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            Abstract
Widely used as anticancer and immunosuppressive agents, thiopurines have narrow therapeutic indices owing to frequent toxicities, partly explained by TPMT genetic polymorphisms. Recent studies identified germline NUDT15 variation as another critical determinant of thiopurine intolerance, but the underlying molecular mechanisms and the clinical implications of this pharmacogenetic association remain unknown. In 270 children enrolled in clinical trials for acute lymphoblastic leukemia in Guatemala, Singapore and Japan, we identified four NUDT15 coding variants (p.Arg139Cys, p.Arg139His, p.Val18Ile and p.Val18_Val19insGlyVal) that resulted in 74.4â€“100% loss of nucleotide diphosphatase activity. Loss-of-function NUDT15 diplotypes were consistently associated with thiopurine intolerance across the three cohorts (P = 0.021, 2.1 Ã— 10âˆ’5 and 0.0054, respectively; meta-analysis P = 4.45 Ã— 10âˆ’8, allelic effect size = âˆ’11.5). Mechanistically, NUDT15 inactivated thiopurine metabolites and decreased thiopurine cytotoxicity in vitro, and patients with defective NUDT15 alleles showed excessive levels of thiopurine active metabolites and toxicity. Taken together, these results indicate that a comprehensive pharmacogenetic model integrating NUDT15 variants may inform personalized thiopurine therapy.
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                    Figure 1: NUDT15 genetic variants and their effects on nucleotide diphosphatase activity.[image: ]


Figure 2: Association of NUDT15 diplotype with mercaptopurine tolerance during ALL therapy in Guatemala, Singapore and Japan.[image: ]


Figure 3: Effects of NUDT15 on thiopurine metabolism and cytotoxicity.[image: ]


Figure 4: NUDT15 variants and mercaptopurine metabolism in children during ALL therapy.[image: ]
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Integrated supplementary information

Supplementary Figure 1 NUDT15 diplotypes in worldwide populations.
(a) NUDT15 diplotype frequency was based on phased data from the 1000 Genomes Project. (b) Diplotype nomenclatures. Populations include European (CEU, TSI, FIN, GBR and IBS), African (YRI, LWK, GWD, MSL, ESN and ASW), American (MXL, PUR, CLM and PEL), South Asian (GIH, PJL, BEB, STU and ITU) and East Asian (CHB, JPT, CHS, CDX and KHV), as described at http://www.1000genomes.org/category/frequently-asked-questions/population.


Supplementary Figure 2 Enzymatic activity of wild-type and variant NUDT15 with TdGTP as the substrate.
(a) Each variant NUDT15 was expressed in E. coli, and purified protein was subjected to diphosphatase activity measurement with TdGTP as the substrate. (b) Variant or wild-type proteins were combined to determine the level of NUDT15 activity in patients with different diplotypes. Each experiment was performed in triplicate and was repeated at least three times. Center values (dots) represent the means of triplicate experiments; error bars, s.d.


Supplementary Figure 3 Thermostability assay for wild-type and variant NUDT15.
(aâ€“f) Purified NUDT15 was incubated with SyproOrange, and the mixture was heated from 20 ÂºC to 95 ÂºC in increments of 0.2 ÂºC in the Quant Studio 12K Flex Real-Time PCR system. The temperature midpoint for protein unfolding transition, Tm (indicated by the red arrows), was calculated on the basis of the Boltzmann model. Experiments were performed in triplicate to estimate standard deviation.


Supplementary Figure 4 Association of NUDT15 diplotype with mercaptopurine tolerance during ALL therapy.
(a) Guatemalan cohort. (b) Singaporean cohort. (c) Japanese cohort. Mercaptopurine (MP) dose was adjusted during maintenance therapy to avoid excessive host toxicities (myelosuppression and infections), and the tolerated MP dosage was defined as the stable dose for at least 14 d. There were no significant differences in tolerated MP dosage between NUDT15 diplotypes within the intermediate-activity group (*1/*2, *1/*3, *1/*4 and *1/*5; P = 0.44) or within the low-activity group (*2/*3, *3/*3 and *3/*5; P = 0.41) in the combined cohorts using the Kruskal-Wallis test. Cases with TPMT variants (rs1800462, rs1800460 and rs1142345) were excluded from the analysis. Each box includes data between the 25th and 75th percentiles, with the horizontal line indicating the median.


Supplementary Figure 5 Effects of NUDT15 and TPMT genotypes on mercaptopurine tolerance during ALL therapy.
(a) Guatemalan cohort. (b) Singaporean cohort. Mercaptopurine (MP) dose was adjusted during maintenance therapy to avoid host toxicities (myelosuppression and infections), and the tolerated MP dosage was defined as the stable dose for at least 14 d. TPMT diplotypes were based on rs1800462, rs1800460 and rs1145345. No TPMT variants were observed in the Japanese cohort. Each box includes data between the 25th and 75th percentiles, with the horizontal line indicating the median. P value was estimated for the association of NUDT15 diplotype (as normal-, intermediate- and low-activity groups) with the tolerated MP dosage by using linear regression model with (*) or without (**) adjusting for TPMT genotype (as wild type or heterozygous).


Supplementary Figure 6 NUDT15 knockdown in a lymphoid cell line.
Nalm6 cells were transfected with lentiviral particles of shRNA specific to human NUDT15 (NUDT15 KD) or scrambled sequence (control), and stable clones were established by puromycin selection. (a,b) NUDT15 expression was determined in knockdown and control cells by RT-PCR (a) and immunoblotting (b). Experiments were performed in triplicate and were repeated at least three times.


Supplementary Figure 7 Effects of NUDT15 expression on mercaptopurine and thioguanine cytotoxicity.
(a,b) NUDT15-knockdown (NUDT15 KD; red) cells were established by lentiviral transduction of NUDT15-specific shRNA, and control cells (black) were transduced with non-targeted vectors. Cytotoxicity was determined by MTT assay following incubation for 72 h with increasing concentrations of MP (a) and TG (b). Mean values are plotted in each panel; error bars, s.d. from triplicate experiments.


Supplementary Figure 8 Effects of NUDT15 expression on cytotoxicity and metabolism of azathioprine.
(a,b) NUDT15-knockdown (NUDT15 KD; red) Nalm6 cells were established by lentiviral transduction of NUDT15-specific shRNA, and control cells (black) were transduced with non-targeted vectors. Azathioprine cytotoxicity was determined by MTT assay following drug exposure for 72 h (a). DNA-TG level was quantified after exposure for 48 h to azathioprine (b). Mean values are plotted in each panel; error bars, s.d. from triplicate experiments for cytotoxicity and duplicate experiments for DNA-TG level.


Supplementary Figure 9 NUDT15 variants and mercaptopurine metabolism in children during ALL therapy.
(a,b) DNA-TG levels were analyzed in the Singaporean (a) and Japanese (b) cohorts. Sixty-three and 44 samples were successfully measured from 32 cases with wild-type TPMT in the Singaporean and Japanese cohorts, respectively. An average DNA-TG level was estimated for each patient and then normalized on the basis of the tolerated MP dosage. The ratio of DNA-TG/MP dosage was plotted against the NUDT15 diplotypes. There were no significant differences in normalized DNA-TG between diplotypes within the intermediate-activity group (*1/*2, *1/*3 and *1/*5; P = 0.29) or within the low-activity group (*3/*5, *3/*3 and *2/*3; P = 0.37) in the combined cohorts using the Kruskal-Wallis test.


Supplementary Figure 10 NUDT15 genotype was associated with the thioguanine sensitivity of primary ALL blasts in vitro.
In 285 children with newly diagnosed ALL treated at St. Jude Childrenâ€™s Research Hospital, primary leukemia cells at diagnosis were evaluated for sensitivity to TG using MTT assay as previously described (N. Engl. J. Med. 351, 533, 2004). NUDT15 genotype was summarized as diplotype (Online Methods), and its association with TG sensitivity (with LC50 as a continuous variable) was determined by a linear regression model (Online Methods).


Supplementary Figure 11 NUDT15 genotype and its protein stability in vitro.
Variant or wild-type NUDT15 cDNA encoding an N-terminal FLAG tag was transiently expressed in HEK293T cells using polyethylenimine reagent. Cycloheximide (CHX; 50 mg/ml) was added 48 h after transfection, and NUDT15 protein level was monitored after 0, 24 and 48 h by immunoblotting with Î²-actin as the loading control. Immunoblot images are shown (top), and protein level was quantified using ImageJ software (bottom).


Supplementary Figure 12 Expression and purification of wild-type and variant human NUDT15 proteins.
N-terminally His-tagged human NUDT15 was expressed in E. coli BL21 with IPTG induction and purified by affinity chromatography. One microgram of protein was loaded onto a 4â€“15% SDS-PAGE gel for electrophoresis, and the gel was stained with Coomassie Brilliant Blue.
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