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            Abstract
Cells require nucleotides to support DNA replication and repair damaged DNA. In addition to de novo synthesis, cells recycle nucleotides from the DNA of dying cells or from cellular material ingested through the diet. Salvaged nucleosides come with the complication that they can contain epigenetic modifications. Because epigenetic inheritance of DNA methylation mainly relies on copying of the modification pattern from parental strands1,2,3, random incorporation of pre-modified bases during replication could have profound implications for epigenome fidelity and yield adverse cellular phenotypes. Although the salvage mechanism of 5-methyl-2′deoxycytidine (5mdC) has been investigated before4,5,6, it remains unknown how cells deal with the recently identified oxidized forms of 5mdC: 5-hydroxymethyl-2′deoxycytidine (5hmdC), 5-formy-2′deoxycytidine (5fdC) and 5-carboxyl-2′deoxycytidine (5cadC)7,8,9,10. Here we show that enzymes of the nucleotide salvage pathway display substrate selectivity, effectively protecting newly synthesized DNA from the incorporation of epigenetically modified forms of cytosine. Thus, cell lines and animals can tolerate high doses of these modified cytidines without any deleterious effects on physiology. Notably, by screening cancer cell lines for growth defects after exposure to 5hmdC, we unexpectedly identify a subset of cell lines in which 5hmdC or 5fdC administration leads to cell lethality. Using genomic approaches, we show that the susceptible cell lines overexpress cytidine deaminase (CDA). CDA converts 5hmdC and 5fdC into variants of uridine that are incorporated into DNA, resulting in accumulation of DNA damage, and ultimately, cell death. Our observations extend current knowledge of the nucleotide salvage pathway by revealing the metabolism of oxidized epigenetic bases, and suggest a new therapeutic option for cancers, such as pancreatic cancer, that have CDA overexpression and are resistant to treatment with other cytidine analogues11.
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                    Figure 1: DNA polymerase and nucleoside kinase activities on modified nucleosides.[image: ]


Figure 2: Identification of CDA overexpression as a primary determinant for cytotoxic action of natural cytidine variants.[image: ]


Figure 3: Molecular mechanism of CDA-dependent cytotoxicity of cytidine variants.[image: ]


Figure 4: In vivo evaluation of cytidine variants and the proposed model of epigenetic nucleoside variants in the nucleoside recycling pathway.[image: ]
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Extended data figures and tables

Extended Data Figure 1 DNA polymerase and nucleoside kinase activities on modified nucleosides.
a, Mass spectrometry confirmation of 5hmdC, 5fdC and 5cadC in the purchased nucleosides. b, HPLC–UV chromatogram of nucleosides from DNA extracted from H1299 cells transfected with 5hmdCTP. The abundance of 5hmdC relative to dG is illustrated in the right panel (n = 3). n.d., not detected. Error bars denote s.d. c, Coomassie-stained SDS–PAGE gel of recombinant purified DCK and CMPK1 enzymes used in the study. d, Two-dimensional TLC images of DCK reaction products. Dotted lines indicate reference points, which aid in tracking the migration localization of the nucleosides. The monophosphate in each reaction is circled in red (representative picture, n = 3). e, Schematic map of nucleoside migration on two-dimensional TLC plate (asterisk indicates a background spot coming from ATP and used as a reference point)


Extended Data Figure 2 Stability of the nucleosides and CDA activity.
a, b, Quantification of nucleosides by HPLC–UV during 10 days of incubation in water (a) and DMEM (b) at 37 °C (n = 3). c, Representative HPLC–UV chromatograms at days 0, 2 and 10 with retention times indicated above each peak. d, Cell lines used in the study and their characteristics. e, Western blot showing knockdown of CDA by shRNA in the SN12C cell line. Right panel illustrates the growth of the cell line during treatment with 10 μM 5hmdC (n = 3). f, Western blot showing expression of CDA in wild-type and lentivirally transduced MCF7 cell line. Growth curve after treatment with 10 μM 5hmdC is shown on the right (n = 3). g, Coomassie-stained SDS–PAGE gel of recombinant purified CDA enzyme used in this study. h, HPLC–UV chromatograms showing the retention times and identity of substrates and CDA-catalysed products. i, List of Km, kcat and vmax values of catalytic activity of CDA catalysing the deamination of cytidine variants. All error bars denote s.d.


Extended Data Figure 3 Mechanism of CDA catalysed deamination of epigenetic nucleosides, their cytotoxicity and dUTPase activity.
a, Molecular docking of dC, 5hmdC and 5fdC on the CDA active site (Protein Data Bank (PDB) accession 1MQ0). The detailed view of the catalytic pocket is shown with the modified nucleoside in the centre. Chains A, B and C indicate units of the tetramer, which CDA forms to deaminate four nucleosides. Thin yellow lines show compatible distances for the formation of hydrogen bonds. b, Growth curves of H1299 and MCF7 cell lines treated with 10 and 1 μM of dC, 5hmdU and 5fdU over a period of 10 days (n = 3). c, Coomassie-stained gel demonstrating recombinant purified DUT (molecular mass, 18 kDa) and in vitro measurements of dUTPase activity using non-canonical uridine triphosphates (n = 3). d, Extracted ion chromatogram of nucleoside standards analysed by HPLC–QTOF mass spectrometry. Each nucleoside intensity was measured using the merged m/z values of the [M+H]+, [M+Na]+, [M+H]+, [2M+H]+ and [base+H]+ and a symmetric single m/z expansion of ±0.02. e, The most prominent ion of 5hmdU was identified in 5hmdC-treated MDA-MB-231 cells. All error bars denote s.d.


Extended Data Figure 4 Mass spectrometry identification of 5fUra and ultraviolet quantification of 5hmdU in the DNA.
a, Extracted ion chromatogram of nucleoside standards with 5fdU analysed by HPLC–QTOF mass spectrometry (as in Extended Data Fig. 3d). b, Weak, but consistent signal of 5fUra is identified in DNA of 5fdC-treated MDA-MB-231 cells, but not dC-treated cells or buffer alone. Two representative examples are shown. c, Relative quantification of 5fUra signal from three biological mass spectrometry replicates. d, Relationship between measured 5hmdU/T in the DNA of cell lines treated with 10 μM 5hmdC for 3 days and CDA expression levels. The cell lines used in this study are in coloured font (n = 3). All error bars denote s.d.


Extended Data Figure 5 Effect of 5hmdC administration on the cell cycle and DNA damage.
a, b, Propidium iodide FACS assay of the cell cycle. Shown are two representative plots of MDA-MB-231 cells at day 3 of treatment with dC and 5hmdC (10 μM) (a) and quantification for all the cell lines analysed (n = 3) (b). Two-way ANOVA: P = 0.0027 (S: 5hmdC versus dC MDA-MB-231), P = 0.0149 (G2-M: 5hmdC versus dC MDA-MB-231). HOP-92 P < 0.0001, P = 0.0005 (S: 5hmdC versus dC Capan-2), P < 0.0001 (G2-M: 5hmdC versus dC Capan-2) (n = 3; 10,000 events acquired). c, γH2AX immunofluorescence in MDA-MB-231 and H1299 cell lines at day 3 after treatment with 10 μM 5hmdC or dC. Scale bar, 50 μm. d, Fraction of cells showing a γH2AX signal above background (n = 3). ANOVA with Sidak correction for multiple comparisons: P = 0.0208 (5hmdC versus dC MDA-MB-231), P = 0.0135 (5hmdC versus dC HOP-92). Error bars denote s.d.


Extended Data Figure 6 Quantification of intracellular nucleotides by ion-pair HPLC and SMUG1 glycosylase activity.
a, Illustrative chromatogram of all standards indicated in b mixed together. b, Retention times of nucleotides were determined by analysing each standard separately and are indicated in the table. c, An average relative abundance of NTP and dNTP levels in cells treated with dC, 5hmdC and 5fdC (n = 3). d, Representative chromatograms of indicated experiments (blue) overlaid with standards separated on the same run (red). e, Typical image of denaturing PAGE electrophoresis of DNA incubated with SMUG1 and cleaved with APE1. f, Quantification of the DNA oligonucleotides with excised bases. g, Expression of SMUG1 and uracil DNA glycosylase (UNG) in MDA_MB_231, SN12C and Capan-2 cell lines (Genevestigator). Error bars denote s.d.


Extended Data Figure 7 CDA expression in human cancer and normal tissues, and toxicity evaluation of 5hmdC and 5fdC in mice.
a, CDA overexpression in pancreatic cancer (t-test, P < 0.0001). b, CDA expression across a panel of cancer (red) versus normal (green) tissues (GENT database). Arrows indicate cancer types with an evident difference between normal (N) and cancerous tissues (C). c, 5hmdC and 5fdC detection in the blood (mass spectrometry) of intraperitoneally injected mice at 30 min after injection. d, Label-free mass spectrometry quantification of 5hmdC in the blood of animals injected with doses of 25, 50 and 100 mg kg−1 (n = 3 (100 mg ml−1) and n = 4 (25 and 50 mg ml−1)). Error bars denote s.e.m. e, Immunohistochemistry showing CDA expression in the intestine. f, Haematoxylin and eosin staining of the intestine of mice injected with PBS and 100 mg kg−1 of 5hmdC and 5fdC. Tissue was removed 5 days after the injection. g, Immunofluorescence evaluation of proliferation (H3PS10) and DNA damage (γH2AX) in the intestine of mice treated with PBS and 100 mg kg−1 of 5hmdC and 5fdC 5 days after treatment. In parallel, the protocol was done on testis of irradiated mice, where positive signals for γH2AX were observed (data not shown). Scale bars, 50 μm (e–g). h, Weight of the mice plotted over the treatment period (n = 16 per group).


Extended Data Figure 8 Evaluation of wild-type SN12C cell line and CDA knockdown in a mouse xenograft model.
a, Schematic illustration of xenograft establishment and treatment with nucleoside variants. b, Tumour diameter was measured by Vernier caliper and volume calculated by assuming that tumours were spheres (n = 8, two-way ANOVA with repeated measures and Holm–Sidak correction, P < 0.0001). c, Photos of the dissected tumours (asterisks indicate dissected lymph nodes found after histological analysis). d, Western blot showing CDA expression in tumours extracted from mice. e, Quantification of proliferation (H3PS10) and DNA damage (γH2AX) using confocal microscopy and ImageJ of the central section of the tumour. Scale bar, 50 μm (n = 4, one-way ANOVA, SN12C H3PS10: P = 0.0033 (PBS versus 5hmdC), P = 0.0046 (PBS versus 5fdC); γH2AX: P = 0.0003 (PBS versus 5hmdC), P = 0.0436 (PBS versus 5fdC); SN12CshCDA_8: P = 0.0130 (PBS versus 5hmdC)). f, 5hmdU quantified from a HPLC–UV chromatogram of nucleosides from DNA extracted from tumours of mice treated with 5hmdC and PBS (n = 4, one-way ANOVA P = 0.0041). Error bars denote s.d.


Extended Data Figure 9 Identification and quantification of compounds' resulting peaks in HPLC–UV.
a, The abundance of molecule eluting at 5.1 min (5.7 min on the HPLC–QTOF) is not significantly different between dC- and 5hmdC-treated samples. It is a common component of DNA hydrolysis buffer. b, 5-methylcytosine in the DNA does not change after treatment with 5hmdC. Identity of 5mdC in the samples was confirmed by HPLC–QTOF mass spectrometry.


Extended Data Figure 10 Identification and quantification of compounds' resulting peaks in HPLC–UV.
Compound eluting at 4.5 min (5.0 min on the HPLC–QTOF) is an abundant component of DNA hydrolysis buffer, generating a m/z of 202.18.
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