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            Abstract
The folate-driven one-carbon (1C) cycle is a fundamental metabolic hub in cells that enables the synthesis of nucleotides and amino acids and epigenetic modifications. This cycle might also release formaldehyde, a potent protein and DNA crosslinking agent that organisms produce in substantial quantities. Here we show that supplementation with tetrahydrofolate, the essential cofactor of this cycle, and other oxidation-prone folate derivatives kills human, mouse and chicken cells that cannot detoxify formaldehyde or that lack DNA crosslink repair. Notably, formaldehyde is generated from oxidative decomposition of the folate backbone. Furthermore, we find that formaldehyde detoxification in human cells generates formate, and thereby promotes nucleotide synthesis. This supply of 1C units is sufficient to sustain the growth of cells that are unable to use serine, which is the predominant source of 1C units. These findings identify an unexpected source of formaldehyde and, more generally, indicate that the detoxification of this ubiquitous endogenous genotoxin creates a benign 1C unit that can sustain essential metabolism.
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                    Figure 1: Tetrahydrofolate is genotoxic by a 1C-cycle-independent mechanism.[image: ]


Figure 2: Oxidative decomposition of THF and other folate derivatives releases formaldehyde.[image: ]


Figure 3: ADH5 sustains the growth of 1C-cycle-defective HAP1 cells.[image: ]


Figure 4: Formaldehyde detoxification by ADH5 supplies 1C units and promotes cell growth.[image: ]


Figure 5: Formaldehyde-derived 1C units contribute to nucleotide synthesis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Cellular sensitivity of DT40 mutants to THF and formaldehyde.
a, Wild-type, âˆ†ADH5 and âˆ†FANCC chicken DT40 cells were exposed to doses of THF for 24â€‰h. Western blots of lysates prepared from these cells were probed for FANCD2, CHK1 phosphorylation (CHK1-pS345) and Î²-actin. Uncropped scans can be seen in Supplementary Fig. 1. FANCD2-Ub, monoubiquitinated FANCD2. b, Cellular sensitivity of DT40 mutants in Fanconi anaemia core-complex genes (FANCB and FANCL) to THF and formaldehyde. c, Cellular sensitivity of other Fanconi-deficient DT40 mutants to THF and formaldehyde. d, Cellular sensitivity to THF and formaldehyde of a panel of DT40 mutant cell lines defective in different DNA repair pathways: Fanconi anaemia pathway (âˆ†FANCB), translesion synthesis (âˆ†REV3), nucleotide excision repair (âˆ†XPA), homologous recombination (âˆ†XRCC2) and non-homologous end joining (âˆ†KU70). e, Top, scheme showing the reaction of formaldehyde with Î²-mercaptoethanol (Î²-ME). Bottom, suppression of THF and formaldehyde toxicity in wild-type, âˆ†ADH5 and âˆ†FANCC DT40 cells by the addition of 100â€‰Î¼M Î²-ME. Data in bâ€“e are from three independent experiments, each carried out in triplicate, and represent meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 2 THF toxicity in human cell lines deficient in protection against formaldehyde.
a, CRISPRâ€“Cas9-mediated disruptions of the ADH5 locus in the human B cell line NALM-6. Exon 3 was targeted (in red) and the genetic changes (of one clone) in the sequence of both alleles are shown below. b, Western blot analysis of NALM-6 targeted clones for ADH5. Uncropped scans can be seen in Supplementary Fig. 1. c, Cellular sensitivity of wild-type, âˆ†ADH5 and âˆ†FANCB NALM-6 strains to THF and formaldehyde. Four âˆ†ADH5 clones were used. d, Suppression of THF and formaldehyde toxicity in wild-type and âˆ†ADH5 HAP1 cells by the addition of 100â€‰Î¼M Î²-ME. Data in c and d are from three independent experiments, each carried out in triplicate, and represent meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 3 Characterization and THF sensitivity of a panel of 1C-cycle-deficient HAP1-mutant cell lines.
a, Scheme depicting key elements of the 1C cycle. The possible release of genotoxic formaldehyde (red) is shown. The enzymes targeted in HAP1 in this study are shown in bold. mTHF, monoglutamated THF (inactive); pTHF, polyglutamated THF (active); dTMP, deoxythymidine monophosphate. b, Metabolic characterization of the usage of [U-13C]serine in the 1C cycle by HAP1 mutants deficient in the proteins shown in a. The mass isotopomer distributions of glycine, formate and ATP are shown. Data are from two triplicate experiments. c, Functional characterization of the same HAP1 mutant strains by growth in media with (+) or without (â€“) glycine, HT and formate. Data represent two independent experiments, each with six replicates. dâ€“f, Cellular sensitivity of the same cell lines to THF. Data are from two independent experiments, each done in triplicate. Three independent clones were used for the 1C-cycle-deficient mutant strains. All data represent meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 4 Strategy, genetic characterization and protein expression of CRISPRâ€“Cas9-mediated knockouts in HAP1.
a, Scheme outlining the sequential strategy used to generate a panel of CRISPRâ€“Cas9-mediated knockout cell lines in HAP1. The double nickase approach (pX461) was used to generate mutants that were subsequently targeted. Wild-type Cas9 (pX458) was used for the other targeting events. b, Targeted exons (red) and genetic changes (in one clone) of the 1C cycle genes disrupted in HAP1 in this study. c, Western blot analysis for ADH5, SHMT1 and SHMT2 expression in the HAP1 strains used in this study. Uncropped scans can be seen in Supplementary Fig. 1.


Extended Data Figure 5 Oxidative degradation of folate derivatives liberates formaldehyde.
a, In vitro activation of the FAP-1 probe by a concentration range of formaldehyde or THF. Formaldehyde and THF were incubated in PBS at 37â€‰Â°C for 24â€‰h before the addition of FAP-1 and the measurement of fluorescence. b, FAP-1 activation by formaldehyde in the absence or presence of ascorbate or Î²-mercaptoethanol (Î²-ME). c, Release of formaldehyde by THF (400â€‰Î¼M) in PBS at different temperatures over time, measured using FAP-1. t1/2, estimated time required to release 50% of the total formaldehyde. Data in aâ€“c are from two duplicate experiments. d, Top, detection of intracellular formaldehyde by FAP-1. Bottom, flow cytometry plot showing the fluorescence intensity of HAP1 cells. e, Activation of intracellular FAP-1 in HAP1 cells by formaldehyde or THF in the presence of a concentration range of ascorbate. f, Activation of FAP-1 in HAP1 cells exposed to folate derivatives sensitive or resistant to oxidative degradation. Data in e and f are from three duplicate experiments. A detailed description of the flow cytometry analysis in dâ€“f can be seen in Supplementary Fig. 2. g, Measurement by gas chromatographyâ€“mass spectrometry (GCâ€“MS) of the formaldehyde released by folate derivatives (200â€‰Î¼M) after 24â€‰h incubation in PBS at 37â€‰Â°C. In the case of the oxidation-resistant derivatives, formaldehyde was not detected (n.d.) (limit of detection: 1.66â€‰Î¼M). Data are from two independent experiments, each carried out in triplicate. h, Model for the release of up to two molecules of formaldehyde by 5,10-me-THF. All data represent meanâ€‰Â±â€‰s.e.m. Statistical significance was assessed using two-tailed Studentâ€™s t-tests. *Pâ€‰â‰¤â€‰0.05; NS, not significant.


Extended Data Figure 6 Differential toxicity of folate derivatives in HAP1 cells.
Sensitivity of HAP1 wild-type and âˆ†ADH5 strains to different folate derivatives. Top graphs show those derivatives that are prone to oxidative degradation. Bottom graphs show those derivatives that are resistant. Data are from three independent experiments, each done in triplicate, and represent meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 7 Growth analysis of 1C-cycle-deficient HAP1 strains.
a, Glutathione (GSH) levels of all the HAP1 strains used in this study, measured by liquid chromatographyâ€“mass spectrometry. Data are from two independent experiments, each performed in triplicate. b, Crystal-violet-stained plates of 1C-cycle-knockout strains proficient (WT) or deficient (âˆ†ADH5) in ADH5, grown in media with (+) or without (â€“) HT. For âˆ†MFT;âˆ†SHMT1 strains grown in medium without HT, 4â€‰Ã—â€‰106 cells were plated and grown for 6 days. For the other strains and conditions, 4â€‰Ã—â€‰105 cells were plated and grown until WT was close to confluence. c, Growth curves of HAP1 1C-cycle-defective strains proficient for ADH5, in medium without HT (left) and with HT (right). d, Growth curves of those HAP1 strains without growth defects. Data in c and d are from two independent experiments (each with six replicates). All data represent meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 8 ADH5 complementation of 1C-cycle-deficient HAP1 strains.
aâ€“c, Top, western blots showing the expression of ADH5 in âˆ†ADH5;âˆ†SHMT2 (a), âˆ†ADH5;âˆ†MFT (b) and âˆ†ADH5;âˆ†MFT;âˆ†SHMT1 (c) cells complemented with Flag-tagged ADH5. Uncropped scans can be seen in Supplementary Fig. 1. Bottom, cellular sensitivity assays showing that resistance to formaldehyde is restored in the ADH5-complemented strains. Data are from two independent experiments carried out in triplicate. At least two independent clones were used for all the ADH5-complemented strains. dâ€“f, Growth curves in medium with HT of HAP1 1C-cycle-defective strains proficient, deficient (âˆ†ADH5) or complemented (âˆ†ADH5 + ADH5â€“Flag) for ADH5 expression. Data are from at least two independent experiments, each with six replicates. At least two independent clones were used for all the ADH5-complemented strains. All data represent meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 9 THF-derived formaldehyde promotes cell growth of 1C-cycle-deficient cells.
a, Growth of 1C-cycle-deficient HAP1 strains in medium with HT with and without formaldehyde. b, Growth of HAP1 wild-type and âˆ†ADH5 (without HT, left); âˆ†MFT and âˆ†ADH5;âˆ†MFT (with HT, right) cells with a dose range of formaldehyde. c, Growth of HAP1 âˆ†MFT;âˆ†SHMT1 and âˆ†ADH5;âˆ†MFT;âˆ†SHMT1 cells in medium without HT with a dose range of formaldehyde. d, Growth of HAP1 âˆ†SHMT1 and âˆ†ADH5;âˆ†SHMT1 strains in medium without HT (left); âˆ†MFT;âˆ†SHMT1 and âˆ†ADH5;âˆ†MFT;âˆ†SHMT1 strains in medium with HT (right), in the presence of a dose range of formaldehyde. e, Growth of âˆ†MFT and âˆ†ADH5;âˆ†MFT HAP1 strains in medium without HT supplemented with a dose range of THF. f, Crystal-violet-stained plates of HAP1 âˆ†MFT and âˆ†ADH5;âˆ†MFT strains in medium without HT untreated or treated with THF or formate. g, Growth of HAP1 wild-type and âˆ†ADH5 (without HT, left); âˆ†MFT and âˆ†ADH5;âˆ†MFT (with HT, right) cells with a dose range of THF. h, Growth of HAP1 âˆ†MFT cells in medium without HT supplemented with a low dose range of THF. Formaldehyde (panels aâ€“d) and THF (panels eâ€“h) were added in increasing amounts each day. Each indicated dose represents the total cumulative dose of formaldehyde or THF. Data in aâ€“e, g and h are from two independent experiments (carried out in triplicate) and are expressed as percentage of cell growth compared to the same strain grown in medium with HT (untreated). All data represent meanâ€‰Â±â€‰s.e.m. Statistical significance was assessed using two-tailed Studentâ€™s t-tests. *Pâ€‰â‰¤â€‰0.05.


Extended Data Figure 10 Formaldehyde detoxification by ADH5 contributes to the 1C pool.
aâ€“c, Tracing of physiological doses of [13C]formaldehyde (FA) to excreted formate in all the HAP1 strains used in this study (a), other cell lines (b) and primary MEFs (c) cultured in medium without HT for 16â€‰h. Data are from two independent experiments carried out in triplicate. d, Plasma levels of serine, glycine and methionine of wild-type (nâ€‰=â€‰10) and Adh5â€“/â€“ (nâ€‰=â€‰11) mice. The plasma samples tested are the same as those shown in Fig. 4e. All data represent meanâ€‰Â±â€‰s.e.m. Statistical significance was assessed using two-tailed Studentâ€™s t-tests. NS, not significant.

                          Source data
                        


Extended Data Figure 11 Formaldehyde detoxification supplies 1C units for purine and thymine synthesis.
a, Representative mass spectra of dA in HAP1 mutants exposed to physiological doses of [13C]formaldehyde. b, Incorporation of [13C]formate into dA in the presence of 0 or 40â€‰Î¼M formaldehyde in âˆ†MFT and âˆ†ADH5;âˆ†MFT HAP1 cells. c, Scheme outlining the use of 13C-labelled formaldehyde to track its predicted incorporation into thymine. dUMP, deoxyuridine monophosphate; dTMP, deoxythymidine monophosphate. d, Left, mass spectra of DNA thymidine (dT) in HAP1 wild-type and âˆ†MFT cells in the absence or presence of [13C]formaldehyde. The incorporation of one or two atoms of 13C into dT increases the m/z by 1 (M+1) or 2 (M+2) units, respectively. Right, quantitation of left panel. e, Percentage of 13C-labelled dT in âˆ†MFT and âˆ†ADH5;âˆ†MFT HAP1 cells untreated or treated with physiological doses of [13C]formaldehyde. f, Incorporation of [13C]formaldehyde into dT in HAP1 wild-type and âˆ†ADH5 cells. 13C-labelled dA and dT fractions were not corrected for natural abundance (n.a.), which is indicated with a dotted line. [13C]formaldehyde (panels a, d, e and f), [13C]formate and formaldehyde (panel b) were added in increasing amounts each day. Each indicated dose represents the total cumulative dose of the respective compound. Data in b, d, e and f are from three independent experiments. g-i, Tracing of physiological doses of [13C]formaldehyde (FA) to ATP in all the HAP1 strains used in this study (g), other cell lines (h) and primary MEFs (i) cultured in medium without HT for 16â€‰h. Data are from two independent experiments, each carried out in triplicate. 13C-labelled ATP fractions were corrected for natural abundance and are relative to the ATP synthesized de novo during the tracing. dA, dT and ATP were measured by liquid chromatographyâ€“mass spectrometry. All data represent meanâ€‰Â±â€‰s.e.m. Statistical significance was assessed using two-tailed Studentâ€™s t-tests. *Pâ€‰â‰¤â€‰0.05; ****Pâ€‰â‰¤â€‰0.0001; NS, not significant.
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