with accession code MSV000085313.
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Fig. 8. Working model of TRDMT1–FMRP–TET1-mediated m5C regulation
in TC-HR.
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