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The BCL-2 inhibitor venetoclax is currently approved for treatment of hematologic diseases and is widely used either as monotherapy or in combination strategies. It has produced promising results in the treatment of refractory or relapsed (R/R) and aged malignant hematologic diseases. However, with clinical use, resistance to venetoclax has emerged. We review the mechanism of reduced dependence on BCL-2 mediated by the upregulation of antiapoptotic proteins other than BCL-2, such as MCL-1 and BCL-XL, which is the primary mechanism of venetoclax resistance, and find that this mechanism is achieved through different pathways in different hematologic diseases. Additionally, this paper also summarizes the current investigations of the mechanisms of venetoclax resistance in terms of altered cellular metabolism, changes in the mitochondrial structure, altered or modified BCL-2 binding domains, and some other aspects; this article also reviews relevant strategies to address these resistance mechanisms.
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Introduction

The abnormal regulation of the apoptosis process is an important part of tumorigenesis. In normal cells, the apoptotic process is strictly regulated by a program involving the BCL-2 family, which is closely associated with hematologic tumors. The BCL-2 family consists of proapoptotic proteins (BAX and BAK), antiapoptotic proteins (BCL-2, BCL-XL, MCL-1, BCL-W, BFL-1, etc.) and BH3-only proteins (BIM, BAD, BID, PUMA, etc.). In surviving normal cells, proapoptotic proteins are bound to antiapoptotic proteins and do not function (1). However, BH3-only proteins release proapoptotic proteins by competitively binding antiapoptotic proteins (2). When the amount of free proapoptotic proteins reach a certain level, the downstream mitochondrial apoptotic pathway is initiated, which causes the proapoptotic proteins to oligomerize and bind to the outer mitochondrial membrane, releasing mitochondrial cytochrome c into the cytoplasm, activating caspases and leading to apoptosis (3). Based on this theory, researchers developed the BH3-only protein mimetic ABT-737 and its derivative navitoclax (ABT-263), which targets three antiapoptotic proteins, BCL-2, BCL-XL, and BCL-W, and releases BH3-only proteins through competitive binding, helping BH3-only proteins promote the release of proapoptotic proteins and activate apoptosis. However, their clinical application is hampered by the toxicity associated with multitarget drugs: navitoclax causes thrombocytopenia in patients before an effective dose is reached (NCT00406809) (4, 5) because its target BCL-2 and BCL-XL, especially the latter, play an important role in platelet survival (6, 7). Due to the lack of progress in multitarget inhibition, scientists have shifted their attention to drugs targeting BCL-2 protein alone for BH3-only protein mimics, because the BCL-2 protein is consistently expressed at high levels in multiple hematologic tumors and is a critical antiapoptotic protein in the BCL-2 family. In 2013, Andrew J Souers et al. used azaindole to replace the indole moiety in the structure of navitoclax and developed the highly selective compound venetoclax (ABT-199) targeting the BCL-2 protein (8). Venetoclax has slight effect on circulating platelet numbers for a potential reason that it is BCL-XL but not BCL-2 playing a critical role in platelet survival (7). As a structural mimic of BH3-only proteins, venetoclax has high affinity for BCL-2 and effectively releases BH3-only proteins. Through competitive binding, BH3-only proteins ultimately inhibit the binding of BCL-2 protein to proapoptotic proteins and induce mitochondria-mediated apoptosis (Figure 1A) (9). At present, venetoclax has been reported to be active in several clinical trials (NCT01328626, NCT01794520, NCT01994837) (10–12).




Figure 1 | (A). When cells are mainly dependent on BCL-2 for survival, apoptosis is effectively mediated by the action of the small-molecule BCL-2-targeted inhibitor venetoclax. BH3-only proteins are bound to antiapoptotic proteins, ensuring the survival of cancer cells, but venetoclax, a BH3-only protein mimetic, displaces the bound BIM from BCL-2. Free BIM activates the free proapoptotic protein BAX/BAK, and activated BAX/BAK oligomerizes on the outer mitochondrial membrane, forming pore channels and releasing cytochrome c located between the inner and outer mitochondrial membranes into the cytoplasm. Cytochrome c activates caspases in the cytoplasm, stimulating the mitochondrial apoptotic pathway and mediating apoptosis. However, if MCL-1 and BCL-XL expression are upregulated (which may be caused by mechanisms shown in Figure 1b. Since, venetoclax, which only targets BCL-2, does not effectively play a role in releasing the BH3-only protein because non-BCL-2 antiapoptotic proteins bind the BH3-only protein at this time, and thus the cell survives and develops venetoclax resistance (Created with BioRender.com). (B). Tumor cells upregulate other antiapoptotic proteins, such as MCL-1 and BCL-XL, through various signaling pathways or other mechanisms to increase their binding to BH3-only proapoptotic factors, such as BIM. Downregulation of the negative regulator PTEN leads to the activation of the AKT pathway, which directly upregulates the expression of BCL-XL and promotes the dissociation of BAD from BCL-XL and binding to 14-3-3 protein by phosphorylating the BAD protein. The NF-κB pathway, which is activated by microenvironmental agonists such as IL-10, CD40, and TLR9 agonists, and the activated PKA-ERK-CREB pathway induce both BCL-XL and MCL-1 expression, and the MAPK/ERK, PI3K/AKT, and JAK/STAT pathways, with the FOXM1-AKT cycle promoting sustained activation of the AKT pathway. By activating NF-κB and ERK pathways, KRAS mutations or wnt5a-ROR1 signaling pathways can cause upregulated expression of MCL-1 or BCL-XL, respectively. Trisomy 12 CLL cells with low expression of IRF4 upregulate NOTCH2, mediating the high expression of MCL-1. An increased copy number of the MCL-1 locus on chromosome 1q21 might increase MCL-1 expression. SMARCA4 gene deletion, mutations in the SWI-SNF complex and the subsequently reduced chromatin accessibility of the transcriptional repressor ATF3 induce increased expression of BCL-XL. The release of IL-6 from mesenchymal cells directly upregulates the MCL-1 transcript via STAT-3. IL-6 promotes BIM phosphorylation, which dissociates BIM from BCL-2 and binds to MCL-1. In addition, reduced miR-193b-3p expression in bone marrow stromal cells mediates MCL-1 upregulation, while upregulation of miR-21-5p reduces BCL-2 levels (Created with BioRender.com).



Venetoclax was approved by the FDA for the treatment of chronic lymphocytic leukemia (CLL) in 2016 (13), and it was then gradually applied to research and treatment of other hematologic malignant diseases, such as acute myeloid leukemia (AML) and multiple myeloma (MM). Venetoclax combined with decitabine or azacitidine offers promising responses and survival in older patients with AML (NCT02203773) (14). Venetoclax has also demonstrated efficacy in the treatment of MM (NCT01794520) (11). However, venetoclax based therapies has never been proven to be curative, and its resistance problem must not be ignored: a certain percentage of primary or secondary resistant cells emerge during experiments and the treatment of CLL and AML (15). In this paper, we review current studies on the multiple drug resistance mechanisms of venetoclax in hematologic diseases and the solutions to venetoclax resistance to provide corresponding support, effectively improve the response to drug treatment, and select the appropriate treatment plan.



Upregulation of the expression of non-BCL-2 antiapoptotic proteins

BCL-2, MCL-1, and BCL-XL, which are members of the BCL-2 family, are all antiapoptotic proteins that promote cell survival and improve the ability of cells to respond to stimuli (16). Their absolute and relative expression profiles may determine the performance of venetoclax to some extent (17). Except for BCL-2 proteins, other antiapoptotic proteins in the BCL-2 family, such as MCL-1 and BCL-XL, are referred to as “non-BCL-2 antiapoptotic proteins” in this review. Recent studies suggest that the upregulation of non-BCL-2 antiapoptotic proteins is the main mechanism of venetoclax resistance. They can substitute the function of BCL-2 when it is bound by venetoclax. This “substitution mechanism” maintains the level of antiapoptotic proteins bound to BH3-only proteins, thereby inhibiting the activation of the mitochondrial apoptotic pathway and resulting in reduced efficacy or even failure of BCL-2-targeted drugs (Figure 1B).

Venetoclax shows a high binding specificity for BCL-2, and thus the relative expression levels of the non-BCL-2 antiapoptotic proteins and BCL-2 proteins may be one of the determinants of venetoclax resistance, whether in primary or secondary resistance (18). For example, an earlier study found that cells dependent on MCL-1 or BCL-XL for survival tend to develop primary resistance to venetoclax. Multiple recent studies also revealed that multiple myeloma (MM) cells with higher baseline expression of MCL1 more easily develop venetoclax resistance and show a lower response to even the initial phase of treatment (19–21). After venetoclax treatment, the changes in the relative expression of BCL-2, MCL-1, and BCL-XL, resulted in secondary drug resistance (22, 23). Significantly elevated MCL-1 expression levels were observed in samples collected from patients who relapsed after venetoclax treatment, suggesting that it may be a mechanism to secondary drug resistance (24).

In summary, we propose that one of the strategies to address venetoclax resistance is to design multitarget drugs that simultaneously inhibit multiple antiapoptotic proteins or inhibit them through combination therapy. The combination of low-dose BCL-XL and BCL-W inhibitors, such as navitoclax, with venetoclax may be effective and protects against cellular resistance to venetoclax without dose-limiting thrombocytopenia (NCT03181126) (25, 26). Studies examining the enhanced antitumor effects of MCL-1 inhibitors in combination with BCL-2 inhibitors are also underway (27). However, some studies have also found that multitarget drugs induce toxic effects such as thrombocytopenia (4, 5). Thus, the simple use of multiple proteins as drug targets in an effort to mitigate venetoclax resistance may lead to greater toxicity. The identification of upstream mechanisms regulating antiapoptotic protein expression may deserve consideration.


Signaling pathways regulating the expression of non-BCL-2 antiapoptotic proteins

In recent years, researchers have identified several signaling pathways that promote the upregulation of non-BCL-2 antiapoptotic proteins such as MCL-1 and BCL-XL.

As a critical signaling pathway involved in cellular life activities, the AKT pathway plays a key role in apoptosis, cell cycle regulation, metabolism, and other processes. Bangyan L Stiles et al. have shown that activation of the AKT pathway upregulates BCL-XL expression and promotes BAD phosphorylation. Phosphorylated BAD shifts the binding from BCL-XL to 14-3-3 proteins. The released BCL-XL protein binds to BAX and BAK to promote antiapoptotic effects (28). Based on the results of a Reverse Phase Protein Array (RPPA) analysis, the investigators suggested that activation of the AKT pathway may be mediated by the downregulation of its negative regulator PTEN (26). In addition, Mikhail S Chesnokov et al. identified the FOXM1-AKT cycle in drug-resistant AML cells, which leads to drug resistance and a poor prognosis for some solid tumors. Although researchers have not directly shown that high FOXM1 expression results in drug resistance, they suggest that the FOXM1-AKT cycle upregulates the MCL-1 protein through sustained activation of the AKT pathway, promoting the development of drug resistance to venetoclax in AML (29).

The NF-κB signaling pathway also is associated with various cellular processes and impacts cellular resistance to venetoclax. Investigators evaluated MCL(mantle cell lymphoma) and CLL cells which were treated with microenvironmental agonists such as IL-10, CD40L and especially the Toll receptor 9 (TLR9)-specific agonist cytosine guanine-oligodeoxynucleotides (CpG-ODNs), and observed a significant increase in the activation of the NF-κB signaling pathway, resulting in drug resistance accompanied by increased expression of BCL-XL and MCL-1 (30).

In secondary resistant MM cells with high expression of MCL-1 and BCL-XL, researchers observed the significant upregulation of genes related to the PKA-ERK-CREB pathway, accompanied by downregulation of apoptosis-related genes. Western blot analysis further confirmed the activation of ERK and its downstream target genes, and the reversal of venetoclax resistance by ERK inhibitors supports the hypothesis that this pathway is involved in drug resistance (31).

In addition to individual pathways, simultaneous activation of multiple pathways leads to drug resistance. Perl A E et al. found FLT3-ITD mutations mediate MCL-1 upregulation by activating the MAPK/ERK, PI3K/AKT, and JAK/STAT pathways in resistant AML cells (32–35). There is also a possible mechanism of upregulation of MCL-1 expression and downregulation of BCL-2 and BAX expression in some AML cells due to activation of NF-KB pathway and ERK pathway by KRAS mutations (36). In CLL patients, some of those treated with venetoclax but fail to clear minimal residual disease have high expression of ROR1 and ROR1 expression continues to rise during the development of drug resistance (37). Wnt5a can induce activation of ERK1/2 and enhance CLL-cell proliferation via a ROR1/DOCK2-dependent pathway (38). Further study found that Wnt5a-induced ROR1-signaling may enhance expression of ERK1/2 and NF-κB target gene BCL2L1, which encoding BCL-XL. These changes may partially contribute to CLL resistance to venetoclax (37).



Other mechanisms regulating the expression of non-BCL-2 antiapoptotic proteins

Tumor cells promote the upregulation of non-BCL-2 antiapoptotic proteins through numerous other biological processes. Resistance mechanisms have been identified in studies of gene alterations, copy number variations, cytogenetic abnormalities, and the tumor microenvironment.

The upregulation of BCL-XL in mutant MCL cells is associated with SWI-SNF complex mutations produced by SMARCA4 gene deletion. The protein encoded by the SMARCA4 gene is an important component of the SWI-SNF complex, which is responsible for chromatin remodeling. The depletion of SMARCA4 may cause SWI-SNF mutations, leading to abnormal chromatin remodeling and reduced chromatin accessibility in the region encoding the transcriptional repressor ATF3. As a result, ATF3 expression level decreases and the ability of ATF3 to repress the BCL-XL transcription loses, which ultimately mediates increased BCL-XL expression (39).

In terms of copy number variation, Maity et al. identified a copy number amplification of the MCL-1 gene locus (1q21) in MM-resistant cells. Upon relapse, cells with this mutation became the dominant clone of MCL-1 high-expressing cells, suggesting that the elevated MCL-1 expression caused by the increased copy number of the 1q21 locus leads to venetoclax resistance (40).

Cytogenetic abnormalities may lead to the development of drug resistance, which is a finding that has been confirmed in studies of resistance to paclitaxel or cisplatin in patients with gastric cancer (41). Similarly, the study by Fiorcari S et al. highlighted that the development of venetoclax resistance may also be associated with certain cytogenetic abnormalities. They analyzed CLL patient samples and discovered that trisomy 12 subpopulation cells had the unique feature of interferon regulatory factor 4 (IRF4) low expression. The lack of the transcriptional regulator IRF4, a critical regulator of NOTCH signaling pathway, leads to high NOTCH2 expression, which in turn mediates the upregulation of intracellular MCL-1 expression and ultimately leads to the development of primary resistance to venetoclax in trisomy 12 CLL cells. The reduced resistance of cells to venetoclax after knockdown of NOTCH2 expression further supports this conclusion (42, 43), but the specific relevance of venetoclax resistance to trisomy 12 still requires further exploration.

Tumorigenesis, growth, and metastasis are also inextricably linked to the tumor microenvironment. Esperanza M. Algarín et al. found that the bone marrow stromal cells in tumor microenvironment can decrease the miR-193b-3p expression in MM cells and mediate the upregulation of MCL-1, while a concomitant increase in miR-21-5p expression regulates a decrease in BCL-2 levels. This alteration in the relative ratio of the two proteins contributes to the development of venetoclax resistance (44). Cytokines produced by mesenchymal cells in the microenvironment may also alter the level of dependence of MM cells on the MCL-1 protein. Mesenchymal cells mediate the increase in the dependence of MM cells on MCL-1 by releasing IL-6, which upregulates MCL-1 transcription in a signal transducer and activator of transcription 3 (STAT3) -dependent manner. Moreover, IL-6 also induces the phosphorylation of BIM protein, which gradually shifts BIM binding from BCL-2 to MCL-1. In the cell line KSM18, IL-6 directly increases MCL-1 transcription through a STAT-3-independent pathway (Figure 1B) (45–47).



Solutions to drug resistance problems

Studies exploring the mechanisms of elevated non-BCL-2 antiapoptotic proteins have provided insights into possible solutions for venetoclax resistance based on signaling pathways. For example, ERK pathway inhibitors help prevent or overcome secondary resistance to venetoclax in patients with MM (31). However, the effect of using inhibitors targeting the AKT pathway alone may be unsatisfactory. Pham LV et al. found that inhibition of the AKT pathway does not sensitize B-cell lymphoma venetoclax-resistant cells with the upregulation of BCL-XL mediated by the AKT pathway, which suggests that treatments targeting the AKT pathway in combination with a BCL-XL inhibitor may be a better therapeutic option. When it comes to the PI3K/AKT pathway, the dual PI3K and HDAC inhibitor CUDC-907 not only overcomes venetoclax resistance by upregulating BIM and downregulating MCL-1 but also synergizes with venetoclax to further promote tumor cell apoptosis because of its DNA damage-mediating effects in AML (48). Rahmani M, Ren W et al. found that the combination of PI3K/mTOR inhibitors (BEZ235, PI-103, etc.) and BCL-2/BCL-XL inhibitors significantly reduces BAX/BAK binding to MCL-1, BCL-2 or BCL-XL in human myeloid leukemia cells, which also indirectly restores the drug treatment effect. This combination significantly inhibits tumor growth and activates tumor cell caspases in a subcutaneous xenograft model, prolonging the survival of mice (49, 50). All of these studies indicate the importance of modulating drug resistance-related signaling pathways to try to overcome venetoclax resistance.

In addition to alterations in signaling pathways, many other factors affecting the upregulation of non-BCL-2 antiapoptotic proteins have provided new ideas to solve this problem. For example, targeting IL-6 or its downstream signaling pathways with anti-IL-6 or IL-6 receptor antibodies may sensitize malignant plasma cells to venetoclax in MM (45). Furthermore, the effect of MEK inhibitors on inhibiting phosphorylation of BIM is to reverse drug resistance (45). For drug resistance in CLL due to MCL-1 upregulation induced by chromatin alterations such as trisomy 12 mutations, the combination of MCL-1 inhibitors with BCL-2 inhibitors produced some results, but further studies are needed to evaluate whether patients’ benefits outweighed the toxicity with these combinations (43). We propose that the development of drugs designed to directly overcome chromosome number alterations, such as drugs that target the chromosome replication process of tumor cells, may be one of the solutions for this mechanism. Although only the addition of the BCL-XL-selective inhibitor a-1331852 has been found to be effective in overcoming resistance related to the SWI-SNF complex mutations in MCL (39), the initiation phase of the mechanism, such as chromatin remodeling, could be targeted, such as the addition of chromatin remodeling-related drugs to venetoclax [e.g., vorinostat and panobinostat (histone deacetylase inhibitors)], a clinical trial of vorinostat in combination with venetoclax in AML is currently underway (NCT05317403). Apart from the two approaches of directly inhibiting BCL-XL expression or altering chromatin remodeling, drugs targeting the transcription factor-binding site may also represent a novel treatment.




Metabolism and cell energy mechanisms

Cancer cells can develop resistance to venetoclax through metabolism and cell energy mechanisms based on changes in oxidative phosphorylation (OXPHOS), nicotinamide, fatty acid, and glutamine metabolism levels also have been reported (Figure 2).




Figure 2 | In resistant LSCs, copy number upregulation occurred in the 1q23 chromosome region, leading to the upregulation of AMPK-related proteins and a subsequent increase in the level of OXPHOS to compensate for the impaired energy production induced by venetoclax-mediated cytochrome c release and decreased apoptosis. Nicotinamide activates the TCA cycle and increases ATP levels in two ways by generating NAD+ via NAMPT and increasing the levels of TCA intermediates by activating amino acid metabolism. Intracellular CPT1 protein expression is upregulated, and CPT1 promotes fatty acid oxidation to allow fatty acids to enter the TCA cycle and maintain cellular energy. The OPA1 protein and CLPB protein may be upregulated in AML cells to maintain the mitochondrial cristae structure, including increasing the number of mitochondrial cristae and narrowing the cristae lumen to ensure normal mitochondrial function and the inhibition of cytochrome c release. (Adapted from "Electron Transport Chain", by BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-templates).




Increased oxidative phosphorylation levels

Unlike other tumor cells that tend to rely on glycolysis for energy metabolism, AML leukemia stem cells (LSCs) mainly rely on OXPHOS as an energy source (51–53). One of the aspects of the mitochondrial-mediated apoptosis pathway is the release of cytochrome c from mitochondrial intermembrane space, which may indirectly affect cellular OXPHOS levels and may accelerate apoptosis by inhibiting cellular respiration. This data suggests there is tremendous potential of venetoclax in treating hematologic tumors (54). The finding reported by R Guièze et al. that venetoclax rapidly interferes with OXPHOS in sensitive CLL cells also further suggests that venetoclax effectively targets OXPHOS in lymphoid malignancies (24) to promote apoptosis in tumor cells (54). However, the resistance of venetoclax may be caused by the upregulation of OXPHOS. Using oxygen consumption as an indicator to measure the level of mitochondrial electron transport chain (ETC) and OXPHOS, the investigators observed a significant increase in basal and maximum oxygen consumption rates of different kinds of resistant cell lines (treated with venetoclax) compared to sensitive cell lines, indicating an overall increase in the cellular respiration and OXPHOS capacity of resistant cells. Further study revealed that steady-state reactive oxygen species and mitochondrial membrane potential associated with OXPHOS in resistant lines are higher than those in the sensitive. The investigators investigated the factors contributing to these changes and found that the copy number in the chromosomal 1q23 region increased in resistant cells, resulting in the upregulation of AMPK-related proteins encoded in this region, which are key molecules regulating cellular energy metabolism. This change increased OXPHOS levels, and the reduced cellular energy levels caused by venetoclax-induced cytochrome c release are replenished, thereby mediating drug resistance (24, 54). The application of AMPK and ETC complex inhibitors to these cell lines results in increased sensitivity to venetoclax, while activators result in resistance. Similar results were also demonstrated for the combination treatment in mouse experiments. Thus, AMPK activation and mitochondrial metabolic reprogramming can induce drug resistance to venetoclax both in vitro and in vivo. The investigators concluded that the upregulation of AMPK signaling pathway affects cellular energy, increasing the levels of OXPHOS (54).



Increased nicotinamide metabolism levels

By comparing the metabolism of refractory or relapsed (R/R) and newly diagnosed AML stem cells, Courtney L. Jones et al. observed significantly elevated levels of nicotinamide and its metabolism in LSCs from R/R patients who are resistant to the combination of venetoclax and azacitidine therapy. By monitoring intermediates of metabolism, they found that resistant cells increase ATP levels by generating NAD+ from nicotinamide through the salvage pathway and increase tricarboxylic acid (TCA) cycle intermediate levels by enhancing amino acid metabolism; both of which promote the TCA cycle. Fatty acid metabolism and glycolysis levels are also increased. All these processes maintain or replace OXPHOS. LSCs, which play a vital role in the development of AML, are preferentially dependent on OXPHOS for energy metabolism (51, 55). Although combination therapy with venetoclax and hypomethylating agents treatment targets nicotinamide metabolism (52, 53), elevated levels of nicotinamide metabolism compensate for the energy gap, allowing cells to become resistant (56).



Elevated levels of fatty acid metabolism

Oxidized to Acetyl CoA, Fatty acids participate in the TCA cycle and thus maintain OXPHOS. Although venetoclax affects cellular OXPHOS levels to mediate apoptosis, some cells also compensate for this metabolic defect by directly increasing the levels of fatty acid metabolism. During combination therapy of venetoclax and azacitidine of newly diagnosed elderly patients with AML, Brett M. Stevens et al. found that, in addition to elevated nicotinamide metabolism, increased expression of CPT1 protein, which affects β-oxidation of long-chain fatty acids and regulates fatty acid metabolism, was also observed in LSCs, resulting in a significant increase in fatty acid metabolism. More fatty acids enter the TCA cycle and maintain cellular energy levels to compensate for insufficient cellular energy caused by impaired OXPHOS through combination therapy of venetoclax and azacitidine. Knockdown of CPT1 resulted in decreased fatty acid metabolism levels and reduced compensatory effects on maintaining OXPHOS levels, ultimately leading to a significant decrease in cellular OXPHOS levels, and drug resistance was controlled. In addition to the ability to overcome resistance, inhibition of fatty acid uptake and synthesis enhances the therapeutic effect of the dual BCL-2/BCL-XL inhibitor ABT-737 on AML and sensitizes AML patients to conventional chemotherapy, including cytarabine (57–59).



Glutamine

Researchers have demonstrated that glutamine inhibition increases both BCL-2 and BIM and therefore mediates increased cellular sensitivity to venetoclax. Furthermore, the investigators hypothesized that increased glutamine levels might inhibit venetoclax. Although the modulation of glutamine metabolism in combination with BCL-2 inhibitors provides better efficacy (60, 61), the specific effects of glutamine inhibition on venetoclax resistance at the molecular level have not been fully characterized.



Solutions to the drug resistance problem

Hematologic tumor cells have unique metabolic characteristics, such as increased OXPHOS and altered ratios of different energy sources. Drug resistance might be overcome to some extent by hypoxia, caloric restriction (62), and the use of kinase inhibitors (including AMPK) (63) or mitochondrial ETC regulation (64). In addition, earlier studies have shown that the survival of multiple tumor cells, including AML LSCs, is controlled by OXPHOS inhibition (65–68). Thus, the use of drugs targeting OXPHOS in combination with venetoclax is suggested to prevent drug resistance, such as the application of ETC complex inhibitors.

With regard to nicotinamide metabolism, nicotinamide phosphoribosyltransferase (NAMPT) inhibitors effectively restore cellular sensitivity to combination therapy of venetoclax and azacitidine, providing a possible therapeutic strategy (56). NAMPT inhibitors target R/R AML LSCs and have the ability to target different metabolic vulnerabilities in different cancer cells. Essentially, they can inhibit different metabolic pathways, such as glycolysis and OXPHOS, suggesting that they have extensive research potential (56, 65–67, 69, 70). However, at the same time, higher doses of NAMPT inhibitors may be toxic to normal hematopoietic cells, while lower doses do not exert the expected effects on the target LSCs (56). Further clinical evaluations of the dose of NAMPT inhibitors for the selective targeting of LSCs are needed. At this stage, therapeutic options for patients with R/R AML are limited, and at the time of publication of the results of the aforementioned study, no therapeutic strategies were available to directly target stem cells in this patient population. Further studies of NAMPT inhibitors may help fill the gap.

The fatty acid metabolism mechanisms described above also provide rationale to address resistance by combining CPT1 inhibitors with venetoclax. The effects of either knocking down CPT1 or combining CPT1 inhibitors with venetoclax on acute myeloid leukemia stem cells have been documented in vitro, but methods to precisely target abnormally activated CPT1remain to be further explored (57, 59).




Changes in mitochondrial structure

Maintaining a typical mitochondrial structure is required for cell survival, as it maintains a stable mitochondrial membrane potential, which ensures normal ATP production and mitochondrial homeostasis. Disruption of the membrane potential leads to the release of cytochrome c from the mitochondria to the cytoplasm (71). Venetoclax acts on the mitochondrial cristae structure, causing widening of the cristae lumen and depolarization of the mitochondrial membrane potential (72), promoting the initiation of the mitochondrial apoptotic pathway. Therefore, researchers tried to investigate new mechanisms of venetoclax resistance by observing the alterations in the mitochondrial structure of resistant cells.


Drug resistance mechanism

Xufeng Chen et al. cultured four venetoclax-resistant AML cell clones using the MOLM-13 and MV4-11 cell lines, and they found that in one of the venetoclax resistant cell lines MV4-11-VR, there was no increase of BCL2 family members (MCL1, BCL2, and BCL-XL), which suggests the existence of alternative modes of resistance acquisition. Electron microscopy revealed that all these cell lines exhibited a narrower and more compact mitochondrial cristae lumen (~14-15 nm in diameter), a greater number of cristae per mitochondrion and higher expression of the OPA1 protein than sensitive parental clones (72). The OPA1 protein acts at the mitochondrial cristae junction and plays a critical role in maintaining cristae stability and preventing the release of cytochrome c (73). With genome-wide CRISPR/CAS9 knockdown technology and RNA sequencing, investigators screened the venetoclax-resistant-related genes and compared them with differentially expressed genes between sensitive and resistant clones, finally obtaining the resistance-associated gene CLPB. According to this study, the cristae-forming protein OPA1 maintains the normal structure of mitochondrial cristae by interacting with the mitochondrial chaperone protein CLPB. In the absence of CLPB, OPA1 induces cristae remodeling, the mitochondrial stress response and apoptosis, indicating that CLPB is essential for maintaining the mitochondrial structure and cell survival. Correspondingly, the AML-resistant cell lines treated with venetoclax described above showed a significant increase in CLPB expression, and the cell lines with higher CLPB expression were more resistant to venetoclax. AML cells block the venetoclax-mediated mitochondrial apoptotic pathway by upregulating CLPB to enhance its interaction with the OPA1 protein, thereby stabilizing the mitochondrial structure and inhibiting cytochrome c release. Through RNA sequencing, the investigators also identified genes related to different mitochondrial processes that also displayed altered expression and are related to adaptive changes in mitochondria, such as the regulation of membrane organization and maintenance of the membrane potential. A Gene Ontology (GO) analysis also revealed some changes in the function of mitochondria in resistant cells. They concluded that these changes in the mitochondrial structure are commonly required in venetoclax-resistant AML cells  (Figure 2) (72).



Solutions to the drug resistance problem

After knockdown of the CLPB gene using sg-RNA, the IC50 values of venetoclax decreased significantly, and the resistant cells regained their sensitivity to venetoclax. An OPA1-specific inhibitor has been investigated to affect mitochondrial function and limit solid tumor growth (74). Further studies are needed to explore whether OPA1 inhibitors play a therapeutic role in hematologic malignancies, including re-sensitizing AML cells to venetoclax.




BCL-2 binding domain alterations and modifications

Since all BCL-2 family members interact through protein-protein interactions and venetoclax also requires tight binding to antiapoptotic proteins, the affinities between the proteins and venetoclax is essential for venetoclax to function properly. Researchers have identified that tumors alter the drug binding site on the BCL-2 protein through base mutations or epigenetic modifications, freeing the BCL-2 protein from binding to venetoclax and blocking the targeting of the drug.


Mechanisms of drug resistance

The appearance of point mutations that affect the binding of BCL-2 protein to the BH3 domain is likely to mediate the development of secondary venetoclax resistance, such as the Gly101Val mutation. In CLL, the BCL-2 Gly101Val mutation (i.e., the substitution of glycine at position 101 of the BCL-2 protein by valine) causes an approximately 180-fold reduction in the affinity of venetoclax for BCL-2 (22). At the same time, this mutation does not influence the affinity of BCL-2 for BIM and therefore apoptosis process is still inhibited (75). In MCL, researchers identified two missense mutations in the same codon of the BH3 domain of the BCL-2 protein in resistant mouse cells (Phe101Cys and Phe101Leu, equivalent to human Phe104Cys and Phe104Leu). The results of immunoprecipitation show that, both mutations weaken the ability of venetoclax to bind to BCL-2 and make the cells resistant (76). In MM cells, another resistance mutation Aps111Ala largely eliminates the venetoclax-induced dissociation of BIM from BCL-2, reducing the sensitivity of the MM-sensitive cell line KMS12PE to venetoclax by approximately 7.5-fold (40). In addition to the mutation described above, Ghia et al. identified a previously unreported nonsynonymous BCL-2 mutation BCL2A113P, which is located adjacent to the BH3 binding site and is thought to potentially impair the ability of venetoclax to bind and inhibit BCL-2 (37).

Besides mutations in BCL-2 binding site, modifications of it also play a role in venetoclax resistance. Researchers have found that though follicular lymphoma expresses BCL-2 at high levels, its response to venetoclax is quite low (77) This result contradicts the viewpoint that BCL-2 protein expression and resistance to venetoclax are negatively correlated. The researchers further found that posttranslational modifications of BCL-2 and its related family members, such as phosphorylation, may prevent venetoclax from displacing BIM on BCL-2, thereby blocking the venetoclax-induced mitochondria-mediated apoptotic pathway (Figure 3) (76, 78).




Figure 3 | In resistant cells, multiple mutations in BCL-2, such as Gly101Val, Phe101Cys, Phe101Leu, and Aps111Ala, may result in decreased affinity of the BCL-2 protein for venetoclax while retaining the binding of BCL-2 protein to BIM and therefore blocking the action of venetoclax. (Created with BioRender.com.





Solutions to the drug resistance problem

A potential solution to the resistance caused by the decrease in drug-target affinity due to base mutations is unavailable, but researchers have proposed that the Glu152Ala mutation in BCL-2 rescues the decrease in BCL-2 affinity for venetoclax caused by the Gly101Val mutation in BCL-2 (75). This phenomenon suggests that further study of the altered spatial conformation of BCL-2 after mutation might be used as a reference for new drug development. Additionally, due to the decrease in drug affinity caused by different mutations, an in-depth study of the change in the 3D structure of BCL-2 upon binding may help solve this problem. For modifications of BCL-2, pBCL-2 kinase inhibitors have been shown to overcome the resistance of CLL cells to ABT compounds (78).




Other mechanisms and solutions


Mechanisms of drug resistance

Cells develop resistance to venetoclax through various other mechanisms, such as BAX mutations, RNA methylation, antiapoptotic pathways other than those mediated by the BCL-2 family, tumor suppressor mutations, and abnormal cell cycle regulation.

In CLL patients who have been continuously treated with long-term venetoclax, different mutations in BAX may be detected in the myeloid compartment. Some of them occur in the critical BAX α9-helix which targets BAX to the mitochondrial outer membrane. These α9-helix mutations may fail venetoclax to induce apoptosis. The investigators re-expressed several α9-helix mutations in the AML cell line MOLM-13 and found these AML cells also exhibited significant venetoclax resistance. These results suggest that BAX mutations may serve as a resistance mechanism for AML and CLL (79).

The RNA cytosine methyltransferases NSUN2 and NSUN1 modify the methylation of cytosine in RNA and have functions such as stabilizing tRNA and mRNA. In leukemia cells, NSUN2 and NSUN1 alter the RNA transcription process as part of the RNA polymerase II extension complex (eRNAPII), causing cells to develop resistance to venetoclax. Venetoclax strongly induces the expression of eRNAPII and NSUN1 to convert sensitive cells into resistant cells, and the expression levels of eRNAPII, NSUN2, and NSUN1 are strongly correlated with the degree of lineage-associated resistance to venetoclax. After knocking down NSUN1 or NSUN2 by siRNAs, venetoclax-resistant K1VR lineage leukemia cells resensitize to low doses of venetoclax (80).

The growth arrest-specific protein 6 (GAS6)/AXL axis is upregulated in various tumor tissues, and it has been suggested to be another antiapoptotic pathway in addition to the BCL-2 family in some tumors (81–83). Upon binding to AXL, GAS6 activates downstream signaling pathways and promotes tumor cell survival, proliferation, migration, and other activities (81, 84, 85). GAS6/AXL axis correlates with the expression of several leukemic stem cell marker genes, and increased AXL and GAS6 expression is associated with poor prognosis for individuals with AML (86–88). Based on these findings, LSCs may develop venetoclax resistance by increasing the activity of the GAS6/AXL axis to partially counteract the proapoptotic effect produced by venetoclax by acting on BCL-2 family-related proteins.

In addition, AML also exhibits resistance mechanisms mediated by mutations in the tumor suppressor gene TP53. Full TP53 function is critical for BH3-mimetic drugs efficacy, and if TP53-mutant clones emerge under the therapeutic pressure of sublethal doses of BCL-2 or MCL-1 inhibitors, drug resistance will occur (89). Furthermore, another study found that biallelic mutations of TP53 are associated with primary drug resistance, especially for venetoclax combined with azacitidine or cytarabine (90).

Cell cycle alterations are also a major feature of carcinogenesis, and tumor cells often sustain proliferation for abnormal cell cycle checkpoints. For example, a single-cell transcriptome analysis of a cohort of patients with MCL found that the G2/M checkpoint protein was significantly upregulated in ibrutinib-venetoclax-resistant patients and was strongly correlated with disease progression (91, 92). Another study on MM found that the expression of the G0S2 gene, which mediates the transition of cells from the G0 to G1 phase, was significantly decreased in drug-resistant cell lines compared to sensitive lines. Further exploration of the mechanism revealed that G0S2 inhibited the BCL-2 protein, and the downregulation of G0S2 may lead to an increase in BCL-2 expression (31).

Another finding in the studies of drug resistance deserves our attention—the spatial heterogeneity of resistant leukemia cells. A study examined the differences in protein expression in resistant cells of different locations by continuously monitoring CLL cells in the bone marrow and peripheral blood. The expression of X-linked apoptosis inhibitory protein (XIAP) was significantly higher in resistant cells in bone marrow than in peripheral blood before venetoclax treatment (day 0) and acquired resistance status (day 450), and BCL-2 was expressed at higher levels in peripheral blood. This result may suggest that CLL cells at different locations employ different resistance mechanisms (93). According to previous studies, elevated XIAP levels may result from the activity of the AKT pathway (94), suggesting that CLL cells in the bone marrow may have elevated XIAP levels through the activation of the AKT pathway in response to venetoclax, mediating drug resistance. In contrast, this mechanism only exerts a relatively minor effect on CLL cells in peripheral blood.



Solutions to drug resistance problems

Recent epigenetic studies have reported that DNA methylation inhibitors, histone deacetylase inhibitors, histone methyltransferase EZH2 inhibitors, and bromodomain inhibitors respectively act in combination with venetoclax by modulating epigenetic mechanisms, rendering cells more sensitive to venetoclax (95–100). Moreover, PLK1 plays a critical role in regulating the G2/M transition of the cell cycle by phosphorylating PTEN to regulate the PI3K-AKT pathway, and ultimately affects the G2/M transition. The PLK1 inhibitor volasertib, which significantly arrests MCL tumor cells at the G2/M transition, has been documented to recover cellular sensitivity to venetoclax and ibrutinib when administered in combination with the PI3K inhibitor copanlisib (92).

Additionally, Xiaojia Niu et al. revealed excellent synergistic effects of the combination of the GAS6/AXL axis inhibitor SLC-391 with venetoclax treatment on inhibiting AML stem/progenitor cell proliferation and long-term clonal activity. The levels of PARP and caspase-3, which play key roles in apoptosis, were shown to increase in the combination treatment group, and the combination of the two drugs was effective in regulating the cell cycle by inducing an increase in the number of G1 phase cells to promote apoptosis. By exploring the specific mechanism, researchers found that SLC-391 combined with venetoclax selectively targets AML stem/progenitor cells. They effectively regulate OXPHOS by downregulating AXL signaling proteins and reducing the mitochondrial membrane potential in CD34+ AML stem/progenitor cells. They also inhibit the MEK-ERK pathway and PI3K-AKT pathway. These changes interfere with cellular metabolism in several ways to kill stem/progenitor-resistant cells synergistically. This combination strategy exerts a better effect on killing AML cells with high expression of GAS6/AXL (101).

SF3B1 functions as an essential part of spliceosome assembly and its mutations can be seen in many hematologic malignancies (102). Based on this, the researchers found that splicing inhibitors can sensitize multiple myeloma cells to venetoclax through its affection on MCL-1 transcripts, shifting cells from MCL-1-dependent to BCL-2-dependent (103).

Recently, researchers reported that triggering an accumulation of ceramide by inhibition of sphingosine kinase induced an apoptotic integrated stress response in AML cells, leading to transcription of the BH3-only protein NOXA and degradation of the prosurvival MCL-1 protein, which may overcome BCL-2 inhibitor resistance (104).




Early warning for resistance events by detecting drug resistance-related specific signatures

Along with the continuous research on drug resistance mechanisms, researchers have begun to search for signatures that predict the sensitivity of tumor cells to venetoclax before treatment or monitor resistance during treatment to select or switch to appropriate drugs as early as possible and help prolong patient survival.

The development of primary drug resistance is effectively predicted by the expression levels of certain markers. AML cell surface markers CLEC7A (CD369) and CD14 positively correlated with the AUC of venetoclax (r=0.68 and 0.64, p<0.0001), in other words, patients with AML presenting high CD14/CLEC7A expression exhibited reduced sensitivity to venetoclax monotherapy, suggesting their potential in predicting venetoclax resistance (105). In addition to cell surface markers, the expression levels of the GAS6/AXL axis in cells have been shown to reflect primary resistance to venetoclax in AML cells and can be used as a marker to predict response to therapy, as well as the potential to indicate the need for combination therapy with AXL/BCL-2 inhibitors (101). Another more approaches to predict primary resistance in addition to measuring expression levels is detecting the mutations of genes or variations of chromosome number. For example, the detection of FLT3-ITD mutations in AML cells may predict their response to venetoclax, and combining the FLT3 inhibitor quizartinib (106) or gilteritinib (32, 107) with venetoclax may result in a better therapeutic effect. Clinical trials have also been conducted in combination with gilteritinib (NCT03625505). In addition, CLL cells with trisomy 12 potentially develop primary resistance to venetoclax due to specific alterations in the IRF4/NOTCH2 axis, and the initial treatment phase has been unsatisfactory (42, 43), suggesting that we should choose another appropriate drug if trisomy 12 of CLL cells occurs.

Moreover, some monitoring methods have also been explored for secondary drug resistance developed during treatment. Shanshan Pei et al. found that resistant monocytes (CD45-bright/SSC-high/CD117-/CD11b+/CD68+) differentiated after drug treatment showed a significantly different response from typical FAB-M0/M1/M2 bone marrow cells (CD45-med/SSC-low/CD117+/CD11b-/CD68-) in AML patients. Patients with the latter immunophenotype may achieve complete remission (CR) with combination therapy of venetoclax and azacitidine, and patients with the former immunophenotype may have no response to it (108). From M0 to M5, the level of MCL-1 was progressively increasing and the level of BCL-2 was decreasing. Patients with preexisting monocyte subclones, after combination therapy of venetoclax and azacitidine, appeared to show striking in vivo selection for the monocytic subpopulation (109). Based on these results, we can monitor the development of resistant monocyte differentiation by detecting the cellular immunophenotype during the treatment and then adjust the appropriate treatment regimen to avoid refractory relapse as much as possible. In addition to detecting the cellular immunophenotype, the copy number variation in the 1q21 region of the MCL-1 gene also predicts the sensitivity of cells to venetoclax. If amplification of the 1q21 region in MM cells is detected during treatment, it often suggests elevated MCL-1 expression and the development of resistance (40). In metabolic studies, the level of fatty acid metabolism was reported to correlate significantly with the patient response to combination therapy of venetoclax and azacitidine, and increased fatty acid metabolism during treatment suggested drug resistance (57). Additionally, the expression level of the mitochondria-associated protein CLPB was also positively correlated with the degree of AML resistance and may indicate secondary drug resistance in cell lines (72). However, due to the small statistical sample size of the cell lines, this conclusion requires further confirmation.



Conclusions

Venetoclax, a novel small-molecule targeted BCL-2 inhibitor, has fewer side effects than multitarget drugs such as ABT-737, effectively enhancing the therapeutic utility of BCL-2 inhibitors and filling part of the therapeutic gap. Combination therapy based on venetoclax may provide a delayed recurrence or even remission in some patients with R/R hematological malignant diseases (110–112). However, resistance to venetoclax also exists. Malignant cells directly antagonize the effects of venetoclax by upregulating the expression of non-BCL-2 antiapoptotic proteins in the BCL-2 family to replace BCL-2 and continuing to maintain binding to BIM proteins. This “substitution mechanism” is also how cells classically develop venetoclax resistance.

In addition, in cellular metabolism, alterations in the level of OXPHOS and changes in the metabolism of nicotinamide or fatty acids help cells develop resistance. In particular, an increased level of fatty acid metabolism is a general mechanism for developing resistance to chemotherapeutic drugs (113–115). Thus, the continued investigation of the molecular mechanisms of fatty acid metabolism leading to drug resistance and the identification of targeted therapeutic might be beneficial to more targeted tumor therapies. Glutamine metabolism also affects the cellular response to venetoclax, but the specific mechanisms of drug resistance require further investigation. Direct changes in the structure of mitochondrial cristae are potentially involved in the development of cellular drug resistance. Moreover, multiple mutated forms of the BCL-2 gene also contribute to drug resistance by reducing the affinity of the BCL-2 protein for venetoclax.

On the other hand, the effect of epigenetic alterations on tumorigenesis is receiving increasing attention. Researches have reported the development of venetoclax resistance by mediating alterations in methylation during RNA transcription. Cell cycle, alterations in tumor suppressor gene expression, and effects of other processes on venetoclax resistance are all being investigated.

As resistance mechanisms are being explored, the solutions to some of these mechanisms are also being assessed. Signaling pathway inhibitors such as CUDU-907 and BEZ235, cell metabolism-related drugs such as AMPK inhibitors and NAMPT inhibitors, epigenetic-related drugs such as DNA methylation inhibitors, histone deacetylase inhibitors, and cell cycle regulators like volasertib, and the GAS6/AXL axis inhibitor SLC-391 all work well in combination with venetoclax to exert a significant synergistic effect.

With the ongoing investigation of drug resistance mechanisms and the discovery of relevant biomarkers, we expect to be able to detect different mechanisms of cancer development and drug resistance in different patients using more precise methods to finally achieve precise individualized treatment and help more patients achieve remission and return to good health.



Author contributions

JL and YC collected the related paper and finished the manuscript and figures. LYu revised the article. LYa gave constructive guidance and made critical revisions. All authors read and approved the final manuscript.



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.



References

1. Cheng, EH-YA, Wei, MC, Weiler, S, Flavell, RA, Mak, TW, Lindsten, T, et al. BCL-2, BCL-XL sequester BH3 domain-only molecules preventing BAX- and BAK-mediated mitochondrial apoptosis. Mol Cell (2001) 8:705–11. doi: 10.1016/S1097-2765(01)00320-3

2. Huang, K, O’Neill, KL, Li, J, Zhou, W, Han, N, Pang, X, et al. BH3-only proteins target BCL-xL/MCL-1, not BAX/BAK, to initiate apoptosis. Cell Res (2019) 29:942–52. doi: 10.1038/s41422-019-0231-y

3. Danial, NN, and Korsmeyer, SJ. Cell death. Cell (2004) 116:205–19. doi: 10.1016/S0092-8674(04)00046-7

4. Wilson, WH, O’Connor, OA, Czuczman, MS, LaCasce, AS, Gerecitano, JF, Leonard, JP, et al. Navitoclax, a targeted high-affinity inhibitor of BCL-2, in lymphoid malignancies: A phase 1 dose-escalation study of safety, pharmacokinetics, pharmacodynamics, and antitumour activity. Lancet Oncol (2010) 11:1149–59. doi: 10.1016/S1470-2045(10)70261-8

5. Mason, KD, Carpinelli, MR, Fletcher, JI, Collinge, JE, Hilton, AA, Ellis, S, et al. Programmed anuclear cell death delimits platelet life span. Cell (2007) 128:1173–86. doi: 10.1016/j.cell.2007.01.037

6. Zhang, H, Nimmer, PM, Tahir, SK, Chen, J, Fryer, RM, Hahn, KR, et al. Bcl-2 family proteins are essential for platelet survival. Cell Death Differ (2007) 14:943–51. doi: 10.1038/sj.cdd.4402081

7. Debrincat, MA, Pleines, I, Lebois, M, Lane, RM, Holmes, ML, Corbin, J, et al. BCL-2 is dispensable for thrombopoiesis and platelet survival. Cell Death Dis (2015) 6:e1721–1. doi: 10.1038/cddis.2015.97

8. Souers, AJ, Leverson, JD, Boghaert, ER, Ackler, SL, Catron, ND, Chen, J, et al. ABT-199, a potent and selective BCL-2 inhibitor, achieves antitumor activity while sparing platelets. Nat Med (2013) 19:202–8. doi: 10.1038/nm.3048

9. Lessene, G, Czabotar, PE, and Colman, PM. BCL-2 family antagonists for cancer therapy. Nat Rev Drug Discovery (2008) 7:989–1000. doi: 10.1038/nrd2658

10. Roberts, AW, Davids, MS, Pagel, JM, Kahl, BS, Puvvada, SD, Gerecitano, JF, et al. Targeting BCL2 with venetoclax in relapsed chronic lymphocytic leukemia. N Engl J Med (2016) 374:311–22. doi: 10.1056/NEJMoa1513257

11. Kumar, S, Kaufman, JL, Gasparetto, C, Mikhael, J, Vij, R, Pegourie, B, et al. Efficacy of venetoclax as targeted therapy for relapsed/refractory t (11,14) multiple myeloma. Blood (2017) 130:2401–9. doi: 10.1182/blood-2017-06-788786

12. Konopleva, M, Pollyea, DA, Potluri, J, Chyla, B, Hogdal, L, Busman, T, et al. Efficacy and biological correlates of response in a phase II study of venetoclax monotherapy in patients with acute myelogenous leukemia. Cancer Discovery (2016) 6:1106–17. doi: 10.1158/2159-8290.CD-16-0313

13.FDA Approves new drug for chronic lymphocytic leukemia in patients with a specific chromosomal abnormality (2016). FDA. Available at: https://www.fda.gov/news-events/press-announcements/fda-approves-new-drug-chronic-lymphocytic-leukemia-patients-specific-chromosomal-abnormality (Accessed August 30, 2022).

14. DiNardo, CD, Pratz, K, Pullarkat, V, Jonas, BA, Arellano, M, Becker, PS, et al. Venetoclax combined with decitabine or azacitidine in treatment-naive, elderly patients with acute myeloid leukemia. Blood (2019) 133:7–17. doi: 10.1182/blood-2018-08-868752

15. Lasica, M, and Anderson, MA. Review of venetoclax in CLL, AML and multiple myeloma. JPM (2021) 11:463. doi: 10.3390/jpm11060463

16. Kaufmann, SH, Karp, JE, Svingen, PA, Krajewski, S, Burke, PJ, Gore, SD, et al. Elevated expression of the apoptotic regulator mcl-1 at the time of leukemic relapse. Blood (1998) 91:991–1000. doi: 10.1182/blood.V91.3.991

17. Um, H-D. Bcl-2 family proteins as regulators of cancer cell invasion and metastasis: A review focusing on mitochondrial respiration and reactive oxygen species. Oncotarget (2016) 7:5193–203. doi: 10.18632/oncotarget.6405

18. Punnoose, EA, Leverson, JD, Peale, F, Boghaert, ER, Belmont, LD, Tan, N, et al. Expression profile of BCL-2, BCL-XL, and MCL-1 predicts pharmacological response to the BCL-2 selective antagonist venetoclax in multiple myeloma models. Mol Cancer Ther (2016) 15:1132–44. doi: 10.1158/1535-7163.MCT-15-0730

19. Wuillème-Toumi, S, Robillard, N, Gomez, P, Moreau, P, Le Gouill, S, Avet-Loiseau, H, et al. Mcl-1 is overexpressed in multiple myeloma and associated with relapse and shorter survival. Leukemia (2005) 19:1248–52. doi: 10.1038/sj.leu.2403784

20. Derenne, S, Monia, B, Dean, NM, Taylor, JK, Rapp, M-J, Harousseau, J-L, et al. Antisense strategy shows that mcl-1 rather than bcl-2 or bcl-xL is an essential survival protein of human myeloma cells. Blood (2002) 100:194–9. doi: 10.1182/blood.V100.1.194

21. Zhang, B, Gojo, I, and Fenton, RG. Myeloid cell factor–1 is a critical survival factor for multiple myeloma. Blood (2002) 99:1885–93. doi: 10.1182/blood.V99.6.1885

22. Blombery, P, Anderson, MA, Gong, J, Thijssen, R, Birkinshaw, RW, Thompson, E, et al. Acquisition of the recurrent Gly101Val mutation in BCL2 confers resistance to venetoclax in patients with progressive chronic lymphocytic leukemia. Blood (2018) 132:LBA–7-LBA-7. doi: 10.1182/blood-2018-120761

23. Guieze, R, Liu, VM, Rosebrock, D, Jourdain, A, Hernández-Sánchez, M, Martinez, AZ, et al. Genetic determinants of venetoclax resistance in lymphoid malignancies. Blood (2018) 132:893–3. doi: 10.1182/blood-2018-99-118604

24. Liu, VM, Guièze, R, Rosebrock, D, Jourdain, AA, Hernández-Sánchez, M, Martinez, AZ, et al. MCL-1 and PKA/AMPK axis fuel venetoclax resistance in lymphoid cancers. Blood (2019) 134:1284–4. doi: 10.1182/blood-2019-131336

25. Pullarkat, VA, Lacayo, NJ, Jabbour, E, Rubnitz, JE, Bajel, A, Laetsch, TW, et al. Venetoclax and navitoclax in combination with chemotherapy in patients with relapsed or refractory acute lymphoblastic leukemia and lymphoblastic lymphoma. Cancer Discovery (2021) 11:1440–53. doi: 10.1158/2159-8290.CD-20-1465

26. Pham, LV, Huang, S, Zhang, H, Zhang, J, Bell, T, Zhou, S, et al. Strategic therapeutic targeting to overcome venetoclax resistance in aggressive b-cell lymphomas. Clin Cancer Res (2018) 24:3967–80. doi: 10.1158/1078-0432.CCR-17-3004

27. Wei, AH, Roberts, AW, Spencer, A, Rosenberg, AS, Siegel, D, Walter, RB, et al. Targeting MCL-1 in hematologic malignancies: Rationale and progress. Blood Rev (2020) 44:100672. doi: 10.1016/j.blre.2020.100672

28. Stiles, BL. PI-3-K and AKT: Onto the mitochondria. Advanced Drug Delivery Rev (2009) 61:1276–82. doi: 10.1016/j.addr.2009.07.017

29. Chesnokov, MS, Borhani, S, Halasi, M, Arbieva, Z, Khan, I, and Gartel, AL. FOXM1-AKT positive regulation loop provides venetoclax resistance in AML. Front Oncol (2021) 11:696532. doi: 10.3389/fonc.2021.696532

30. Jayappa, KD, Portell, CA, Gordon, VL, Capaldo, BJ, Bekiranov, S, Axelrod, MJ, et al. Microenvironmental agonists generate de novo phenotypic resistance to combined ibrutinib plus venetoclax in CLL and MCL. Blood Adv (2017) 1:933–46. doi: 10.1182/bloodadvances.2016004176

31. Chakraborty, C, Xu, Y, Yao, Y, Morelli, E, Aktas-Samur, A, Samur, MK, et al. Activation of the ERK pathway drives acquired resistance to venetoclax in MM cell models. Blood (2020) 136:21–2. doi: 10.1182/blood-2020-142655

32. Perl, AE. Improving response to FLT3 inhibitors–BCL2 the rescue? Clin Cancer Res (2019) 25:6567–9. doi: 10.1158/1078-0432.CCR-19-2339

33. Fathi, AT, and Chen, Y-B. The role of FLT3 inhibitors in the treatment of FLT3-mutated acute myeloid leukemia. Eur J Haematol (2017) 98:330–6. doi: 10.1111/ejh.12841

34. Levis, M, and Small, D. FLT3: ITDoes matter in leukemia. Leukemia (2003) 17:1738–52. doi: 10.1038/sj.leu.2403099

35. Ma, J, Zhao, S, Qiao, X, Knight, T, Edwards, H, Polin, L, et al. Inhibition of bcl-2 synergistically enhances the antileukemic activity of midostaurin and gilteritinib in preclinical models of FLT3-mutated acute myeloid leukemia. Clin Cancer Res (2019) 25:6815–26. doi: 10.1158/1078-0432.CCR-19-0832

36. Zhang, H, Nakauchi, Y, Köhnke, T, Stafford, M, Bottomly, D, Thomas, R, et al. Integrated analysis of patient samples identifies biomarkers for venetoclax efficacy and combination strategies in acute myeloid leukemia. Nat Cancer (2020) 1:826–39. doi: 10.1038/s43018-020-0103-x

37. Ghia, EM, Rassenti, LZ, Choi, MY, Quijada-Álamo, M, Chu, E, Widhopf, GF, et al. High expression level of ROR1 and ROR1-signaling associates with venetoclax resistance in chronic lymphocytic leukemia. Leukemia (2022) 36:1609–18. doi: 10.1038/s41375-022-01543-y

38. Hasan, MK, Ghia, EM, Rassenti, LZ, Widhopf, GF, and Kipps, TJ. Wnt5a enhances proliferation of chronic lymphocytic leukemia and ERK1/2 phosphorylation via a ROR1/DOCK2-dependent mechanism. Leukemia (2021) 35:1621–30. doi: 10.1038/s41375-020-01055-7

39. Agarwal, R, Chan, Y-C, Tam, CS, Hunter, T, Vassiliadis, D, Teh, CE, et al. Dynamic molecular monitoring reveals that SWI–SNF mutations mediate resistance to ibrutinib plus venetoclax in mantle cell lymphoma. Nat Med (2019) 25:119–29. doi: 10.1038/s41591-018-0243-z

40. Maity, R, Neri, P, Donovan, J, Kong, M, Hasan, F, Boise, L, et al. Copy number gain of the MCL1 gene locus (1q21) and acquisition of BCL2 mutation mediate resistance to venetoclax in multiple myeloma (MM) patients. Clin Lymphoma Myeloma Leukemia (2019) 19:e22–3. doi: 10.1016/j.clml.2019.09.033

41. Li, Y, Zhang, X, Ge, S, Gao, J, Gong, J, Lu, M, et al. Clinical significance of phenotyping and karyotyping of circulating tumor cells in patients with advanced gastric cancer. Oncotarget (2014) 5:6594–602. doi: 10.18632/oncotarget.2175

42. Fiorcari, S, Maffei, R, Atene, CG, Martinelli, S, Potenza, L, Luppi, M, et al. NOTCH2 contributes to venetoclax resistance in chronic lymphocytic leukemia. Blood (2019) 134:4280–0. doi: 10.1182/blood-2019-128499

43. Fiorcari, S, Maffei, R, Atene, CG, Mesini, N, Maccaferri, M, Leonardi, G, et al. Notch2 increases the resistance to venetoclax-induced apoptosis in chronic lymphocytic leukemia b cells by inducing mcl-1. Front Oncol (2022) 11:777587. doi: 10.3389/fonc.2021.777587

44. Algarín, EM, Quwaider, D, Campos-Laborie, FJ, Díaz-Tejedor, A, Mogollón, P, Vuelta, E, et al. Stroma-mediated resistance to S63845 and venetoclax through MCL-1 and BCL-2 expression changes induced by miR-193b-3p and miR-21-5p dysregulation in multiple myeloma. Cells (2021) 10:559. doi: 10.3390/cells10030559

45. Gupta, VA, Matulis, SM, Conage-Pough, JE, Nooka, AK, Kaufman, JL, Lonial, S, et al. Bone marrow microenvironment–derived signals induce mcl-1 dependence in multiple myeloma. Blood (2017) 129:1969–79. doi: 10.1182/blood-2016-10-745059

46. Jourdan, M, Veyrune, J-L, Vos, JD, Redal, N, Couderc, G, and Klein, B. A major role for mcl-1 antiapoptotic protein in the IL-6-induced survival of human myeloma cells. Oncogene (2003) 22:2950–9. doi: 10.1038/sj.onc.1206423

47. Conage-Pough, JE, and Boise, LH. Phosphorylation alters bim-mediated mcl-1 stabilization and priming. FEBS J (2018) 285:2626–40. doi: 10.1111/febs.14505

48. Li, X, Su, Y, Hege, K, Madlambayan, G, Edwards, H, Knight, T, et al. The HDAC and PI3K dual inhibitor CUDC-907 synergistically enhances the antileukemic activity of venetoclax in preclinical models of acute myeloid leukemia. haematol (2020) 106:1262–77. doi: 10.3324/haematol.2019.233445

49. Rahmani, M, Aust, MM, Attkisson, E, Williams, DC, Ferreira-Gonzalez, A, and Grant, S. Dual inhibition of bcl-2 and bcl-xL strikingly enhances PI3K inhibition-induced apoptosis in human myeloid leukemia cells through a GSK3- and bim-dependent mechanism. Cancer Res (2013) 73:1340–51. doi: 10.1158/0008-5472.CAN-12-1365

50. Ren, W, Joshi, R, and Mathew, P. Synthetic lethality in PTEN-mutant prostate cancer is induced by combinatorial PI3K/Akt and BCL-XL inhibition. Mol Cancer Res (2016) 14:1176–81. doi: 10.1158/1541-7786.MCR-16-0202

51. Lagadinou, ED, Sach, A, Callahan, K, Rossi, RM, Neering, SJ, Minhajuddin, M, et al. BCL-2 inhibition targets oxidative phosphorylation and selectively eradicates quiescent human leukemia stem cells. Cell Stem Cell (2013) 12:329–41. doi: 10.1016/j.stem.2012.12.013

52. Jones, CL, Stevens, BM, D’Alessandro, A, Reisz, JA, Culp-Hill, R, Nemkov, T, et al. Inhibition of amino acid metabolism selectively targets human leukemia stem cells. Cancer Cell (2018) 34:724–740.e4. doi: 10.1016/j.ccell.2018.10.005

53. Pollyea, DA, Stevens, BM, Jones, CL, Winters, A, Pei, S, Minhajuddin, M, et al. Venetoclax with azacitidine disrupts energy metabolism and targets leukemia stem cells in patients with acute myeloid leukemia. Nat Med (2018) 24:1859–66. doi: 10.1038/s41591-018-0233-1

54. Guièze, R, Liu, VM, Rosebrock, D, Jourdain, AA, Hernández-Sánchez, M, Martinez Zurita, A, et al. Mitochondrial reprogramming underlies resistance to BCL-2 inhibition in lymphoid malignancies. Cancer Cell (2019) 36:369–384.e13. doi: 10.1016/j.ccell.2019.08.005

55. Sriskanthadevan, S, Jeyaraju, DV, Chung, TE, Prabha, S, Xu, W, Skrtic, M, et al. AML cells have low spare reserve capacity in their respiratory chain that renders them susceptible to oxidative metabolic stress. Blood (2015) 125:2120–30. doi: 10.1182/blood-2014-08-594408

56. Jones, CL, Stevens, BM, Pollyea, DA, Culp-Hill, R, Reisz, JA, Nemkov, T, et al. Nicotinamide metabolism mediates resistance to venetoclax in relapsed acute myeloid leukemia stem cells. Cell Stem Cell (2020) 27:748–764.e4. doi: 10.1016/j.stem.2020.07.021

57. Pollyea, DA, Jones, CL, Stevens, BM, Pei, S, D’Alessandro, A, Culp-Hill, R, et al. Relapsed acute myeloid leukemia is less sensitive to venetoclax + azacitidine due to leukemia stem cell resistance driven by fatty acid metabolism and can be overcome by pharmacologic inhibition of CPT1. Blood (2018) 132:432–2. doi: 10.1182/blood-2018-99-111507

58. Jones, CL, Stevens, BM, Culp-Hill, R, Dalessandro, A, Krug, A, Goosman, M, et al. Inhibition of fatty acid metabolism re-sensitizes resistant leukemia stem cells to venetoclax with azacitidine. Blood (2019) 134:1272–2. doi: 10.1182/blood-2019-125773

59. Stevens, BM, Jones, CL, Pollyea, DA, Culp-Hill, R, D’Alessandro, A, Winters, A, et al. Fatty acid metabolism underlies venetoclax resistance in acute myeloid leukemia stem cells. Nat Cancer (2020) 1:1176–87. doi: 10.1038/s43018-020-00126-z

60. Bajpai, R, Matulis, SM, Wei, C, Nooka, AK, Von Hollen, HE, Lonial, S, et al. Targeting glutamine metabolism in multiple myeloma enhances BIM binding to BCL-2 eliciting synthetic lethality to venetoclax. Oncogene (2016) 35:3955–64. doi: 10.1038/onc.2015.464

61. Emadi, A, Kapadia, B, Bollino, D, Bhandary, B, Baer, MR, Niyongere, S, et al. Venetoclax and pegcrisantaspase for complex karyotype acute myeloid leukemia. Leukemia (2021) 35:1907–24. doi: 10.1038/s41375-020-01080-6

62. Meynet, O, Zunino, B, Happo, L, Pradelli, LA, Chiche, J, Jacquin, MA, et al. Caloric restriction modulates mcl-1 expression and sensitizes lymphomas to BH3 mimetic in mice. Blood (2013) 122:2402–11. doi: 10.1182/blood-2013-01-478651

63. Oppermann, S, Ylanko, J, Shi, Y, Hariharan, S, Oakes, CC, Brauer, PM, et al. High-content screening identifies kinase inhibitors that overcome venetoclax resistance in activated CLL cells. Blood (2016) 128:934–47. doi: 10.1182/blood-2015-12-687814

64. Chukkapalli, V, Gordon, LI, Venugopal, P, Borgia, JA, and Karmali, R. Metabolic changes associated with metformin potentiates bcl-2 inhibitor, venetoclax, and CDK9 inhibitor, BAY1143572 and reduces viability of lymphoma cells. Oncotarget (2018) 9:21166–81. doi: 10.18632/oncotarget.24989

65. Janiszewska, M, Suvà, ML, Riggi, N, Houtkooper, RH, Auwerx, J, Clément-Schatlo, V, et al. Imp2 controls oxidative phosphorylation and is crucial for preserving glioblastoma cancer stem cells. Genes Dev (2012) 26:1926–44. doi: 10.1101/gad.188292.112

66. Lee, K, Giltnane, JM, Balko, JM, Schwarz, LJ, Guerrero-Zotano, AL, Hutchinson, KE, et al. MYC and MCL1 cooperatively promote chemotherapy-resistant breast cancer stem cells via regulation of mitochondrial oxidative phosphorylation. Cell Metab (2017) 26:633–647.e7. doi: 10.1016/j.cmet.2017.09.009

67. Sancho, P, Burgos-Ramos, E, Tavera, A, Bou Kheir, T, Jagust, P, Schoenhals, M, et al. MYC/PGC-1α balance determines the metabolic phenotype and plasticity of pancreatic cancer stem cells. Cell Metab (2015) 22:590–605. doi: 10.1016/j.cmet.2015.08.015

68. Viale, A, Pettazzoni, P, Lyssiotis, CA, Ying, H, Sánchez, N, Marchesini, M, et al. Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial function. Nature (2014) 514:628–32. doi: 10.1038/nature13611

69. Tan, B, Young, DA, Lu, Z-H, Wang, T, Meier, TI, Shepard, RL, et al. Pharmacological inhibition of nicotinamide phosphoribosyltransferase (NAMPT), an enzyme essential for NAD+ biosynthesis, in human cancer cells. J Biol Chem (2013) 288:3500–11. doi: 10.1074/jbc.M112.394510

70. Tolstikov, V, Nikolayev, A, Dong, S, Zhao, G, and Kuo, M-S. Metabolomics analysis of metabolic effects of nicotinamide phosphoribosyltransferase (NAMPT) inhibition on human cancer cells. PLoS One (2014) 9:e114019. doi: 10.1371/journal.pone.0114019

71. Burke, PJ. Mitochondria, bioenergetics and apoptosis in cancer. Trends Cancer (2017) 3:857–70. doi: 10.1016/j.trecan.2017.10.006

72. Chen, X, Glytsou, C, Zhou, H, Narang, S, Reyna, DE, Lopez, A, et al. Targeting mitochondrial structure sensitizes acute myeloid leukemia to venetoclax treatment. Cancer Discovery (2019) 9:890–909. doi: 10.1158/2159-8290.CD-19-0117

73. Gilkerson, R, de la Torre, P, and St. Vallier, S. Mitochondrial OMA1 and OPA1 as gatekeepers of organellar Structure/Function and cellular stress response. Front Cell Dev Biol (2021) 9:626117. doi: 10.3389/fcell.2021.626117

74. Herkenne, S, and Scorrano, L. OPA1, a new mitochondrial target in cancer therapy. Aging (2020) 12:20931–3. doi: 10.18632/aging.104207

75. Birkinshaw, RW, Gong, J, Luo, CS, Lio, D, White, CA, Anderson, MA, et al. Structures of BCL-2 in complex with venetoclax reveal the molecular basis of resistance mutations. Nat Commun (2019) 10:2385. doi: 10.1038/s41467-019-10363-1

76. Fresquet, V, Rieger, M, Carolis, C, García-Barchino, MJ, and Martinez-Climent, JA. Acquired mutations in BCL2 family proteins conferring resistance to the BH3 mimetic ABT-199 in lymphoma. Blood (2014) 123:4111–9. doi: 10.1182/blood-2014-03-560284

77. Said, R, Ye, Y, Hong, DS, Janku, F, Fu, S, Naing, A, et al. Characteristics and survival of patients with advanced cancer and p53 mutations. Oncotarget (2014) 5:3871–9. doi: 10.18632/oncotarget.2004

78. Song, T, Chai, G, Liu, Y, Yu, X, Wang, Z, and Zhang, Z. Bcl-2 phosphorylation confers resistance on chronic lymphocytic leukaemia cells to the BH3 mimetics ABT-737, ABT-263 and ABT-199 by impeding direct binding: Bcl-2 phosphorylation alters BH3 binding groove. Br J Pharmacol (2016) 173:471–83. doi: 10.1111/bph.13370

79. Blombery, P, Lew, TE, Dengler, MA, Thompson, ER, Lin, VS, Chen, X, et al. Clonal hematopoiesis, myeloid disorders and BAX-mutated myelopoiesis in patients receiving venetoclax for CLL. Blood (2022) 139:1198–207. doi: 10.1182/blood.2021012775

80. Wood, S, Willbanks, A, and Cheng, JX. RNA Cytosine methyltransferases NSUN1 and NSUN2 mediate the lineage-associated resistance to venetoclax in leukemia. Blood (2020) 136:13–4. doi: 10.1182/blood-2020-141684

81. Zhu, C, Wei, Y, and Wei, X. AXL receptor tyrosine kinase as a promising anti-cancer approach: functions, molecular mechanisms and clinical applications. Mol Cancer (2019) 18:153. doi: 10.1186/s12943-019-1090-3

82. Asiedu, MK, Beauchamp-Perez, FD, Ingle, JN, Behrens, MD, Radisky, DC, and Knutson, KL. AXL induces epithelial-to-mesenchymal transition and regulates the function of breast cancer stem cells. Oncogene (2014) 33:1316–24. doi: 10.1038/onc.2013.57

83. Aguilera, TA, Rafat, M, Castellini, L, Shehade, H, Kariolis, MS, Hui, AB-Y, et al. Reprogramming the immunological microenvironment through radiation and targeting axl. Nat Commun (2016) 7:13898. doi: 10.1038/ncomms13898

84. Graham, DK, DeRyckere, D, Davies, KD, and Earp, HS. The TAM family: phosphatidylserine-sensing receptor tyrosine kinases gone awry in cancer. Nat Rev Cancer (2014) 14:769–85. doi: 10.1038/nrc3847

85. Schoumacher, M, and Burbridge, M. Key roles of AXL and MER receptor tyrosine kinases in resistance to multiple anticancer therapies. Curr Oncol Rep (2017) 19:19. doi: 10.1007/s11912-017-0579-4

86. Rochlitz, C, Lohri, A, Bacchi, M, Schmidt, M, Nagel, S, Fopp, M, et al. Axl expression is associated with adverse prognosis and with expression of bcl-2 and CD34 in de novo acute myeloid leukemia (AML): Results from a multicenter trial of the Swiss group for clinical cancer research (SAKK). Leukemia (1999) 13:1352–8. doi: 10.1038/sj.leu.2401484

87. Ben-Batalla, I, Schultze, A, Wroblewski, M, Erdmann, R, Heuser, M, Waizenegger, JS, et al. Axl, a prognostic and therapeutic target in acute myeloid leukemia mediates paracrine crosstalk of leukemia cells with bone marrow stroma. Blood (2013) 122:2443–52. doi: 10.1182/blood-2013-03-491431

88. Park, I-K, Trotta, R, Yu, J, and Caligiuri, MA. Axl/Gas6 pathway positively regulates FLT3 activation in human natural killer cell development: Innate immunity. Eur J Immunol (2013) 43:2750–5. doi: 10.1002/eji.201243116

89. Thijssen, R, Diepstraten, ST, Moujalled, D, Chew, E, Flensburg, C, Shi, MX, et al. Intact TP-53 function is essential for sustaining durable responses to BH3-mimetic drugs in leukemias. Blood (2021) 137:2721–35. doi: 10.1182/blood.2020010167

90. DiNardo, CD, Tiong, IS, Quaglieri, A, MacRaild, S, Loghavi, S, Brown, FC, et al. Molecular patterns of response and treatment failure after frontline venetoclax combinations in older patients with AML. Blood (2020) 135:791–803. doi: 10.1182/blood.2019003988

91. Jiang, C, Zhang, R, Zhang, S, Lee, W, Huang, S, Liu, Y, et al. Targeting PI3K and PLK1 to overcome ibrutinib-venetoclax resistance in mantle cell lymphoma. Blood (2019) 134:4062–2. doi: 10.1182/blood-2019-128299

92. Zhang, R, Lee, W, Huang, S, Liu, Y, Leeming, AH, McIntosh, JM, et al. Copablisib and volasertib overcome ibrubtinib-venetoclax resistance via targeting pi3k-akt signaling and G2/M cell cycle transition in mantle cell lymphoma. Hematol Oncol (2019) 37:126–7. doi: 10.1002/hon.86_2629

93. Takács, F, Mikala, G, Nagy, N, Reszegi, A, Czeti, Á, Szalóki, G, et al. Identification of a novel resistance mechanism in venetoclax treatment and its prediction in chronic lymphocytic leukemia. Acta Oncol (2021) 60:528–30. doi: 10.1080/0284186X.2021.1878388

94. Longo, PG, Laurenti, L, Gobessi, S, Sica, S, Leone, G, and Efremov, DG. The Akt/Mcl-1 pathway plays a prominent role in mediating antiapoptotic signals downstream of the b-cell receptor in chronic lymphocytic leukemia b cells. Blood (2008) 111:846–55. doi: 10.1182/blood-2007-05-089037

95. Tsao, T, Shi, Y, Kornblau, S, Lu, H, Konoplev, S, Antony, A, et al. Concomitant inhibition of DNA methyltransferase and BCL-2 protein function synergistically induce mitochondrial apoptosis in acute myelogenous leukemia cells. Ann Hematol (2012) 91:1861–70. doi: 10.1007/s00277-012-1537-8

96. Jin, S, Cojocari, D, Purkal, JJ, Popovic, R, Talaty, NN, Xiao, Y, et al. 5-azacitidine induces NOXA to prime AML cells for venetoclax-mediated apoptosis. Clin Cancer Res (2020) 26:3371–83. doi: 10.1158/1078-0432.CCR-19-1900

97. Luo, S, and Rubinsztein, DC. BCL2L11/BIM: A novel molecular link between autophagy and apoptosis. Autophagy (2013) 9:104–5. doi: 10.4161/auto.22399

98. Gibbs, D, Van Besien, H, Regan, S, Singh, A, Teater, M, Cesarman, E, et al. Combined EZH2 and BCL2 inhibitors as precision therapy for genetically defined DLBCL subtypes. Blood (2019) 134:304–4. doi: 10.1182/blood-2019-126790

99. Hogg, SJ, Newbold, A, Vervoort, SJ, Cluse, LA, Martin, BP, Gregory, GP, et al. BET inhibition induces apoptosis in aggressive b-cell lymphoma via epigenetic regulation of BCL-2 family members. Mol Cancer Ther (2016) 15:2030–41. doi: 10.1158/1535-7163.MCT-15-0924

100. Kim, SR, Lewis, JM, Cyrenne, BM, Monico, PF, Mirza, FN, Carlson, KR, et al. BET inhibition in advanced cutaneous T cell lymphoma is synergistically potentiated by BCL2 inhibition or HDAC inhibition. Oncotarget (2018) 9:29193–207. doi: 10.18632/oncotarget.25670

101. Niu, X, Rothe, K, Chen, M, Grasedieck, S, Li, R, Nam, S-E, et al. Targeting AXL kinase sensitizes leukemic stem and progenitor cells to venetoclax treatment in acute myeloid leukemia. Blood (2021) 137:3641–55. doi: 10.1182/blood.2020007651

102. Foy, A, and McMullin, MF. Somatic SF3B1 mutations in myelodysplastic syndrome with ring sideroblasts and chronic lymphocytic leukaemia. J Clin Pathol (2019) 72:778–82. doi: 10.1136/jclinpath-2019-205895

103. Soncini, D, Martinuzzi, C, Becherini, P, Gelli, E, Ruberti, S, Todoerti, K, et al. Apoptosis reprogramming triggered by splicing inhibitors sensitizes multiple myeloma cells to venetoclax treatment. Haematol (2021) 107:1410–26. doi: 10.3324/haematol.2021.279276

104. Lewis, AC, Pope, VS, Tea, MN, Li, M, Nwosu, GO, Nguyen, TM, et al. Ceramide-induced integrated stress response overcomes bcl-2 inhibitor resistance in acute myeloid leukemia. Blood (2022) 139:3737–51. doi: 10.1182/blood.2021013277

105. Zhang, H, Wilmot, B, Bottomly, D, Kurtz, SE, Eide, CA, Damnernsawad, A, et al. Biomarkers predicting venetoclax sensitivity and strategies for venetoclax combination treatment. Blood (2018) 132:175–5. doi: 10.1182/blood-2018-175

106. Chyla, B, Daver, N, Doyle, K, McKeegan, E, Huang, X, Ruvolo, V, et al. Genetic biomarkers of sensitivity and resistance to venetoclax monotherapy in patients with relapsed acute myeloid leukemia. Am J Hematol (2018) 93:E202–5. doi: 10.1002/ajh.25146

107. Daver, N, Perl, AE, Maly, J, Levis, M, Ritchie, E, Litzow, M, et al. Venetoclax plus gilteritinib for FLT3-mutated relapsed/refractory acute myeloid leukemia. J Clin Oncol (2022) 18:JCO2200602. doi: 10.1200/JCO.22.00602

108. Pei, S, Pollyea, DA, Gustafson, A, Minhajuddin, M, Stevens, BM, Ye, H, et al. Developmental plasticity of acute myeloid leukemia mediates resistance to venetoclax-based therapy. Blood (2019) 134:185–5. doi: 10.1182/blood-2019-131390

109. Pei, S, Pollyea, DA, Gustafson, A, Stevens, BM, Minhajuddin, M, Fu, R, et al. Monocytic subclones confer resistance to venetoclax-based therapy in patients with acute myeloid leukemia. Cancer Discovery (2020) 10:536–51. doi: 10.1158/2159-8290.CD-19-0710

110. Zhu, R, Li, L, Nguyen, B, Seo, J, Wu, M, Seale, T, et al. FLT3 tyrosine kinase inhibitors synergize with BCL-2 inhibition to eliminate FLT3/ITD acute leukemia cells through BIM activation. Sig Transduct Target Ther (2021) 6:186. doi: 10.1038/s41392-021-00578-4

111. DiNardo, CD, Pratz, KW, Letai, A, Jonas, BA, Wei, AH, Thirman, M, et al. Safety and preliminary efficacy of venetoclax with decitabine or azacitidine in elderly patients with previously untreated acute myeloid leukaemia: A non-randomised, open-label, phase 1b study. Lancet Oncol (2018) 19:216–28. doi: 10.1016/S1470-2045(18)30010-X

112. Patel, KK, Zeidan, AM, Shallis, RM, Prebet, T, Podoltsev, N, and Huntington, SF. Cost-effectiveness of azacitidine and venetoclax in unfit patients with previously untreated acute myeloid leukemia. Blood Adv (2021) 5:994–1002. doi: 10.1182/bloodadvances.2020003902

113. Munir, R, Lisec, J, Swinnen, JV, and Zaidi, N. Too complex to fail? Targeting fatty acid metabolism for cancer therapy. Prog Lipid Res (2022) 85:101143. doi: 10.1016/j.plipres.2021.101143

114. Koundouros, N, and Poulogiannis, G. Reprogramming of fatty acid metabolism in cancer. Br J Cancer (2020) 122:4–22. doi: 10.1038/s41416-019-0650-z

115. Carracedo, A, Cantley, LC, and Pandolfi, PP. Cancer metabolism: Fatty acid oxidation in the limelight. Nat Rev Cancer (2013) 13:227–32. doi: 10.1038/nrc3483



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Liu, Chen, Yu and Yang. 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.



Glossary


 




OEBPS/Images/fonc-12-1005659-g003.jpg
BCL-2 mutation

survive apoptosis survive





OEBPS/Images/fonc.2022.1005659_cover.jpg
’ frontiers ‘ Frontiers in Nephrology

Mechanisms of venetoclax
resistance and solutions





OEBPS/Images/fonc-12-1005659-g001.jpg
~ BAX/BAK

&

ac\lvated
BAX/BAK

CJ

/

ECL 2

%0
\

'
'
'
'
'
'
'
'
'
!
'

v

EAX/ BAK

)
TLR%
EDG -ODNs

RAS-RAF-MEK-ERK

KRAS mutation
@
@
Tandom duplcation™
T e

JAK-STAT

@
PIK-AKFmTOR

m— 9
FLT3-TD mutation A '\',‘
o m Ym L

FOXM1 mm Ty

miR21-5p

SMARCA4

MU —

SWI-SNF

L

088 Mulsnon
transcnwon inhibitors

T GO

transcription-iitiation

complex

ATF3 chromatin
accessibility decrease.

=
N

Promoter

trisomy 12

i‘”‘iﬁ

1q21 copy number increasing

bone marrow stroma cell





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mechanisms of venetoclax resistance and solutions

      

        		

          Introduction

        



        		

          Upregulation of the expression of non-BCL-2 antiapoptotic proteins

        

          		

            Signaling pathways regulating the expression of non-BCL-2 antiapoptotic proteins

          



          		

            Other mechanisms regulating the expression of non-BCL-2 antiapoptotic proteins

          



          		

            Solutions to drug resistance problems

          



        



        



        		

          Metabolism and cell energy mechanisms

        

          		

            Increased oxidative phosphorylation levels

          



          		

            Increased nicotinamide metabolism levels

          



          		

            Elevated levels of fatty acid metabolism

          



          		

            Glutamine

          



          		

            Solutions to the drug resistance problem

          



        



        



        		

          Changes in mitochondrial structure

        

          		

            Drug resistance mechanism

          



          		

            Solutions to the drug resistance problem

          



        



        



        		

          BCL-2 binding domain alterations and modifications

        

          		

            Mechanisms of drug resistance

          



          		

            Solutions to the drug resistance problem

          



        



        



        		

          Other mechanisms and solutions

        

          		

            Mechanisms of drug resistance

          



          		

            Solutions to drug resistance problems

          



        



        



        		

          Early warning for resistance events by detecting drug resistance-related specific signatures

        



        		

          Conclusions

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          Glossary

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-1005659-g002.jpg
cytoplasm @

Outer

membrane
0900060000060 0000000600000006606883 000000000000000000000000000

Intermembrane . oH*
space

| | \ OPA1 ),
Inner [
membrane | i CHFLE

Mitochondrial
matrix

Krebs Cycle

oxidation

@
(o)
* Amino acids(AA)

e Fatty acid *

[ ]
. Activated
BAX/BAK





OEBPS/Images/table1.jpg
el
OXPHOS
MCL1
BCLXL
BCLW
BFL1
BAX
BAK
BIM
BAD
D
PUMA
ciL
AML
™
MeL
RPPA
PTEN
FOXMI
NE-xB
LR
Cp-
ODNs
PKA
CREB
MEK
ERK
FLTSITD
MAPK
pI3K
JAK
WISNF
SMARCA1

ATFS
IREs
STAT
L6
HDAC
WTOR
15Cs
Frc
AMPK

Tea
cer1
NAMPT
RR
cLen
opAl
Go
amalyss
CRNAPIE
Gase
953
Xiap
EzH2
PLKI
PARP
CLECTA
avc
cR

o s e
(oxidative phosphorylation)

(myelod cellleukemia-1)

(BCL2 ke 1)

(BCL2 lke 2)

(BCL2 relted protein A1)
(BCL2-Associated X)

(BCL2 antagonistiller 1)

(BCL2 lke 11)

(BCL2 associated agonist of cel dath)
(BH3 interacting domain death agonist)
(BCL2 binding component 3)

(chronic ymphoytc leukemia)

(scute mycloid leukemis)

(multiple mycloma)

(mantie cell lymphoma)

(Reverse Phase Protein Array)
(phosphatase and tensin homolog)
(forkhead box M1)

(nuclear factor kappa-B)

(Toll receptor 9)
(Cytdine-phosphatteguanonine Olgodeorynucicotdes)

(Protein Kinase A)
(EAMP-response clement binding protein)
(mitogen-activated proten kinase kinase)

(extracellla regulated proti
(fms relted receptor yrosine Kinase-intermal tandem duplication)

imase)

(mitogen-activated proein kinase)
(phosphoinostde 3-Kinase)
(janus kinase)

(Swich/Sucrose Non-fermentable)

relsted matr associaed actin dependent regulator o
subfamily a member 1)

(activating transcrption futor 3)
(nterferon regulatory factor 4)

(signal tansducer and activator of transerption)
Gntereukin 6)

(histone descetylase)

(mammalian target of rapamycin)

(eukemia stem cell)

(electron transport chain)

(Adenosine Srsquos-monophosphate (AMP)-activated protein
Kinase)

(ricarboxylc acid)
(Carnitine palmitoylransierae 1)

(nicotinamide phosphoribosltransicras)

(relapsed/refracory)

(caseinalytic mitochondrial matrix peptidase chaperone subunit B)
(Optic Atrophy 1)

(Gene Ontology analysis)

(RNA polymerase I extension complex)
(growth arrst specifc protein )

(tmor protein ps3)

(Xlinked apoptosi inhibitory protcin)

(enhancer of zeste 2 plycomb represive complex 2 subuni)
(polofike kinase 1)

(poly (ADP-ribose) polymerase 1)

(Ctype lectin domain containing 74)

(Area under Curve)

(complee remision)





