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            Abstract
Cell proliferation and survival require the faithful maintenance and propagation of genetic information, which are threatened by the ubiquitous sources of DNA damage present intracellularly and in the external environment. A system of DNA repair, called the DNA damage response, detects and repairs damaged DNA and prevents cell division until the repair is complete. Here we report that methylation at the 6 position of adenosine (m6A) in RNA is rapidly (within 2â€‰min) and transiently induced at DNA damage sites in response to ultraviolet irradiation. This modification occurs on numerous poly(A)+ transcripts and is regulated by the methyltransferase METTL3 (methyltransferase-like 3)1 and the demethylase FTO (fat mass and obesity-associated protein)2. In the absence of METTL3 catalytic activity, cells showed delayed repair of ultraviolet-induced cyclobutane pyrimidine adducts and elevated sensitivity to ultraviolet, demonstrating the importance of m6A in the ultraviolet-responsive DNA damage response. Multiple DNA polymerases are involved in the ultraviolet response, some of which resynthesize DNA after the lesion has been excised by the nucleotide excision repair pathway3, while others participate in trans-lesion synthesis to allow replication past damaged lesions in S phase4. DNA polymerase Îº (Pol Îº), which has been implicated in both nucleotide excision repair and trans-lesion synthesis5,6, required the catalytic activity of METTL3 for immediate localization to ultraviolet-induced DNA damage sites. Importantly, Pol Îº overexpression qualitatively suppressed the cyclobutane pyrimidine removal defect associated with METTL3 loss. Thus, we have uncovered a novel function for RNA m6A modification in the ultraviolet-induced DNA damage response, and our findings collectively support a model in which m6A RNA serves as a beacon for the selective, rapid recruitment of Pol Îº to damage sites to facilitate repair and cell survival.
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                    Figure 1: Modification at m6A on RNA accumulates at sites of DNA damage after UV exposure.[image: ]


Figure 2: METTL3/14 and FTO oppositely regulate m6A RNA at DNA damage sites.[image: ]


Figure 3: METTL3 is important for UV-induced DNA damage repair and cell survival.[image: ]


Figure 4: Pol Îº localization to damage sites is METTL3-dependent.[image: ]
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Change history
	30 November 2017
Please see accompanying Corrigendum (http://doi.org/10.1038/nature24007). In Extended Data Fig. 4d of this Letter, images in the bottom row, performed with the PARP inhibitor Olaparib, were inadvertently duplicated in panel e (bottom row, under the â€˜PARP inhibitorâ€™ heading). The corrected Extended Data Fig. 4e is shown as Supplementary Information to the Corrigendum. In addition, in the â€˜Oligonucleotidesâ€™ section of the Methods, the two oligonucleotides used for METTL14 should have been listed as: â€œsh 1, AGCATTGGTGCCGTGTTAAAT ; or sh 2, GCTGACAGATTTGAAGAATAT.â€� These errors have not been corrected online.
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Extended data figures and tables

Extended Data Figure 1 The m6A-modified RNA accumulates at damage sites in response to UV irradiation.
a, U2OS cells were subjected to the indicated doses of UVC irradiation, incubated at 37â€‰Â°C for 2â€‰min, and co-stained for m6A and Î³H2A.X. Relative m6A intensity is indicated on the right. b, U2OS cells were subjected to irradiation with 50â€‰J UVC through a micropore filter, incubated at 37â€‰Â°C for 2 or 5â€‰min, and co-stained for m6A and DNA (DAPI). c, A375 (melanoma) or HeLa cells were subjected or not (0â€²) to 25â€‰J UVC irradiation, incubated at 37â€‰Â°C for the indicated times, and then co-stained for m6A and Î³H2A.X. d, U2OS cells were subjected or not (0â€²) to 20 Gy of Î³-irradiation, incubated at 37â€‰Â°C for 4â€‰min, and then co-stained for m6A and Î³H2A.X. e, U2OS cells were either irradiated with 25â€‰J UVC or treated with DMSO, mitomycin C, hydroxyurea, or arabinoside-C, and then co-stained for m6A and Î³H2A.X. câ€“e, Relative m6A intensity is indicated on the right. f, FUCCI cells were subjected to 25â€‰J UVC irradiation (top) or micro-irradiation by UVA laser (bottom), incubated at 37â€‰Â°C for 2â€‰min, and stained for m6A. The top and bottom panels show m6A signal in representative S/G2/M- or G1-phase cells, respectively. Arrows in middle panels denote representative G1-phase cells negative for m6A signal. The percentage of G1 (red) or S/G2/M (green) cells positive for m6A signal is indicated on the right. g, U2OS cells were micro-irradiated by UVA laser, permeabilized and treated with or without RNase A, and co-stained for m6A and Î³H2A.X (left). The percentage of Î³H2A.X-positive cells displaying co-localizing m6A signal is indicated. Nucleic acids (DNA and RNA) from cells treated with or without RNase A were isolated and analysed on an agarose gel (right). Ladder, 1â€‰kb DNA ladder. h, Poly(A)+ RNA was extracted from the samples in a and subjected to dotâ€“blot analysis with an antibody recognizing m6A. Methylene blue staining was used as a loading control. All cells were pre-incubated with BrdU before UV or Î³-irradiation.


Extended Data Figure 2 METTL3/14, but not WTAP, regulate m6A RNA at damage sites.
a, U2OS cells stably expressing Flag-tagged METTL3 were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 2â€‰min, and co-stained for m6A and Flag. The percentage of m6A-positive cells with co-localizing Flag signal is indicated on the right. The lower panel shows a representative cell with METTL3 localized at a damage site (arrow). b, Western blot for METTL3 in WT, METTL3 KO (M3 KO), or METTL3 KO U2OS cells stably expressing Flag-tagged METTL3 (M3 KO/WT-R) or its catalytic mutant (M3 KO/Cat-R). Actin is shown as a loading control. c, Western blot for METTL3 in U2OS cells expressing control (Control KD) or two independent shRNAs targeting METTL3 (M3 KD1 and M3 KD2). Actin is shown as a loading control. d, WT or METTL3 KO (M3 KO) U2OS cells were irradiated or not (0â€²) with 15â€‰J UVC, incubated at 37â€‰Â°C for 2 or 8â€‰min, and then subjected to poly(A)+ RNA extraction. Isolated poly(A)+ RNA was analysed by dotâ€“blot with an antibody recognizing m6A. Methylene blue staining was used as a loading control. e, Cells shown in c were subjected or not (0â€²) to 15â€‰J UVC irradiation, incubated at 37â€‰Â°C for 1, 2, 4, or 10â€‰min, and then subjected to poly(A)+ RNA extraction and dotâ€“blot analysis as described in d. f, WT cells were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 2â€‰min, and stained for Î³H2A.X and METTL14. Arrows indicate representative Î³H2A.X-positive cells with co-localizing METTL14. The percentage of Î³H2A.X-positive cells showing co-localization with METTL14 is indicated on the right. g, WT U2OS cells expressing control or an shRNA targeting WTAP (WTAP KD) were subjected to UVA laser micro-irradiation, incubated at 37â€‰Â°C for 2â€‰min, and then co-stained for Î³H2A.X and WTAP, using three independent WTAP antibodies as indicated. The percentage of Î³H2A.X-positive cells displaying co-localizing WTAP signal is indicated on the right. h, Western blot for METTL14 in U2OS cells expressing control shRNA or shRNA targeting METTL14 (M14 KD). Actin is shown as a loading control. i, Western blot of METTL3 and METTL14 in WT, two independent METTL3 KO (M3 KO), or two independent METTL3 KO/METTL14 KD (M3 KO + M14 KD) U2OS cell lines. Actin is shown as a loading control. M3 KO1 and M3 KO1 + M14 KD1 were used for all subsequent experiments. j, WT, METTL3 KD (M3 KD), METTL14 KD (M14 KD), WTAP KD, METTL3 KO (M3 KO), or METTL3 KO/METTL14 KD (M3 KO/M14 KD) U2OS cells were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 2â€‰min, and co-stained for m6A and Î³H2A.X. The percentage of Î³H2A.X-positive cells displaying co-localizing m6A signal is indicated on the right. All cells were pre-incubated with BrdU before UV irradiation. All images are representative of at least 50 cells in triplicate. Scale bar, 20â€‰Î¼m.


Extended Data Figure 3 FTO, but not ALKBH5, modulates m6A RNA levels and duration at damage sites.
a, WT or FTO KO U2OS cells were subjected to UVA laser micro-irradiation, incubated at 37â€‰Â°C for 4â€‰min, and then stained for FTO and Î³H2A.X as indicated. The middle panel shows a representative Î³H2A.X-positive cell with FTO co-localizing at the damage site (arrow). The percentage of cells showing co-localization of signals is indicated on the right. b, Western blot of FTO in WT or FTO KO U2OS cells. Actin is shown as a loading control. c, U2OS cells expressing control or one of two independent shRNAs targeting ALKBH5 (ALKBH5 KD1, KD2) were subject to qPCR analysis of ALKBH5 mRNA levels and normalized to GAPDH. d, WT or FTO KO U2OS cells were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 4â€‰min, and co-stained for m6A and Î³H2A.X. Two different exposures for m6A are shown. The percentage of Î³H2A.X-positive cells showing co-localizing m6A signal is indicated on the right. e, WT, FTO KO, and two ALKBH5 KD U2OS cell lines were irradiated with 50â€‰J UVC, incubated at 37â€‰Â°C for 2â€‰min, and co-stained for m6A and Î³H2A.X. Relative m6A intensity is indicated on the right. All cells were pre-incubated with BrdU before UV irradiation. All images are representative of at least 50 cells in triplicate. Scale bar, 20â€‰Î¼m.


Extended Data Figure 4 METTL3, FTO, and PARP1 regulate m6A RNA at damage sites.
a, b, U2OS cells were subjected to UVA laser micro-irradiation, incubated at 37â€‰Â°C for the indicated time, and then stained for Î³H2A.X and METTL3 (a) or FTO (b) as indicated. Cells in blue boxes are shown at higher magnification in the second column. Arrows denote Î³H2A.X-positive damage sites with co-localizing METTL3 (a) or FTO (b). The percentage of Î³H2A.X-positive cells displaying co-localizing METTL3 or FTO signal is indicated on the right. c, WT or H2A.X KO MEF cells were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 2â€‰min, and co-stained for m6A and TFIIH or Î³H2A.X as indicated. Where possible, the percentage of Î³H2A.X-positive cells showing co-localizing m6A signal is indicated on the right. d, U2OS cells pre-treated with DMSO or PARP inhibitors BYK, PJ-34, or olaparib were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 2â€‰min, and then co-stained for m6A and Î³H2A.X. e, U2OS cells pre-treated with DMSO or PARP inhibitor (olaparib, 10â€‰Î¼M) were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 2â€‰min, and then stained for PARP1, poly(ADP-ribos)ylation (PAR), m6A, and Î³H2A.X as indicated. The percentage of Î³H2A.X-positive cells showing co-localizing signal is indicated on the right. f, U2OS cells pre-treated with DMSO or PARP inhibitor (olaparib, 10â€‰Î¼M) were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 2â€‰min, and then co-stained for Î³H2A.X and METTL3. Arrows denote representative Î³H2A.X-positive cells displaying co-localizing METTL3 signal. The percentage of Î³H2A.X-positive cells showing co-localizing METTL3 is indicated on the right. All cells were pre-incubated with BrdU before UV irradiation. All images are representative of at least 50 cells in triplicate. Scale bar, 20â€‰Î¼m.


Extended Data Figure 5 Sequencing analysis of m6A-methylated RNAs responding to UV.
a, Pie-chart representation of the distribution of m6A peaks in different transcript segments in U2OS cells before (left) or 2â€‰min after irradiation with 50â€‰J UVC (right). CDS, coding sequence region. b, Correlation of m6A peaks between two independent samples from U2OS cells before (top) or 2â€‰min after (bottom) irradiation with 50â€‰J UVC. A total of four replicates was performed for unirradiated cells, and three for irradiated cells. c, Metagene profiles of m6A distribution across the transcriptome of U2OS cells before (âˆ’UV) or 2â€‰min after (+UV) irradiation with 50â€‰J UVC. d, Overlap of m6A peaks identified in mRNAs isolated from U2OS cells before (13,989 peaks) or 2â€‰min after irradiation with 50â€‰J UVC (15,465 peaks) (top), and Metagene profiles of m6A peaks uniquely present in unirradiated (3,156 peaks) or irradiated cells (4,632 peaks) (bottom). e, Consensus motifs enriched in m6A peaks from transcripts identified in UV-irradiated cells (15,465 peaks). f, Consensus motifs enriched in m6A peaks from transcripts uniquely methylated in irradiated cells (4,632 peaks). g, Overlap of m6A peaks identified in mRNAs isolated from METTL3 KO cells before (13,852 peaks) or 2â€‰min after (9,471 peaks) irradiation with 50â€‰J UVC. h, Overlap of transcripts that are uniquely methylated after irradiation with 50â€‰J UV in WT and METTL3 KO cells (3,412 and 1,840 transcripts, respectively). i, Correlation of m6A peaks between two independent samples from METTL3 KO cells before (left) or 2â€‰min after irradiation with 50â€‰J UVC (right). All cells were pre-incubated with BrdU before UV irradiation. A total of three replicates was performed for each condition.


Extended Data Figure 6 RNA with m6A modification is required for efficient DNA repair and cell survival after UV exposure.
a, U2OS cells pre-treated with DMSO or PARP inhibitor (olaparib, 10â€‰Î¼M) were subjected or not to 15â€‰J UVC irradiation and incubated at 37â€‰Â°C for 1, 2, 4, or 6â€‰h. Genomic DNA was purified from unirradiated or irradiated cells, and then subjected to dotâ€“blot analysis with an antibody recognizing CPDs. Methylene blue staining was used as a loading control. b, WT A375 cells, A375 cells expressing METTL3 shRNA (METTL3 KD), or METTL3 KD cells stably expressing shRNA-resistant METTL3 (M3 KD/WT-R) were subjected or not to 25â€‰J UVC irradiation and incubated at 37â€‰Â°C for 12 or 24â€‰h. Nascent RNA was labelled in unirradiated or irradiated cells at each time-point by incubating for an additional 3â€‰h with 1â€‰mM 5-ethynyl uridine (EU) (green). Images are representative of at least 50 cells in triplicate. Scale bar, 20â€‰Î¼m. c, WT, METTL3 KO (M3 KO), or METTL3 KO U2OS cells stably expressing Flag-tagged METTL3 (M3 KO/WT-R) or its catalytic mutant (M3 KO/Cat-R) were subjected to different dosages of UVC irradiation (0, 5, 10, and 15â€‰J) and used to perform a colony-formation assay. Colonies were stained by crystal violet solution 10â€“14 days after seeding; the quantification is shown in Fig. 3d. d, U2OS cells infected with control, two independent METTL3 shRNAs (M3 KD1 and M3 KD2), or M3 KD1 cells stably expressing shRNA-resistant WT METTL3 (KD1/WT-R) or its catalytic mutant (KD1/Cat-R) were subjected to different dosages of UVC irradiation (0, 5, 10, and 15â€‰J) and used to perform a colony-formation assay. Colonies were stained by crystal violet solution 10â€“14 days after seeding (top), and the number of colonies was determined (bottom). The y axis represents colony survival normalized to unirradiated control. All cells were pre-incubated with BrdU before UV irradiation. Results are shown as the meanâ€‰Â±â€‰s.e.m. from at least three independent experiments. **Pâ€‰â‰¤â€‰0.01 by two-tailed Studentâ€™s t-test.


Extended Data Figure 7 RNA with m6A modification does not interact with canonical NER or DSB repair pathways.
a, U2OS cells were subjected to UVA laser micro-irradiation, incubated at 37â€‰Â°C for 2â€‰min and co-stained for Î³H2A.X and m6A, XPA, TFIIH, DDB2, XPC, CSA, or CPD as indicated. b, c, WT or METTL3 KO (M3 KO) U2OS cells were subjected to UVA laser, incubated at 37â€‰Â°C for 2â€‰min, and then co-stained for Î³H2A.X and XPA or TFIIH (b), and 53BP1 or BRCA1 (c), as indicated. aâ€“c, The percentage of Î³H2A.X-positive cells displaying the indicated signal co-localizing with Î³H2A.X is shown on the right. All cells were pre-incubated with BrdU before UV irradiation.


Extended Data Figure 8 RNA with m6A modification recruits Pol Îº to damage sites.
a, WT or METTL3 KO/METTL14 KD (M3 KO/M14 KD) U2OS cells were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 30â€‰s to 10â€‰min, and then stained for the indicated polymerases and Î³H2A.X. Staining for each polymerase was conducted at the peak of its localization, which occurred at 4â€‰min after UV irradiation for Pol Îº, and 8â€‰min after UV irradiation for Pol Î´, Pol Îµ, and Pol Î·. Pol Î¹ was not detected during the first 10â€‰min after irradiation, using either of the two antibodies listed in the Methods section (ABclonal A1942 shown). Arrows denote representative Î³H2A.X-positive damage sites with co-localizing polymerase. The percentage of Î³H2A.X-positive cells displaying the indicated signal co-localizing with Î³H2A.X is indicated on the right. b, Table summarizing the observed localization patterns of the tested polymerases (from a and Fig. 4a). c, U2OS cells were subjected to UVA laser micro-irradiation, incubated at 37â€‰Â°C for the indicated time, and then co-stained for Pol Îº and Î³H2A.X as shown. Arrows denote representative Î³H2A.X-positive damage sites with co-localizing Pol Îº. The percentage of Î³H2A.X-positive cells displaying co-localizing Pol Îº is indicated on the right. The 10â€‰min time-point displayed greater cell-to-cell heterogeneity in the intensity of Pol Îº staining than the other time-points. d, Western blot of Pol Îº in WT or METTL3 KO (M3 KO) U2OS cells. Actin is shown as a loading control. e, U2OS cells pre-treated with DMSO or PARP inhibitor (olaparib, 10â€‰Î¼M) were micro-irradiated by UVA laser, incubated at 37â€‰Â°C for 2â€‰min, and then co-stained for Î³H2A.X and Pol Îº, as indicated. Arrows denote representative Î³H2A.X-positive damage sites with co-localizing Pol Îº, and the percentage of cells showing co-localization is indicated on the right. All images are representative of at least 50 cells in triplicate. Scale bar, 20â€‰Î¼m. f, Western blot of Pol Îº, Flag, and METTL3 in WT, METTL3 KO, and METTL3 KO U2OS cells stably expressing Flag-tagged Pol Îº (M3 KO/Flagâ€“Pol Îº). g, METTL3 KO (M3 KO) or METTL3 KO U2OS cells stably expressing Flag-tagged Pol Îº (M3 KO/Flagâ€“Pol Îº) were irradiated or not (0â€‰h) with UVC, and incubated at 37â€‰Â°C, at which point genomic DNA was extracted. DNA was subjected to dotâ€“blot analysis with an antibody recognizing CPDs. Methylene blue staining was used as a loading control. All cells were pre-incubated with BrdU before UV irradiation.


Extended Data Figure 9 The m6A readers and known Pol Îº interactors are not responsible for early Pol Îº recruitment to UV damage sites.
a, WT U2OS cells, stably expressing Flag-tagged YTHDC1, YTHDF1, or YTHDF2, were subjected to UVA laser micro-irradiation, incubated at 37â€‰Â°C for 2â€‰min and co-stained for Flag and m6A or Î³H2A.X as indicated. b, WT, HNRNPA2B1 KD, YTHDC1 KD, YTHDF1 KD, or YTHDF2 KD U2OS cells were subjected to UVA laser micro-irradiation, incubated at 37â€‰Â°C for 2â€‰min and co-stained for Pol Îº and Î³H2A.X. c, XPA KD or PCNA KD U2OS cells were subjected to UVA laser micro-irradiation, incubated at 37â€‰Â°C for 2â€‰min and co-stained for Pol Îº and Î³H2A.X. aâ€“c, Data from one representative experiment are shown. d, U2OS cells were subjected to UVA laser micro-irradiation and incubated at 37â€‰Â°C for 2 or 10â€‰min, and then co-stained for Î³H2A.X and m6A, Pol Îº, or RAD18 as indicated. Arrows denote representative Î³H2A.X-positive damage sites with co-localizing Pol Îº; nâ€‰=â€‰3, 50 cells per replicate. aâ€“d, The percentage of cells displaying the indicated signal co-localizing with Î³H2A.X (or with m6A (a, left)) is indicated on the right. All cells were pre-incubated with BrdU before UV irradiation. Scale bar, 20â€‰Î¼m.


Extended Data Figure 10 Knockdown efficiencies of candidates tested for their effects on Pol Îº recruitment.
aâ€“f, U2OS cells were infected with control or shRNA targeting (a) HNRNPA2B1 (HNRNPA2B1 KD), (b) YTHDF1 (YTHDF1 KD), (c) YTHDC1 (YTHDC1 KD), (d) YTHDF2 (YTHDF2 KD), (e) XPA (XPA KD), or (f) PCNA (PCNA KD). mRNA levels were measured by qPCR and normalized to that of GAPDH. Results are shown as the meanâ€‰Â±â€‰s.e.m. from at least three independent experiments. Protein expression levels were examined in control and KD cells by western blot; actin is shown as a western blot loading control.
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UV light can damage DNA and be a threat to cell survival. The cells respond to this threat by identifying DNA lesions, excising the affected nucleotides and synthesizing new DNA at the site of damage. Yang Shi and colleagues report that polyadenylated RNAsâ€”RNAs to which a tail of adenosines has been added as part of their maturation into functional messenger RNAsâ€”undergo a specific modification when they are close to DNA that has been damaged by UV light. This modification, which consists in the addition of a methyl group to the N6 position of adenosine, is promoted by the METTL3 methyltransferase and suppressed by the FTO demethylase. This RNA modification regulates the DNA repair process, which is delayed in the absence of METTL3. Importantly, the modification helps to recruit the trans-lesion repair DNA polymerase, pol Îº, to the damaged DNA site. This study uncovers a new cellular role for this RNA modification.
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