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Abstract

:

The introduction of imatinib (IM), a BCR-ABL1 tyrosine kinase inhibitor (TKI), has represented a significant advance in the first-line treatment of chronic myeloid leukemia (CML). However, approximately 30% of patients need to discontinue IM due to resistance or intolerance to this drug. Both resistance and intolerance have also been observed in treatment with the second-generation TKIs—dasatinib, nilotinib, and bosutinib—and the third-generation TKI—ponatinib. The mechanisms of resistance to TKIs may be BCR-ABL1-dependent and/or BCR-ABL1-independent. Although the role of efflux pump P-glycoprotein (Pgp), codified by the ABCB1 gene, is unquestionable in drug resistance of many neoplasms, a longstanding question exists about whether Pgp has a firm implication in TKI resistance in the clinical scenario. The goal of this review is to offer an overview of ABCB1/Pgp expression/activity/polymorphisms in CML. Understanding how interactions, associations, or cooperation between Pgp and other molecules—such as inhibitor apoptosis proteins, microRNAs, or microvesicles—impact IM resistance risk may be critical in evaluating the response to TKIs in CML patients. In addition, new non-TKI compounds may be necessary in order to overcome the resistance mediated by Pgp in CML.
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1. Introduction


Chronic myeloid leukemia (CML) is a form of hematopoietic stem cell disease characterized by the presence of the oncogene BCR-ABL, which is created by the fusion of BCR and ABL genes and results in a constitutively active BCR-ABL tyrosine kinase protein [1]. This protein stimulates a number of cell survival signaling pathways, such as the PI3K/AKT/mTOR and RAS/RAF/MEK/ERK pathways, resulting in uncontrolled proliferation and apoptosis inhibition [2,3].



Imatinib mesylate (IM), described by Druker et al. [4], was the first tyrosine kinase inhibitor (TKI) approved for CML treatment in the USA by the Food and Drug Administration (FDA) in 2001 [5]. IM is widely used around the world as first-line treatment for CML patients. However, 30% to 40% of CML patients exhibit disease progression, relapse, and/or intolerance to IM [6,7]. More potent second-generation TKIs—such as dasatinib, nilotinib, bosutinib, and ponatinib [8,9,10,11]—do not overcome resistance or side effects [12,13] in all patients.



The quantification of BCR-ABL1 transcript levels by quantitative real-time PCR (qRT-PCR) remains the most sensitive method for analyzing clinical response to TKIs. Based on the IRIS study [14], major molecular response (MMR) is defined as a ≤0.1% 3 log reduction in the BCR-ABL1 transcript according to the international standard (IS) [15], and complete molecular response (CMR) as a reduction of 4.5 log according to the IS: <0.0032%. The term “CMR” was recently substituted by the term “molecularly undetectable leukemia” [16].



In the last 15 years, IM treatment has had a great impact on the efficacy and survival of CML patients. At a 12-month time point and with respect to long-term outcome [15], MMR rates were improved with IM as compared to the combination of interferon-alpha and cytosine arabinoside which was used prior to the IM era [17]. Castagnetti et al. [18] confirmed the prognostic value of MMR 12 months after IM treatment. MMR rates at 12 months were 49%, and six-year overall survival (OS) was 89%. Also, Hughes et al. [19] demonstrated that MMR at 12 months was predictive of a low risk of disease progression. Another work showed progression-free-survival of 82% and OS of 84% [20].



Occurrence of BCR-ABL1 mutations is considered the most frequent cause of unfavorable clinical TKI response [6,21]. Among the mutations, the threonine-to-isoleucine substitution at residue 315 (the T315I mutation) confers a high level of resistance, not only to IM but also to dasatinib, nilotinib, and bosutinib. Only ponatinib is capable of being effective in patients with this specific mutation [12]. In this situation, treatment with ponatinib, despite the risk of a thrombotic event, should be considered [22]. In a recent work, the T315I mutation was found in approximately 16% of patients in any phase of CML [23]. Other studies found mutations in approximately 40% of patients resistant to IM in any phase of this disease [24]. In fact, many other factors are implicated in IM resistance, such as BCR-ABL1 amplification and/or overexpression and intolerance or lack of adherence to IM [25].



Both BCR-ABL-dependent and -independent mechanisms of resistance have been described [26]. Among the independent mechanisms, the bone marrow environment and quiescent CML stem cells have been considered protective factors for CML cells against the effects of TKIs [27,28]. In addition, efflux membrane transporters, which are mechanisms involved in the multidrug resistance (MDR) phenotype [29] have been exhaustively studied in diverse neoplasms and are also related to CML treatment failure [30]. The efflux proteins belonging to the ATP-binding cassette (ABC) superfamily are represented by 49 genes, and some ABC members are associated with cancer and other diseases [31]. Several members of the ABCB, ABCG, ABCA, and ABCC subfamilies are related to cancer [32]. The ABCB1/pump P-glycoprotein (Pgp) was first described by Juliano and Ling [33] as a 170-kDa cell surface glycoprotein which showed a membrane permeability barrier ‘function’in drug-resistant cells. Currently, much is known about Pgp drug efflux function. Pgp pumps out a wide range of substrates across the cell membrane and its pump activity is closely related to MDR [30]. Studies have shown that MDR proteins, mainly Pgp, play an important role in drug efflux, including that of TKIs [34]. Additionally, some studies have demonstrated that Pgp is associated with cell survival and apoptotic pathways [35]. Notwithstanding, 40 years after the discovery of Pgp [33], there is still no solid confirmation regarding the role of ABCB1/Pgp in CML patients. Also, ABCB1/Pgp expression and activity need to be more fully evaluated with respect to TKI resistance in CML patients. As a result, we believe it is important to review the pre-clinical approaches involving ABCB1/Pgp expression, activity, and single nucleotide polymorphisms (SNPs) in CML to better understand the role of this protein in the MDR phenotype in the clinical setting.




2. Clinical Relevance of ABCB1/Pgp Expression and Activity in CML Patients


Studies using samples from CML patients could be very relevant, because they allow the possibility of comparing the results obtained in in vitro with clinical treatment response. Furthermore, Pgp expression and/or activity as well as ABCB1 mRNA have been detected in CML samples from patients in studies conducted by diverse groups.



2.1. ABCB1/Pgp Expression/Activity in Different CML Phases/Stages


The Pgp efflux transport activity and expression have been analyzed in samples of patients at various phases of CML to understand the Pgp contribution in TKI resistance.



Fifteen years ago, Carter et al. [36] employed tetramethylrosamine (TMR), a dye used for functional assay of MDR. MDR activity was analyzed by uptake/retention of TMR with no addition of modulatory agents. They analyzed 34 samples from CML patients and 39 samples from healthy individuals. Cells from patients in the accelerate phase (AP) retained less TMR than cells from patients in the chronic phase (CP), and peripheral blood mononuclear cells (PBMC) from healthy individuals. The authors found no association between the energy-dependent efflux of TMR or Rhodamine-123 (Rho-123; another fluorochrome for MDR activity) and ABCB1 mRNA levels. Both PBMC and CML cells exhibited variable ABCB1 mRNA levels with no detectable difference between the samples.



In different Brazilian cohorts using CML patient samples, the fluorochrome Rho-123 was used in association with the modulator cyclosporine A (CSA) to evaluate the MDR activity by flow cytometry. In 2007, Vasconcelos and colleagues analyzed the MDR activity in 62 CML samples from 45 CP, 7 AP, and 10 blast phase (BP) patients [37]. The choice of a cut-off for positivity was based on Pgp-positive and Pgp-negative CML cell lines. The number of positive patient samples was similar among the CP, AP, and BP of CML. In 2011, the same group analyzed a larger number of samples from patients in advanced phases of CML (12 AP and 48 BP) and found similar results [38]. Additionally, another strategy to analyze the results was employed. The positive samples were divided into high or low MDR activity using arbitrary cut-off. This time, the majority of samples with high MDR activity were in the BP; this is in accordance with Carter’s results [36]. Even when samples were analyzed without an established cut-off, the advanced stages of CML exhibited higher levels of MDR activity, as described in Vasconcelos et al. in 2013 [39]. Samples from 13 CML patients in advanced phases exhibited higher levels of MDR activity when compared to those of the 42 CP patients (p = 0.0318) [39]. One possible explanation for the higher MDR activity could be prior treatment, including IM, in the BP group, since it is well known that diverse drugs may induce Pgp expression/activity. Another important question is to determine if Pgp protein expression could be associated with IM resistance, independently of its activity. Cells from untreated 55 CP CML patients had higher Pgp protein levels (detected with monoclonal antibody by flow cytometry) than 13 patient cells of advanced phases (p = 0.0022) [39]. Additionally, Pgp expression levels were not associated with MDR activity independent of the method applied [37,38,39]. This raises the question as to whether the dissociation observed between Pgp activity and Pgp expression could be influenced by polymorphisms, as was previously observed by Vivona et al. [40].



The differences observed in different articles could be explained by the methodology chosen to analyze the results (Table 1). Besides this, it is important to take into account the complexity of different factors which may interfere with ABCB1/Pgp expression/activity levels. These factors may be microRNAs or polymorphisms, which will be mentioned later.




2.2. ABCB1/Pgp and CML Patient Response to TKI


By analyzing Pgp activity in CML samples from different subgroups (treatment failure and treatment response to IM), Park et al. [41] revealed no differences among subgroups, or between PBMCs (from healthy individuals) and the patient groups (p = 0.769). However, they found significantly higher Pgp expression in the subgroup showing IM failure (p = 0.031).



In another study, Vasconcelos et al. [39] analyzed 55 CML samples in vitro. After IM incubation, they defined resistant or sensitive CML samples regarding to BCR-ABL protein activity inhibition by IM. The authors also observed lower Pgp activity in IM-sensitive than IM-resistant samples (p = 0.0255) and in healthy PBMC (p = 0.0034). However, no difference was observed between IM-resistant and PBMC samples (p = 0.9109). The analysis of Pgp protein expression (using monoclonal antibody by flow cytometry) was not predictive of resistance or sensitivity in CML samples incubated in vitro with IM. The IM-resistant and -sensitive patient samples showed the same levels of Pgp expression (p = 0.2413) [39]. In conclusion, this work demonstrated that Pgp expression levels were not associated with in vitro IM resistance.



Another question is related to the impact of Pgp protein expression in CML patients after receiving treatment. Studies have shown that Pgp expression might arise spontaneously or might be induced by drugs [48]. Our group analyzed Pgp expression in 47 patient samples in different time points of disease progression. The results showed that independent of CML phase, Pgp expression levels were increased during progression of disease. Additionally, in vitro data showed that IM induced an increase of Pgp protein and mRNA levels in MDR CML cell line. Together, these data support that IM might contribute to MDR phenotype in CML [38].



Besides Pgp expression/activity, many authors analyzed ABCB1 mRNA levels to observe some relationship with clinical response to TKIs. Razga et al. [43] investigated the predictive value of ABCB1 mRNA levels in samples from 30 CML patients with respect to the response to IM treatment. They did not find a statistically significant relationship between ABCB1 mRNA levels and IM response at 6 and 12 months. In line with these findings, Malhotra et al. [44] observed that 44 out of 63 CML patients achieved CMR or MMR, by BCR-ABL quantification. Both CMR and MMR patients were included in the responder category. The ABCB1 expression levels were analyzed and there was no difference between responder or non-responder patients. However, our group observed low ABCB1 mRNA levels in patients that achieved MMR at 12 months from the start of IM treatment [45]. In contrast, non-responder patients had the highest ABCB1 levels. There was no difference with respect to eight-year OS in responder and non-responder patients, suggesting that other factors are important for long-term OS.



Agrawal et al. [46] verified high ABCB1 gene expression levels after 24 months of IM treatment. There was a significant association between these high ABCB1 levels and MMR. Interestingly, patients presenting high ABCB1 levels, analyzed at the time of IM resistance, demonstrated a response to nilotinib given as a second-line treatment.



Eaddie et al. [47] analyzed 155 CML patients at day 22 post-IM therapy, and observed that samples with high ABCB1 mRNA levels showed undesirable responses compared to samples with low ABCB1 mRNA levels. The increase of ABCB1 was predictive of reduced early molecular response at 3 months and reduced MMR at 12 months. In contrast to Agrawal et al. [46], Eaddie et al. [47] demonstrated that a group of IM non-responder patients presenting high ABCB1 mRNA also failed to respond to subsequent treatment with nilotinib using the Tidell II protocol [49]. This study indicates that early monitoring using ABCB1 mRNA levels may represent an accessible marker for predicting early response or resistance to IM and nilotinib, which are both Pgp substrates [50,51].



The different methodologies for Pgp analysis may explain the divergence among the authors in explain their results. In addition, the different analysis of protein, mRNA, and activity of Pgp may contribute tothis complexity. Besides, Pgp alterations, such as polymorphisms and epigenetic changes will be discussed below.





3. ABCB1 Polymorphisms (SNPs) in Chronic Myeloid Leukemia Patients


Pgp belongs to the ATP binding cassette (ABC) family and is encoded by the ABCB1 gene located in the 7q21.1 chromosome. The highly polymorphic ABCB1 gene has 28 exons that encode a 170-KDa transmembrane protein. Fifty SNPs have been described in the coding region [52]. The most common SNPs are in exon 12 (1236C > T), exon 26 (3435C > T), and exon 21 (2677G > T/A) [53]. These three variants are reported to be in linkage disequilibrium [54,55]. The impact of ABCB1 SNPs on pharmacokinetics has not been elucidated yet. Since IM interacts with Pgp as a substrate or modulator [56], SNPs might have an influence in the IM response of CML cells. However, there is no consensus about the role of this and other SNPs in the clinical setting, as discussed below.



3.1. SNPs at Position 1236


The first study to demonstrate the association between ABCB1 SNPs and response to standard dose of IM in CML patient samples was published in 2008 by Dulucq et al. [54]. They analyzed 90 patient samples from a French population in CP or AP, after receiving 400 mg of IM (standard dose) daily for 12 months. They described that most patients who achieved MMR were homozygous for the 1236T allele. However, in a posterior study the same authors reported contradictory results. They analyzed the same SNPs in a larger multicenter study with 557 patients. At this time, the 1236T allele had no impact on the achievement of MMR [57]. The same picture was observed in a study of 118 Brazillians with CP CML by Vivona et al. [53]. On analyzing samples from 52 Asian CP CML patients, Ni et al. [58] found that the 1236T allele was associated with resistance to IM. In a study of 46 Dutch CP CML patients, the C allele at the same position (1236) was associated with MMR in patients using high doses of IM [59]. On the other hand, on analyzing 215 Malaysian CML patients, it was found that homozygous 1236C was significantly associated with the occurrence of resistance [60].




3.2. SNPs at Position 3435


The homozygous T allele at position 3435 in a population of 46 Dutch CP CML patients reduced the probability of MMR [59]. Similar data was observed in 52 Chinese CP CML patients harboring the 3435TT/CT genotype. They showed a higher resistance rate than those with the CC genotype [58]. In contrast, some (not statistically significant) data suggested higher frequencies of MMR related to 3435TT in a Nigerian cohort with 110 CP CML patients [61]. More contradictory observations were found with genotype 3435CC. In 65 Caucasian CP CML patients, the homozygous C allele was predictive of primary failure to IM [62] while in a mixed population of 189 patients (156 Caucasians, 23 Asians, and 10 non-Asians and non-whites) there was a high rate of CMR [63].




3.3. SNPs at Position 2677


The relevance of the 2677 genotype has been addressed in different populations of CML patients. The association with IM response has been found in some studies. Ni et al. [58] showed that achievement of complete cytogenetic response (CCR) was associated with the 2677A allele in 52 Asian CP CML patients. The allele 2677TT was commonly associated with response to IM. However, the data are contradictory. In an Egyptian population of 100 patients in the CP of CML this allele was associated with a slightly but not significantly higher optimal response [64]. In another Egyptian study, the homozygous 2677T was associated with better molecular response in a population of 66 CP, 18 AP, and 12 BP patient samples [65]. The presence of the T allele protected Caucasian patients from primary failure to IM (total sample number 65 CML patients in CP) [62]. However, adverse effects of the homozygous T allele in positions 2677 and 3435 were associated with a lower probability of achieving MMR and CMR in a cohort of 46 Dutch CP CML patients treated with high doses of IM [59]. Regarding the 2677GT allele, it was an independent risk factor for failure in Egyptian patients in different phases of CML [65]. In a cohort of 215 Malaysian CML patients, a better CCR and a significantly lower molecular response were observed for patients with 2677G > T/A SNPs [60]. Interestingly, the 2677G allele was associated with MMR in patients that received IM 400 mg and cytosine arabinoside in a total cohort of 557 patients [57]. However, the absence of association between ABCB1 SNPs and response to IM was found in a different population [66,67,68].




3.4. Haplotypes


Vivona et al. [40] divided 28 CP CML patients treated with standard doses of IM into two groups according to the presence of wild-type or mutated haplotypes. The wild-type alleles (1236C/3435C/2677G) had higher Pgp activity and failed to achieve MMR. These data may explain the findings described before by Vasconcelos et al. [39] and Park et al. [41]. These authors had also shown the similarity between Pgp activity levels in CML cells and healthy individual cells as being indicative of poorer IM response. Different SNPs cause different impacts on Pgp activity or expression. Both 1236C > T and 3435C > T are synonymous SNPs, while in 2677G > T/Aa substitution of alanine by serine (2677T) or threonine (2677A) occurs [69]. Therefore, the 1236T > C and 3435C > T SNPs should not interfere with Pgp activity. However, the SNP 3435C > T was associated with reduced ABCB1 expression, leading to reduced Pgp activity [52,70,71]. Wang et al. demonstrated the influence of this SNP on ABCB1 mRNA stability. When cells were transfected with this SNP, there were significantly lower transcripts in the 3435T homozygotes as compared to the 3435C homozygotes [55].




3.5. Susceptibility to the Development of Leukemia and ABCB1 SNPs


Susceptibility to the development of leukemia has been associated with the 3435T and 2677TT alleles, as observed by Penna et al. [72], although no association was found by Goreva et al. [73] or Jamroziak et al. [74]. Regarding CML, Yaya et al. [75], studied the genotypes 1236C > T, 2677G > T and 3435C > T in 89 patient samples using 99 healthy individual samples as controls. They found that some ABCB1 genotypes had an influence on the susceptibility to CML. The 1236TT genotype was associated with susceptibility, while 3435CT was associated with reduced risk and the 2677GT had a protective effect on susceptibility to CML. The analysis of the combination of haplotypes showed no effect on the susceptibility to CML, but 1236CT/3435CC and 1236CC/2677GT showed a protective effect [75]. Contradictory results were obtained by Vivona et al. [53] who found no association between C1236T, C3435T, and G2677T/A SNPs and the risk of developing CML.




3.6. Impact of ABCB1 SNPs on Pharmacokinetics


As mentioned before, some patients interrupt TKI treatment because of poor tolerability or treatment failure [6,7]. The impact of ABCB1 SNPs on pharmacokinetics has not been elucidated yet. Gurney et al. reported that the presence of a homozygous genotype for the T nucleotide at 1236C > T, 2677G > T/A, and 3435C > T showed higher steady-state IM clearance when compared to the CC or GG genotypes, and required fewer dose reductions [76]. Dulucq et al. have shown that higher concentrations of IM correlated with the homozygous 1236T allele and MMR after 12 months of treatment with IM [54]. In a Nigerian population, Adeagbo et al. [61] reported that the C3435T genotype was associated with higher concentrations of IM. In a Caucasian population, Galeotti et al. [77] found the same SNP as being predictive of IM efficacy and toxicity.



Together, the differences observed between the frequencies of the alleles and the limited number of samples in some studies can explain the contradictory findings in the literature.





4. Interactions between ABCB1/Pgp and TKIs in CML Cells


The MDR phenotype, via Pgp overexpression, can intrinsically occur in cancer cells or it can be acquired over the course of chemotherapy [78]. Pgp and, consequently, MDR, can also be transferred through cellular microvesicles, but this will be discussed further later [79,80]. Regarding drug-induced Pgp expression, cell lines represent biologically relevant models to study MDR. Basically, the parental cell line is exposed to increasing drug concentrations and the small survival population may represent the resistant population [81].



In CML cell lines, extensive studies have shown upregulation of Pgp in the presence of chemotherapeutic drugs with different structures and mechanisms of action. Our group developed two resistant CML cell lines derived from K562. The K562-Lucena 1 (refered as Lucena) cell line was established using vincristine, and the FEPS cell line was generated using daunorubicin [82,83]. These cell lines are also highly resistant to IM [83]. While Pgp overexpression is the main mechanism studied in acquired drug resistance, many other changes in the gene profile can also contribute to MDR. Specifically, Moreira et al. [84] performed a microarray analysis using the K562, Lucena, and FEPS cell lines. The results showed a total of 130 genes differentially expressed between K562 vs. Lucena, and a total of 932 genes differentially expressed between K562 vs. FEPS. The gene ontology analysis showed that these MDR cell lines display genes related to cell cycle, cell death, cell morphology, cellular development, cellular growth, and proliferation. Usually, resistant K562 cell lines show a large spectrum of drug resistance, and several studies have focused on an IM CML drug-resistant cell line. The first association of IM with Pgp was described by Mahon et al. [85]. They established different CML cell lines resistant to IM. However, the authors observed Pgp overexpression in only one IM-resistant cell line. The induction of Pgp expression and the modulation of its resistance by verapamil (inhibitor of Pgp efflux activity) characterized IM as a substrate for Pgp.



Alves et al. [86] created an in vitro model which mimics the poor adherence to IM observed in patients. For these purposes, the authors established and characterized two IM-resistant cell lines derived from K562 parental cells. The K562-RC was generated by continuous exposure of IM, while K562-RD was developed based on discontinuous exposure to IM with cycles of 10 days. Both resistant cell lines showed similar levels of Pgp, and its inhibition induced a decrease of IM IC50. Furthermore, only the K562-RD cells presented overexpression of BCR-ABL. The results obtained in the K562-RD cell line may mimic the consequence of IM treatment interruption in patients.



Some reports have shown that expression of Pgp was associated with resistance to other TKIs like nilotinib [87], dasatinib [88], and bosutinib [89]. Additionally, Peng et al. [90] established an IM-resistant cell line derived from K562 cells, which exhibited ABCB1/Pgp overexpression and cross-resistance to nilotinib, dasatinib, and bosutinib. Moreover, there is some evidence that IM, nilotinib, and dasatinib are Pgp-substrates or modulators depending on TKI concentration. In a narrow concentration range TKIs are transported, while in high concentrations they inhibit the Pgp activity [51,91,92].



Studies have also demonstrated Pgp expression induced by drugs in the clinical scenario. Hu et al. [93] demonstrated that chemotherapeutic drugs (idarubicin, mitroxantrone, and epirubicin) induced Pgp expression in CML blasts treated ex vivo. The blast samples had a Pgp-negative status and after 16 h of drugs treatment showed upregulation of Pgp expression. Likewise, the Pgp status was analyzed in CML patients 1.3 and 5 months after chemotherapy, and the results showed Pgp-positive status. Stromskaya et al. [48] also observed that patients in AP acquired increased Pgp activity during IM therapy and development of IM resistance. In addition, they observed short survival in patients with Pgp activity while patients with no Pgp activity achieved CCR. A study developed by our group [38], showed that IM treatment induced an increase in Pgp protein and mRNA levels in Lucena cells (Pgp-positive cell line) whereas no difference was observed in K562 parental cell line. The in vitro findings could explain the observation that Pgp expression varies in patients analyzed at different phases of treatment. Taken together, these data suggest a role for Pgp in TKI resistance that could be translated to treatment failure in a clinical setting. The study of interactions between TKIs and ABC transporters is important, especially in the field of development of new drugs able to overcome, or even inhibit, the interference of efflux transporters in the pharmacokinetics of drugs.




5. Resistance Mediated by Pgp Associated with Cellular Microvesicles (MVs)


As previously discussed, chemotherapeutic drugs can induce ABCB1/Pgp expression [94]. However, other mechanisms have been investigated with respect to MDR phenotype development. Bebawy et al. [79] first demonstrated that Pgp can be transferred from drug-resistant cancer cells to drug-sensitive cells via membrane microparticles (MPs). MPs are small enclosed vesicles derived from the cell membrane [95]. In the work by Bebawy, it was shown that MDR leukemia cells shed MPs carrying Pgp and that MPs did transfer a functional protein, and consequently the MDR phenotype, to drug-sensitive cells. Later, Bebawy’s group also demonstrated that ABCB1 mRNA and the ABCC1/MRP1 protein and mRNA could also be carried by MPs derived from MDR cells [96,97]. Our group also demonstrated that Pgp-positive CML cells can spontaneously shed MPs carrying Pgp, mRNAs, and microRNAs (miRNAs). In addition, our group described for the first time how MPs derived from CML cells carry inhibitor apoptosis proteins (IAPs), mRNAs, and proteins which contribute to a multifactorial resistance phenotype [80]. In another perspective, Lopes-Rodrigues et al. [98] reported that drug-resistant CML cells shed larger microvesicles (MVs) than drug-sensitive CML cells, and present a protein content associated with MDR biomarkers. Recently, Milani et al. [99] analyzed RNA cargo in MVs derived from CML cell lines and identified BCR-ABL and other translocation signatures. In addition, in K562-MVs they identified genes related to cell communication, cell migration, and signaling pathways, etc. Common genes between K562-MVs and K562 cells were related to hematological disease, hematopoiesis, and downstream CML pathway BCR-ABL. MVs contained oncogenic hallmarks from the parental donor K562 cell line and were also able to transfer their cargo and induce proliferation in normal human bone marrow-derived mesenchymal stem cells.



Since MVs originate from MDR cancer cells, they are effective disseminators of the drug-resistance phenotype. Corrado et al. [100] showed that CML cells release nanovesicles (exosomes) loaded with interleukin 8 (IL-8) which promotes the proliferation and survival of leukemia cells in vitro and in vivo, using a xenograft CML tumor model. In another study, it was demonstrated that mice with CML treated with exosomes derived from CML cells had stimulated tumor growth. In addition, mice with CML treated with CML exosomes also showed a decrease in pro-apoptotic protein levels as well as an increase in anti-apoptotic proteins levels. The authors suggest that survival and proliferation mediated through CML exosomes can be activated via ERK, Akt, and NFκB pathways [101]. Analysis in the exosomes isolated from the blood samples of 13 newly diagnosed CML patients showed the presence of molecules that activate the oncogenic pathway associated with aggressiveness and the chemoresistance phenotype [102].



Additionally, detection of MVs in different leukemia subtypes is useful for diagnosis. Usually, cells from CML patients release higher amounts of MVs than those of healthy individuals, and subsequently the MV cargo reflects upon the donor cells [103].




6. Associations between Pgp and ‘Onco-Molecules’: Exploring Multifactorial Resistance


Since drug resistance is probably a multifactorial phenomenon, it is important to verify associations and interactions or simultaneous overexpression of the MDR proteins, and their possible consequences with respect to CML cells.



6.1. Pgp and microRNAs (miRNAs) Interactions in CML Cells


Studies have shown that epigenetic modifications may regulate ABCB1/Pgp, as miRNAs are differentially expressed in tumor-resistant cells [104,105]. MiRNAs are small noncoding RNA molecules which regulate gene expression in a post-transcriptional manner [106]. The importance of miRNAs with respect to the regulation of Pgp and other ABC transporters was extensively discussed by Haenisch et al. [107]. MiRNAs may regulate the expression of Pgp in solid tumors and leukemia [108,109] by direct interaction in the promoter region and 3’-UTR sequence of ABCB1. Alternatively, miRNAs may target other mRNAs and then modify the expression levels of proteins that modulate Pgp expression [110].



Summarizing, the regulation of Pgp expression by miRNAs is very complex and studies are controversial. With respect to miR-27a and miR-451, studies have shown that both may be associated with upregulation or downregulation of Pgp expression [107].



Recently, our group described the expression of miR-27a and miR-451 in the CML Pgp-positive cell line Lucena. In addition, Lucena cells could release both miRNAs in MPs and transfer them to non-Pgp cell lines. The recipient cells acquired Pgp expression and the MDR phenotype [80]. Conversely, Feng et al. [111] demonstrated that Pgp was overexpressed in three doxorubicin-resistant CML cell lines as compared to parental K562 cells. MiR-27a expression levels were the highest in K562 cells and decreased in the resistant cells. The authors showed that ABCB1 expression levels were directly regulated by miR-27a in K562 parental cells and also inversely correlated with ABCB1 expression. Besides, transfection of exogenous miR-27a induced ABCB1 downregulation in K562 Pgp-positive cells, leading to an increase in doxorrubicin sensitivity [111].



Studies have shown that miRNAs are also associated with IM response. Li et al. [105] demonstrated that miR-29b, a member of miR-29 family, acts as a tumor suppressor in K562 CML cells by suppressing proliferation and inducing apoptosis. Another study showed that miR-181a overexpression inhibited CML cell growth and increased the IM sensitivity [112]. Mosakhani et al. [113] observed that another member of miR181 family, named miR181C, was downregulated in IM-resistant cells. Li et al. [105] verified that miR-203 overexpression increased the sensitivity to IM treatment in IM-resistant cells presenting the T315I mutation. This is an interesting finding, since the T315I mutation is a big challenge in CML treatment. MiR-150 is also related with CML. It was found that miR-150 has a role as a diagnostic biomarker [114] and, despite the paucity of patients, it is also associated with IM response in CML [115].



Li et al. [116] demonstrated that miR-9 was downregulated in CML-resistant K562 cells in comparison to sensitive cells. The authors showed that ABCB1 is a direct target of miR-9 in CML. miR-9 expression was also analyzed in 61 samples from CML patients. They found Pgp positivity in 33 (54.1%) patients, with lower miR-9 expression compared to the Pgp-negative group of patients [116]. Therefore, miR-9 could be a promising target for therapeutic interventions.



The miRNA expression profile has been widely analyzed to identify biomarkers or gene targets for therapy. Recently, Ohyashiki et al. [117] analyzed circulating miRNAs in CML patient plasma and miRNAs in exosomes derived from CML patients using the TaqMan low-density array. Initially, the authors identified 69 miRNAs differentially expressed in plasma from CML patients who had discontinued IM, as compared to healthy volunteers. Levels of miR-215 and miR-134 were found to be statistically significant. However, only downregulation of miR-215 reflected exosomal miRNA expression. In addition, low levels of miR-215 were associated with higher IM uptake. In silico analysis showed that miR-215 is related to the cellular metabolic process, cell cycle, DNA repair, and cellular stress. Yap et al. [118] performed miRNA sequencing analysis for CML patients resistant to IM. The authors identified 43 miRNAs as downregulated and 11 miRNAs as upregulated, as compared to two healthy volunteers. They highlighted miR-146a-5p, miR-99b-5p, and miR-151a-5p, and showed through in silico analysis that the target genes of these miRNAs are related to the Fanconi anemia/BRCA pathway.




6.2. Associations between Pgp and the Inhibitor of Apoptosis Proteins (IAPs)


IAPs have been associated with resistance in CML [119]. Interaction between Pgp and IAPs was also investigated by our group [120,121]. Bernardo et al. [122] demonstrated that survivin was detected in both cytoplasmic and nuclear localization of sensitive and resistant CML cell lines. After treatment with IM, sensitive K562 cells mainly displayed survivin in the nucleus and Lucena cells (Pgp positive) in the cytoplasm. The survivin modulation to the nucleus was associated with its reduced expression in the cytoplasm. Conversely, Lucena cells exhibited survivin in the cytoplasm and the rate of apoptosis induced by IM was low. These findings corroborate with studies reporting that cytoplasmic survivin is related to an unfavorable prognosis and suggest a relationship between survivin and Pgp [123]. In another study, Reis et al. [120] analyzed a group of 50 CML patients in an effort to detect an association between survivin and Pgp. Patients were categorized according to the Sokal score system to obtain prognostic information [124]. There was a significant positive correlation between survivin and Pgp expression in the late phase of CML, but not in the early phase. Besides, the highest levels of survivin were found in the groups with high and intermediate Sokal scores, as compared to the low Sokal score group of patients. Together, these results suggest that the association between Pgp and survivin may have a role in the evolution from CP to BP in CML. The association between Pgp and survivin was also investigated by de Souza et al. [121]. The authors treated K562 cells with low doses of vincristine for up to 24 h and they observed prominent cell cycle arrest followed by a progressive increase of survivin protein levels. ABCB1/Pgp expression levels were also increasingly induced by vincristine treatment of K562 cells. Concomitantly, the authors observed an increase of survivin in the cytoplasmic compartment. The simultaneous Pgp and survivin enhancement after vincristine treatment suggests a similar regulatory pathway for drug resistance in CML cells. This work is also in agreement with that of Bernardo et al. [122] regarding cytoplasmic survivin in CML-resistant cells.



In another study, Pgp was associated with another IAP, the XIAP protein [42]. The authors analyzed the expression of both XIAP and Pgp in 48 samples from CML patients. A significant positive correlation was observed between these proteins (p = 0.026). Also, in vitro data showed that Lucena cells (Pgp positive) were more resistant to IM treatment than K562 cells. In Lucena cells, but not K562 cells, IM caused XIAP upregulation. The authors showed that even after XIAP knockdown, Lucena cells remained more resistant than K562 cells. Our results are in line with those found in the studies of Seca et al. [125], which showed that downregulation of XIAP and Pgp is necessary to overcome IM resistance in Pgp-overexpressing cells.





7. Overcoming Drug Resistance in CML


Although many patients with CML achieve CMR after IM therapy, a sub-group of patients fails to respond or show treatment resistance. In this situation a strategy may be necessary, and we will discuss this bellow.



7.1. Clinical Modulation of Pgp


Concerning clinical Pgp modulation, few studies have been performed with CML patients. List et al. [126] conducted a randomized study comparing patients treated with daunorubicin plus high-dose cytarabine and patients treated with the same protocol containing cyclosporine (CSA). These authors verified that Pgp expression adversely influenced complete remission or restored CP. However, they also demonstrated that clinical modulation of Pgp activity with chemotherapeutic drugs plus CSA showed no benefit in terms of contributing to a complete remission rate or returning patients to the CP.



Twenty years ago, our group treated 15 heavily pretreated patients presenting diverse types of leukemia with etoposide and CSA in an effort to bypass MDR mediated by Pgp [127]. Among these patients, six presented CML in the BP. In that group, only one patient obtained a good response, which was characterized by a return to the CP and over one year of survival. The other five CML patients presented minor response or failure. This type of Pgp modulation was removed from consideration as a clinical approach due to its high toxicity.




7.2. Interaction of Second- and Third-Generation TKIs with Pgp


Using CML cell lines, many authors [128,129,130], including those of our group, have demonstrated that IM resistance may be due to Pgp. In fact, besides the importance of amplification or the mainly point mutations of the BCR-ABL gene, one of the most investigated resistant mechanisms in CML is that conferred by the efflux pump, Pgp. This efflux can be reversed by inhibiting Pgp transport activity. In this context, besides its role as substrate of Pgp, IM can be a weak modulator agent [42,56].



In an interesting study about the interactions between TKIs and ABC transporters, Dohse et al., using in vivo and in vitro studies [92], demonstrated that the second-generation TKI nilotinib interacted less intensely with Pgp and ABCG2 when compared to IM. However, it was a more potent inhibitor of both efflux pumps. Also, Tiwari et al. [87] verified that nilotinib efficiently inhibited ABCB1 and ABCG2 efflux activity. These findings are in accordance with the favorable molecular response (BCR-ABL load before clinical nilotinib treatment) observed in patients treated with nilotinib after IM resistance, exhibiting high ABCB1 gene expression [46]. Furthermore, it is well known that ABCB1 and ABCG2 are expressed in a drug-resistant subpopulation of leukemia stem cells (CD34+ CD38−) [131,132]. In accordance, Wang et al. [133] showed that nilotinib targeted CD34+ CD38− cells and increased the efficacy of doxorubicin and mitoxantrone by blocking the efflux activity of both ABCB1 and ABCG2. Taken together, these data suggest that nilotinib may be of particular relevance in IM-resistant patients expressing ABCB1/Pgp.



With respect to the second-generation TKI dasatinib, using an ABCB1 overexpressing cell line, Hiwase et al. [88] demonstrated that this TKI—in addition to being more potent than IM—is also transported by ABCB1/Pgp, and is therefore a substrate for this efflux pump. In addition, the authors verified that PSC833, an ABCB1 inhibitor, increases the intracellular uptake and retention of dasatinib.



To investigate the functional consequences of ABCB1 involved in bosutinib (also a second-generation TKI), Redaelli et al. [89] used in vitro and in vivo experiments. First, they used IUR assay and observed that high ABCB1 levels corresponded to decreased intracellular C-14 radiolabeled bosutinib. Next, they used an in vivo xenograft model to investigate the anti-tumor activity of bosutinib. Nude mice injected with a CML cell line overexpressing ABCB1 and treated with bosutinib exhibited less of a response compared to nude mice injected with cells silenced for ABCB1.



With respect to ponatinib, it was first demonstrated by Sen et al. [134] that this third-generation TKI is able to inhibit both ABCB1 and ABCG2 efflux pumps. Next, Lu et al. [135] demonstrated that ponatinib is not transported from cells via Pgp, ABCG2, and OCT1. In relation to Pgp, using the CML K562 cell line and its ABCB1 overexpressing variant K562-dox in the presence of cyclosporine and pantoprazole (both Pgp inhibitors), there was no difference in the intracellular uptake and retention of ponatinib between the two cell lines. This result indicates that ponatinib is not extruded by Pgp [135]. However, ponatinib may be associated with an increased risk of serious thromboembolic events, which was verified in a phase II trial by Cortes et al. [10].




7.3. Efficacy of Non-TKI Drugs in CML


In vitro studies have suggested curcumin, a phytochemical which has been widely used due to its diverse pharmacological activities as an antibacterial [136] and anti-cancer agent [137], in an attractive strategy for overcoming MDR. Recently, it was shown by Lopes-Rodrigues et al. [138] that not only curcumin, but also curcumin derivatives are inhibitors of Pgp. Curcumin and a curcumin derivative named curcumin 10 inhibited Pgp activity and expression in a CML cell line overexpressing Pgp (K562Dox). Other authors [139] also found a relevant inhibitory effect of the activity and expression of Pgp in CML cells treated with diketone and cyclohexanone curcumin analogs. Zhang et al. [140] demonstrated that Euphorbia factor L1, a diterpenoid isolated from Euphorbia lathyris, was able to inhibit the efflux activity of Pgp. In addition, this reversor agent enhanced the intracellular accumulation of doxorubicin and vincristine in the CML K562/ADR cell line overexpressing Pgp [140].



Taking into account that drug resistance is probably a multifactorial phenomenon, it is important to verify the association, interaction, or simultaneous overexpression of the MDR proteins and their possible consequences in CML cells. In this situation, a new treatment strategy may be necessary.



Based on the association between Pgp and IAPs, an important approach could be the treatment of patients with drugs that can simultaneously inhibit proteins involved with drug resistance. In this way, our group has been investigating a new drug named LQB-118, a pterocarpanquinone structurally related to lapachol, which has previously shown efficacy against leukemic cell lines [141]. We demonstrated in K562 cells and Lucena cells (Pgp positive), that LQB-118 was similarly effective in reducing viability, as determined by MTT assay. LQB-118 was also capable of inducing apoptosis in both cell lines. The apoptotic rate increased when cells were exposed to LQB-118 for a longer period of time (72 h) [142]. In parallel, we analyzed CML cells from 13 patients to observe the capacity of LQB-118 to induce apoptosis. After 48 h incubation, LQB-118 induced a median of 60.18% apoptosis (range: 40 to 85%). The LQB-118 compound was able to induce a high apoptosis rate in CML cells from patients not only overexpressing active Pgp, but also exhibiting p53 and MRP1 overexpression [142]. These data evoke questions which help us to understand the need to reach multiple targets for better treatment results in CML patients. In this context, we also verified that LQB-118 was capable of inhibiting CML cells from overexpressing IAPs. When CML cell lines were treated with LQB-118, survivin and XIAP were downregulated at a higher level in the resistant Lucena cell line compared to the Pgp-negative K562 cell line. These findings suggest that LQB-118 is a potent compound with potential to target multifactorial resistant mechanisms.



Different pathways have been proposed to explain the mechanisms of action of LQB-118 in CML. de Sá Bacelar et al. [143] investigated cell death induction by LQB-118 in a K562 cell line. In agreement with Maia et al. [142], the authors confirmed the cytotoxic effect of LQB-118 on apoptosis induction. They also reported that LQB-118 quickly led to the increase of intracellular calcium levels and it was dependent on the extracellular microenvironment. Moreover, this compound induced an increase in reactive oxygen species (ROS) through its reduction at the mitochondria. Finally, the authors showed that LQB-118 induced time- and dose-dependent endoplasmic reticulum stress (ER) via the caspase-12 activation pathway [143]. The LQB-118 mechanism of action in CML cells was further studied by de Faria et al. [144]. Their findings showed a reduction of a nuclear fraction of NFκB after drug treatment, with no changes in Akt or MAPK upstream pathways. However, LQB-118 could partially inhibit proteasome activity in CML cells and also modulate miR-9 and miR-21. Both miRs were found downregulated in K562-sensitive cell line with no changes in NFκB1 protein levels after LQB-118. In contrast, miR-9 and miR-21 were found to be upregulated in Pgp-positive cells, with a subsequent reduction of NFκB1 levels, which is probably associated with NFκB pathway inactivation after drug treatment. An understanding of the mechanisms of LQB-118 would be helpful for overcoming TKI resistance in CML. These findings suggest LQB-118 as a potent compound with the potential to target multifactorial resistant mechanisms.





8. Conclusions and Future Prospects


Since the discovery of Pgp in the 1970s, many authors have reported its association with drug response in clinical practice. For many cancer types, elevated expression levels of Pgp affect the efficacy of cancer therapy. CML has been discussed in this respect. For this reason, in the present review we explored the genuine role of Pgp in CML since different cohorts of patients exhibit BCR-ABL1-independent TKI resistance.



In vitro data support that IM and other TKIs have an affinity to Pgp and may act as its substrates or function inhibitors depending on drug concentration [51,92]. Nevertheless, the translational and clinical data are variable, and the role played by the efflux activity of Pgp in resistance is not so clear. Undoubtedly, IM and all subsequent generations of TKI represent a great advance in the treatment of CML. However, other BCR-ABL1-independent mechanisms may contribute to unfavorable scenarios, and the major challenge remains how to overcome drug resistance (Figure 1).



As discussed above, diverse studies support the contribution of Pgp, with or without interaction with other molecules, to resistance to TKIs in CML. Ongoing studies probably will unravel the role of Pgp in CML resistance in order to improve the therapeutic approach clinically. In keeping with studies demonstrating the ineffectiveness of TKIs in some CML patients, new drugs should be investigated, with or without a combination with TKIs. The new therapeutic agents should ideally be capable of treating BCR-ABL-independent mechanisms of resistance, such as Pgp overexpression, besides showing significant activity in CML cells.
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Figure 1. Multidrug resistance in chronic myeloid leukemia. P-glycoprotein (Pgp) expression in chronic myeloid leukemia (CML) cells promotes tyrosine kinase inhibitors (TKI) efflux and a consequent reduction of intracellular drug concentration. On the other hand, some single nucleotide polymorphisms (SNP) may reduce Pgp drug efflux activity and then TKIs can inhibit Bcr-Abl protein. However, high intracellular drug concentration may induce Pgp mRNA transcription. Pgp may also contribute to apoptosis inhibition through IAP proteins (survivin and XIAP). Nevertheless, the new compound LQB-118 could overcome MDR through ROS induction, NFκB pathway inhibition, and IAP downregulation. Anyway CML cells release cellular microvesicles (MV) carrying oncogenic molecules whose cargo can be transferred to microenvironment cells. 
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Table 1. ABCB1/Pgp/expression/activity in samples from chronic myeloid leukemia patients.
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	Method
	Number of Samples
	Clinical Relevance
	Reference





	Tetramethylrosamine assay
	34
	Samples from patients with newly diagnosed CML showed resistance in comparison with cells from healthy donors. In later CML phases, samples exhibited more resistant profiles than samples on diagnosis of the disease.
	[36]



	Rho-123 assay and Pgp expression
	62
	Samples of patients in different CML phases, before or after receiving treatment, were analyzed. Pgp activity was present in 80% and Pgp expression in 84% of samples. The MDR phenotype was independent of the CML phase
	[37]



	Rho-123 assay and Pgp expression
	245
	Pgp expression and activity were present in all CML phases. The blast phase had the highest activity levels compared to chronic phase.
	[38]



	Rho-123 + CSA assay

PhA + FTC assay
	55
	IM-resistant samples exhibited higher Pgp activity levels than the IM-sensitive ones. Greater Pgp activity (65.95%) was detected compared to BCRP activity (41.81%). There was no difference among the CML phases in relation to the frequency of Pgp positivity.
	[39]



	Rho-123 assay and Pgp expression
	224
	Pgp expression, but not Rho-123 efflux assay, showed differences between responder and non-responder IM-treated chronic phase patients.
	[41]



	Rho-123 assay and Pgp expression
	38
	Seventeen patients (44.7%) presented higher median Pgp expression levels in the advanced phased compared to the chronic phase. Pgp activity was found in 47.4% patients but this was not related to the CML phase.
	[42]



	ABCB1 mRNA levels
	30
	In samples analyzed on diagnosis of CML, there was no difference between ABCB1 mRNA levels and response to IM after 6 and 12 months of treatment.
	[43]



	ABCB1 mRNA levels
	63
	There was no difference between ABCB1 mRNA levels and response to IM treatment in patients in the chronic phase of CML.
	[44]



	ABCB1 mRNA levels
	68
	In most samples on diagnosis of CML (84%), low ABCB1 mRNA levels correlated with MMR, and high mRNA levels correlated with non-responders after IM treatment
	[45]



	ABCB1 mRNA levels
	83
	In the chronic phase of CML, high ABCB1 gene expression levels at the time of IM resistance were indicative of a favorable response to subsequent nilotinib treatment
	[46]



	ABCB1 mRNA levels
	155
	Patients in the chronic phase with increased levels of ABCB1 mRNA showed lower MMR rates at 12 and 24 months after IM treatment.
	[47]







CML = chronic myeloid leukemia; MMR = major molecular response; EMR = early molecular response; IM = imatinib; Rho-123 = Rhodamine-123; Pgp = glycoprotein-P; Rho + CSA = Rhodamine-123 + Cyclosporin A; PhA + FTC = Pheophorbide + fumitremorgin C.
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