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The use of small molecules became one key cornerstone of targeted anti-cancer therapy. Among them, tyrosine kinase inhibitors (TKIs) are especially important, as they were the first molecules to proof the concept of targeted anti-cancer treatment. Since 2001, TKIs can be successfully used to treat chronic myelogenous leukemia (CML). CML is a hematologic neoplasm, predominantly caused by reciprocal translocation t(9;22)(q34;q11) leading to formation of the so-called BCR-ABL1 fusion gene. By binding to the BCR-ABL1 kinase and inhibition of downstream target phosphorylation, TKIs, such as imatinib or nilotinib, can be used as single agents to treat CML patients resulting in 80 % 10-year survival rates. However, treatment failure can be observed in 20-25 % of CML patients occurring either dependent or independent from the BCR-ABL1 kinase. Here, we review approved TKIs that are indicated for the treatment of CML, their side effects and limitations. We point out mechanisms of TKI resistance focusing either on BCR-ABL1-dependent mechanisms by summarizing the clinically observed BCR-ABL1-mutations and their implications on TKI binding, as well as on BCR-ABL1-independent mechanisms of resistances. For the latter, we discuss potential mechanisms, among them cytochrome P450 implications, drug efflux transporter variants and expression, microRNA deregulation, as well as the role of alternative signaling pathways. Further, we give insights on how TKI resistance could be analyzed and what could be learned from studying TKI resistance in CML in vitro.
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INTRODUCTION
The development of tyrosine kinase inhibitors tremendously changed anti-cancer drug therapy and opened new treatment options and strategies. Successfully enabling new therapy regimen by specific blockade of the ATP-binding domain of a tyrosine kinase led to increased patient survival rates, less side effects and improved outcome for the patients. Initially established for the use in chronic myelogenous leukemia (CML) by targeting the BCR-ABL1 fusion protein, the outstanding therapeutic success made tyrosine kinase inhibitors a prominent example of the concept of targeted therapy. Meanwhile, there are multiple therapeutic options in which tyrosine kinase inhibitors (TKIs) are first-line choice in therapy or co-therapy, i.e. targeting epidermal growth factor receptor (EGFR) subtypes using erlotinib or gefitinib in HER1-overexpressing tumors, as well as lapatinib to inhibit HER2 in HER2-positive breast cancer, targeting angiogenesis via vascular endothelial growth factor receptor VEGF(R) inhibition or blockade of kinases, such as c-kit (CD117), platelet derived growth factor receptor (PDGFR), or anaplastic lymphoma kinase (ALK), just to name a few (Jiao et al., 2018). Nevertheless, acquired therapy resistances occur during the treatment with TKIs. Here, we review the TKIs used in CML regarding their side effects and limitations. Moreover, we discuss potential mechanisms of impaired TKI response in CML, in particular genomics of BCR-ABL1, the impact of variants in cytochrome P450 enzymes and drug transporters, as well as alternative mechanisms of resistance. In addition, we summarize what can be learned from CML for the treatment other neoplasms.
Role Model of Successful TKI-Based Anti-cancer Therapy: Chronic Myelogenous Leukemia
The hematopoietic neoplasm chronic myelogenous leukemia (CML) is a rare disorder predominantly caused by reciprocal translocation t (9; 22) (q34; q11) resulting in formation of the so-called Philadelphia chromosome (Ph) and the BCR-ABL1 fusion gene (Nowell and Hungerford, 1960; Rowley, 1973; Heisterkamp et al., 1983). This fusion gene makes up for 95% of all CML and 20% of Ph + acute lymphatic leukemia (ALL) cases and is the main driver of malignant cell progression in these leukemias (Radich, 2001; Soverini et al., 2019). For several decades, CML has been a fatal disease with hardly any effective treatment using arsenic substances, radiotherapy, cytostatic drugs, i.e., busulfan and hydroxyurea, or interferon-α, with the latter compounds at least resulting in normalization of the blood visible as hematological remission or even cytogenetic response (Kennedy, 1972; Morstyn et al., 1981; Hukku et al., 1983; Talpaz et al., 1987). Nevertheless, since the development of a tyrosine kinase inhibitor targeting BCR-ABL1 in the 90s century, CML can be effectively treated using the 2-phenyl-aminopyrimidine imatinib resulting in more than 80% 10-years survival rates in a life-long treatment regimen (Druker et al., 1996; Hochhaus et al., 2017). Since then, tyrosine kinase inhibitors, in particular imatinib, became first-line therapy in CML superseding previous treatment strategies (Hochhaus et al., 2020). This showed for the first time that kinases can be used as druggable targets for anti-cancer treatment. Nevertheless, CML requires a life-long treatment with the respective TKI, as discontinuation might provoke relapses of remaining CML cells. Although several markers are considered to identify suitable patients for therapy termination, e.g. duration of therapy or response rate before discontinuation, BCR-ABL1/ABL1 ratio, or Sokal score, median relapse rate of patients is approximately 51% (Campiotti et al., 2017; Etienne et al., 2017). Therefore, further studies are needed to identify eligible patients to safely discontinue the treatment.
Tyrosine Kinase Inhibitors in CML: Indications, Side Effects and Treatment Limitations
The fusion gene BCR-ABL1 arises from the breakpoint cluster region (BCR) and the Abelson tyrosine kinase 1 (ABL1). While the physiological function of the phosphoprotein BCR is relatively unclear, ABL1 encodes for a cytosolic tyrosine kinase involved in the regulation of proliferation (McCubrey et al., 2008; Bixby and Talpaz, 2011). In Ph + cells, BCR-ABL1 is constitutively active, which results in malignant progression. Imatinib binds to the type II conformation of BCR-ABL1 and inhibits binding of ATP to the ATP binding domain preventing phosphorylation of downstream target proteins (Druker et al., 1996; Nagar et al., 2002). This results in proliferation stop and apoptotic cell death. Besides, BCR-ABL1, imatinib also binds to other tyrosine kinases: ABL1 and ABL2 (also named Abelson-related gene ARG), the membrane kinase c-kit (CD117), platelet-derived growth factor receptor beta (PDGFRβ) and colony stimulating factor 1 (M-CSF) (Buchdunger et al., 1995; Buchdunger et al., 1996; Heinrich et al., 2000; Dewar et al., 2005). While inhibition of both ABL paralogs might contribute to the observed side effects of imatinib treatment (Buchdunger et al., 1996), imatinib is used to target c-kit-mutated gastrointestinal stroma tumors (GIST) or PDGFRβ-mutated chronic myelomonocytic leukemia (CMML, Table 1) (Poveda et al., 2017; Valent et al., 2019). For inhibition of M-CSF, the influence on therapeutic outcome or side effects remains unclear (Dewar et al., 2005). The occurring side effects of imatinib treatment (but also of later generation TKIs) are gastrointestinal disorders, i.e. nausea or emesis, dermatitis, and in severe cases leukocytopenia, heart failure or liver disorders (Hahn et al., 2003; Kalmanti et al., 2015; Steegmann et al., 2016). Although the side effects are much less severe compared to classical chemotherapy using cytostatic drugs and no absolute contraindications or life-threatening complications have been observed yet, in approximately 10% of patients, distinctive side effects lead to interruption or termination of the therapy with the majority occurring over time or after a drug holiday (O'Brien et al., 2003a; Hochhaus et al., 2020).
TABLE 1 | Therapeutic targets, impact of metabolic pathways and drug transporters of tyrosine kinase inhibitors, used for the treatment of CML.
[image: Table 1]While the use of tyrosine kinase inhibitors in CML is tremendously successful, approximately 20–25% of all treated CML patients suffer from loss of previously achieved cytogenetic or major molecular response within 5 years of treatment (Milojkovic and Apperley, 2009; Hochhaus et al., 2017). This stresses the utter need for treatment alternatives. For this purpose, the second and third generation TKIs were developed. Besides imatinib, there are four clinically approved tyrosine kinase inhibitors namely second-generation inhibitors nilotinib, dasatinib and bosutinib and third-generation ponatinib, which differ in their potency, side effects, targets and efficacy against BCR-ABL mutations. Nilotinib, which also binds to the inactive conformation of BCR-ABL1, is 20-fold more potent than imatinib, but also binds to mitogen activated protein (MAP)-kinases and might provoke cardiovascular events in 20% of patients more frequently than imatinib (5%) (Manley et al., 2010; Hughes et al., 2019a). In addition, cerebrovascular events, hypertension, hypercholesterolemia, diabetes as well as pancreatitis are contradictory (Rosti et al., 2009). Besides similar adverse effects compared to imatinib, the second generation TKI dasatinib, which binds to the active BCR-ABL1 conformation, is likely to cause pleuro-pulmonary toxicity or pleural effusion in approximately 37% of the patients, while being less specific (Kitagawa et al., 2013; Cortes et al., 2016). The broad specificity SRC/ABL inhibitor bosutinib, which was initially designed to inhibit SRC in SRC-overexpressing tumors, but also shows high activity against ABL (and BCR-ABL) (Keller et al., 2009), binds to the BCR-ABL1 kinase independent from the kinase conformation, while provoking transient diarrhea in about 30% of patients (Remsing Rix et al., 2009). In addition, increased levels of transaminases might be a temporary side effect (Hochhaus et al., 2020).
Ponatinib is considered to be a second line TKI used in case of T315I mutation (see below) and resistance to first or second generation TKIs (Cortes et al., 2013). Compared to the other TKIs, the highest number of adverse events occurs during treatment with 30% cardiovascular toxicity and cardiovascular risk factors being contraindicated. Further, the risk of arterial occlusion events should be considered by monitoring hypertension, hyperlipidemia, diabetes and smoking cessation (Hochhaus et al., 2020). Ponatinib binds to the inactive state, precisely the DFG (Asp-Phe-Gly)-out motif, of BCR-ABL1. It should be added that treatment with TKIs is especially effective in chronic phase CML, while the treatment of advanced phases or terminal blast crises, which became rare due to excellent response rates, includes classical chemotherapy or allogenic stem cell transplantation (comprehensively summarized in (Hochhaus et al., 2020).
Regarding genomics of adverse events, little is known about the relevance of SNVs during TKI treatment of CML. Overall, it seems that drug-drug interactions or variants in drug transporters play a more important role in drug resistance than in the occurrence of adverse events (see below).
Genomics of Therapy Resistances: BCR-ABL1-Mutations
About approximately 50% of all TKI resistances in CML occur due to mutations or overexpression/amplification of the BCR-ABL1 kinase leading to loss of TKI binding and re-activation of the downstream phosphorylation cascade (Gorre et al., 2001; Jabbour et al., 2011; Baccarani et al., 2013; Rosti et al., 2017). BCR-ABL1 consists of the breakpoint cluster region protein and the tyrosine kinase ABL. The latter is structured by the N-terminal lobe and C-terminal lobe fused by a hinge region. In the N-lobe, ß-sheets and an a-helix, as well as an SRC-homology domain regulating the tyrosine kinase activity are located. The two ß-sheets are fused by a P-loop, which contributes to binding of ATP. In the C-lobe, the ATP binding site and the activation loop with conserved DFG required for kinase activation (aspartate, phenylalanine, glycine 381–383) are situated (Reddy and Aggarwal, 2012). Imatinib binds to the inactive conformation of the BCR-ABL1 ATP binding pocket and requires six hydrogen bonds and the conformation switch of activation domain and P-loop into the active conformation (Reddy and Aggarwal, 2012). Therefore, mutations altering the necessary amino acids can tremendously limit the function of the drug (Eiring and Deininger, 2014). Binding of imatinib is entirely abolished by the so-called gatekeeper mutation T315I, in which one hydrogen bond is removed inside the ATP binding pocket. This mutation also leads to loss of action of the second generation TKIs. The only remaining treatment option to this date is ponatinib, which is a pan-BCR-ABL1 inhibitor and binds to the ATP binding domain independent from the T315 hydrogen bond, although this mutation requires increase of the ponatinib dose (O'Hare et al., 2012; de Lavallade and Kizilors, 2016; Braun et al., 2020; Luciano et al., 2020). Nevertheless, a second step mutation on the same residue from isoleucine to methionine results in failure of ponatinib as well (Zabriskie et al., 2014). Besides these TKIs, the allosteric inhibitor of ABL1 asciminib, as a mimic of the N-terminal myristoyl group of ABL1 (and therefore named specifically targeting the ABL myristoyl pocket-(STAMP)-inhibitor), might be an alternative to overcome resistances due to BCR-ABL1 mutations, which are located in the ATP binding domain. As the myristoyl group is lost in the BCR-ABL1 fusion protein, autoregulation of ABL1 is prevented resulting in malignant activation of the signaling transduction cascade, which might be overcome by asciminib (Schoepfer et al., 2018; Hughes et al., 2019b; Eide et al., 2019).
Moreover, mutations in the P-loop, i.e. G250E or Y253H, destabilizing binding of imatinib or in the activation loop, i.e. H396R, prevent the activation loop to maintain the closed position lead to imatinib failure (Reddy and Aggarwal, 2012). However, nilotinib is known to fail as well in the two depicted mutations in the P-loop, while bosutinib is partially resistant to G250E, but a therapeutic option in Y253H (Soverini et al., 2014). This shows the utter need for stratification by the BCR-ABL1 mutation pattern to determine to best TKI for the therapy (Table 2; Figure 1). This is also the case for patients with intolerance to one distinct TKIs.
TABLE 2 | Examples of mutations in the BCR-ABL1 protein and their influence on TKI response in CML.
[image: Table 2][image: Figure 1]FIGURE 1 | Schematic representation of pharmacogenetic variants leading to TKI resistance in CML. Mutations in BCR-ABL1 (depicted by the protein loci of the mutation) can lead to TKI loss of function. Further, mutations in downstream signaling pathways (Mut) might provoke constitutive activation of the pathway or may lead to activation of alternative signaling pathways that undertake the signaling transduction to sustain proliferation and survival of the tumor cell. Variants in cytochrome 450 enzymes (indicated by stars) could facilitate loss of metabolism of the respective TKI and thereby impaired turnover. In addition, variants in ABCB1 or ABCB2 (circles) might lead to altered TKI efflux and TKI response. The general role of the drug importer OCT1 is still controversially discussed. SNVs in mRNAs (polygons) can also lead to impaired binding of microRNAs, which itself results in altered gene expression potentially contributing to TKI resistance. TKI: tyrosine kinase inhibitor.
Genomics of Therapy Resistances: BCR-ABL1-independent Mechanisms
Besides mutations in BCR-ABL1, resistances can occur independently from the kinase. These include multiple aspects, which will be reviewed thereafter (Figure 1).
Impact of Drug Metabolism: CYP3A4/CYP3A5
TKIs are substrates for cytochrome P450, mainly for CYP3A4 and CYP3A5 (Haouala et al., 2011). Therefore, it is not surprising that drug-drug interactions may occur with a large number of co-medications causing induction or inhibition of this metabolic pathway. These include rifampicin, anticonvulsants, i.e. carbamazepine, or herbal products, e.g. St. John’s wort, that are confirmed PXR ligands inducing certain cytochrome P450 enzymes including CYP3A4 and 3A5. As a consequence, enhanced metabolism of TKIs diminishes the striven TKI plasma concentration contributing to chemoresistance (Peng et al., 2005; Tian et al., 2018). Imatinib itself is considered to be a moderate CYP3A4 inhibitor, while being a substrate (O'Brien et al., 2003b; Filppula et al., 2012). CYP3A4 metabolizes imatinib to the active, but less cytotoxic metabolite N-desmethyl-imatinib (CPG74588) (Mlejnek et al., 2011). Interestingly, the autoinhibition of CYP3A4 reveals a second pathway, namely CYP2C8, to be involved in hepatic elimination after imatinib exposure (Filppula et al., 2013). Moreover, it was observed that a higher activity of CYP3A4 and CYP3A5 was present in CML patients achieving complete molecular remission compared to poor responders (Green et al., 2010). It was discussed whether pharmacological long-acting metabolites would have contributed to this observation.
Similar to the role of the enzyme activity, the presence of pharmacogenetic variants might limit enzyme activity and thereby affecting the metabolism of imatinib. The main clinically relevant polymorphisms are CYP3A4*20 (rs67666821) expressed as a truncated protein with loss in enzymatic activity and CYP3A4*22 (rs35599367) resulting in loss of about 20% enzyme activity, while evidence for variants with increased enzyme activity is lacking (Werk and Cascorbi, 2014; Saiz-Rodriguez et al., 2020). CYP3A4 and CYP3A5 share a high sequence homology and overlap in their substrate spectra (Williams et al., 2002). For CYP3A5, the main variants are non-functional CYP3A5*3 (rs776746), CYP3A5*6 (rs10264272), CYP3A5*7 (rs41303343) that differ in their expression patterns between the ethnicities (Kuehl et al., 2001; Werk and Cascorbi, 2014). CML patients with known CYP3A4 polymorphisms might suffer from impaired TKI metabolism resulting in increased adverse effects, but presumably also the response to the TKI might be improved. However, there is conflicting data on the role of CYP450 variants on the response to TKIs. Interestingly, for CYP3A5*3, inferior imatinib response of the variant compared to wild-type carriers was observed in several studies contradicting the presumption of improved imatinib response in the presence of a non-functional CYP3A5 protein (Liu et al., 2002; Kim et al., 2009; Bedewy and El-Maghraby, 2013; Harivenkatesh et al., 2017). In contrast, a meta-analysis for CYP3A5*3 revealed an association of higher complete cytogenetic response rates under imatinib treatment at least in the Asian population (Cargnin et al., 2018). However, future conformational studies are necessary to confirm these findings in other cohorts. An association of the TKI response to the other variants mentioned has not been fully elucidated, yet some studies point to a contribution of CYP2C8*2 and CYP3A4*7 to alterations in imatinib trough levels in homozygous carriers resulting either in an increase or decrease in the concentration (Adehin et al., 2019). The main genetic variants are summarized in Table 3. Regarding adverse events, it seems that CYP3A4 interactions play a larger role in adverse events or lack of TKI response than genetic variants in CYP3A4, as observed for e.g. phenytoin, cyclosporin A or ketoconazole (Dutreix et al., 2004; Atiq et al., 2016; Osorio et al., 2019). Therefore, assessment of cytochrome P450 genotypes or function is not performed in the clinical routine to this date. Further studies are necessary to analyze the relevance of these enzymes in relation to drug resistance and adverse events.
TABLE 3 | Pharmacogenetic variants in cytochrome P450 enzymes and in drug transporters and their relevance to TKI response in CML.
[image: Table 3]Impact of Drug Transporters
Besides hepatic metabolism, drug transporters are known to be involved in drug resistance impairing the intracellular drug concentration or limiting the bioavailability of a drug in certain tissues. For CML, several drug transporters are discussed being either drug importers or efflux transporters (see Table 3).
OCT1
The organic cation transporter 1 OCT1/SLC22A1 is considered to be involved in the import of some TKIs into the tumor cells. However, data regarding its relevance in CML is controversial, as an upregulation of OCT1 in imatinib resistance was shown (White et al., 2006; Engler et al., 2010), while others clearly demonstrated the absence of a OCT1 regulation (Davies et al., 2009; Nies et al., 2014). Interestingly, it was shown that OCT1 expression and activity might be used as a prognostic marker for long-term imatinib response of CML patients (Watkins et al., 2015). Regarding pharmacogenetics, the main variants in OCT1 are 181C > T (R61C, rs12208357), 480C > G (L160F, rs683369), both located in exon 1; exon 6 1022C > T (P341L, rs2282143), 1222A > G (M408V, rs628031) and 1260-1262delGAT (M420del, rs72552763), both located in exon 7. Nevertheless, several studies did not confirm an influence of any OCT1 variant on imatinib response (Watkins et al., 2015).
ABC Transporters
Regarding drug efflux transporters, the CML TKIs are discussed to be dose-dependent substrates or inhibitors of P-glycoprotein (P-gp, ABCB1) and breast cancer resistance protein (BCRP, ABCG2) being drug efflux transporters of the ATP binding cassette (ABC) family that limit the intracellular concentration of the respective TKI (Hegedus et al., 2009; Anreddy et al., 2014; Beretta et al., 2017). In particular imatinib, nilotinib, dasatinib and ponatinib were shown to be substrates of both, ABCB1 and ABCG2, whereas bosutinib shows only little affinity and cannot be considered as substrate of one of the mentioned ABC transporters (Deng et al., 2014). Being overexpressed, these transporters are known to contribute to drug resistance in several tumors (Li et al., 2016; Mohammad et al., 2018). Besides questions on drug competition and varying expression of these ABC transporters, pharmacogenetic variants in ABCB1 or ABCG2 might have an impact on the development of drug resistance (Bruhn and Cascorbi, 2014; Kaehler and Cascorbi, 2019).
ABCB1
ABCB1 is one of the most extensively investigated drug transporters and broadly analyzed in terms of pharmacogenetic variants. It could be expected that loss of function variants or those with impaired protein function resulting in reduction in efflux capability may lead to improved response to TKIs. However, so far there is no clear evidence that ABCB1 variants could be applied as predictive biomarkers in any drug therapy (Bruckmueller and Cascorbi, 2021). Most pharmacogenetic studies on TKIs focused on the common variants are 1236C > T (synonymous, exon 12, rs1128503), 2677G > T/A (A893 S/T, exon 21, rs2032582) and 3435C > T (synonymous, exon 26, rs1045642). Regarding response to imatinib, there is conflicting data. Whereas in vitro-experiments using ABCB1-overexpressing cells demonstrated a moderately increased imatinib response in triple variants carriers compared to wild-type (Dessilly et al., 2016b), a comprehensive meta-analysis of clinical studies revealed lack of significance on molecular response in relation to any of the above mentioned ABCB1 variants (Wang et al., 2015). In addition, the role of these variants during treatment with nilotinib, dasatinib and ponatinib also lacked a clear association (Dessilly et al., 2016b; Galimberti et al., 2017). Regarding less common variants, the influence of 1199G > A/T is also controversially discussed, as for the A variant allele increased efflux of imatinib, nilotinib and dasatinib was observed in vitro, while this finding was not detected in other studies (Skoglund et al., 2013; Dessilly et al., 2016a). Overall, the role of ABCB1 polymorphisms in TKI resistance remains controversial. At least, variants do not seem to be suitable as predictive biomarkers of drug response.
ABCG2
Besides its function as drug efflux transporter, ABCG2 is also regarded as stem cell factor being highly expressed in hematopoietic precursor and stem cells (Scharenberg et al., 2002; Jordanides et al., 2006). Similar to ABCB1, ABCG2 polymorphisms are discussed to alter the transport capability of this protein. The most important variants are 34G > A (V12M, exon 2, rs2231137) and 421C > A (Q141K, rs2231142). Some evidence pointed to homozygous 34G > A resulting in amino acid exchange from valine to methionine to be associated with an improved response to imatinib potentially due to reduction in ABCG2 expression (Kim et al., 2009). For 421C > A, which presumably affects the conformation of the ATP binding domain, data is conflicting as it was shown that expression of the variant limited imatinib bioavailability, while others demonstrated no effects on the pharmacokinetics of imatinib in vivo (Gardner et al., 2006; Takahashi et al., 2010; Skoglund et al., 2014). Nevertheless, Jiang and colleagues suggested a potential use of this variant to predict imatinib response in CML (Jiang et al., 2017). In addition to these polymorphisms, the -15,622C > T promoter SNP (rs7699188) was associated with low expression of BCRP in multiple tissues, including the liver, likely to decrease imatinib clearance from the cell (Poonkuzhali et al., 2008). Additional variants in ABCG2 were also analyzed, but revealed hardly any effects on TKI clearance or response (Bruckmueller and Cascorbi, 2021). To conclude, for both, ABCB1 and ABCG2, a clear association of pharmacogenetic variants to imatinib response is lacking and future studies are necessary to provide insights into their relevance in drug resistance.
Adding to the complexity, expression of ABCB1 and ABCG2 in drug resistance seems to be dose-dependent, as in several studies controversial findings were observed pointing to a dynamic expression of these proteins (Gromicho et al., 2011; Eadie et al., 2013; Kaehler et al., 2017). Interestingly, it was shown that ABCG2 expression in peripheral blood leukocytes could be used to predict treatment-free remission during imatinib discontinuation (Rinaldetti et al., 2018). Nevertheless, future studies are needed to analyze the influence of ABC transporter variants in neoplasms, such as CML.
Epigenetics and microRNAs
Besides activation or repression by transcription factors, gene expression is regulated by epigenetic factors. These imply DNA methylation or histone modifications as acetylation or ubiquitinoylation, as well as post-transcriptional regulation. For CML, there is some evidence on the influence of methylation during the progression of the CML phases, as it was shown that the ABL1 promoter is hypermethylated in early stages of CML, as well as a global hypermethylation in CML blast crisis occurs (Machova Polakova et al., 2013; Heller et al., 2016). In TKI drug resistance, an increase in overall methylation was also observed in patients resistant or intolerant to imatinib (Jelinek et al., 2011). However, these findings are limited on distinct genes.
Besides epigenetic regulation, expression of microRNAs might be involved in the pathogenesis of CML and drug resistance. microRNAs are 19–21 nt short ribonucleotides involved in post-transcriptional regulation of gene expression by binding specifically to the 3’ UTR of their target mRNAs and provoking either their degradation or translational stop (Kim, 2005; Krutzfeldt et al., 2006). As microRNAs regulate expression of tumor suppressor or oncogenes, aberrant microRNA-expression was demonstrated in several malignancies, as well as in combination with anti-cancer drugs (Zheng et al., 2010). In CML, it was shown that the presence of TKIs alters the microRNA expression pattern in blood samples of CML patients (Flamant et al., 2010). In addition, the global microRNA expression pattern seems to differ between either drug sensitivity and resistance in vitro, in CML patients, as well as in responding and non-responding CML patients or CML phases (San Jose-Eneriz et al., 2009; Machova Polakova et al., 2011; Turrini et al., 2012; Klumper et al., 2020). Moreover, distinct microRNAs, as shown e.g. for miR-203 or -30a/e, target the BCR-ABL1 gene and their deregulation might contribute to altered response to TKIs (Liu et al., 2013; Shibuta et al., 2013; Hershkovitz-Rokah et al., 2014). Even beyond BCR-ABL1, fine-tuning of gene expression by microRNAs as e.g. MYC by miR-144/451 or miR-212/ABCG2 might be involved to regulate the relevant target genes in the downstream signaling cascade and contribute to drug resistance (Liu et al., 2012; Kaehler et al., 2017). Therefore, it is discussed if microRNA expression could be used as biomarker for response to TKI treatment (Litwinska and Machalinski, 2017).
It has to be added that SNVs in the 3’ UTRs of microRNA target genes, as well as expression of alternate 3′ UTR lengths might tremendously affect microRNA binding resulting in tumor cell escape from therapy (Kasinski and Slack, 2011). This was shown e.g., for ABCB1 and ABCG2 in various cancer cell lines (To et al., 2008; Bruhn et al., 2016), as well as for three members of the ABCC family (Bruhn et al., 2020). Moreover, binding of let-7 was impaired by mutated KRAS 3’ UTR (Chin et al., 2008).
Alternative Mechanisms of Resistance
The constitutive activation of the BCR-ABL1 fusion protein leads to pleiotropic stimulation of various signaling pathways involving JAK/STAT, MAP-kinases and PI3K/Akt signaling pathways. These result in increased cell proliferation, anti-apoptotic signaling, as well as altered cell motility and adhesion to stroma cells (Cilloni and Saglio, 2012). As the majority of these signaling pathways are oncogene addicted to BCR-ABL1 activity, treatment with BCR-ABL1 inhibitors is highly successful. However, these pathways can be captured by alternate stimuli, as shown e.g. for WNT/β-catenin signaling in leukemic stem cells or JAK2 activation by external stimuli (Braun et al., 2020), which makes the tumor cell at least partially autonomous from BCR-ABL1 potentially facilitating therapy failure or unsatisfactory response rates. Moreover, adaptions of the signaling pathways cannot only occur due to differential gene expression, but also due to mutations downstream of BCR-ABL1 or in alternative signaling pathways. These include re-activation of proliferative pathways, e.g. hedgehog or PI3K/Akt signaling, or activation of autophagy (comprehensively reviewed in (Minciacchi et al., 2021). The main difficulty with this is the detection of the responsible signaling pathways to find a suitable target (and drug) combination to circumvent resistance and trigger synthetic lethality, especially of leukemic stem cells (Cilloni and Saglio, 2012). As TKIs–at least to date–require a life-long therapy, they promote the development of mutations, clonal evolution and selection, which facilitates CML progression, but also TKI resistance and thereby adaption of the therapeutic strategy. Luckily, in cases of imatinib failure, a switch to newer generation TKIs according to the guidelines leads to good responses in most patients (Baccarani et al., 2013; Hochhaus et al., 2020).
How to Analyze Genomics of Drug Resistance: In Vitro-Models
As drug resistant cell lines can hardly be established from primary material, these cell lines are utterly important to investigate drug responses. Although these tools are necessary to understand the biology and the mechanisms of drug resistance, some cancer cell lines potentially differ from the tumor they derived from and the transfer to the clinical situation might be limited (Sandberg and Ernberg, 2005; Ertel et al., 2006). Nevertheless, studies on drug efficacy using cell lines were successfully transferred to cancer patients, as shown e.g. for prediction of drug efficacy using gene expression data of cell lines by artificial intelligence and machine-learning (Borisov et al., 2018). In addition, cell lines have been used to develop treatment protocols, as shown for CML using K-562, but also NB4 cells for acute promyelocytic leukemia (Mirabelli et al., 2019). The application of drug resistant cell lines appears still to be the best model to analyze drug resistance (Rumjanek et al., 2013). These can either be generated by pulse treatment or continuous administration of increasing drug concentrations to a given cell line (McDermott et al., 2014). Regarding CML drug resistance models, the majority of studies have been performed on the K-562 cell line (e.g., Turrini et al., 2012; Kaehler et al., 2017), but other cell lines, e.g. LAMA-84 or KCL-22, have been tested as well. The major drawback with these cell lines is their origin in blast crisis of CML patients, which might not reflect the clinical situation of treatment of chronic phases, where initial therapy failure is observed. Therefore, the use of cell lines always implies future studies for the transfer of the observed resistance mechanisms to the clinical situation.
DISCUSSION
Targeted treatment of CML using specific tyrosine kinase inhibitors of the causal BCR-ABL1 fusion protein is tremendously successful. With this it was shown that targeting a single protein in the tumor cell can lead to therapeutic remission. Since CML cells are highly oncogene addicted to BCR-ABL1, inhibition of this protein and its downstream signaling pathways is sufficient to promote the demise of the tumor cells. This strategy was transferred to other tumors and is especially successful whenever the tumor cells have a high dependency on druggable kinases and has a rather simple complexity. Additional examples are HER2 inhibition in breast cancer using lapatinib and/or HER2-specific monoclonal antibodies trastuzumab and pertuzumab or BRAF mutated malignant melanoma using the tyrosine kinase inhibitors vemurafenib or dabrafenib (Swain et al., 2015; Jiao et al., 2018). While therapy using HER2-inhibition is genuinely successful in primary or advanced HER2-positive breast cancer, BRAF inhibition is often undertaken by downstream mutations leading to time-dependent relapses (Finn et al., 2012; Pernas and Tolaney, 2019). Therefore, BRAF inhibition is often combined with immune checkpoint inhibitors, i.e., ipilimumab, nivolumab or pembrolizumab, while drastically improved the outcome (Furue et al., 2018). CML still is one of the few neoplasms, in which a single agent can be used to successfully treat the disease, as for others, the combination of different agents often exceeds the response rates of a monotherapy and reduces the likelihood of drug resistance (Palmer and Sorger, 2017; Jardim et al., 2020). To this day, a variety of TKIs can be used for several tumors and are mainly administered in a co-treatment strategy (Jiao et al., 2018). Nevertheless, identification of the right (sub) population of tumors is often the key for successful therapy.
Regarding mechanisms of drug resistance, the findings in TKI resistant CML are likely to be transferrable to other drug-tumor combinations. This is the case as e.g. the majority of TKIs are metabolized by CYP3A4 and transported by ABC efflux transporters (Di Gion et al., 2011; Scheffler et al., 2011). Studying various combinations of anti-cancer drugs and tumor entities, it can be concluded that drug-drug interactions and pharmacogenetic variants might play a role in the development of drug resistance in other drug-tumor combinations. However, a predictive role for these variants at least for ABC transporters is not possible yet (Bruckmueller and Cascorbi, 2021).
As shown for BCR-ABL1, mutations in the binding domain of a respective kinase inhibitor or its overexpression/gene amplification have been observed in multiple tumors leading to drug resistance, as shown for acquired EGFR T790M mutations and c-MET receptor tyrosine kinase amplification promoting gefitinib resistance in lung cancer or KIT exon 14 or 17 and PDGFRA exon 14 mutations providing resistance against imatinib and reduced efficacy of sunitinib in GIST (Lynch et al., 2004; Gao et al., 2013; Kobayashi et al., 2013; Zhang et al., 2019). In addition, observations derived from CML regarding activation of alternative signaling pathways can also be observed in other tumor entities. This shows that processes of drug resistance observable in CML are highly similar to other drug-tumor combinations.
Overall, the genomics of impaired response against tyrosine kinase inhibitors observed in CML (Figure 1) might be observed during the treatment of other tumors using alternate TKIs as well. Mechanisms of resistance against TKIs often consist of a variety of layers, on mutations of the TKI target gene, in metabolic enzymes, drug transporters or in proteins of downstream or alternative signaling pathways. Adaption of the therapeutic regimen and development of new compounds overcoming these obstacles are necessary to further improve therapy response to TKIs.
AUTHOR CONTRIBUTIONS
MK reviewed literature and wrote the manuscript. IC wrote and edited the manuscript.
REFERENCES
 Adehin, A., Adeagbo, B. A., Kennedy, M. A., Bolaji, O. O., Olugbade, T. A., Bolarinwa, R. A., et al. (2019). Inter-individual Variation in Imatinib Disposition: Any Role for Prevalent Variants of CYP1A2, CYP2C8, CYP2C9, and CYP3A5 in Nigerian CML Patients?Leuk. Lymphoma 60, 216–221. doi:10.1080/10428194.2018.1466291 
 Anreddy, N., Gupta, P., Kathawala, R., Patel, A., Wurpel, J., and Chen, Z.-S. (2014). Tyrosine Kinase Inhibitors as Reversal Agents for ABC Transporter Mediated Drug Resistance. Molecules 19, 13848–13877. doi:10.3390/molecules190913848 
 Atiq, F., Broers, A. E. C., Andrews, L. M., Doorduijn, J. K., Koch, B. C. P., Van Gelder, T., et al. (2016). A Clinically Relevant Pharmacokinetic Interaction between Cyclosporine and Imatinib. Eur. J. Clin. Pharmacol. 72, 719–723. doi:10.1007/s00228-016-2038-9
 Baccarani, M., Deininger, M. W., Rosti, G., Hochhaus, A., Soverini, S., Apperley, J. F., et al. (2013). European LeukemiaNet Recommendations for the Management of Chronic Myeloid Leukemia: 2013. Blood 122, 872–884. doi:10.1182/blood-2013-05-501569 
 Bedewy, A. M. L., and El-Maghraby, S. M. (2013). Do SLCO1B3 (T334G) and CYP3A5*3 Polymorphisms Affect Response in Egyptian Chronic Myeloid Leukemia Patients Receiving Imatinib Therapy?Hematology 18, 211–216. doi:10.1179/1607845412y.0000000067 
 Beretta, G. L., Cassinelli, G., Pennati, M., Zuco, V., and Gatti, L. (2017). Overcoming ABC Transporter-Mediated Multidrug Resistance: The Dual Role of Tyrosine Kinase Inhibitors as Multitargeting Agents. Eur. J. Med. Chem. 142, 271–289. doi:10.1016/j.ejmech.2017.07.062
 Bixby, D., and Talpaz, M. (2011). Seeking the Causes and Solutions to Imatinib-Resistance in Chronic Myeloid Leukemia. Leukemia 25, 7–22. doi:10.1038/leu.2010.238 
 Borisov, N., Tkachev, V., Suntsova, M., Kovalchuk, O., Zhavoronkov, A., Muchnik, I., et al. (2018). A Method of Gene Expression Data Transfer from Cell Lines to Cancer Patients for Machine-Learning Prediction of Drug Efficiency. Cell Cycle 17, 486–491. doi:10.1080/15384101.2017.1417706 
 Braun, T. P., Eide, C. A., and Druker, B. J. (2020). Response and Resistance to BCR-ABL1-Targeted Therapies. Cancer Cell 37, 530–542. doi:10.1016/j.ccell.2020.03.006 
 Bruckmueller, H., and Cascorbi, I. (2021). ABCB1, ABCG2, ABCC1, ABCC2, and ABCC3 Drug Transporter Polymorphisms and Their Impact on Drug Bioavailability: what Is Our Current Understanding?Expert Opin. Drug Metab. Toxicol. 17, 369–396. doi:10.1080/17425255.2021.1876661 
 Bruhn, O., and Cascorbi, I. (2014). Polymorphisms of the Drug Transporters ABCB1, ABCG2, ABCC2 and ABCC3 and Their Impact on Drug Bioavailability and Clinical Relevance. Expert Opin. Drug Metab. Toxicol. 10, 1337–1354. doi:10.1517/17425255.2014.952630 
 Bruhn, O., Drerup, K., Kaehler, M., Haenisch, S., Röder, C., and Cascorbi, I. (2016). Length Variants of the ABCB1 3′-UTR and Loss of miRNA Binding Sites: Possible Consequences in Regulation and Pharmacotherapy Resistance. Pharmacogenomics 17, 327–340. doi:10.2217/pgs.15.175 
 Bruhn, O., Lindsay, M., Wiebel, F., Kaehler, M., Nagel, I., Böhm, R., et al. (2020). Alternative Polyadenylation of ABC Transporters of the C-Family (ABCC1, ABCC2, ABCC3) and Implications on Posttranscriptional Micro-RNA Regulation. Mol. Pharmacol. 97, 112–122. doi:10.1124/mol.119.116590 
 Buchdunger, E., Zimmermann, J., Mett, H., Meyer, T., Müller, M., Druker, B. J., et al. (1996). Inhibition of the Abl Protein-Tyrosine Kinase In Vitro and In Vivo by a 2-phenylaminopyrimidine Derivative. Cancer Res. 56, 100–104.
 Buchdunger, E., Zimmermann, J., Mett, H., Meyer, T., Muller, M., Regenass, U., et al. (1995). Selective Inhibition of the Platelet-Derived Growth Factor Signal Transduction Pathway by a Protein-Tyrosine Kinase Inhibitor of the 2-phenylaminopyrimidine Class. Proc. Natl. Acad. Sci. 92, 2558–2562. doi:10.1073/pnas.92.7.2558
 Campiotti, L., Suter, M. B., Guasti, L., Piazza, R., Gambacorti-Passerini, C., Grandi, A. M., et al. (2017). Imatinib Discontinuation in Chronic Myeloid Leukaemia Patients with Undetectable BCR-ABL Transcript Level: A Systematic Review and a Meta-Analysis. Eur. J. Cancer 77, 48–56. doi:10.1016/j.ejca.2017.02.028
 Cargnin, S., Ravegnini, G., Soverini, S., Angelini, S., and Terrazzino, S. (2018). Impact of SLC22A1 and CYP3A5 Genotypes on Imatinib Response in Chronic Myeloid Leukemia: A Systematic Review and Meta-Analysis. Pharmacol. Res. 131, 244–254. doi:10.1016/j.phrs.2018.02.005 
 Chin, L. J., Ratner, E., Leng, S., Zhai, R., Nallur, S., Babar, I., et al. (2008). A SNP in a Let-7 microRNA Complementary Site in the KRAS 3′ Untranslated Region Increases Non-small Cell Lung Cancer Risk. Cancer Res. 68, 8535–8540. doi:10.1158/0008-5472.can-08-2129 
 Cilloni, D., and Saglio, G. (2012). Molecular Pathways: BCR-ABL. Clin. Cancer Res. 18, 930–937. doi:10.1158/1078-0432.ccr-10-1613 
 Cortes, J. E., Kim, D.-W., Pinilla-Ibarz, J., Le Coutre, P., Paquette, R., Chuah, C., et al. (2013). A Phase 2 Trial of Ponatinib in Philadelphia Chromosome-Positive Leukemias. N. Engl. J. Med. 369, 1783–1796. doi:10.1056/nejmoa1306494
 Cortes, J. E., Saglio, G., Kantarjian, H. M., Baccarani, M., Mayer, J., Boqué, C., et al. (2016). Final 5-Year Study Results of DASISION: The Dasatinib versus Imatinib Study in Treatment-Naïve Chronic Myeloid Leukemia Patients Trial. Jco 34, 2333–2340. doi:10.1200/jco.2015.64.8899
 Davies, A., Jordanides, N. E., Giannoudis, A., Lucas, C. M., Hatziieremia, S., Harris, R. J., et al. (2009). Nilotinib Concentration in Cell Lines and Primary CD34+ Chronic Myeloid Leukemia Cells Is Not Mediated by Active Uptake or Efflux by Major Drug Transporters. Leukemia 23, 1999–2006. doi:10.1038/leu.2009.166 
 De Lavallade, H., and Kizilors, A. (2016). The Importance of Mutational Analyses in Chronic Myeloid Leukaemia for Treatment Choice. Eur. Med. J. Oncol. 4, 86–95. 
 Deng, J., Shao, J., Markowitz, J. S., and An, G. (2014). ABC Transporters in Multi-Drug Resistance and ADME-Tox of Small Molecule Tyrosine Kinase Inhibitors. Pharm. Res. 31, 2237–2255. doi:10.1007/s11095-014-1389-0 
 Dessilly, G., Elens, L., Panin, N., Karmani, L., Demoulin, J.-B., and Haufroid, V. (2016a). ABCB1 1199G>A Polymorphism (Rs2229109) Affects the Transport of Imatinib, Nilotinib and Dasatinib. Pharmacogenomics 17, 883–890. doi:10.2217/pgs-2016-0012 
 Dessilly, G., Panin, N., Elens, L., Haufroid, V., and Demoulin, J. B. (2016b). Impact of ABCB1 1236C > T-2677G > T-3435C > T Polymorphisms on the Anti-proliferative Activity of Imatinib, Nilotinib, Dasatinib and Ponatinib. Sci. Rep. 6, 29559. doi:10.1038/srep29559
 Dewar, A. L., Cambareri, A. C., Zannettino, A. C. W., Miller, B. L., Doherty, K. V., Hughes, T. P., et al. (2005). Macrophage colony-stimulating Factor Receptor C-Fms Is a Novel Target of Imatinib. Blood 105, 3127–3132. doi:10.1182/blood-2004-10-3967 
 Di Gion, P., Kanefendt, F., Lindauer, A., Scheffler, M., Doroshyenko, O., Fuhr, U., et al. (2011). Clinical Pharmacokinetics of Tyrosine Kinase Inhibitors. Clin. Pharmacokinet. 50, 551–603. doi:10.2165/11593320-000000000-00000 
 Druker, B. J., Tamura, S., Buchdunger, E., Ohno, S., Segal, G. M., Fanning, S., et al. (1996). Effects of a Selective Inhibitor of the Abl Tyrosine Kinase on the Growth of Bcr-Abl Positive Cells. Nat. Med. 2, 561–566. doi:10.1038/nm0596-561 
 Dutreix, C., Peng, B., Mehring, G., Hayes, M., Capdeville, R., Pokorny, R., et al. (2004). Pharmacokinetic Interaction between Ketoconazole and Imatinib Mesylate (Glivec) in Healthy Subjects. Cancer Chemother. Pharmacol. 54, 290–294. doi:10.1007/s00280-004-0832-z 
 Eadie, L. N., Saunders, V. A., Hughes, T. P., and White, D. L. (2013). Degree of Kinase Inhibition Achievedin Vitroby Imatinib and Nilotinib Is Decreased by High Levels of ABCB1 but Not ABCG2. Leuk. Lymphoma 54, 569–578. doi:10.3109/10428194.2012.715345 
 Eide, C. A., Zabriskie, M. S., Savage Stevens, S. L., Antelope, O., Vellore, N. A., Than, H., et al. (2019). Combining the Allosteric Inhibitor Asciminib with Ponatinib Suppresses Emergence of and Restores Efficacy against Highly Resistant BCR-ABL1 Mutants. Cancer Cell 36, 431–443. doi:10.1016/j.ccell.2019.08.004 
 Eiring, A. M., and Deininger, M. W. (2014). Individualizing Kinase-Targeted Cancer Therapy: the Paradigm of Chronic Myeloid Leukemia. Genome Biol. 15, 461. doi:10.1186/s13059-014-0461-8 
 Engler, J. R., Frede, A., Saunders, V. A., Zannettino, A. C. W., Hughes, T. P., and White, D. L. (2010). Chronic Myeloid Leukemia CD34+ Cells Have Reduced Uptake of Imatinib Due to Low OCT-1 Activity. Leukemia 24, 765–770. doi:10.1038/leu.2010.16 
 Ertel, A., Verghese, A., Byers, S. W., Ochs, M., and Tozeren, A. (2006). Pathway-specific Differences between Tumor Cell Lines and normal and Tumor Tissue Cells. Mol. Cancer 5, 55. doi:10.1186/1476-4598-5-55 
 Etienne, G., Guilhot, J., Rea, D., Rigal-Huguet, F., Nicolini, F., Charbonnier, A., et al. (2017). Long-Term Follow-Up of the French Stop Imatinib (STIM1) Study in Patients with Chronic Myeloid Leukemia. Jco 35, 298–305. doi:10.1200/jco.2016.68.2914
 Filppula, A., Laitila, J., Neuvonen, P., and Backman, J. (2012). Potent Mechanism-Based Inhibition of CYP3A4 by Imatinib Explains its Liability to Interact with CYP3A4 Substrates. Br. J. Pharmacol. 165, 2787–2798. doi:10.1111/j.1476-5381.2011.01732.x
 Filppula, A. M., Neuvonen, M., Laitila, J., Neuvonen, P. J., and Backman, J. T. (2013). Autoinhibition of CYP3A4 Leads to Important Role of CYP2C8 in Imatinib Metabolism: Variability in CYP2C8 Activity May Alter Plasma Concentrations and Response. Drug Metab. Dispos 41, 50–59. doi:10.1124/dmd.112.048017 
 Finn, L., Markovic, S. N., and Joseph, R. W. (2012). Therapy for Metastatic Melanoma: the Past, Present, and Future. BMC Med. 10, 23. doi:10.1186/1741-7015-10-23 
 Flamant, S., Ritchie, W., Guilhot, J., Holst, J., Bonnet, M.-L., Chomel, J.-C., et al. (2010). Micro-RNA Response to Imatinib Mesylate in Patients with Chronic Myeloid Leukemia. Haematologica 95, 1325–1333. doi:10.3324/haematol.2009.020636 
 Furue, M., Ito, T., Wada, N., Wada, M., Kadono, T., and Uchi, H. (2018). Melanoma and Immune Checkpoint Inhibitors. Curr. Oncol. Rep. 20, 29. doi:10.1007/s11912-018-0676-z 
 Galimberti, S., Bucelli, C., Arrigoni, E., Baratè, C., Grassi, S., Ricci, F., et al. (2017). The hOCT1 and ABCB1 Polymorphisms Do Not Influence the Pharmacodynamics of Nilotinib in Chronic Myeloid Leukemia. Oncotarget 8, 88021–88033. doi:10.18632/oncotarget.21406 
 Gao, J., Tian, Y., Li, J., Sun, N., Yuan, J., and Shen, L. (2013). Secondary Mutations of C-KIT Contribute to Acquired Resistance to Imatinib and Decrease Efficacy of Sunitinib in Chinese Patients with Gastrointestinal Stromal Tumors. Med. Oncol. 30, 522. doi:10.1007/s12032-013-0522-y 
 Gardner, E., Burger, H., Vanschaik, R., Vanoosterom, A., Debruijn, E., Guetens, G., et al. (2006). Association of Enzyme and Transporter Genotypes with the Pharmacokinetics of Imatinib. Clin. Pharmacol. Ther. 80, 192–201. doi:10.1016/j.clpt.2006.05.003 
 Gorre, M. E., Mohammed, M., Ellwood, K., Hsu, N., Paquette, R., Rao, P. N., et al. (2001). Clinical Resistance to STI-571 Cancer Therapy Caused by BCR-ABL Gene Mutation or Amplification. Science 293, 876–880. doi:10.1126/science.1062538 
 Gréen, H., Skoglund, K., Rommel, F., Mirghani, R. A., and Lotfi, K. (2010). CYP3A Activity Influences Imatinib Response in Patients with Chronic Myeloid Leukemia: a Pilot Study on In Vivo CYP3A Activity. Eur. J. Clin. Pharmacol. 66, 383–386. doi:10.1007/s00228-009-0772-y
 Gromicho, M., Dinis, J., Magalhães, M., Fernandes, A. R., Tavares, P., Laires, A., et al. (2011). Development of Imatinib and Dasatinib Resistance: Dynamics of Expression of Drug transportersABCB1, ABCC1, ABCG2, MVP, and SLC22A1. Leuk. Lymphoma 52, 1980–1990. doi:10.3109/10428194.2011.584005 
 Hahn, E. A., Glendenning, G. A., Sorensen, M. V., Hudgens, S. A., Druker, B. J., Guilhot, F., et al. (2003). Quality of Life in Patients with Newly Diagnosed Chronic Phase Chronic Myeloid Leukemia on Imatinib versus Interferon Alfa Plus Low-Dose Cytarabine: Results from the IRIS Study. Jco 21, 2138–2146. doi:10.1200/jco.2003.12.154
 Haouala, A., Widmer, N., Duchosal, M. A., Montemurro, M., Buclin, T., and Decosterd, L. A. (2011). Drug Interactions with the Tyrosine Kinase Inhibitors Imatinib, Dasatinib, and Nilotinib. Blood 117, e75–e87. doi:10.1182/blood-2010-07-294330 
 Harivenkatesh, N., Kumar, L., Bakhshi, S., Sharma, A., Kabra, M., Velpandian, T., et al. (2017). Influence of MDR1 and CYP3A5 Genetic Polymorphisms on Trough Levels and Therapeutic Response of Imatinib in Newly Diagnosed Patients with Chronic Myeloid Leukemia. Pharmacol. Res. 120, 138–145. doi:10.1016/j.phrs.2017.03.011 
 Hegedus, C., Ozvegy-Laczka, C., Apáti, A., Magócsi, M., Német, K., Orfi, L., et al. (2009). Interaction of Nilotinib, Dasatinib and Bosutinib with ABCB1 and ABCG2: Implications for Altered Anti-cancer Effects and Pharmacological Properties. Br. J. Pharmacol. 158, 1153–1164. doi:10.1111/j.1476-5381.2009.00383.x
 Heinrich, M. C., Griffith, D. J., Druker, B. J., Wait, C. L., Ott, K. A., and Zigler, A. J. (2000). Inhibition of C-Kit Receptor Tyrosine Kinase Activity by STI 571, a Selective Tyrosine Kinase Inhibitor. Blood 96, 925–932. doi:10.1182/blood.v96.3.925 
 Heisterkamp, N., Stephenson, J. R., Groffen, J., Hansen, P. F., De Klein, A., Bartram, C. R., et al. (1983). Localization of the C-Abl Oncogene Adjacent to a Translocation Break point in Chronic Myelocytic Leukaemia. Nature 306, 239–242. doi:10.1038/306239a0 
 Heller, G., Topakian, T., Altenberger, C., Cerny-Reiterer, S., Herndlhofer, S., Ziegler, B., et al. (2016). Next-generation Sequencing Identifies Major DNA Methylation Changes during Progression of Ph+ Chronic Myeloid Leukemia. Leukemia 30, 1861–1868. doi:10.1038/leu.2016.143 
 Hershkovitz-Rokah, O., Modai, S., Pasmanik-Chor, M., Toren, A., Shomron, N., Raanani, P., et al. (2014). MiR-30e induces apoptosis and sensitizes K562 cells to imatinib treatment via regulation of the BCR-ABL protein. Cancer Lett. 56, 597–605. 
 Hochhaus, A., Baccarani, M., Silver, R. T., Schiffer, C., Apperley, J. F., Cervantes, F., et al. (2020). European LeukemiaNet 2020 Recommendations for Treating Chronic Myeloid Leukemia. Leukemia 34, 966–984. doi:10.1038/s41375-020-0776-2 
 Hochhaus, A., Larson, R. A., Guilhot, F., Radich, J. P., Branford, S., Hughes, T. P., et al. (2017). Long-Term Outcomes of Imatinib Treatment for Chronic Myeloid Leukemia. N. Engl. J. Med. 376, 917–927. doi:10.1056/nejmoa1609324
 Hughes, T. P., Mauro, M. J., Cortes, J. E., Minami, H., Rea, D., Deangelo, D. J., et al. (2019b). Asciminib in Chronic Myeloid Leukemia after ABL Kinase Inhibitor Failure. N. Engl. J. Med. 381, 2315–2326. doi:10.1056/nejmoa1902328
 Hughes, T. P., Saglio, G., Larson, R. A., Kantarjian, H. M., Kim, D.-W., Issaragrisil, S., et al. (2019a). Long-Term Outcomes in Patients with Chronic Myeloid Leukemia in Chronic Phase Receiving Frontline Nilotinib versus Imatinib: Enestnd 10-Year Analysis. Blood 134 (Suppl. l), 2924. doi:10.1182/blood-2019-1287611
 Hukku, S., Baboo, H. A., Venkataratnam, S., Vidyasagar, M. S., and Patel, N. L. (1983). Splenic Irradiation in Chronic Myeloid Leukemia. Acta Radiologica: Oncol. 22, 9–12. doi:10.3109/02841868309134332
 Jabbour, E., Parikh, S. A., Kantarjian, H., and Cortes, J. (2011)., 25. v, 981–995. doi:10.1016/j.hoc.2011.09.004Chronic Myeloid Leukemia: Mechanisms of Resistance and TreatmentHematology/Oncology Clin. North America
 Jardim, D. L., De Melo Gagliato, D., Nikanjam, M., Barkauskas, D. A., and Kurzrock, R. (2020). Efficacy and Safety of Anticancer Drug Combinations: a Meta-Analysis of Randomized Trials with a Focus on Immunotherapeutics and Gene-Targeted Compounds. Oncoimmunology 9, 1710052. doi:10.1080/2162402x.2019.1710052 
 Jelinek, J., Gharibyan, V., Estecio, M. R., Kondo, K., He, R., Chung, W., et al. (2011). Aberrant DNA Methylation Is Associated with Disease Progression, Resistance to Imatinib and Shortened Survival in Chronic Myelogenous Leukemia. PLoS One 6, e22110. doi:10.1371/journal.pone.0022110 
 Jiang, Z.-P., Zhao, X.-L., Takahashi, N., Angelini, S., Dubashi, B., Sun, L., et al. (2017). Trough Concentration andABCG2polymorphism Are Better to Predict Imatinib Response in Chronic Myeloid Leukemia: a Meta-Analysis. Pharmacogenomics 18, 35–56. doi:10.2217/pgs-2016-0103 
 Jiao, Q., Bi, L., Ren, Y., Song, S., Wang, Q., and Wang, Y. S. (2018). Advances in Studies of Tyrosine Kinase Inhibitors and Their Acquired Resistance. Mol. Cancer 17, 36. doi:10.1186/s12943-018-0801-5 
 Jordanides, N. E., Jorgensen, H. G., Holyoake, T. L., and Mountford, J. C. (2006). Functional ABCG2 Is Overexpressed on Primary CML CD34+ Cells and Is Inhibited by Imatinib Mesylate. Blood 108, 1370–1373. doi:10.1182/blood-2006-02-003145 
 Kaehler, M., and Cascorbi, I. (2019). Germline Variants in Cancer Therapy. Cancer Drug Resist. 2, 18–30. 
 Kaehler, M., Ruemenapp, J., Gonnermann, D., Nagel, I., Bruhn, O., Haenisch, S., et al. (2017). MicroRNA-212/ABCG2-axis Contributes to Development of Imatinib-Resistance in Leukemic Cells. Oncotarget 8, 92018–92031. doi:10.18632/oncotarget.21272 
 Kalmanti, L., Saussele, S., Saussele, S., Lauseker, M., Müller, M. C., Dietz, C. T., et al. (2015). Safety and Efficacy of Imatinib in CML over a Period of 10 years: Data from the Randomized CML-Study IV. Leukemia 29, 1123–1132. doi:10.1038/leu.2015.36 
 Kasinski, A. L., and Slack, F. J. (2011). MicroRNAs en route to the clinic: progress in validating and targeting microRNAs for cancer therapy. Nat. Rev. Cancer 11, 849–864. doi:10.1038/nrc3166 
 Keller, G., Schafhausen, P., and Brummendorf, T. H. (2009). Bosutinib: a Dual SRC/ABL Kinase Inhibitor for the Treatment of Chronic Myeloid Leukemia. Expert Rev. Hematol. 2, 489–497. doi:10.1586/ehm.09.42 
 Kennedy, B. J. (1972). Hydroxyurea Therapy in Chronic Myelogenous Leukemia. Cancer 29, 1052–1056. doi:10.1002/1097-0142(197204)29:4<1052:aid-cncr2820290454>3.0.co;2-7 
 Kim, D. H., Sriharsha, L., Xu, W., Kamel-Reid, S., Liu, X., Siminovitch, K., et al. (2009). Clinical Relevance of a Pharmacogenetic Approach Using Multiple Candidate Genes to Predict Response and Resistance to Imatinib Therapy in Chronic Myeloid Leukemia. Clin. Cancer Res. 15, 4750–4758. doi:10.1158/1078-0432.ccr-09-0145 
 Kim, V. N. (2005). MicroRNA Biogenesis: Coordinated Cropping and Dicing. Nat. Rev. Mol. Cel Biol . 6, 376–385. doi:10.1038/nrm1644
 Kitagawa, D., Yokota, K., Gouda, M., Narumi, Y., Ohmoto, H., Nishiwaki, E., et al. (2013). Activity-based Kinase Profiling of Approved Tyrosine Kinase Inhibitors. Genes Cells 18, 110–122. doi:10.1111/gtc.12022 
 Klumper, T., Bruckmueller, H., Diewock, T., Kaehler, M., Haenisch, S., Pott, C., et al. (2020). Expression Differences of miR-142-5p between Treatment-Naive Chronic Myeloid Leukemia Patients Responding and Non-responding to Imatinib Therapy Suggest a Link to Oncogenic ABL2, SRI, cKIT and MCL1 Signaling Pathways Critical for Development of Therapy Resistance. Exp. Hematol. Oncol. 9. doi:10.1186/s40164-020-00183-1
 Kobayashi, S., Canepa, H. M., Bailey, A. S., Nakayama, S., Yamaguchi, N., Goldstein, M. A., et al. (2013). Compound EGFR Mutations and Response to EGFR Tyrosine Kinase Inhibitors. J. Thorac. Oncol. 8, 45–51. doi:10.1097/jto.0b013e3182781e35
 Krützfeldt, J., Poy, M. N., and Stoffel, M. (2006). Strategies to Determine the Biological Function of microRNAs. Nat. Genet. 38 (Suppl. l), S14–S19. doi:10.1038/ng1799 
 Kuehl, P., Zhang, J., Lin, Y., Lamba, J., Assem, M., Schuetz, J., et al. (2001). Sequence Diversity in CYP3A Promoters and Characterization of the Genetic Basis of Polymorphic CYP3A5 Expression. Nat. Genet. 27, 383–391. doi:10.1038/86882 
 Li, W., Zhang, H., Assaraf, Y. G., Zhao, K., Xu, X., Xie, J., et al. (2016). Overcoming ABC Transporter-Mediated Multidrug Resistance: Molecular Mechanisms and Novel Therapeutic Drug Strategies. Drug Resist. Updates 27, 14–29. doi:10.1016/j.drup.2016.05.001
 Litwinska, Z., and Machalinski, B. (2017). miRNAs in Chronic Myeloid Leukemia: Small Molecules, Essential Function. Leuk. Lymphoma 58, 1297–1305.
 Liu, L., Wang, S., Chen, R., Wu, Y., Zhang, B., Huang, S., et al. (2012). Myc Induced miR-144/451 Contributes to the Acquired Imatinib Resistance in Chronic Myelogenous Leukemia Cell K562. Biochem. Biophysical Res. Commun. 425, 368–373. doi:10.1016/j.bbrc.2012.07.098
 Liu, T. C., Lin, S. F., Chen, T. P., and Chang, J. G. (2002). Polymorphism Analysis of CYP3A5 in Myeloid Leukemia. Oncol. Rep. 9, 327–329. 
 Liu, Y., Song, Y., Ma, W., Zheng, W., and Yin, H. (2013). Decreased microRNA-30a Levels Are Associated with Enhanced ABL1 and BCR-ABL1 Expression in Chronic Myeloid Leukemia. Leuk. Res. 37, 349–356. doi:10.1016/j.leukres.2012.12.003 
 Luciano, L., Annunziata, M., Attolico, I., Di Raimondo, F., Maggi, A., Malato, A., et al. (2020). The Multi‐tyrosine Kinase Inhibitor Ponatinib for Chronic Myeloid Leukemia: Real‐world Data. Eur. J. Haematol. 105, 3–15. doi:10.1111/ejh.13408
 Lynch, T. J., Bell, D. W., Sordella, R., Gurubhagavatula, S., Okimoto, R. A., Brannigan, B. W., et al. (2004). Activating Mutations in the Epidermal Growth Factor Receptor Underlying Responsiveness of Non-small-cell Lung Cancer to Gefitinib. N. Engl. J. Med. 350, 2129–2139. doi:10.1056/nejmoa040938
 Machova Polakova, K., Koblihova, J., and Stopka, T. (2013). Role of Epigenetics in Chronic Myeloid Leukemia. Curr. Hematol. Malig Rep. 8, 28–36. doi:10.1007/s11899-012-0152-z 
 Machová Poláková, K., Lopotová, T., Klamová, H., Burda, P., Trněný, M., Stopka, T., et al. (2011). Expression Patterns of microRNAs Associated with CML Phases and Their Disease Related Targets. Mol. Cancer 10, 41. doi:10.1186/1476-4598-10-41 
 Manley, P. W., Drueckes, P., Fendrich, G., Furet, P., Liebetanz, J., Martiny-Baron, G., et al. (2010). Extended Kinase Profile and Properties of the Protein Kinase Inhibitor Nilotinib. Biochim. Biophys. Acta (Bba) - Proteins Proteomics 1804, 445–453. doi:10.1016/j.bbapap.2009.11.008
 Mccubrey, J. A., Steelman, L. S., Abrams, S. L., Bertrand, F. E., Ludwig, D. E., Bäsecke, J., et al. (2008). Targeting Survival Cascades Induced by Activation of Ras/Raf/MEK/ERK, PI3K/PTEN/Akt/mTOR and Jak/STAT Pathways for Effective Leukemia Therapy. Leukemia 22, 708–722. doi:10.1038/leu.2008.27 
 Mcdermott, M., Eustace, A. J., Busschots, S., Breen, L., Crown, J., Clynes, M., et al. (2014). In Vitro Development of Chemotherapy and Targeted Therapy Drug-Resistant Cancer Cell Lines: A Practical Guide with Case Studies. Front. Oncol. 4, 40. doi:10.3389/fonc.2014.00040 
 Milojkovic, D., and Apperley, J. (2009). Mechanisms of Resistance to Imatinib and Second-Generation Tyrosine Inhibitors in Chronic Myeloid Leukemia. Clin. Cancer Res. 15, 7519–7527. doi:10.1158/1078-0432.ccr-09-1068 
 Minciacchi, V. R., Kumar, R., and Krause, D. S. (2021). Chronic Myeloid Leukemia: A Model Disease of the Past, Present and Future. Cells 10, 117. doi:10.3390/cells10010117 
 Mirabelli, P., Coppola, L., and Salvatore, M. (2019). Cancer Cell Lines Are Useful Model Systems for Medical Research, 11. doi:10.3390/cancers11081098Cancers (Basel)
 Mlejnek, P., Dolezel, P., Faber, E., and Kosztyu, P. (2011). Interactions of N-Desmethyl Imatinib, an Active Metabolite of Imatinib, with P-Glycoprotein in Human Leukemia Cells. Ann. Hematol. 90, 837–842. doi:10.1007/s00277-010-1142-7 
 Mohammad, I. S., He, W., and Yin, L. (2018). Understanding of Human ATP Binding Cassette Superfamily and Novel Multidrug Resistance Modulators to Overcome MDR. Biomed. Pharmacother. 100, 335–348. doi:10.1016/j.biopha.2018.02.038 
 Morstyn, G., Sullivan, J., Fairhead, S., Cowling, D., and Hurley, T. (1981). Effect of High Dose Busulphan on Leukaemic Progenitor Cells in Chronic Myeloid Leukaemia. Aust. N. Z. J. Med. 11, 609–614. doi:10.1111/j.1445-5994.1981.tb03534.x
 Nagar, B., Bornmann, W. G., Pellicena, P., Schindler, T., Veach, D. R., Miller, W. T., et al. (2002). Crystal Structures of the Kinase Domain of C-Abl in Complex with the Small Molecule Inhibitors PD173955 and Imatinib (STI-571). Cancer Res. 62, 4236–4243.
 Nies, A. T., Schaeffeler, E., Van Der Kuip, H., Cascorbi, I., Bruhn, O., Kneba, M., et al. (2014). Cellular Uptake of Imatinib into Leukemic Cells Is Independent of Human Organic Cation Transporter 1 (OCT1). Clin. Cancer Res. 20, 985–994. doi:10.1158/1078-0432.ccr-13-1999 
 Nowell, P. C., and Hungerford, D. A. (1960). Chromosome Studies on normal and Leukemic Human Leukocytes. J. Natl. Cancer Inst. 25, 85–109.
 O'brien, S. G., Guilhot, F., Larson, R. A., Gathmann, I., Baccarani, M., Cervantes, F., et al. (2003a). Imatinib Compared with Interferon and Low-Dose Cytarabine for Newly Diagnosed Chronic-phase Chronic Myeloid Leukemia. N. Engl. J. Med. 348, 994–1004. doi:10.1056/nejmoa022457
 O'Brien, S. G., Meinhardt, P., Bond, E., Beck, J., Peng, B., Dutreix, C., et al. (2003b). Effects of Imatinib Mesylate (STI571, Glivec) on the Pharmacokinetics of Simvastatin, a Cytochrome P450 3A4 Substrate, in Patients with Chronic Myeloid Leukaemia. Br. J. Cancer 89, 1855–1859. doi:10.1038/sj.bjc.6601152
 O'Hare, T., Zabriskie, M. S., Eiring, A. M., and Deininger, M. W. (2012). Pushing the Limits of Targeted Therapy in Chronic Myeloid Leukaemia. Nat. Rev. Cancer 12, 513–526. doi:10.1038/nrc3317 
 Osorio, S., Escudero-Vilaplana, V., Gómez-Centurión, I., González-Arias, E., García-González, X., and Díez, J. (2019). Inadequate Response to Imatinib Treatment in Chronic Myeloid Leukemia Due to a Drug Interaction with Phenytoin. J. Oncol. Pharm. Pract. 25, 694–698. doi:10.1177/1078155217743565
 Palmer, A. C., and Sorger, P. K. (2017). Combination Cancer Therapy Can Confer Benefit via Patient-To-Patient Variability without Drug Additivity or Synergy. Cell 171, 1678–1691. doi:10.1016/j.cell.2017.11.009 
 Peng, B., Lloyd, P., and Schran, H. (2005). Clinical Pharmacokinetics of Imatinib. Clin. Pharmacokinet. 44, 879–894. doi:10.2165/00003088-200544090-00001 
 Pernas, S., and Tolaney, S. M. (2019). HER2-positive Breast Cancer: New Therapeutic Frontiers and Overcoming Resistance. Ther. Adv. Med. Oncol. 11, 1758835919833519. doi:10.1177/1758835919833519 
 Poonkuzhali, B., Lamba, J., Strom, S., Sparreboom, A., Thummel, K., Watkins, P., et al. (2008). Association of Breast Cancer Resistance protein/ABCG2 Phenotypes and Novel Promoter and Intron 1 Single Nucleotide Polymorphisms. Drug Metab. Dispos 36, 780–795. doi:10.1124/dmd.107.018366 
 Poveda, A., García del Muro, X., López-Guerrero, J. A., Cubedo, R., Martínez, V., Romero, I., et al. (2017). GEIS Guidelines for Gastrointestinal Sarcomas (GIST). Cancer Treat. Rev. 55, 107–119. doi:10.1016/j.ctrv.2016.11.011 
 Radich, J. P. (2001). Philadelphia Chromosome-Positive Acute Lymphocytic Leukemia. Hematology/Oncology Clin. North America 15, 21–36. doi:10.1016/s0889-8588(05)70198-2
 Reddy, E. P., and Aggarwal, A. K. (2012). The Ins and Outs of Bcr-Abl Inhibition. Genes & Cancer 3, 447–454. doi:10.1177/1947601912462126
 Remsing Rix, L. L., Rix, U., Colinge, J., Hantschel, O., Bennett, K. L., Stranzl, T., et al. (2009). Global Target Profile of the Kinase Inhibitor Bosutinib in Primary Chronic Myeloid Leukemia Cells. Leukemia 23, 477–485. doi:10.1038/leu.2008.334 
 Rinaldetti, S., Pfirrmann, M., Manz, K., Guilhot, J., Dietz, C., Panagiotidis, P., et al. (2018). Effect of ABCG2 , OCT1 , and ABCB1 ( MDR1 ) Gene Expression on Treatment-free Remission in a EURO-SKI Subtrial. Clin. Lymphoma Myeloma Leuk. 18, 266–271. doi:10.1016/j.clml.2018.02.004 
 Rosti, G., Castagnetti, F., Gugliotta, G., and Baccarani, M. (2017). Tyrosine Kinase Inhibitors in Chronic Myeloid Leukaemia: Which, when, for Whom?Nat. Rev. Clin. Oncol. 14, 141–154. doi:10.1038/nrclinonc.2016.139 
 Rosti, G., Palandri, F., Castagnetti, F., Breccia, M., Levato, L., Gugliotta, G., et al. (2009). Nilotinib for the Frontline Treatment of Ph+ Chronic Myeloid Leukemia. Blood 114, 4933–4938. doi:10.1182/blood-2009-07-232595 
 Rowley, J. D. (1973). A New Consistent Chromosomal Abnormality in Chronic Myelogenous Leukaemia Identified by Quinacrine Fluorescence and Giemsa Staining. Nature 243, 290–293. doi:10.1038/243290a0 
 Rumjanek, V. M., Vidal, R. S., and Maia, R. C. (2013). Multidrug Resistance in Chronic Myeloid Leukaemia: How Much Can We Learn from MDR-CML Cell Lines?Biosci. Rep. 33. doi:10.1042/bsr20130067
 Saiz-Rodriguez, M., Almenara, S., Navares-Gomez, M., Ochoa, D., Roman, M., Zubiaur, P., et al. (2020). Effect of the Most Relevant CYP3A4 and CYP3A5 Polymorphisms on the Pharmacokinetic Parameters of 10 CYP3A Substrates. Biomedicines 8. doi:10.3390/biomedicines8040094 
 San José-Enériz, E., Román-Gómez, J., Jiménez-Velasco, A., Garate, L., Martin, V., Cordeu, L., et al. (2009). MicroRNA Expression Profiling in Imatinib-Resistant Chronic Myeloid Leukemia Patients without Clinically Significant ABL1-Mutations. Mol. Cancer 8, 69. doi:10.1186/1476-4598-8-69 
 Sandberg, R., and Ernberg, I. (2005). Assessment of Tumor Characteristic Gene Expression in Cell Lines Using a Tissue Similarity index (TSI). Proc. Natl. Acad. Sci. 102, 2052–2057. doi:10.1073/pnas.0408105102
 Scharenberg, C. W., Harkey, M. A., and Torok-Storb, B. (2002). The ABCG2 Transporter Is an Efficient Hoechst 33342 Efflux Pump and Is Preferentially Expressed by Immature Human Hematopoietic Progenitors. Blood 99, 507–512. doi:10.1182/blood.v99.2.507 
 Scheffler, M., Di Gion, P., Doroshyenko, O., Wolf, J., and Fuhr, U. (2011). Clinical Pharmacokinetics of Tyrosine Kinase Inhibitors. Clin. Pharmacokinet. 50, 371–403. doi:10.2165/11587020-000000000-00000 
 Schoepfer, J., Jahnke, W., Berellini, G., Buonamici, S., Cotesta, S., Cowan-Jacob, S. W., et al. (2018). Discovery of Asciminib (ABL001), an Allosteric Inhibitor of the Tyrosine Kinase Activity of BCR-ABL1. J. Med. Chem. 61, 8120–8135. doi:10.1021/acs.jmedchem.8b01040
 Shibuta, T., Honda, E., Shiotsu, H., Tanaka, Y., Vellasamy, S., Shiratsuchi, M., et al. (2013). Imatinib Induces Demethylation of miR-203 Gene: an Epigenetic Mechanism of Anti-tumor Effect of Imatinib. Leuk. Res. 37, 1278–1286. doi:10.1016/j.leukres.2013.07.019 
 Skoglund, K., Boiso Moreno, S., Baytar, M., Jönsson, J. I., and Gréen, H. (2013). ABCB1 Haplotypes Do Not Influence Transport or Efficacy of Tyrosine Kinase Inhibitors In Vitro. Pgpm 6, 63–72. doi:10.2147/pgpm.s45522 
 Skoglund, K., Boiso Moreno, S., Jönsson, J.-I., Vikingsson, S., Carlsson, B., and Gréen, H. (2014). Single-nucleotide Polymorphisms of ABCG2 Increase the Efficacy of Tyrosine Kinase Inhibitors in the K562 Chronic Myeloid Leukemia Cell Line. Pharmacogenet Genomics 24, 52–61. doi:10.1097/fpc.0000000000000022 
 Soverini, S., Bassan, R., and Lion, T. (2019). Treatment and Monitoring of Philadelphia Chromosome-Positive Leukemia Patients: Recent Advances and Remaining Challenges. J. Hematol. Oncol. 12, 39. doi:10.1186/s13045-019-0729-2
 Soverini, S., De Benedittis, C., Papayannidis, C., Paolini, S., Venturi, C., Iacobucci, I., et al. (2014). Drug Resistance and BCR-ABL Kinase Domain Mutations in Philadelphia Chromosome-Positive Acute Lymphoblastic Leukemia from the Imatinib to the Second-Generation Tyrosine Kinase Inhibitor Era: The Main Changes Are in the Type of Mutations, but Not in the Fr. Cancer 120, 1002–1009. doi:10.1002/cncr.28522 
 Steegmann, J. L., Baccarani, M., Breccia, M., Casado, L. F., García-Gutiérrez, V., Hochhaus, A., et al. (2016). European LeukemiaNet Recommendations for the Management and Avoidance of Adverse Events of Treatment in Chronic Myeloid Leukaemia. Leukemia 30, 1648–1671. doi:10.1038/leu.2016.104 
 Swain, S. M., Baselga, J., Kim, S.-B., Ro, J., Semiglazov, V., Campone, M., et al. (2015). Pertuzumab, Trastuzumab, and Docetaxel in HER2-Positive Metastatic Breast Cancer. N. Engl. J. Med. 372, 724–734. doi:10.1056/nejmoa1413513
 Takahashi, N., Miura, M., Scott, S. A., Kagaya, H., Kameoka, Y., Tagawa, H., et al. (2010). Influence of CYP3A5 and Drug Transporter Polymorphisms on Imatinib Trough Concentration and Clinical Response Among Patients with Chronic Phase Chronic Myeloid Leukemia. J. Hum. Genet. 55, 731–737. doi:10.1038/jhg.2010.98
 Talpaz, M., Kantarjian, H., Mccredie, K., Keating, M., Trujillo, J., and Gutterman, J. (1987). Clinical Investigation of Human Alpha Interferon in Chronic Myelogenous Leukemia. Blood 69, 1280–1288. doi:10.1182/blood.v69.5.1280.1280 
 Tian, X., Zhang, H., Heimbach, T., He, H., Buchbinder, A., Aghoghovbia, M., et al. (2018). Clinical Pharmacokinetic and Pharmacodynamic Overview of Nilotinib, a Selective Tyrosine Kinase Inhibitor. J. Clin. Pharmacol. 58, 1533–1540. doi:10.1002/jcph.1312
 To, K. K. W., Zhan, Z., Litman, T., and Bates, S. E. (2008). Regulation of ABCG2 Expression at the 3′ Untranslated Region of its mRNA through Modulation of Transcript Stability and Protein Translation by a Putative MicroRNA in the S1 Colon Cancer Cell Line. Mol. Cel Biol . 28, 5147–5161. doi:10.1128/mcb.00331-08
 Turrini, E., Haenisch, S., Laechelt, S., Diewock, T., Bruhn, O., and Cascorbi, I. (2012). MicroRNA Profiling in K-562 Cells under Imatinib Treatment. Pharmacogenet Genomics 22, 198–205. doi:10.1097/fpc.0b013e328350012b 
 Valent, P., Orazi, A., Savona, M. R., Patnaik, M. M., Onida, F., Van De Loosdrecht, A. A., et al. (2019). Proposed Diagnostic Criteria for Classical Chronic Myelomonocytic Leukemia (CMML), CMML Variants and Pre-CMML Conditions. Haematologica 104, 1935–1949. doi:10.3324/haematol.2019.222059 
 Wang, J. L., Liu, H. J., Li, F., Yang, W. Y., Wang, J. M., Tan, S. F., et al. (2015). Multidrug Resistance Gene (MDR1) Polymorphisms May Not Be Directly Associated with Response to Imatinib in Chronic Myeloid Leukemia. Genet. Mol. Res. 14, 14967–14978. doi:10.4238/2015.november.24.4 
 Watkins, D. B., Hughes, T. P., and White, D. L. (2015). OCT1 and Imatinib Transport in CML: Is it Clinically Relevant?Leukemia 29, 1960–1969. doi:10.1038/leu.2015.170 
 Werk, A. N., and Cascorbi, I. (2014). Functional Gene Variants of CYP3A4. Clin. Pharmacol. Ther. 96, 340–348. doi:10.1038/clpt.2014.129 
 White, D. L., Saunders, V. A., Dang, P., Engler, J., Zannettino, A. C. W., Cambareri, A. C., et al. (2006). OCT-1-mediated Influx Is a Key Determinant of the Intracellular Uptake of Imatinib but Not Nilotinib (AMN107): Reduced OCT-1 Activity Is the Cause of Low In Vitro Sensitivity to Imatinib. Blood 108, 697–704. doi:10.1182/blood-2005-11-4687 
 Williams, J. A., Ring, B. J., Cantrell, V. E., Jones, D. R., Eckstein, J., Ruterbories, K., et al. (2002). Comparative Metabolic Capabilities of CYP3A4, CYP3A5, and CYP3A7. Drug Metab. Dispos 30, 883–891. doi:10.1124/dmd.30.8.883 
 Zabriskie, M. S., Eide, C. A., Tantravahi, S. K., Vellore, N. A., Estrada, J., Nicolini, F. E., et al. (2014). BCR-ABL1 Compound Mutations Combining Key Kinase Domain Positions Confer Clinical Resistance to Ponatinib in Ph Chromosome-Positive Leukemia. Cancer Cell 26, 428–442. doi:10.1016/j.ccr.2014.07.006 
 Zhang, Z., Yang, S., and Wang, Q. (2019). Impact of MET Alterations on Targeted Therapy with EGFR-Tyrosine Kinase Inhibitors for EGFR-Mutant Lung Cancer. Biomark Res. 7, 27. doi:10.1186/s40364-019-0179-6 
 Zheng, T., Wang, J., Chen, X., and Liu, L. (2010). Role of microRNA in Anticancer Drug Resistance. Int. J. Cancer 126, 2–10. doi:10.1002/ijc.24782
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Kaehler and Cascorbi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-696960-t002.jpg
Protein mutation

BCR-ABL1
316l
T315M
G250E
Y253H
H396R

Localisation
in the protein

ATP binding pocket
ATP binding pocket
P-loop

P-loop

Activation loop

Consequence on structure,
TKI binding

Loss of binding of imatinib, nilotinib, dasatinib, bosutinib
Second step mutation, loss of function of ponatinib
Failure of imatinib, nilotinib, bosutinib

Failure of imatinib, nilotinib

Failure of imatinib

Adapted from Hochhaus et al., 2020; de Lavallade et al., 2016: Soverini et al., 2014; Zabriskie et al., 2014.

Clinical options

Switch to ponatinio

No treatment option, asciminib?

Use of dasatinib or ponatinib

Switch to dasatinib, bosutinib or ponatinib
Switch to second generation TKis





OPS/images/fphar-12-696960-t003.jpg
Pharmacogenetic variant

Cytochrome P450 enzymes.
CYP3A420
cyPaAa22
CYP3AS'3
CYP3A5'6
CYP3AS'T

cypacs'2
Drug transportersOCT!

181C> T

480C > G

1022C > T

1222 > G

1260-1262delGAT
ABCB1

1199G > AT

1236C > T

2677G > T/A

3435C > T

ABCG2
34G > A
421C> A
-15,622C > T

Adapted from Werk and Cascorbi, 2014: White et al., 2006: Watkins et al., 2015: Bruckmueller and Cascorbi, 202

Rs-number

rs67666821
rs36599367
776746

rs10264272
rs41303343

11572103

rs1208357
rs683369
rs2282143
rs628031
rs72552763

rs2229109

rs1128503

rs2032682

rs1045642

rs2231137
rs2231142
rs7699188

Consequence

Truncated protein
Intronic SNP, G > T

Cryptic spiice site with premature stop codon, A > G

Synonymous, G > A
Insertion, frameshift mutation

Missense, T > A

R61C
L160F
P341L
M408V
M420del

$400 NL
Synonymous

AB93 S/T

Synonymous

viaMm
Q141K
Low expression of BORP

Jlack of evidence.

Evidence

Unclear, contradictory data
Decrease in imatinib trough
concentration?

Increase in imatinib trough level?

Relevance unclear
Increased imatinib response?,
no association to nilotinib,
dasatinib, ponatinib
Increased imatinib response?,
no association to nilotinib,
dasatinib, ponatinib
Increased imatinib response?,
no association to nilotinib,
dasatinib, ponatinib

Improved response to imatinib?
Confiicting data
Unclear?





OPS/xhtml/nav.xhtml
Contents

		Cover

		Pharmacogenomics of Impaired Tyrosine Kinase Inhibitor Response: Lessons Learned From Chronic Myelogenous Leukemia		Introduction		Role Model of Successful TKI-Based Anti-cancer Therapy: Chronic Myelogenous Leukemia

		Tyrosine Kinase Inhibitors in CML: Indications, Side Effects and Treatment Limitations

		Genomics of Therapy Resistances: BCR-ABL1-Mutations

		Genomics of Therapy Resistances: BCR-ABL1-independent Mechanisms

		Impact of Drug Metabolism: CYP3A4/CYP3A5

		Impact of Drug Transporters

		OCT1

		ABC Transporters

		ABCB1

		ABCG2

		Epigenetics and microRNAs

		Alternative Mechanisms of Resistance

		How to Analyze Genomics of Drug Resistance: In Vitro-Models





		Discussion

		Author Contributions

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Pharmacogenomics of Impaired
Tyrosine Kinase Inhibitor
Response: Lessons Learned
From Chronic Myelogenous
_eukemia






OPS/images/fphar-12-696960-g001.gif





OPS/images/fphar-12-696960-t001.jpg
Tyrosine kinase Therapeutic target CYP3A4/5 oCT1 ABCB1 ABCG2
inhibitor

Imatinio BCR-ABL1 PDGFRB c-KIT + ? + +
Nilotinib BCR-ABL1 PDGFRp c-KIT CSF-1R DDR * ? * +
Dasatinib Multi kinase inhibitor BCR-ABL1 src family PDGFRB ¢-KIT + ? + +
Bosutinib Dual BCR-ABL1/Src inhibitor + ? ™

Ponatinib BCR-ABL1 T3151 + ? + +

Adapted from Deng et al. 2014. +: strong evidence, substrate or inhibitor

‘evidence unclear.









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





