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            Abstract
Cancers have dysfunctional redox regulation resulting in reactive oxygen species production, damaging both DNA and free dNTPs. The MTH1 protein sanitizes oxidized dNTP pools to prevent incorporation of damaged bases during DNA replication. Although MTH1 is non-essential in normal cells, we show that cancer cells require MTH1 activity to avoid incorporation of oxidized dNTPs, resulting in DNA damage and cell death. We validate MTH1 as an anticancer target in vivo and describe small molecules TH287 and TH588 as first-in-class nudix hydrolase family inhibitors that potently and selectively engage and inhibit the MTH1 protein in cells. Protein co-crystal structures demonstrate that the inhibitors bind in the active site of MTH1. The inhibitors cause incorporation of oxidized dNTPs in cancer cells, leading to DNA damage, cytotoxicity and therapeutic responses in patient-derived mouse xenografts. This study exemplifies the non-oncogene addiction concept for anticancer treatment and validates MTH1 as being cancer phenotypic lethal.
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                    Figure 1: MTH1 prevents 8-oxodGTP incorporation and is required for cancer cell survival.[image: ]


Figure 2: MTH1 activity is required to prevent DNA damage and promote tumour growth in xenograft mice.[image: ]


Figure 3: Structural details of TH287 binding to MTH1.[image: ]


Figure 4: Inhibition of MTH1 induces oxidative DNA damage and reduces survival in cancer cells.[image: ]


Figure 5: TH588 reduces tumour growth via MTH1 inhibition.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Transient siRNA depletion of MTH1 reduces cell survival and causes DNA damage.
a–d, U2OS cells were transfected with siRNA for 3 days, after which (a) cell viability was determined after additional 3 days in culture; (b) cells were trypsinized, counted and re-seeded for clonogenic outgrowth; (c) proteins extracted and analysed with western blot (data shown as average ± s.d. from three independent experiments for a–c); or (d) grown for additional 3 days and immunoblotted with 53BP1 and RPA-32 antibodies and analysed with immunofluorescence. DNA was counterstained with ToPro-3 iodide. e, f, Quantification of 53BP1 (e) (data shown as average ± s.e.m. from three independent experiments, *P < 0.05; **P < 0.01, one-way ANOVA) and RPA foci (f) (percentage of cells >5 foci per cell) after MTH1 siRNA transfection. Data shown as average ± s.e.m. from two experiments. *P < 0.05, one-way ANOVA. g, Transient siRNA depletion of MTH1 reduces cell survival to various extents in cancer cell lines. Indicated cells were transfected with MTH1 siRNA #3 (M) and non-targeting control (N) for 3 days. The cells were trypsinized, counted and re-seeded for clonogenic outgrowth. Values represent relative survival of MTH1 siRNA-transfected cells compared to non-targeting control. Data shown as average ± s.d. from two independent experiments. h, The cells were collected, proteins extracted and analysed with western blot. Figure shows one representative western blot from two independent experiments. MTH1 knockdown by siRNA induces cell death in most cancer cells, but not in normal cells (VH10, MRC-9, BJ-hTERT).


Extended Data Figure 2 Rescue expression of RNAi-resistant wild-type MTH1 and catalytically dead MTH1(E56A) mutant and purification of MTH1 protein and activity measurements.
a, U2OS cells stably overexpressing RNAi-resistant wild-type (WT) MTH1 and catalytically dead mutant (E56A) were transfected for 72 h, and western blot of MTH1 protein levels in non-targeting siRNA (N), MTH1 siRNA (M), MTH1 wild type (WT) or MTH1 E56A is shown. Figure shows one representative western blot from three independent experiments. b, The MTH1 wild type (WT) or MTH1 E56A were expressed in E. coli and purified to >98% purity. c, Relative activity of MTH1 wild type and E56A catalysed hydrolysis of dGTP, demonstrating that the E56A is a catalytically dead mutant of MTH1. Data shown as a representative graph, average ± s.d. from two independent experiments, each performed in triplicate. d–f, SDS–PAGE gels showing (d) the purity of the MTH1 W117Y and D119A mutant proteins; (e) the purity of expressed and purified OGG1; and (f) the purity of expressed and purified MUTYH in fusion with MBP (maltose binding protein). g, Activity of MTH1 mutants D119A and W117Y relative to wild type with 20 μM 8-oxodGTP and 2-OHdATP. Data shown as average ± s.d. from two independent experiments, each performed in triplicates. h, U2OS cells stably overexpressing RNAi-resistant wild-type MTH1 and MTH1 mutants (D119A and W117Y) were transfected for 72 h and western blot of MTH1 protein levels in non-targeting siRNA (N) and MTH1 siRNA (M) is shown. Figure shows one representative western blot from two independent experiments. i, Clonogenic survival of U2OS cells transiently transfected with MTH1 siRNA (M) or NT siRNA (N). Cells were transfected for 72 h and reseeded for clonogenic outgrowth. Values represent average ± s.d. from two independent experiments. j, Determination of carbonylated proteins in primary VH10 and U2OS cancer cells. Values represent average ± s.e.m. from four independent experiments. Statistically significant P = 0.033 in Student’s t-test. k, Immunofluorescent staining of phospho-p53 (S15) and phospho-ATM (S1981) in U2OS cells transiently transfected with NT siRNA or MTH1 siRNA. l, ATM phosphorylation, p53 phosphorylation and p21 induction is induced by MTH1 siRNA depletion (M) in U2OS cells, but not in NT siRNA control (N). Incubation with ATM inhibitor KU55933 (10 μM) prevents ATM and p53 phosphorylation after MTH1 siRNA depletion as well as induction of p21. m, The second independent experiment using MTH1 shRNA as in Fig. 2l. Doxycycline was added to the drinking water (indicated by the arrow) (n = 7 per group, data shown as average ± s.e.m). n, Kaplan–Meyer survival plot of mice carrying SW480 tumours with the indicated construct and addition of doxycycline to the drinking water. At a volume size of 1,000 mm3, animals were euthanized. All animals in the control groups, MTH1 shRNA without doxycycline and NT shRNA with doxycycline, had reached the upper limit of tumour size at 45 and 32 days, respectively, whereas the MTH1 shRNA knockdown group was all still alive at day 62.


Extended Data Figure 3 Screening for MTH1 inhibitors and MTH1 protein binding.
a, Purity of MTH1 and MutT preparations used. b, High-throughput screening identified hits containing 2-aminopyrimidine motif (scaffold 1). By introducing an aminomethyl substituent a marked increase in potency was observed (TH086). The dichlorophenyl derivative TH287 showed further improved potency, however, with a high intrinsic clearance in mouse liver microsomes. The cyclopropyl compound TH588 displayed increased metabolic stability while retaining potency against MTH1. (IC50 values, determined using the sensitive version of the malachite-green-based enzymatic assay, are displayed as average ± s.d., n = 3 independent experiments.) c, Representative dose-response curves of scaffold 1, TH086, TH287 and TH588. d, e, 2-OHdATP (d) or 8-oxodGTP (e) was used as substrates showing that the inhibition of MTH1 by TH588 and TH287 is substrate independent. (Graphs in c, d and e show representative curves, average ± s.d. from two replicates; IC50 values were determined using the PPiLight Inorganic Pyrophosphate Assay kit (Lonza) and are presented as average ± s.d. from two independent experiments.) f, To confirm binding of optimized hits to MTH1 protein, ITC experiments were performed. Left-hand graphs show raw data (black) from two independent titrations of TH086 (129 μM) into a solution containing MTH1 protein (30 μM). The right-hand graph shows the integrated heats from the titrations of TH086 into a solution containing MTH1 as a function of their molar ratio. The solid lines represent the best-fit binding isotherms to the data (one set of sites model within the Origin software), K = 6.1 ± 1.5 × 107 M−1, ΔH = −59 ± 0.5 kJ per mole and n = 0.71 (blue) and K = 9.2 ± 2.2 × 107 M−1, ΔH = −58 ± 0.4 kJ per mole and n = 0.70 (red), respectively. g, h, Biacore surface plasmon resonance technique was used to determine the affinity of (g) TH287 (average ± s.d.: Kd = 1.7 ± 0.6 nM, n = 3) and (h) TH588 (average ± s.d.; Kd = 15.5 ± 2.9 nM, n = 3) to the MTH1 protein. Representative sensorgram for each inhibitor is shown (n = 3 independent experiments). Data points confounded by the buffer change during the start and end of injection are excluded from the analysis and the graphic representation. i, j, Electron density for (i) TH287 and (j) TH588. 2Fo − Fc maps contoured at 1.5σ.


Extended Data Figure 4 TH588 reduces tumour growth in mouse xenografts.
a, Pharmacokinetic profiles of TH287 (10 mg kg−1, s.c.). b, TH588 pharmacokinetic profile (30 mg kg−1, s.c.) (average ± s.e.m. (n = 3 per data point) in a, b). (See also Extended Data Table 2.) c, Chemical structure and IC50 value of TH287’s and TH588’s major metabolite TH586. d, e, TH588 (30 mg kg−1 s.c., once daily (q.d.)) significantly reduced tumour growth in SW480 xenograft mice after 35 days treatment (average ± s.e.m., n = 8 per group, two-way ANOVA with repeated measures; *P < 0.05, **P < 0.01) (d), with no effect on body weight (e). f, Tiled images of SW480 xenograft with start at the capsule (left) of the tumours. Green stain shows Ki67, red stain shows CD31, blue stain shows DNA signal. Scale bar, 1 mm. i:1, untreated xenograft; i:3, xenograft treated with TH588. i:2 and i:4 show close-ups of the marked area in i:1 and i:3. Scale bar, 100 μm. g, h, Vascularization (CD31), measured as the area of CD31 staining normalized against area of DNA (g), and proliferation (Ki67), measured as the mean signal of Ki67 in areas with DNA (h), in untreated and TH588-treated xenograft in relation to the distance from the capsule of the tumours (average ± s.e.m. untreated, n = 7 for TH588 treated, n = 8 for untreated g, h). i, j, TH588 (30 mg kg−1 s.c., q.d) significantly reduced tumour growth in MCF-7 xenograft (i) (average ± s.e.m., n = 10 per group, two-way ANOVA with repeated measures; *P < 0.05) with no effect on body weight (j). k, Clinical parameters measured in blood from SW480 xenograft animals in d, e. The mean values of white blood cells (WBC), red blood cells (RBC), neutrophils, lymphocytes, monocytes, mean corpuscular volume (MCV), mean cell haemoglobin (MCH), mean cell haemoglobin concentration (MCHC) from the different groups are presented in the table. The results did not show any significant differences in the haematology parameters or the liver/heart/kidney parameters between control and treated groups.


Extended Data Figure 5 MTH1 inhibitors TH588 and TH287 induce oxidative lesions in the DNA and kill cancer cells.
a–c, U2OS cells (a, b) or VH10 cells (c) were treated with 10 μM MTH1 inhibitor for 24 h before being incubated with MUTYH or with buffer alone (control) and run in alkaline comet assay. As a positive control, cells were treated with 100 μM H2O2 for 5 min on ice. Tail moment is calculated as per cent DNA in the tail multiplied by the tail length. Values represent average ± s.e.m. from three experiments; *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA. d, e, Viability determined by resazurin in U2OS cells expressing wild-type MTH1, MTH1(W117Y) or MTH1(D119A) exposed 72 h to increasing concentrations of MTH1 inhibitors (d) TH287 or (e) TH588. Data are shown as average ± s.e.m. from three independent experiments. f, g, Viability of U2OS cells stably carrying doxycycline-inducible p53 shRNA constructs after 72 h exposure to different concentrations of MTH1 inhibitors (f) TH287 or (g) TH588. Data shown as average ± s.e.m. from two independent experiments. h, i, Viability of HCT116 and HCT116 p53−/− after 72 h exposure to different concentrations of MTH1 inhibitors (h) TH287 or (i) TH588. Values represent percentage of cells in relation to mock-treated controls displayed as average ± s.d. from three independent experiments. j, Cell viability after MTH1 inhibitor treatment determined by resazurin assay in primary or immortalized cells or in cancer cell lines. All data are average ± s.e.m. of at least three independent experiments. ND, not determined. k, l, Viability determined in melanoma cancer cell lines after exposure for 72 h to increasing concentrations of MTH1 inhibitors (k) TH287 or (l) TH588. Values represent percentage of cells in relation to mock-treated controls displayed as mean ± s.d. from three independent experiments, each done in duplicate. m, Effect of TH287 on clonogenic cell survival in primary or immortalized cells (open) or in cancer cell lines (filled). n, No toxicity was observed in clonogenic survival of TH650 in various cell lines. o–q, Clonogenic survival of BJ cells after treatment with (o) TH588, (p) TH287, and (q) TH650. TH588 and TH287 both significantly reduce cell survival primarily in hTERT immortalized BJ cells transfected with SV40 large T (Sv40T) or SV40 large T and Ras (RasV12), whereas no toxicity was observed with the less potent MTH1 inhibitor TH650. For m–q: cells were seeded in 6-well plates (200 cells per well for primary/immortalized cells, except BJ-hTERT) or in 10-cm dishes (500 cells per dish for all other cells) in triplicates and the day after treated with 0–10 μM compound for 7–10 days after which the number of colonies were counted. Values represent percentage of colonies in relation to DMSO-treated controls displayed as average ± s.d. from three independent experiments.


Extended Data Figure 6 MTH1 inhibitors induce DNA damage foci in U2OS but not in VH10 cells.
a–l, Cells were seeded on coverslips (a–c), 96-well plates (d–h) or 6-well plates (i–l) and were the following day treated with TH287, TH588 and TH650. DMSO concentration was kept constant. a–h, Samples were fixed with formaldehyde after an additional 72 h and immunostained with (a, d) 53BP1, (b–f) RPA and (c, g, h) DNA-PKcs pS2056 antibodies followed by secondary Alexa-conjugated antibodies. The DNA was counterstained with (a–c) To-Pro3 or (d–h) DAPI. Images were acquired and the number of foci was quantified by automatic image analysis. Scale bar, 10 μm. Data shown as average ± s.e.m. from three (d, g, h) or four (e, f) independent experiments. i–l, Cells were washed with PBS and detached by scraping in lysis buffer. i, j, Samples were analysed on western blot with ATM phospho-S1981, p53 phospho-S15, p21 and α-tubulin antibodies. k, l, FACS analysis of apoptosis in U2OS cells treated with TH287 and TH588 for 72 h. k, Quantification of the percentage of cleaved caspase 3 positive cells. l, Propidium iodine staining and quantification of percentage of cells in sub-G1 phase. Data shown as average ± s.e.m. from two independent experiments performed in duplicate. Blots shown as a representative blot from two experiments.


Extended Data Figure 7 Expression level of MTH1, MTH2, MUTYH or OGG1 in cell lines used in this study.
a, Heat-map diagram of MTH1, MTH2, MUTYH and OGG1 gene expression determined by qRT–PCR in the same cell lines. The expression levels are normalized to VH10 cells. ΔΔCq value was calculated using Bio-Rad CFX Manager 3. The normalized levels below 1 have lighter green colour than VH10. b, MTH1 protein levels determined by western blot analysis of cell lines used in this study. c, Quantification of MTH1 protein levels depicted as MTH1/actin ratio and normalized to VH10 cells, in primary or immortalized cells (green) or in cancer cells (red) reveals no obvious correlation between protein levels and sensitivity to MTH1 inhibitors or siRNA response. Values represent average ± s.d. from two experiments, except for cell line 1BR2 for which values represent one experiment. d–g, The bar chart display of panel a. Values represent average ± s.e.m. from two experiments performed in triplicate. h, MTH1 (NUDT1) expression in normal and cancer tissues (from http://www.genesapiens.org).


Extended Data Figure 8 Expression analysis, MTH1 inhibitor selectivity and MutT overexpression.
a, Expression level of MTH1 after doxycycline-induced depletion in SW480 cells with MTH1 shRNA construct. b–d, Quantification of MTH2 (NUDT15), MUTYH or OGG1 expression levels using qRT–PCR in (b) non-targeting (NT) shRNA, or doxycycline treatment for 48 h (c) or 96 h (d). Values represent average ± s.e.m. from three experiments performed in triplicate. ΔΔCq value was calculated using Bio-Rad CFX Manager 3. The expression levels were normalized to VH10 cells. e, Overexpression of OGG1 or MUTYH in U2OS cells determined by qRT–PCR expression. Values represent average ± s.e.m. from two independent experiments, each performed in triplicate. ΔΔCq value was calculated using Bio-Rad CFX Manager 3. The expressions were normalized to the CMV-empty control. *P < 0.05, Student’s t-test by Bio-Rad CFX manager 3. f, Survival in U2OS overexpressing either MUTYH or OGG1 after 72 h treatment with TH588. Values represent average ± s.d. from three independent experiments, each performed in triplicate. g, Selectivity of TH588 against a panel of diverse GPCRs, ion channels, transporters and enzymes, including ALK kinase. TH588 (10 μM) was tested at CEREP high-throughput screening panel to obtain information about possible cross-reactivity. Notably, TH588 did not show any significant inhibitory effect on hERG. Additional functional studies need to be performed before a full evaluation of selectivity of the compound can be made. h, Purity of enzyme preparations used in the selectivity screen. 4 μg of the enzyme preparations used were analysed using SDS–PAGE followed by Coomassie staining. i, Inhibition analysis of TH287 showing >1,000 fold selectivity for MTH1. Data shown as average ± s.d., n = 3–6 independent experiments performed in duplicate. j, Inhibition analysis of TH650 showing >100 fold selectivity for MTH1. Data shown as average ± s.d., n = 3–6 independent experiments performed in duplicate. k, MutT overexpression in U2OS cells. Western blot of U2OS cells stably transfected with MutT-MLS-myc (MutT-m), MutT-myc + MutT-MLS-myc (MutT-mn) or no expression (control) immunoblotted with Myc and tubulin antibodies. l, Immunofluorescence image of U2OS cells transiently transfected with MutT-mn and immunostained with Myc antibody. m, Immunofluorescence image of U2OS cells transiently transfected with MutT-m and immunostained with Myc and ATP synthase antibodies followed by secondary Alexa-conjugated antibody. DNA was counterstained with To-Pro3. Scale bar, 20 μm.


Extended Data Table 1 Data collection and refinement statistics for MTH1 + TH287 and MTH1 + TH588 co-crystal structureFull size table


Extended Data Table 2 Summary of in vitro ADME properties of selected MTH1 inhibitor compoundsFull size table
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Mutations in the Ras oncogene are associated with poor prognosis. It was known that overexpression of MTH1, a protein involved in preventing the incorporation of damaged bases into DNA, prevents Ras-induced senescence. In seeking to understand how damaged deoxynucleotides (dNTPs) promote cancer, Thomas Helleday and colleagues found that MTH1 activity is essential for the survival of transformed cells, and isolated two small-molecule MTH1 inhibitors, TH287 and TH588. In the presence of these hydrolase inhibitors, damaged nucleotides are incorporated into DNA only in cancer cells, causing cytotoxicity and eliciting a beneficial response in mouse xenograft cancer models. In a second study, Giulio Superti-Furga and colleagues sought to identify the target of a small molecule, SCH51344, that had been developed for use against Ras-dependent cancers and found that it inactivates MTH1. This allowed them to identify a new potent inhibitor of MTH1 that is enantiomer-selective, (S)-crizotinib. In the presence of this drug, tumour growth is suppressed in animal models of colon cancer.
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