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[bookmark: _Toc207178696]Data Availibility
All tables and materials referenced in this supplement are available at https://www.clinpgx.org/guideline/PA166251442. 

[bookmark: _Toc207178697]CPIC Updates
Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines are published in full on www.cpicpgx.org. Information will be reviewed and updated periodically on that website. 

[bookmark: _Toc207178698]Literature Review
For TPMT, we searched the PubMed database from 1966 to October 2012 for the original guideline and then Oct 2012 to June 2017 for the 2018 update, and then from June 6, 2017 to June 28, 2025 for this guideline update for keywords ((TPMT) AND ((TPMT) AND thiopurine) AND ((TPMT) AND azathioprine) AND ((TPMT) AND mercaptopurine) AND ((TPMT) AND thioguanine) for the contribution TPMT genotype had on predicting a thiopurine-related adverse drug event (ADE) or outcome. Using these search terms, 270 additional publications were identified. Following application of the inclusion criteria, 60 were retrieved and included in the evidence table (Table S1).

For NUDT15, we searched the PubMed database (no start date to May 25, 2017) for the initial guideline in 2018, and from May 26, 2017 to June 28, 2025 for this guideline update for keywords ((NUDT15) AND ((NUDT15) AND thiopurine) AND ((NUDT15) AND azathioprine) AND ((NUDT15) AND mercaptopurine) AND ((NUDT15) AND thioguanine) for the contribution NUDT15 genotype had on predicting a thiopurine-related adverse drug event (ADE) or outcome. Using these search terms, 190 additional publications were identified. Following application of the inclusion criteria, 85 were retrieved and included in the evidence table (Table S2).


[bookmark: _Toc207178699]Genetic Test Interpretation
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]The haplotype, or star (*) allele name, is determined by a specific single nucleotide variation (SNV) or a combination of SNVs that are interrogated in the genotyping analysis. The genotypes that constitute the haplotype, or star alleles for TPMT and NUDT15, and the rsID for each of the specific genomic nucleotide alterations that define the alleles (if available), are described in the TPMT Allele Definition Table and NUDT15 Allele Definition Table (1).

For TPMT (NM_000367.5), the genotype results are generally reported as a diplotype, which includes one maternal and one paternal star allele (e.g., TPMT *1/*3A). The TPMT activity associated with each of the common star alleles is summarized in TPMT Allele Functionality table (1). The most common no function allele among populations of European descent for TPMT is designated as *3A; other alleles predominate in other ancestral groups (see TPMT Frequency Table (1)). The *3A allele designation for TPMT is assigned based on the SNV genotypes and the very strong linkage disequilibrium that has been established between two of the most common inactivating TPMT SNVs: p.Ala154Thr (rs1800460; c.460G>A) and p.Tyr240Cys (rs1142345; c.719A>G). When the rare genotype is present at these two SNV positions in the heterozygous state, the assumption is that the rare genotypes are in cis (on the same allele) and the diplotype call is *1/*3A. However, each of these SNVs have been observed to exist on their own allele (*3B and *3C, respectively) in some populations (TPMT Frequency Table (1)) with the rare genotypes present on their own; if these rare genotypes are present on opposite alleles in the same individual, the diplotype call should be that of a compound heterozygote diplotype (e.g., TPMT *3B/*3C) —a call consistent with homozygous TPMT deficiency. If one assumes that the frequency of the *3B-defining variant in European population is 0.0063, and of the *3C-defining variant is 0.004205, the probability of finding such a compound heterozygote deficient diplotype is estimated at 1 in 515,861 European individuals. It is controversial whether an individual with the *3B/*3C genotype has ever been identified (2, 3), but the TPMT *3B allele is very rare (it is mostly detected in the Near Eastern population, see TPMT Frequency Table (1) and given the frequency of *3C, a very large sample size would be needed to have a high probability of detecting the *3B/*3C diplotype. Phenotypic tests could distinguish between the *1/*3A and the *3B/*3C diplotypes and should be employed if a homozygous deficient genotype is suspected. The measurement of TPMT activity can differentiate a *1/*3A diplotype (TPMT intermediate metabolizer) from a very rare *3B/*3C diplotype (TPMT poor metabolizer): TPMT activity would be extremely low in the latter case and intermediate in the former case. 

For NUDT15 (NM_018283.4), there have been twenty-one star alleles reported thus far, including 7 now well-described variants (2 indels and 5 SNVs) and 14 other SNVs or indels that are less described. The impact of these star alleles on NUDT15 activity is reported in NUDT15 Allele Functionality Table (1). The p.Arg139Cys (NUDT15*3, rs116855232; c.415C>T) variant is the most common polymorphism  and can be observed either alone (*3 allele) or together with the p.Gly17_Val18dup (rs746071566; c.55_56insGAGTCG) variant as a distinctive haplotype. No significant linkage disequilibrium is present amongst other NUDT15 variants and all other star alleles are defined by a single variant. The p.Gly17_Val18dup variant can be present without the p.Arg139Cys SNV (NUDT15 *6 allele) but is exceedingly rare based on the 1000 Genomes data. In East Asians, for whom NUDT15 variants are more common, 6.0% of individuals are heterozygous for both the p.Arg139Cys and the p.Gly17_Val18dup variants, of which 5.8% are *1/*2 and 0.2% are *3/*6. Therefore, while it is advisable to resolve *1/*2 vs. *3/*6 diplotypes, the probability for the former is overwhelming. The p.Arg139His (rs147390019; c.416G>A) variant that defines the *4 allele alters the nucleotide adjacent to the p.Arg139Cys variant. Thus, genotyping can be challenging in patients heterozygous for both variants because of interference between the two (e.g., during PCR amplification and/or probe hybridization). Nevertheless, *3/*4 is exceedingly rare (0.01% in East Asians or Hispanics). 

[bookmark: _Toc207178700]Available Genetic Test Options
Clinically available genetic testing options change over time. Below is some information that may assist in evaluating options.

Desirable characteristics of pharmacogenetic tests, including naming of alleles and test report contents, have been extensively reviewed by an international group, including CPIC members (4). CPIC recommends that clinical laboratories adhere to these test reporting standards. CPIC gene-specific tables (see Allele Definition Table, Allele Functionality Table and Frequency Table (1)) adhere to these allele nomenclature standards (4). Moreover, the Allele Definition, Functionality, and Frequency Tables (1) may be used to assemble lists of known functional and actionable pharmacogenetic variants and their population frequencies, which may inform decisions as to whether tests are adequately comprehensive in interrogations of alleles. Additionally, the Association for Molecular Pathology has formed a working group that, in collaboration with multiple professional societies, has developed recommendations for allele selection in clinical genotyping assays. Recommendations for TPMT and NUDT15 genotyping were published in 2022 and may be updated in the future (5).
 
For TPMT, it has been demonstrated that the vast majority of low-activity phenotypes are accounted for by the 3 SNVs that constitute the *2, *3A, *3B, and *3C alleles, and that sequencing yields few new important low-function variants (6, 7). For NUDT15, while we estimate that the majority of cases with NUDT15 deficiency are explained by common or relatively common variants such as *2, *3, *6, and *9, it is likely that many other rare variants cumulatively account for a significant proportion of cases with low-activity phenotype (8). 

The Genetic Testing Registry (GTR) provides a central location for voluntary submission of genetic test information by laboratories and is available at http://www.ncbi.nlm.nih.gov/gtr/.

Many clinically available tests for TPMT include only *2, *3A, *3B and *3C, although other rare alleles such as TPMT *4, *37 or *42 are also inactivating. Many methods are available for more comprehensive TPMT genotyping of additional alleles (9), and some are being adapted for clinical use. 

Most clinical pharmacogenomic laboratories now also offer NUDT15 testing. The p.Arg139Cys (NUDT15 *3, rs116855232) variant is most commonly tested but some assays can detect NUDT15 *2, *4, *6 and *9 alleles. 

[bookmark: _Toc207178701]Levels of Evidence linking genotype to phenotype
The evidence summarized in Supplemental Tables S1 and S2 is graded using a scale modified slightly from Valdes et al. (10):
· High: Evidence includes consistent results from well-designed, well-conducted studies. “High confidence that the available evidence reflects the true magnitude and direction of the net effect and further research is very unlikely to change the magnitude or direction of this net effect.”
· Moderate: Evidence is sufficient to determine effects, but the strength of the evidence is limited by the number, quality, or consistency of the individual studies; generalizability to routine practice; or indirect nature of the evidence. “Further research is unlikely to alter the direction of the net effect, however it might alter the magnitude of the net effect.”
· Weak: Evidence is insufficient to assess the effects on health outcomes because of limited number or power of studies, important flaws in their design or conduct, gaps in the chain of evidence, or lack of information. “Further research may change the magnitude and/or direction of the net effect.”

[bookmark: _Toc207178702]Strength of Dosing Recommendations
CPIC’s dosing recommendations are based on weighing the evidence from a combination of preclinical functional and clinical data (Table S1 and S2), as well as on some existing disease-specific consensus guidelines (11, 12). Some of the factors that are taken into account in evaluating the evidence supporting dosage recommendations include: in vivo clinical outcome data for thiopurines, in vivo pharmacokinetic and pharmacodynamic data for thiopurines, in vitro enzyme activity of expressed wild-type or variant-containing TPMT or NUDT15 (with thiopurines or TGTP as substrate, respectively), in vitro TPMT enzyme activity from tissues isolated from individuals of known TPMT genotypes, in vivo pre-clinical pharmacokinetic and pharmacodynamic studies, and in vitro studies of TPMT or NUDT15 protein stability.
Overall, the therapeutic recommendations are simplified to allow rapid interpretation by clinicians. CPIC uses a slight modification of a transparent and simple system for just three categories for recommendations adopted from the rating scale for evidence-based recommendations on the use of antiretroviral agents (13): 

· Strong recommendation for the statement: The evidence is high quality and the desirable effects clearly outweigh the undesirable effects.
· Moderate recommendation for the statement: There is a close or uncertain balance as to whether the evidence is high quality and the desirable clearly outweigh the undesirable effects.
· Optional recommendation for the statement: The desirable effects are closely balanced with undesirable effects, or the evidence is weak or based on extrapolations. There is room for differences in opinion as to the need for the recommended course of action.
· No recommendation: There is insufficient evidence, confidence, or agreement to provide a recommendation to guide clinical practice at this time.

[bookmark: _Toc207178703]Other considerations
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK13][bookmark: OLE_LINK14]TPMT. Complementary clinical laboratory tests are available to assess TPMT phenotype. The direct measure of TPMT enzyme activity in erythrocytes should be performed prior to initiating a thiopurine, as because TPMT activity increases after exposure to thiopurines and because the presence of circulating thiopurines in the patient’s blood would affect the results. TPMT phenotype can also be assessed by measuring thiopurine metabolites in erythrocytes such as thioguanine nucleotides (TGNs, for mercaptopurine, azathioprine, and thioguanine) and methylmercaptopurine nucleotides (MeMPNs, for mercaptopurine or azathioprine). Although they do not directly measure TPMT intrinsic activity, these tests can be useful to provide additional insights on TPMT phenotype, and to test for patient adherence with oral medication regimens.

Other factors may affect the interpretation of TPMT activity testing. Although aminosalicylates can influence TPMT activity in certain settings, studies have consistently shown no significant in vivo drug-drug interactions (14-18). Erythrocyte TPMT activity may not accurately reflect hepatic TPMT activity in patients who have recently received allogeneic erythrocyte transfusions or have undergone allogeneic hematopoietic stem cell transplantation (11, 19-23). Furthermore, because TPMT activity is similar to other erythrocyte enzymes that decrease during the red cells’ life-span, the erythrocyte TPMT activity in a wild-type patient with bone-marrow insufficiency (e.g., as is true at diagnosis of acute lymphoblastic leukemia (ALL)) may be within the expected range of a healthy TPMT heterozygote patient, and a TPMT heterozygous patient with a rapid red cell turn-over (e.g., as seen during hemolysis) may have erythrocyte TPMT activity within the TPMT wild-type range (24). Some have suggested that combining thiopurines with allopurinol minimizes methylated metabolites (25-28), an interaction that will depend upon TPMT phenotype/genotype.

[bookmark: OLE_LINK11]Conflicts between phenotype and genotype results (e.g., a low TPMT activity in an individual with a wild-type genotype) may be resolved with this additional testing. Because most clinical genotyping assays test only the three most common inactivating SNVs, if a rare inactivating (and untested-for) SNV is present, a spurious wild-type genotype assignment could be made although phenotype tests indicate low TPMT activity or low MeTIMP/TGN ratio. Another rare possibility would be that two inactivating SNV variants are mistakenly assumed to reside on the same allele, when they in fact reside on opposite alleles; phenotypic tests can distinguish these two possibilities. 

NUDT15. Because clinical assays for TGNs do not distinguish tri- from di- from mono-phosphates, TGN levels cannot be used to identify low NUDT15 activity. Furthermore, NUDT15 is not involved in the formation of MeMPNs. However, there is a growing body of research data indicating that dose-normalized thioguanine incorporated into leukocyte DNA (or DNA-thioguanine, DNA-TG) may be an indicator of NUDT15 status in patients receiving thiopurines (29, 30). Prospective clinical investigation is needed to definitively support the use of DNA-TG as a marker for monitoring thiopurine therapy.
As indicated in the main text, there is a wide variety of starting and target doses of thiopurines for different diseases (31-34), or for the same disease by different groups (32, 35). Patients with TPMT or NUDT15 intermediate metabolizer phenotype will be more likely to require a thiopurine dosage decrease if the starting, target, or usual dosage is on the higher end of the usual range. Also, as indicated below, intermediate metabolizers are more likely to need a decrease of their thiopurine dose if other concurrent therapy (such as methotrexate) has overlapping adverse effects (such as myelosuppression). 

Additional information. One important consideration with thiopurine use is the potential for serious long-term adverse effects, such as secondary tumors, which can occur even in the absence of severe acute myelosuppression. These effects have been linked to impaired TPMT activity (20, 36-38), and in one study, to NUDT15 deficiency (39). Whether capping doses of thiopurines in patients with a TPMT/NUDT15 defect will decrease the risk of the late effect of secondary cancer is not known. It should be noted that at least one study did not confirm a relationship between TPMT and a higher risk of secondary tumors (40). 

Veno-occlusive disease and persistent splenomegaly have been associated with low TPMT activity, although not necessarily with TPMT genotype, in children receiving thioguanine (41-43). Hepatic nodular regenerative hyperplasia (NRH) has been reported in patients treated with thiopurines for inflammatory bowel disease (IBD) (44, 45); however, only two studies reported TPMT genotype (46, 47). In both studies NRH was observed in patients who were heterozygous for the TPMT *3A allele. Further studies are needed to confirm the association between NRH and TPMT genotype. Thiopurine-associated pancreatitis has not been related to low TPMT activity, and hepatotoxicity (hypertransaminasemia) is more common in those with high TPMT activity, presumably because of the accumulation of MeMPNs (48-54). No such adverse events were reported in patients with NUDT15 deficiency.

It should be noted that preemptive thiopurine dose adjustments based on TPMT and/or NUDT15 metabolizer status (obtained from genotyping or phenotyping) has been increasingly adopted in clinical practice across different diseases. There is ample evidence that preemptive testing reduces the risk of thiopurine induced myelosuppression, without impairing their anticancer efficacy (55-60). 

High dose methotrexate is commonly given in combination with mercaptopurine during consolidation therapy and re-induction during maintenance therapy in patients with ALL. Through inhibition of de novo purine synthesis and enhancement of mercaptopurine bioavailability, high dose methotrexate increases the incorporation of the cytotoxic metabolite of mercaptopurine into DNA (61, 62). Additionally, the risk of significant bone-marrow suppression is increased if oral mercaptopurine is co-administered with high dose methotrexate (63). Patients who are TPMT or NUDT15 deficient may experience life-threatening myelosuppression during combination therapy (64). Thus, reduction in the dose of concurrently given mercaptopurine during high dose methotrexate therapy can significantly reduce the risk of severe myelotoxicity (61, 65).

[bookmark: _Toc380997314][bookmark: _Hlk515452083][bookmark: _Toc207178704]Resources to Incorporate Pharmacogenetics into an EHR with CDS 
Clinical decision support (CDS) tools integrated within electronic health records (EHRs) can help guide clinical pharmacogenetics at the point of care (66-70). Resources to support the adoption of CPIC guidelines within an EHR are available online (1). Based on the capabilities of various EHRs and local preferences, we recognize that approaches may vary across organizations. Our intent is to synthesize foundational knowledge that provides a common starting point for incorporating the use of TPMT and/or NUDT15 genotype results to guide thiopurine dosing and use in an EHR. 

Effectively incorporating pharmacogenetic information into an EHR to optimize drug therapy should have some key attributes. Pharmacogenetic results, an interpreted phenotype, and a concise interpretation or summary of the result must be documented in the EHR (71, 72). To incorporate a phenotype in the EHR in a standardized manner, genotype test results provided by the laboratory must be consistently translated into an interpreted phenotype (Table 1, main manuscript). Because clinicians must be able to easily find the information, the interpreted phenotype may be documented as a problem list entry or in a patient summary section; these phenotypes are best stored in the EHR at the “person level” rather than at the date-centric “encounter level”. Additionally, results should be entered as standardized and discrete terms to facilitate using them to provide point-of-care CDS (66, 73). 

Because pharmacogenetic results have lifetime implications and clinical significance, results should be placed into a section of the EHR that is accessible independent of the test result date to allow clinicians to quickly find the result at any time after it is initially placed in the EHR. To facilitate this process, CPIC is providing gene-specific information figures and tables that include full diplotype to phenotype tables, diagram(s) that illustrate how TPMT and/or NUDT15 pharmacogenetic test results could be entered into an EHR, example EHR consultation/genetic test interpretation language and widely used nomenclature systems for genes relevant to the CPIC guideline (see https://www.clinpgx.org/page/tpmtRefMaterials and https://www.clinpgx.org/page/nudt15RefMaterials) (74, 75). 

Point-of-care CDS should be designed to effectively notify clinicians of prescribing implications at any time after the test result is entered into the EHR. CPIC is also providing gene-drug specific tables that provide guidance to achieve these objectives with diagrams that illustrate how point-of-care CDS should be entered into the EHR, example pre- and post-test alert language, and widely used nomenclature systems for drugs relevant to the CPIC guideline (see online). 
[bookmark: _Toc207178705]Supplemental Table S1. Evidence linking TPMT genotype with thiopurine  phenotype
	Type of Experimental Model (in vitro, in vivo, preclinical or clinical)
	Major Findings

	References
	Level of Evidencea

	In vitro 
	MP’s catabolism to methylmercaptopurine absent in human erythrocytes, lymphocytes, liver, and kidneys from TPMT homozygous deficient individuals.
	Weinshilboum, et al. (1980) (76)
Van Loon, et al. (1982) (77)
Van Loon, et al. (1990) (78)
Szumlanski, et al. (1992) (79)

	High

	In vitro 
	TG’s catabolism to methylthioguanine.
	Moore, et al. (1958) (80)
	High

	In vitro 
	Mechanisms of functional inactivation for TPMT *2, *3A, *3B, *3C, *4 demonstrated by expression of specific variant alleles.
	Tai, et al. (1997) (81)
Tai, et al. (1999) (82)
Wang, et al. (2003) (83)
	High

	In vitro 
	Heterologous expression of TPMT catabolizes mercaptopurine to methylmercaptopurine, thioguanine to methylthioguanine, and TIMP to methylTIMP. 
	Allan, et al. (1971) (84)
Krynetski, et al. (2003) (85)
	High

	In vitro 
	TPMT deficiency could lead to chronic exposure to thiopurine and could be linked to development of brain cancer (astrocytomas). 
	Hosni-Ahmed, et al. (2011) (86)
	Weak

	In vitro 
	TPMT knock-down cells are more sensitive to TG, and in some cases MP, than wild type.
	Misdaq, et al. (2012) (87)
Karim, et al. (2013) (88)
	High

	Pre-clinical 
	Tpmt knock-out mice have more morbidity and mortality but better ALL efficacy from thioguanine and mercaptopurine than wild type mice; heterozygotes were at intermediate risk. 
	Hartford, et al. (2007) (89)
Ramsey, et al. (2014) (90)
Maillard, et al. (2024) (91)
	High

	Pre-clinical 
	Tpmt+/+ mice have higher survival with high doses of mercaptopurine but Tpmt-/- mice have improved survival with lower doses.
	Ramsey, et al. (2014) (90)
Liu, et al. (2017) (92)


	High

	Clinical
	Increased risk of myelosuppression in TPMT heterozygotes receiving normal doses of MP or azathioprine.
	Lennard, et al. (1987) (93)
Lennard, et al. (1993) (94)
Black, et al. (1999) (95)
McLeod, et al. (1999) (96)
Relling, et al. (1999) (97)
Colombel, et al. (2000) (98)
McBride, et al. (2000) (99)
Sebbag, et al. (2000) (100)
Evans, et al. (2001) (101)
Schwab, et al. (2002) (102)
Formea, et al. (2004) (103)
Gearry, et al. (2005) (104)
Hindorf, et al. (2006) (105)
Zelinkova, et al. (2006) (106)
Karas-Kuzelicki, et al. (2009) (107)
Booth, et al. (2011) (108)
Budhiraja, et al. (2011) (109)
Fangbin, et al. (2012) (110)
Ben Salah, et al. (2013) (111)
Colleoni, et al. (2013) (112)
Hlavaty, et al. (2013) (113)
Lee, et al. (2013) (114)
Zabala, et al. (2013) (115)
Belen, et al. (2014) (116)
Bosó, et al. (2014) (117)
Carvalho, et al. (2014) (54)
Chen, et al. (2014) (118)
Davavala, et al. (2014) (119)
Kim, et al. (2014) (120)
Uchiyama, et al. (2014) (121)
Yang, et al. (2014) (122)
El-Rashedy, et al. (2015) (51)
Liu, et al. (2015) (53)
Liu, et al. (2015) (52)
Di Salvo, et al. (2016) (123)
Fangbin, et al. (2016) (124)
Jiménez-Morales, et al. (2016) (125)
Lee, et al. (2016) (126)
Liu, et al. (2016) (127)
Steponaitiene, et al. (2016) (128)
Zhu, et al. (2016) (129)
Kim, et al. (2017) (130)
Soler, et al. (2018) (131)
Naushad, et al. (2019) (132)
Schaeffeler, et al. (2019) (133)
Walker, et al. (2019) (134)
Cao, et al. (2020) (135)
Lorenzoni, et al. (2020) (136)
Jantararoungtong, et al. (2021) (137)
Pai, et al. (2021) (138)
Fan, et al. (2022) (139)
Schwarz, et al. (2023) (140)
Coelho, et al. (2025) (141)
	High

	Clinical
	TPMT genotype correlates with TPMT activity measured by biochemical assay (variant genotypes have lower activity in general than *1/*1), but activity cannot be explained by genotype alone because the *1/*1 and variant (heterozygous) activities overlap.
	Relling, et al. (1999) (97)
Ansari, et al. (2002) (142)
Gearry, et al. (2005) (104)
Schmiegelow, et al. (2009) (143)
Booth, et al. (2011) (108)
Ben Salah, et al. (2013) (111)
Fangbin, et al. (2012) (110)
Liang, et al. (2013) (144)
Wennerstrand, et al. (2013) (145)
Chen, et al. (2014) (118)
Chouchana, et al. (2014) (146)
Demlova, et al. (2014) (147)
Farfan, et al. (2014) (148)
Karas-Kuželički, et al. (2014) (149)
Coelho, et al. (2016) (150)
Liu, et al. (2017) (6)
Tamm. et al. (2017) (7)
Rieger, et al. (2018) (151)
Wu, et al. (2019) (152)
Kouwenberg, et al. (2020) (153)
Nielsen, et al. (2021) (154)
	High

	Clinical
	TPMT variant genotype is associated with increased TGN levels and/or lower MMPN levels, or higher DNA-TG.
	Lennard, et al. (2013) (155)
Chouchana, et al. (2014) (146)
Kim, et al. (2014) (120)
Stocco, et al. (2014) (156)
Uchiyama, et al. (2014) (121)
Lee, et al. (2015) (157)
Lee, et al. (2015) (158)
Fangbin, et al. (2016) (124)
Lee, et al. (2017) (159)
Choi, et al. (2019) (160)
Lucafò, et al. (2019) (161)
Zhu, et al. (2019) (162)
Choi, et al. (2020) (163)
Kang, et al. (2020) (164)
Bayoumy, et al. (2021) (165)
Dreisig, et al. (2021) (57)
Nielsen, et al. (2021) (154)
Luo, et al. (2022) (166)
Franca, et al. (2023) (167)
Schwarz, et al. (2023) (140)
Selvestrel, et al. (2023) (168)
Lovric, et al. (2025) (169)
	High


	Clinical
	TPMT variant genotype is associated with incidence of gastrointestinal adverse drug reactions.
	Ben Salah, et al. (2013) (111)
Hlavaty, et al. (2013) (113)
Liu, et al. (2015) (52)
Liu, et al. (2015) (53)
Milosevic, et al. (2018) (170)
Lucafò, et al. (2019) (161)
Kouwenberg, et al. (2020) (153)
Maillard, et al. (2024) (91)
	High

	Clinical
	TPMT *3C variant is associated with alopecia in patients with autoimmune disease (i.e. inflammatory bowel disease and lupus).
	Chen, et al. (2014) (118)
Kim, et al. (2014) (120)

	Moderate


	Clinical
	TPMT status is associated with dose reduction or cessation of therapy of AZA or MP.
	Evans, et al. (1991) (171)
McLeod, et al. (1993) (172)
Evans, et al. (2001) (101)
Kaskas, et al. (2003) (173)
Dhaliwal, et al. (2012) (174)
Ben Salah, et al. (2013) (111)
Chisick, et al. (2013) (175)
Lee, et al. (2013) (114)
Farfan, et al. (2014) (148)
Kim, et al. (2014) (120)
Lennard, et al. (2015) (176)
Tanaka, et al. (2015) (177)
Yang, et al. (2015) (178)
Kim, et al. (2016) (179)
Ma, et al. (2016) (180)
Liu, et al. (2017) (6)
Zgheib, et al. (2017) (181)
Milosevic, et al. (2018) (170)
Lucafò, et al. (2019) (161)
Kouwenberg, et al. (2020) (153)
Maillard, et al. (2024) (91)
	High


	Clinical
	TPMT activity is associated with sinusoidal obstruction syndrome.
	Stoneham, et al. (2003) (182)
Lennard, et al. (2006) (41)
Dong, et al. (2010) (48)
Wray, et al. (2014) (183)
Stanulla, et al. (2021) (42)
	Weak


	Clinical
	TPMT variant genotype is NOT associated with greater likelihood of event free survival, but studies that adjust dose based on TPMT status or tolerance may be unlikely to find such associations.
	Yang, et al. (2012) (184)
Levinsen, et al. (2014) (185)
Lennard, et al. (2015) (176)
Lennard, et al. (2015) (186)
Liang, et al. (2016) (187)
Karol, et al. (2017) (188)
Hessels, et al. (2018) (189)
Nielsen, et al. (2021) (154)
	Moderate


	Clinical
	TPMT status associated with development of secondary cancer.
	Yenson, et al. (2008) (36)
Stanulla, et al. (2009) (40)
Levinsen, et al. (2014) (185)
Lennard, et al. (2015) (176)
Stensman, et al. (2015) (190)
Nielsen, et al. (2017) (191)
	Weak


	Clinical
	TPMT status is NOT associated with toxicity or clinical outcome.
	Dhaliwal, et al. (2012) (174)
Linga, et al. (2014) (192)
Emmungil, et al. (2015) (193)
Hoang, et al. (2015) (194)
Levinsen, et al. (2015) (195)
Tanaka, et al. (2015) (177)
Bermejo, et al. (2017) (196)
Chao, et al. (2017) (197)
Green, et al. (2018) (198)
Hessels, et al. (2018) (189)
Sutiman, et al. (2018) (199)
Fan, et al. (2019) (200)
Ribaldone, et al. (2019) (201)
Zhu, et al. (2019) (162)
Choi, et al. (2020) (163)
Kodidela, et al. (2020) (202)
Chao, et al. (2021) (60)
Grover, et al. (2021) (203)
Miao, et al. (2021) (204)
Mao, et al. (2021) (205)
Nielsen, et al. (2021) (154)
Rosdiana, et al. (2021) (206)
Wang, et al. (2021) (207)
Khaeso, et al. (2022) (208)
Khoo, et al. (2022) (209)
Zhu, et al. (2022) (210)
Jelovac, et al. (2023) (211)
	Weak


	Clinical
	Personalized dose for TPMT variant genotypes significantly associated with decreased hematologic adverse drug reaction risk and decreased TGN levels compared with standard doses.
	Coenen, et al. (2015) (56)
Milosevic, et al. (2018) (170)
Milosevic, et al. (2019) (212)
Chang, et al. (2020) (213)
Root, et al. (2020) (214)
Wahlund, et al. (2020) (215)
Dreisig, et al. (2021) (57)
Shah, et al. (2021) (216)
Casajús, et al. (2022) (217)
Dickson, et al. (2022) (218)
Díaz-Villamarín, et al. (2023) (219)
Zhou, et al. (2024) (59)
	High


	Clinical
	The variable number tandem repeat region in TPMT promoter correlates with TPMT expression (not statistically significant).
	Kotur, et al. (2015) (220)
Urbančič, et al. (2018) (221)
	Weak


	Clinical
	TPMT wild-type patients with ALL have higher risk of relapse than those with at least one variant TPMT allele, particularly in regimens that are primarily antimetabolite-based; wild-type patients with IBD have higher risk of treatment failure.
	Lennard, et al. (1987) (93)
Lennard, et al. (1990) (222)
Ansari, et al. (2002) (142)
Schmiegelow, et al. (2009) (143) 
	High


	Clinical
	TPMT homozygous deficient individuals have life-threatening toxicity (myelosuppression) from normal doses of MP, TG, and azathioprine; toxicity can be minimized with substantially decreased doses.
	Evans, et al. (1991) (171)
Lennard, et al. (1993) (94)
Schütz, et al. (1993) (223) 
McLeod, et al. (1993) (172) 
Black, et al. (1998) (95)
McLeod, et al. (1999) (96)
Relling, et al. (1999) (97)
Sebbag, et al. (2000) (100) 
McBride, et al. (2000) (99) 
Colombel, et al. (2000) (98) 
Schwab, et al. (2002) (102)
Kaskas, et al. (2003) (173) 
Gearry, et al. (2005) (104)
Hindorf, et al. (2006) (105)
Zelinkova, et al. (2006) (106)
	High


	Clinical
	Increased risk of leukopenia in TPMT heterozygotes and homozygotes receiving thiopurines for treatment of chronic inflammatory diseases. 
	Booth, et al. (2011) (108)
	High


	Clinical
	Higher level of residual leukemia in TPMT wild-type patients than in heterozygous/homozygous deficient patients with ALL after 10 days of fixed-dose TG but not in absence of thiopurines.
	Stanulla, et al. (2005) (35)
	High


	Clinical
	No change in relapse risk for heterozygous patients with ALL who receive MP doses adjusted downward for TPMT defective patients.
	Relling, et al. (2006) (224)
Schmiegelow, et al. (2010) (225)
	Moderate


	Clinical
	No increase in acute toxicity in heterozygous compared to homozygous wild-type patients with ALL who received MP doses adjusted downward for TPMT defective patients.
	Lennard, et al. (1996) (226)
Evans, et al. (2001) (101)
Stocco, et al. (2009) (227)

	High


	Clinical 
	Increased risk of secondary leukemia in those with low TPMT activity and in those with high thiopurine active metabolites.
	Relling, et al. (1998) (228)
Bo, et al. (1999) (229) 
Relling, et al. (1999) (230)
Yenson, et al. (2008) (36) 
Schmiegelow, et al. (2009) (231) 
Levinsen, et al. (2014) (185)
Nielsen, et al. (2017) (191)
	Moderate


	Clinical 
	TPMT genotyping is useful in predicting myelosuppression and likelihood of clinical response to AZA/MP in IBD.
	Dubinsky, et al. (2000) (232)
Schwab, et al. (2002) (102)
Gearry, et al. (2005) (104) 
Hindorf, et al. (2006) (233)
Hindorf, et al. (2006) (105)
Zelinkova, et al. (2006) (106) 
Winter, et al. (2007) (234)
Ansari, et al. (2008) (235)
Gardiner, et al. (2008) (236)
Takatsu, et al. (2009) (237) 
Kim, et al. (2010) (238)  
Anandi, et al. (2020) (239)
	Moderate


	Clinical 
	TPMT genotyping is useful in predicting myelosuppression and likelihood of clinical response to AZA in Chron’s disease.
	Lennard, et al. (1989) (240) 
Colombel, et al. (2000) (98) 
Regueiro, et al. (2002) (241) 
Dubinsky, et al. (2005) (242) 
Gardiner, et al. (2008) (236)     
	Moderate


	Clinical 
	TPMT genotyping is useful in predicting myelosuppression from AZA in rheumatoid arthritis.
	Meggitt, et al. (2006) (243)
	Moderate


	Clinical 
	TPMT genotyping is useful in predicting myelosuppression from AZA in rheumatoid arthritis.
	Kerstens, et al. (1995) (244)
Marra, et al. (2002) (245) 
Corominas, et al. (2003) (246) 
Clunie, et al. (2004) (247)
	High


	Clinical 
	TPMT genotype-based dosing reduced toxicity while maintaining drug efficacy in trial of AZA for moderate-severe atopic eczema.
	Meggitt, et al. (2006) (243)
	Moderate


	Clinical 
	No change in treatment efficacy for IBD/ALL patients who receive AZA/MP based on TPMT status or TG concentration.
	González-Lam, et al. (2011) (58)
Coenen, et al. (2015) (56)
Dreisig, et al. (2021) (57)

	High


	Clinical 
	Increased risk of hepatotoxicity to MP in patients with TPMT wild-type genotype and/or higher MP metabolites (MeMPN).
	Adam de Beaumais, et al. (2011) (248)
Carvalho, et al. (2014) (54) 
El-Rashedy, et al. (2015) (51) 
Liu, et al. (2015) (52)
Liu, et al. (2015) (53) 
Abdelaziz, et al. (2016) (50) 
Jiménez-Morales, et al. (2016) (125) 
Ebbesen, et al. (2017) (49)  
Jantararoungtong, et al. (2021) (137)
Sheu, et al. (2022) (249)
	Moderate


	Clinical
	TPMT/NUDT15 compound carriers (all combination) are at higher risk of thiopurine-induced toxicity.
	Zhu, et al. (2018) (250)
Fan, et al. (2019) (200)
Schaeffeler, et al. (2019) (133)
Walker, et al. (2019) (134)
Wang, et al. (2021) (207)
Khaeso, et al. (2022) (208)
Maillard, et al. (2024) (91)
	High



aRating scheme described in the Supplemental Material
ALL, acute lymphoblastic leukemia; AZA, azathioprine; DNA-TG, DNA-thioguanine; IBD,inflammatory bowel disease; MeMPN, methylmercaptopurine nucleotides MP, mercaptopurine; TG, thioguanine; TGN, thioguanine nucleotides; TIMP, thioinosine monophosphate; TPMT, thiopurine methyltransferase.
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[bookmark: _Toc207178706]Supplemental Table S2. Evidence linking NUDT15 genotype with thiopurine phenotype
	Type of Experimental Model (in vitro, in vivo, preclinical or clinical)
	Major Findings

	References
	Level of Evidencea

	In vitro
	rs116855232 T allele (NUDT15 *3) is associated with decreased activity.
	Moriyama, et al. (2016) (29)
Valerie, et al. (2016) (251) 
	High

	In vitro
	rs116855232 T allele (NUDT15 *3) is associated with thermal instability and rapid degradation in vitro.
	Valerie, et al. (2016) (251)
Suiter, et al. (2020) (8)
	High


	In vitro
	NUDT15 variants/loss of activity of NUDT15 are associated with higher sensitivity to thiopurine in vitro.
	Zhang, et al. (2020) (252)
Rehling, et al. (2021) (253)
Somazu, et al. (2021) (254)
Yoshida, et al. (2021) (39)
Yamashita, et al. (2023) (255)
	High

	In vitro
	NUDT15 variants destabilize the structure and decrease the activity of NUDT15.
	Moriyama, et al. (2017) (256)
Zhu, et al. (2018) (250)
Man, et al. (2019) (257)
Suiter, et al. (2020) (8)
	High

	Pre-clinical
	NUDT15 variants/loss of activity of NUDT15 are associated with higher sensitivity to thiopurine in vivo.
	Nishii, et al. (2018) (258)
Tatsumi, et al. (2020) (259)
Maillard, et al. (2024) (91)
	High

	Pre-clinical
	rs116855232 T allele (NUDT15 *3) is associated with accumulation of DNA-TG in vivo.
	Moriyama, et al. (2017) [79]
Nishii, et al. (2018) [12]
	High

	Clinical
	rs116855232 T allele (NUDT15 *3) is associated with increased risk of leukopenia, neutropenia, myelosuppression or other thiopurine toxicity.
	Yang, et al. (2014) (122)
Tanaka, et al. (2015) (177)
Kakuta, et al. (2016) (260)
Chiengthong, et al. (2016) (261)
Asada, et al. (2016) (262)
Lee et al. (2016) (126)
Wong, et al. (2016) (263)
Ailing, et al. (2016) (264)
Zhu, et al. (2016) (129)
Yin, et al. (2017) (265)
Shah, et al. (2017) (266)
Kim et al. (2017) (130)
Chao, et al. (2017) (197)
Sato, et al. (2017) (267)
Soler, et al. (2018) (131)
Tanaka et al. (2018) (268)
Zhang et al. (2018) (269)
Kim, et al. (2018) (270)
Yi, et al. (2018) (271)
Sutiman, et al. (2018) (199)
Wang, et al. (2018) (272)
Zhu, et al. (2018) (250)
Fei, et al. (2018) (273)
Kakuta, et al. (2018) (274)
Tsujimoto, et al. (2018) (275)
Walker, et al. (2019) (134)
Choi, et al. (2019) (160)
Fan, et al. (2019) (200)
Akiyama, et al. (2019) (276)
Buaboonnam, et al. (2019) (55)
Zhu, et al. (2019) (162)
Chang, et al. (2020) (213)
Wahlund, et al. (2020) (215)
Zhou, et al. (2020) (277)
Su, et al. (2020) (278)
Cao, et al. (2020) (135)
Puangpetch, et al. (2020) (279)
Kodidela, et al. (2020) (202)
Kang, et al. (2020) (164)
Banerjee, et al. (2020) (280)
Xu, et al. (2020) (281)
Lee, et al. (2021) (282)
Miao, et al. (2021) (204)
Ramalingam, et al. (2021) (283)
Boonyawat, et al. (2021) (284)
Grover, et al. (2021) (203)
Pai, et al. (2021) (138)
Mao, et al. (2021) (205)
Maeda, et al. (2022) (285)
Luo, et al. (2022) (166)
Wang, et al. (2022) (286)
Liu, et al. (2022) (287)
Tanaka, et al. (2022) (288)
Khoo, et al. (2022) (209)
Zhu, et al. (2022) (210)
Nguyen, et al. (2023) (289)
Li, et al. (2023) (290)
Suzuki, et al. (2023) (291)
Chung, et al. (2024) (292)
Muhammad, et al. (2024) (293)
Deenen, et al. (2024) (294)
Makuuchi, et al. (2024) (295)
Coelho, et al. (2025) (141)
	High














































	Clinical
	rs116855232 T allele (NUDT15 *3) is associated with decreased thiopurine dose.
	Yang, et al. (2015) (178)
Tanaka, et al. (2015) (177)
Liang, et al. (2016) (187)
Suzuki, et al. (2016) (296)
Zgheib, et al. (2017) (181)
Yin, et al. (2017) (265)
Chao, et al. (2017) (197)
Tanaka, et al. (2018) (268)
Kim, et al. (2018) (270)
Sutiman, et al. (2018) (199)
Tsujimoto, et al. (2018) (275)
Akiyama, et al. (2019) (276)
Buaboonnam, et al. (2019) (55)
Kodidela, et al. (2020) (202)
Yu, et al. (2020) (297)
Xu, et al. (2020) (281)
Lee, et al. (2021) (282)
Boonyawat, et al. (2021) (284)
Pai, et al. (2021) (138)
Mao, et al. (2021) (205)
Nguyen, et al. (2023) (289)
Makuuchi, et al. (2024) (295)
	High














	Clinical
	rs116855232 T/T genotype is associated with severe hair loss.
	Kakuta, et al. (2016) (260)
Asada, et al. (2016) (262)
Lee, et al. (2016) (126)
Ailing, et al. (2016) (264)
Shah, et al. (2017) (266)
Kim, et al. (2017) (130)
Kakuta, et al. (2018) (274)
Chung, et al. (2024) (292)
	Moderate







	Clinical
	rs116855232 T allele (NUDT15 *3) is not associated with event free survival.
	Tanaka, et al. (2015) (177)
Liang, et al. (2016) (187)
Mao, et al. (2021) (205)
	Weak

	Clinical
	rs116855232 T allele (NUDT15 *3) is not associated with relapse.
	Chiengthong, et al. (2016) (261)
Suzuki, et al. (2016) (296)
	Weak

	Clinical
	NUDT15 variants are associated with accumulation of DNA-TG in patients.
	Moriyama, et al (2016) (29) Moriyama, et al. (2017) (298)
Nishii, et al. (2018) (258)
Choi, et al. (2021) (299)
Ju, et al. (2021) (300)
Toyonaga, et al. (2021) (301)
Zhu, et al. (2022) (210)
Maillard, et al. (2024) (91)
Bayoumy, et al. (2024) (30)
Tanaka, et al. (2025) (302)
	High

	Clinical
	NUDT15 variants/status are NOT associated with accumulation of TGN.
	Lee, et al. (2017) (159)
Sutiman, et al. (2018) (199)
Fei, et al. (2018) (273)
Zhu, et al. (2019) (162)
Fan, et al. (2019) (200)
Kang, et al. (2020) (164)
Luo, et al. (2022) (166)
Aizawa, et al. (2025) (303)
Tanaka, et al. (2025) (302)
	Weak

	Clinical
	Preemptive dose adjustment based on NUDT15 genotype prevents thiopurine induced toxicity.
	Chang, et al. (2020) (213)
Chao, et al. (2021) (60)
Dickson, et al. (2022) (218)
Zhou, et al. (2022) (304)
Wang, et al. (2022) (286)
Kakuta, et al. (2023) (305)
Zhou, et al. (2024) (59)
	High

	Clinical
	Preemptive dose adjustment based on NUDT15 genotype does not impact efficacy.
	Buaboonnam, et al. (2019) (55)
Chao, et al. (2021) (60)
Zhou, et al. (2024) (59)
	Moderate

	Clinical
	NUDT15 variant alleles are associated with increased risk of leukopenia, neutropenia, myelosuppression or other thiopurine toxicity.
	Chao, et al. (2017) (197)
Moriyama, et al. (2017) (256)
Kojima, et al. (2018) (306)
Tsujimoto, et al. (2018) (275)
Schaeffeler, et al. (2019) (133) 
Choi, et al. (2020) (163)
Yu, et al. (2020) (297)
Wang, et al. (2021) (207)
Tanaka, et al. (2021) (307)
Fan, et al. (2022) (139)
Khaeso, et al. (2022) (208)
Nghia, et al. (2022) (308)
Yoshida, et al. (2022) (309)
Isono, et al. (2023) (310)
Nguyen, et al. (2023) (289)
Suzuki, et al. (2023) (291)
Maillard, et al. (2024) (91)
Maillard, et al. (2025) (311)
Ioannou, et al. (2025) (312)
	High

	Clinical
	NUDT15 variant alleles are associated with incidence of secondary malignancy.
	Yoshida, et al. (2021) (39)
	Weak


aRating scheme described in the Supplemental Material
ALL, acute lymphoblastic leukemia; AZA, azathioprine; DNA-TG, DNA-thioguanine; IBD, inflammatory bowel disease; MeMPN, methylmercaptopurine nucleotides MP, mercaptopurine; TG, thioguanine; TGN, thioguanine nucleotides; TIMP, thioinosine monophosphate; TPMT, thiopurine methyltransferase.
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