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In pediatric acute myeloid leukemia (AML), fusions involving lysine methyltransferase 2A (KMT2A) are considered hallmarks of aggressive AML, for whom the development of targeted specific therapeutic agents to ameliorate classic chemotherapy and obtain a complete eradication of disease is urgent. In this study, we investigated the antiapoptotic proteins in a cohort of 66 pediatric AML patients, finding that 75% of the KMT2A-r are distributed in Q3 + Q4 quartiles of BCL-2 expression, and KMT2A-r have statistically significant high levels of BCL-2, phospho-BCL-2 S70, and MCL-1, indicating a high anti-apoptotic pathway activation. In an attempt to target it, we tested novel drug combinations of venetoclax, a B-cell lymphoma-2 (BCL-2) inhibitor, in KMT2A-MLLT3, for being the most recurrent, and KMT2A-AFDN, for mediating the worst prognosis, rearranged AML cell lines. Our screening revealed that both the bromodomain and extra-terminal domain (BET) inhibitor, I-BET151, and kinase inhibitor, sunitinib, decreased the BCL-2 family protein expression and significantly synergized with venetoclax, enhancing KMT2A-r AML cell line death. Blasts t (6; 11) KMT2A-AFDN rearranged, both from cell lines and primary samples, were shown to be significantly highly responsive to the combination of venetoclax and thioridazine, with the synergy being induced by a dramatic increase of mitochondrial depolarization that triggered blast apoptosis. Finally, the efficacy of novel combined drug treatments was confirmed in KMT2A-r AML cell lines or ex vivo primary KMT2A-r AML samples cultured in a three-dimensional system which mimics the bone marrow niche. Overall, this study identified that, by high-throughput screening, the most KMT2A-selective drugs converged in different but all mitochondrial apoptotic network activation, supporting the use of venetoclax in this AML setting. The novel drug combinations here unveiled provide a rationale for evaluating these combinations in preclinical studies to accelerate the introduction of targeted therapies for the life-threatening KMT2A-AML subgroup of pediatric AML.
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INTRODUCTION
Leukemia is the most common type of cancer in childhood, accounting for 25–30% of cancers in children and adolescents aged 0–18 years (Kuhlen et al., 2019).
Despite the refinement of risk stratification on the basis of clinical characteristics, molecular profiling, and detection of minimal residual disease after induction therapy, to date the overall survival for children with acute myeloid leukemia (AML) has not exceeded 70% (Pui et al., 2011; Pession et al., 2013; Elgarten and Aplenc, 2020). Collaborative international efforts have resulted in the convergence of treatment approaches for pediatric AML that, nevertheless, continue to be based primarily on intensive, conventional chemotherapy, followed by hematopoietic stem cell transplant for patients with high-risk AML or after experiencing a relapse (Zwaan et al., 2015).
In the last decades, data that emerged from sequencing and molecular profiling have identified molecular subsets with prognostic significance, with a pediatric AML molecular landscape that remains quite distinct from adults (Pigazzi et al., 2011; Masetti et al., 2013; Manara et al., 2014b; Manara et al., 2016; Bisio et al., 2017; Bolouri et al., 2018; Noort et al., 2018; Zampini et al., 2018). Among the recurrent lesions in pediatric patients, fusions involving lysine methyltransferase 2A (KMT2A, MLL) are considered hallmarks of aggressive AML, particularly in infants and early childhood. The 11q23-rearranged AML subgroup represents more than 20% of pediatric cases, with >80 recognized fusion partners, although the majority of leukemias result from KMT2A fusions with one of about six common partner genes, with KMT2A-MLLT3 being the most recurrent, and the prognostic significance is strictly dependent on the fusion partner, with the KMT2A-AFDN fusion associated with a particularly poor prognosis (Balgobind et al., 2009; Coenen et al., 2011; Pigazzi et al., 2011; Manara et al., 2014a; Meyer et al., 2018). This ever-expanding knowledge on leukemia biology is crucial to identify those molecular targets useful for the development of therapeutic agents to ameliorate classic chemotherapy and obtain complete eradication of the disease while reducing toxicity when possible (Mercher and Schwaller, 2019). In the adult AML field, there is a fervent and rapid evolution on the prognosis and management of the disease due to the Food and Drug Administration (FDA) approval of several new drugs targeting key molecular pathways involved in leukemia development, cell growth, and proliferation for different AML indications (Kantarjian et al., 2021). In the pediatric ambit, some of them are under investigation in early-phase trials, particularly in the relapse AML setting (Elgarten and Aplenc, 2020). One of the most promising and studied agents is venetoclax, a B-cell lymphoma-2 (BCL-2) inhibitor that can restore the activation of caspase-dependent apoptosis in malignancies, including AML. While lymphoid malignancies nearly universally overexpress BCL-2 (Stilgenbauer et al., 2016; Ashkenazi et al., 2017), in myeloid leukemias, BCL-2 expression is heterogeneous and not always upregulated, with relapses showing higher percentages of positive expression than those seen at leukemia onset, suggesting that BCL-2-expressing blasts might be those escaping apoptosis in first-line treatments (Bensi et al., 1995; Testa and Riccioni, 2007; Kuusanmäki et al., 2020).
Nevertheless, venetoclax showed limited activity as a single agent in high-risk AML (Konopleva et al., 2016), encouraging the investigation of rationally designed combinations to increase its activity in these subgroups that emerged with the recent FDA approval for venetoclax in combination with hypomethylating agents or low-dose cytarabine for the treatment of newly diagnosed AML in adults who are 75 years of age or older (DiNardo et al., 2019; Wei et al., 2019; DiNardo et al., 2020; Wei et al., 2020a) and with several studies of venetoclax combinations (Bogenberger et al., 2017; Karjalainen et al., 2017; Ma et al., 2019; Pollyea et al., 2019; Fischer et al., 2020; Han et al., 2020).
In this study, we pursued the identification of newly targeted opportunities for KMT2A-rearranged AML that still represent a challenge in the oncohematology field by selecting novel drug combinations. To accomplish this goal, we evaluated the proteomic profile of KMT2A-r AML pediatric patients, unveiling the hyper-activation of BCL-2 antiapoptotic pathway. We re-analyzed the data of high-throughput drug screening previously performed on AML cell lines, identifying AML-KMT2A-r selective drugs. Thus, to tackle KMT2A-r AML, we tested combinations of the novel KMT2A-r identified drugs with the BCL-2 inhibitor venetoclax. Synergistic combinations have been validated in KMT2A-r AML cell lines and ex vivo primary KMT2A-r AML samples in a three-dimensional (3D) scaffold mimicking the bone marrow niche, which strengthen the drug efficacy prediction. Our results documented that I-BET151, sunitinib, and thioridazine act synergistically with venetoclax, all converging in different but mitochondrial apoptotic network activation, enhancing leukemia cell death.
MATERIALS AND METHODS
Reverse-Phase Protein Arrays
Reverse-phase protein array (RPPA) analysis was performed as previously described (Sandoval et al., 2012; Aveic et al., 2015).
In Vitro Cell Culture and Treatments
The cell lines NOMO-1, THP-1, and HL-60 (DMSZ, Braunschweig, DE) were maintained in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, United States) and SHI-1 (DMSZ) in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific). All the media were supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 2 mM glutamine (Gibco, Life Technologies, CA, United States), and 100 U/ml streptomycin/penicillin (Gibco, Life Technologies).
Ex vivo cells were obtained from the bone marrow of pediatric patients affected by de novo AML with KMT2A rearrangements, provided by the pediatric OncoHematology Lab of Padova Hospital. Primary cells were cultured in RPMI Medium 1640 with 10% FBS, 2 mM glutamine, and 100 U/ml streptomycin/penicillin, supplemented with cytokines (50 ng/ml hTPO, 50 ng/ml hSCF, 50 ng/ml hFlt3L, 20 ng/ml hIL-3, and 20 ng/ml hIL-6; Miltenyi Biotec, Bergisch Gladbach, Germany).
Venetoclax, I-BET 151, sunitinib, quinacrine, thioridazine, and PD98059 were purchased from Merck Millipore. The KMT2A-MLLT3-rearranged NOMO-1 and THP-1, KMT2A-AFDN-rearranged SHI-1, and non-KMT2A-rearranged HL-60 cell lines were treated at a density of 0.5 × 106/ml at concentrations selected based on the dose–response curve of each drug. In particular, in synergy evaluation, we tested multiple doses as follows: for venetoclax, we tested three doses, including concentrations between IC40 and IC60; for the KMT2A-r AML cell lines, we used 0.2, 1, and 5 μM; and for HL-60, we used 1, 10, and 100 nM. For KMT2A-specific drugs (I-BET151, sunitinib, and quinacrine), we included concentrations ranging from IC25 to IC50 since these drugs would be used in combination for the evaluation of their synergistic abilities. For KMT2A-AFDN-specific drugs, thioridazine and PD98059, we selected the concentration based on our previously published data (Manara et al., 2014a; Tregnago et al., 2020). In the combination experiment, we use one dose of each selected drug: we used the lower dose that resulted as synergistic as shown by the red area of the 2-dimensional contour plot, where we highlighted the selected dose with a yellow star. In HL-60, since the synergy score never showed synergy, we used I-BET151, sunitinib, and quinacrine at the same dose previously selected for the KMT2A-r AML cell lines. The combination index was calculated as reported by Slinker BK et al. (CI = EA + EB/EAB, where EAB represents the observed combination effect, E is the effect, A refers to drug A, and B refers to drug B) (Slinker, 1998).
Cell Viability Assay
Cell viability was evaluated using CellTiter-Glo® assay (Promega Fitchburg, WI) following the guidelines of the manufacturer. Briefly, at the experimental endpoint, 100 μl of treated cells was transferred into the wells of white, flat-bottomed, opaque 96-well plates (Corning Life Sciences, NY, United States), then 100 μl of CellTiter-Glo® reagent was added, and the plates were shaken for 2 min and incubated for 20 min at room temperature. Luminescence was recorded using the Spark® multimode microplate reader (TECAN, Männedorf, Switzerland), with an integration time of 0.1 s per well. Cell viability was evaluated up to 72 h after treatment in dose–response curves, 48 h after treatment in drug combination experiments on AML cell lines, and 24 h after treatment in drug combination experiments on ex vivo primary AML cells.
High-Throughput Screening
High-throughput screening (HTS) was performed as previously described (Tregnago et al., 2020). Drugs specific for KMT2A-rearranged AML were evaluated as those reducing cell viability ≥60% selectively in (6; 11) ML2, SHI-1, and t (9; 11) NOMO-1 and THP-1, but not in HL60, at 10-µM concentration.
Quantitative Real-Time PCR
Total RNA was isolated using Trizol (Invitrogen—Thermo Fisher Scientific). Then, 1 μg of RNA was reverse-transcribed into cDNA using the SuperScript II system (Invitrogen—Thermo Fisher Scientific) according to the instructions of the manufacturer. The expression of BCL2 mRNA was measured by real-time PCR (RQ-PCR) on an ABI 7900HD platform (Applied Biosystems, Foster City, CA) using the Platinum™ SYBR™ Green qPCR SuperMix (Invitrogen—Thermo Fisher Scientific) and normalized on GUS housekeeping gene using the 2^-ΔΔCt method. The primers are as follows: BCL2 F: GGC​CGT​ACA​GTT​CCA​CAA​A; BCL2 R: AGT​ACC​TGA​ACC​GGC​ACC​T; GUS F: GAA​AAT​ATG​TGG​TTG​GAG​AGC​TCA​TT; GUS R: CCG​AGT​GAA​GAT​CCC​CTT​TTT​A.
Western Blot
For Western blot analysis, whole cells were lysed in RIPA buffer (Tris-HCl: 50 mM, pH 8, NaCl: 150 mM, Nonidet-P40 1%, sodium deoxycolate: 0.5%, and SDS: 0.1%) and processed for protein expression by Western blot. The following primary antibodies were used: BCL-2 (D55G8, Cell Signaling Technology, Danvers, MA, United States), MCL-1 (Cell Signaling Technology), and GAPDH (GeneTex, Irvine, CA, United States). The horseradish peroxidase–conjugated secondary antibody was either anti-rabbit or mouse (Perkin Elmer, Waltham, MA, United States), and signal was quantified using ImageJ software.
Mitochondrial Membrane Potential
Mitochondrial membrane potential was measured by using TMRE Assay Kit (ab113852, Abcam, Cambridge, United Kingdom), following the instructions of the manufacturer. Briefly, TMRE (200 nM) diluted in BSA (0.2%)-PBS 1X was added for 20 min at 37°C. The cells were analyzed by flow cytometry using FC500 (Beckman Coulter, Brea, CA).
Colony-Forming Unit Assay
At 24 h after treatment, 2 × 103 ex vivo AML cells were seeded into 500 μl of MethoCult™ (H4534, Stemcell Technologies, Vancouver, Canada) in 24-well plates and incubated at 37°C. After 2–4 weeks of culture, for colony counting, an adequate volume of a 1:6 solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Merck Millipore) in Hanks’ balanced salt solution was added to the semisolid medium, and images were acquired by an optical microscope with camera.
In Vitro 3D-AML Treatments
The AML-MSC isolation and culture, 3D scaffold specifications, and 3D culturing setup were previously described (Borella et al., 2021). Briefly, AML-MSCs were seeded in the scaffold and cultured in StemMACSTM MSC Expansion Media (Miltenyi Biotec) for MSC expansion for 5 days. Then, AML cells were added to the scaffold in proper medium and exposed to the best drug combinations that resulted from the monoculture setting. We used the highest synergistic doses found by ZIP synergy analysis, tested to be safe in MSCs, that are I-BET151 (2 µM), sunitinib (5 µM), and thioridazine (10 µM). Venetoclax was used (1 µM). Treatment was conducted for 48 h.
3D Cell Viability Assay
Cell viability was measured using CellTiter-Glo® 3D reagent (Promega) according to the instructions of the manufacturer at 48 h after treatment. Briefly, the scaffolds were individually transferred into wells of white, flat-bottomed, opaque 96-well plates (Corning Life Sciences) with 100 μl of RPMI; then, 100 μl of CellTiter-Glo® 3D reagent was added into each well. The plates were shaken for 5 min to induce scaffold and cell lysis. The samples were then incubated for an additional 20 min in the dark, at room temperature, to stabilize the bioluminescent signal, which was then recorded using Spark® multimode microplate reader (TECAN), with an integration time of 0.1 s per well. Cell viability was compared to the control sample [scaffold with the same cells but treated with dimethyl sulfoxide (DMSO)].
In co-treatment experiments, the combination index was calculated as reported by Slinker BK et al. (CI = EA + EB / EAB, where EAB represents the observed combination effect, E is the effect, A refers to drug A, and B refers to drug B) (Slinker, 1998).
Data Evaluation and Statistical Analyses
The t-test was adopted for significance between differences in means when two groups were evaluated, after a preliminary testing of normal distribution of data. ANOVA test was performed when comparing more than two groups, applying Bonferroni correction for multiple statistical hypotheses testing. Graphs and associated statistical analyses were generated using GraphPad Prism 8 (GraphPad, La Jolla, CA). All data are presented as mean ± standard error of the mean (SEM), with *p-value <0.05, **p-value <0.01, ***p-value <0.001, and ****p-value <0.0001 considered statistically significant.
RESULTS
BCL-2 Family Antiapoptotic Proteins in Pediatric AML
We analyzed the BCL-2, BCL-2 S70, and MCL-1 protein levels in a cohort of 66 pediatric AML by RPPA analysis (Aveic et al., 2015), and we subdivided the patients by BCL-2 protein expression quartiles. We found that KMT2A-rearranged AML patients were prevalent in the higher quartiles Q3 + Q4 with respect to the lower Q1 and Q2 (KMT2A-r cases: Q3 + Q4, n = 12, 75% vs. Q1 + Q2, n = 4, 25%; Figure 1A, Supplementary Table S1). Overall, the KMT2A-rearranged AML patients have significantly high levels of BCL-2, phospho-BCL-2 S70, and MCL-1 (Figure 2A; **p < 0.01, ***p < 0.001). Of note is the fact that we found a significant correlation between BCL-2 and BCL-2S70 (R = 0.76, p < 0.00001) and between BCL-2 and MCL-1 (R = 0.81, p < 0.00001), describing that there was an active anti-apoptotic pathway in KMT2A-AML (Figure 1B). Conversely, patients with isolated core binding factor rearrangements that are well responders to chemotherapy were prevalent in the Q1 + Q2 quartiles (Q1 + Q2, n = 15, 65% vs. Q3 + Q4, n = 8, 35%).
[image: Figure 1]FIGURE 1 | Expression of antiapoptotic proteins of BCL-2 family in pediatric acute myeloid leukemia (AML). (A) Supervised analysis according to BCL-2 expression (left panel) and dot plots (right panel) showing BCL-2, BCL-2 S70, and MCL-1 protein expression of a cohort of 66 AML pediatric patients subcategorized in KMT2A-rearranged AML and non-KMT2A-rearranged AML, analyzed with the reverse-phase protein array method. Quartiles refer to BCL-2 expression. Dot plots show the mean ± SEM. A.U., arbitrary units. (B) Pearson correlation between BCL-2 S70 (X-axis) and BCL-2 (Y-axis) in the upper panel and MCL-1 (X-axis) and BCL-2 (Y-axis) in the lower panel; p < 0.00001. (C) Dose–response curve of growing concentrations of venetoclax in KMT2A-rearranged AML (SHI-1, THP-1, and NOMO-1) and non-KMT2A-rearranged AML (HL-60) cell lines at 72 h after treatment (n = 2).
[image: Figure 2]FIGURE 2 | Combination of venetoclax and I-BET151. (A) Dose–response curve of growing concentrations of I-BET151, sunitinib, and quinacrine in KMT2A-rearranged acute myeloid leukemia (AML; SHI-1, THP-1, and NOMO-1) and non-KMT2A-rearranged AML (HL-60) cell lines at 72 h after treatment (n = 2). (B) Cell viability of SHI-1 and NOMO-1 (KMT2A-rearranged) or HL-60 (non-KMT2A-rearranged) after treatment with I-BET151 combined with venetoclax at 48 h after treatment. The synergy scores were represented by pseudocoloring 2-dimensional contour plots over the dose matrix (red indicates synergy and green indicates antagonism) and calculated using the ZIP model (synergy when >10, n = 2). Stars indicate the concentrations selected for subsequent experiments. (C) Cell viability of SHI-1 and NOMO-1 (KMT2A-rearranged) or HL-60 (non-KMT2A-rearranged) after treatment with venetoclax, I-BET151, or the combination at 48 h after treatment (CI, combination index; synergy when CI <1. ANOVA test was performed by applying Bonferroni correction for multiple statistical hypotheses testing. **p < 0.01, ****p < 0.0001; n = 2). (D) BCL2 expression measured by RQ-PCR at 6 and 24 h post-treatment in SHI-1 and NOMO-1 with respect to control. ANOVA test was performed by applying Bonferroni correction for multiple statistical hypotheses testing. *p < 0.05; n = 2 (E) BCL-2 levels measured at 48 h post-treatment in SHI-1 and NOMO-1. Histograms report the quantification normalized to GAPDH. ANOVA test was performed by applying Bonferroni correction for multiple statistical hypotheses testing. *p < 0.05, ***p < 0.001; n = 2.
We tested the BCL-2 inhibitor venetoclax in a panel of three KMT2A-r AML cell lines, namely, t (6; 11) SHI-1 and t (9; 11) NOMO-1 and THP1 and in a non-KMT2A cell line, HL60. We found that the SHI-1 and THP1 cell lines were resistant (IC50 >5 µM) to the treatment compared to the HL60 that was sensitive (IC50 <0.0016 µM), with NOMO1 cells responding at intermediate levels (IC50 = 0.05 µM; Figure 1C, Supplementary Table S2), supporting the KMT2A-rearranged cells as suitable for the anti-apoptotic pathway to be tackled.
Selection of KMT2A-AML-Specific Drugs and Combination Strategy
We considered to increase the susceptibility of KMT2A-AML to venetoclax by combining it with other KMT2A-specific agents. To identify the most suitable drugs, we re-analyzed the data of the high-throughput chemical screening previously performed (Tregnago et al., 2020), filtering 1,280 drugs for being effective in reducing cell proliferation to ≤60% in KMT2A-AF6- and KMT2A-AF9-rearranged AML cell lines, but not in HL60 (Supplementary Figure S1). This strategy uncovered three candidate drugs for KMT2A-AML treatment improvement, including I-BET 151, a BET bromodomain inhibitor which inhibits BRD4, BRD2, and BRD3 as previously identified for KMT2A-r AML (Fu et al., 2015), sunitinib, a multitargeted kinase inhibitor (Papaetis and Syrigos, 2009), and quinacrine, an antimalarial drug that inhibits NFκB suppression of p53 (Oien et al., 2021), both being never explored in the KMT2A-r AML context. The dose–response curve confirmed the HTS results, showing a higher sensitivity of the KMT2A-AML cells to all the three drugs when compared to the HL60 (Figure 2A).
To assess the pharmacological interactions between venetoclax and KMT2A-specific drugs, incremental doses were applied based on the IC50 value of each drug (Supplementary Table S3) on SHI-1 and NOMO1 as representatives of KMT2A-AML and on HL60 as non-KMT2A-AML. Drug synergy was interrogated by using SynergyFinder application (Ianevski et al., 2021) (synergy score <−10: antagonistic interaction; >−10 and <10: additive interaction; >10: synergistic interaction). The results showed a strong synergism between venetoclax and I-BET 151 in reducing KMT2A-AML cell proliferation (synergy score: 31.461 in SHI-1, 43.499 in NOMO1, and 2.812 in HL60; Figure 2B), confirmed by a significant combination index (CI) in all combination treatments (CI = 0.59 in SHI-1, 0.77 in NOMO1, and >1 in HL60; Figure 2C; **p < 0.01, ****p < 0.0001). Thus, we explored BCL-2 RNA and protein expression after I-BET 151 treatment, as BCL-2 is a direct KMT2A target whose transcription is dependent on BET family protein placement on chromatin (Dawson et al., 2011), and we found that during treatment, BCL-2 was significantly decreased (Figures 2D,E, *p < 0.05, ***p < 0.001) in both RNA and protein expression, sensitizing KMT2A-AML to venetoclax treatment.
We tested the venetoclax and sunitinib combination with the same approach, finding a strong synergism in KMT2A-AML (Figure 3A; synergy score: 35.446 in SHI-1, 49.556 in NOMO1, and - 8.517 in HL60), and the combination treatment resulted in significantly decreasing the cell viability (CI = 0.63 in SHI-1, 0.90 in NOMO1, and >1 in HL60; Figure 3B; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). In this case, a more in-depth molecular analysis of the mechanisms underlying the cellular response showed that sunitinib decreased the MCL-1 expression more than the BCL-2 (Figure 3C; *p < 0.05, **p < 0.01, ***p < 0.001), supporting that KMT2A-AML cells were susceptible to venetoclax treatment due to the effects induced in MCL-1.
[image: Figure 3]FIGURE 3 | Combination of venetoclax and sunitinib. (A) Cell viability of SHI-1 and NOMO-1 [both KMT2A-rearranged acute myeloid leukemia (AML)] and HL-60 (non-KMT2A-rearranged AML) after treatment with sunitinib combined with venetoclax at 48 h after treatment. The synergy scores were represented by pseudocoloring 2-dimensional contour plots over the dose matrix (red indicates synergy and green indicates antagonism) and calculated using the ZIP model (synergy when >10, n = 2). Stars indicate the concentrations selected for subsequent experiments. (B) Cell viability of SHI-1 and NOMO-1 (KMT2A-arranged) or HL-60 (non-KMT2A-rearranged) after treatment with venetoclax, sunitinib, or the combination at 48 h after treatment (CI, combination index; synergy when CI <1. ANOVA test was performed by applying Bonferroni correction for multiple statistical hypotheses testing. *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001; n = 2). (C) MCL-1 and BCL-2 levels measured at 48 h post-treatment in SHI-1 and NOMO-1. Histograms report the quantification normalized to GAPDH. ANOVA test was performed by applying Bonferroni correction for multiple statistical hypotheses testing. *p < 0.05, **p < 0.01, ***p < 0.001; n = 2.
Conversely, we found synergism between venetoclax and quinacrine only in NOMO-1 (Wei et al., 2020b), whereas in SHI-1 the score was just barely synergistic (Figure 4A; synergy score: 12.432 in SHI-1, 35.569 in NOMO1, and 2.327 in HL60). Since quinacrine-induced cell death and mitochondrial depolarization were described to be mediated by MAPK-elicited BCL2 downregulation and suppressed by constitutively active MEK-1 over-expression (Changchien et al., 2015), we hypothesize that RAS pathway overactivation in t (6; 11)-r AML (Manara et al., 2014a) might prevent quinacrine-induced BCL-2 downregulation, thus avoiding synergy.
[image: Figure 4]FIGURE 4 | Combination of venetoclax and quinacrine. (A) Cell viability of SHI-1 and NOMO-1 [both KMT2A-rearranged acute myeloid leukemia (AML)] and HL-60 (non-KMT2A-rearranged AML) after treatment with quinacrine combined with venetoclax at 48 h after treatment. The synergy scores were represented by pseudocoloring 2-dimensional contour plots over the dose matrix (red indicates synergy and green indicates antagonism) and calculated using the ZIP model (synergy when >10, n = 2). Stars indicate the concentrations selected for subsequent experiments. (B) Cell viability of SHI-1 and NOMO-1 (KMT2A-arranged) or HL-60 (non-KMT2A-rearranged) after treatment with venetoclax, quinacrine, or the combination at 48 h after treatment (CI, combination index; synergy when CI <1. ANOVA test was performed by applying Bonferroni correction for multiple statistical hypotheses testing. ***p < 0.001, ****p < 0.0001; n = 2).
Consistently, the combination treatment resulted to be synergistic only in NOMO-1 (Figure 4B; CI >1 in SHI-1, 0.77 in NOMO1, and >1 in HL60; ***p < 0.001, ****p < 0.0001), excluding this combination of drugs from further analysis.
Combination Strategy in KMT2A-AF6-Rearranged AML
Since the t (6; 11)-r AML is known to be a peculiar KMT2A-r subgroup (Balgobind et al., 2009; Pigazzi et al., 2011; Pession et al., 2013), we previously identified that thioridazine and PD98059 selectively reduced KMT2A-AF6 AML cell proliferation and described their mechanism of action (Manara et al., 2014a; Tregnago et al., 2020). Here we tested their activity in combination with venetoclax. The results showed that the combination of venetoclax with thioridazine is strongly synergic (Figure 5A; synergy score: 22.193 in SHI-1 and -2.473 in HL60), and the combination treatment resulted in significantly decreasing the cell viability (CI = 0.83 and >1 in SHI-1 and HL60, respectively; Figure 5B; **p < 0.01, ***p < 0.001, ****p < 0.0001). We previously demonstrated that apoptosis was driven by Ca2+ influx-induced mitochondrial depolarization that occurred after thioridazine treatment. Therefore, we looked at the mitochondrial potential status, finding that the combined treatment led to a more rapid mitochondrial depolarization, triggering greater cytotoxicity (cells with depolarized mitochondria: 5% with DMSO, 9.8% with venetoclax, 7.5% with thioridazine, and 27.2% with combination; Figure 5C). Finally, we would consider these novel combination strategies in ex vivo AML cells derived from de novo AML patient-derived xenografts (PDXs). A dose–combination curve confirm that the t (6; 11)-AML samples were more sensitive to thioridazine treatment compared with the non-t (6; 11) ones (Supplementary Figure S2, Table S4), and the combination with venetoclax further and selectively reduced cell viability in this genetic subgroup (Figure 5D; *p < 0.05, **p < 0.01). Notably, we revealed that the combination treatment of venetoclax + thioridazine completely abrogated the cell clonogenic capacity of t (6; 11)-rearranged AML cells, supporting this strategy to be useful for a complete blast clearance (Figure 5E).
[image: Figure 5]FIGURE 5 | Combination of venetoclax and thioridazine in t(6;11)-rearranged acute myeloid leukemia (AML). (A) Cell viability of t (6; 11) SHI-1 and non-t (6; 11) HL-60 after treatment with thioridazine (TDZ) combined with venetoclax (Ven) at 48 h after treatment. The synergy scores were represented by pseudocoloring 2-dimensional contour plots over the dose matrix (red indicates synergy and green indicates antagonism) and calculated using the ZIP model (synergy when >10, n = 2). Stars indicate the concentrations selected for subsequent experiments. (B) Cell viability of t (6; 11) SHI-1 and non-t (6; 11) HL-60 after treatment with venetoclax, thioridazine, or the combination at 48 h after treatment (CI, combination index; synergy when CI <1. ANOVA test was performed by applying Bonferroni correction for multiple statistical hypotheses testing. **p < 0.01, ***p < 0.001; ****p < 0.0001; n = 2). (C) Mitochondrial depolarization evaluated by tetramethylrhodamine ethyl fluorescence measurement at 20 h after Ven (5 µM), TDZ (10 µM), or combination treatment compared with dimethyl sulfoxide in SHI-1 (n = 2). (D) Cell viability of PDX-derived ex vivo t (6; 11) and non-t (6; 11) AML after treatment with venetoclax (1 µM), thioridazine (10 µM) or the combination at 24 h after treatment. ANOVA test was performed by applying Bonferroni correction for multiple statistical hypotheses testing.*p < 0.05; **p < 0.01. (E) Colony-forming assay performed on viable ex vivo cells seeded at 24 h after the combination treatment [venetoclax (1 µM) + thioridazine (10 μM), n = 2].
On the contrary, although the combination of PD98059 + venetoclax was more effective in the t (6; 11) cell line, it did not result to be synergistic (Supplementary Figure S3; synergy score: 2.479 in SHI-1 and -3.531 in HL60), and for this reason, we excluded this combination of drugs from further analysis.
Best Combination Strategy in KMT2A-AML in a 3D System
To validate our results, we took advantage of an innovative three-dimensional (3D) culture model that we recently developed; it consists of a 3D biomimetic scaffold made of hydroxyapatite/collagen (70/30%) (Tampieri et al., 2008) that allowed long-term AML co-culture with mesenchymal stromal cells (MSCs) derived from the bone marrow (BM) of leukemia patients at diagnosis of de novo AML (namely, AML-MSCs), recapitulating the crucial physiological aspects of leukemia niche (Borella et al., 2021). This 3D system was demonstrated to be a bona fide model, wherein robust and reliable drug screening is performed due to the recapitulation of the BM microenvironment. Therefore, we tested the drugs selected above in SHI-1 and NOMO-1 cells seeded in the 3D system together with AML-MSCs, following a sequential cell seeding schema of long-term AML cultures in 3D (Figure 6A). Of note is that since we previously documented a different drug active concentration in 2D or 3D models, with a generally higher dose needed to induce the same cell death in the 3D model, here we increased the doses of the compounds, verifying that they did not affect the viability of AML-MSCs in co-cultures, with MSCs always proliferating >70% with drugs used alone or in combination (Supplementary Figure S4). Blasts co-cultured in 3D and treated for 2 days showed that either venetoclax + I-BET151 or venetoclax + sunitinib was able to significantly reduce the cell viability of both SHI-1 and NOMO-1 (Figures 6B,C; SHI: CI = 0.27 with Ven + IBET151, CI = 0.18 with venetoclax + sunitinib; NOMO-1: CI = 0.25 with venetoclax + IBET151; CI = 0.08 with venetoclax + sunitinib; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), confirming the strong synergy of these drug combinations. Finally, we performed treatments in the 3D system seeded with ex vivo primary AML samples and demonstrated a greater effect in reducing leukemia cell proliferation when drugs are used in combination on t (6; 11) and t (9; 11) KMT2A-r AML (Figure 6D; t (6; 11)AML: CI = 0.95 with Ven + IBET151, CI = 0.92 with venetoclax + sunitinib, CI = 0.98 with venetoclax + thioridazine; t (9; 11)AML: CI = 0.32 with venetoclax + IBET151; CI = 0.56 with venetoclax + sunitinib; *p < 0.05, **p < 0.01, ***p < 0.001; Supplementary Figure S5). All the combinations tested are summarized in Table 1.
[image: Figure 6]FIGURE 6 | Combination treatments in 3D model. (A) Scheme of the in vitro 3D culture setup procedure: hydroxyapatite/collagen scaffolds were allowed to soak for 24 h, then seeded with acute myeloid leukemia (AML)-MSCs (t = 1), and cultured for a further 5 days prior to adding of KMT2A-rearranged AML cells and performing the drug treatment (t = 6). Cell viability was evaluated in the 3D system at 48 h after treatment (t = 8) by ATP 3D assay. (B–D) Cell viability of 3D system analyzed at 48 h after drug treatment with venetoclax (1 μM), I-BET151 (2 μM), sunitinib (5 µM), and thioridazine (10 μM) normalized to the respective controls (dimethyl sulfoxide; n = 3) in SHI-1 and NOMO-1 cell lines (B, C) and AML primary samples (D, E). CI, combination index; synergy when CI <1. ANOVA test was performed by applying Bonferroni correction for multiple statistical hypotheses testing. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
TABLE 1 | List of the combinations tested, the molecular mechanisms identified for the observed synergy, and the setting where the treatments were performed.
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In the field of pediatric AML, the need to improve survival while decreasing relapse occurrence and treatment-related toxicity dictates the great effort that is continually being spent to find novel therapeutic approaches. To reach this goal, it is necessary to consider the high intra- and inter-AML complexity both at the genetic and clinical points of view.
Here we aimed at identifying new therapeutic strategies for a specific genetic AML subgroup, taking into account differences at the molecular and pharmacological levels and regarding cell–cell interaction using a model that closely resembles the leukemic niche microenvironment with stromal component. We would test the possible use of venetoclax in the pediatric AML setting and evaluated the BCL-2 levels in a cohort of pediatric AML samples, finding the majority of KMT2A-rearranged AML patients to be allocated in Q3 + Q4 quartiles and to have significantly high levels of BCL-2, phospho-BCL-2 S70, and MCL-1, suggesting that this antiapoptotic signaling is particularly upregulated in this subgroup. Interestingly, the BCL-2 S70 phosphorylated form and MCL-1 were also found to be overexpressed in the same KMT2A-r AML. It was demonstrated that high levels of phospho-BCL-2 inhibit the effects of venetoclax on the displacement of BAX and BIM from BCL-2, thereby suppressing mitochondrial apoptosis, due to a structural alteration in the BH3-binding groove induced by the phosphorylation of BCL-2 (Ruvolo et al., 2001; Song et al., 2016). Moreover, MCL-1 upregulation may serve as one of the potential mechanisms of cellular resistance to venetoclax (Wei et al., 2020b). Therefore, we investigated KMT2A-rAML cell lines and found that they were resistant or less responsive to venetoclax treatment. However, recent studies have shown that, when combined with either chemotherapy or a panel of targeted drugs, venetoclax resulted in higher response rates with encouraging remission durations in adult AML patients, even when there was a poor response to conventional induction chemotherapy (Wei et al., 2020a; DiNardo et al., 2020). Here we applied a strategy that consists in combining venetoclax with highly selective drugs for KMT2A-r AML. The selective drugs were identified using HTS of chemical compounds partly approved by the FDA or in clinical development, filtered with a very restrictive pipeline that allowed a high refinement to select the drugs specific for the KMT2A rearrangement. The compounds that met our criteria, I-BET151, sunitinib, and quinacrine, rely on different mechanisms of action; however, they all converge in deregulating BCL-2 family proteins, revealing that KMT2A-r AML involved antiapoptotic factors and thus their targeting as a strategy to trigger their death, even more when combined with BCL-2 inhibitor venetoclax. As a result, we documented that I-BET151 and sunitinib, in combination with venetoclax, were selectively synergistic in KMT2A-r cell lines. Notably, a substantial impairment of cell viability was observed even if the concentration of the single drugs was lower than the IC50 value. This is particularly important for venetoclax, for whom a low concentration is recommended to maintain BCL-2 selectivity over BCL-XL to allow BCL-2 antagonism, thus avoiding platelet toxicity (Souers et al., 2013). I-BET151 is a compound that inhibits the bromodomain and extra terminal (BET) protein BRD4 and was previously reported to be particularly efficient on KMT2A-r leukemias (Dawson et al., 2011; Zuber et al., 2011), confirming the robustness of our high-throughput screening. In our cell lines, drug treatment inhibits the transcription of the BCL2 gene, lowering the BCL-2 protein and significantly sensitizing the cells to venetoclax treatment. Differently, sunitinib is a small molecule with selectivity for PDGFR, VEGFR1, VEGFR2, KIT, and FLT3 (Mendel et al., 2003; O’Farrell et al., 2003), which is currently approved for treating renal cell carcinoma, gastrointestinal stromal tumor, and AML (Wu et al., 2018); however, until now, it has been considered only for FLT3 mutated AML patients in combination with chemotherapy (Fiedler et al., 2015). In this work, we found not only that sunitinib is selective for KMT2A-r cells but that, when combined with venetoclax, it was able to further sensitize cells to treatment, significantly impairing cell viability. We reported that the underlying mechanism is decreased MCL-1 expression, mediating the venetoclax effects. This mechanism was observed also in chronic leukemia cells (Oppermann et al., 2016) and might represent a notable strategy to overcome venetoclax resistance, which often depends on MCL-1 upregulation. Overall, in the KMT2A-rearranged subgroup of pediatric AML, a molecular-based approach may predict the best combination partner of venetoclax. Briefly, we suggest for AML patients with high BCL-2 levels the venetoclax + I-BET151 combination, which decreases BCL2 gene transcription and BCL-2 protein levels, whereas for AML patients with high MCL-1 levels, the venetoclax + sunitinib combination would be considered for its ability to affect MCL-1 levels.
A further refinement of KMT2A treatments is based on the HTS focused on t (6; 11) KMT2A-AFDN-rearranged cases that allowed the identification of thioridazine as the most selective compound inducing the cytoskeletal remodeling of blast cells that led to Ca2+ influx, triggering apoptosis through mitochondrial depolarization due to chimera-driven AFADIN delocalization into the nucleus (Tregnago et al., 2020). Given that venetoclax action converges on the mitochondria which actively participate in apoptosis, we monitored the mitochondrial potential after the thioridazine + venetoclax combined treatment, observing an exacerbation of the mitochondrial depolarization that resulted in high synergism of treatment, supporting the combination venetoclax + thioridazine as a useful strategy to be involved in further analyses for AML patients with KMT2A-AFDN fusion with either high BCL-2 or MCL-1 levels. To sustain these findings, we would comply with the emerging need to study AML and its pharmacological targeting in suitable models that take into account the interplay between blasts and the microenvironment (Fang and Eglen, 2017; Langhans, 2018; Cartledge Wolf and Langhans, 2019). For this purpose, we recently developed and characterized a 3D model for AML long-term treatment cultures by seeding primary mesenchymal stromal cells derived from the bone marrow of AML patients (namely, AML-MSCs) into a scaffold that resembles the composition and structure of the bone trabecules of the niche. In this 3D system, we described interactions between leukemic cells and stromal cells which play a critical role in AML proliferation and drug response (Borella et al., 2021). Therefore, we validated novel selected drug combinations in this setting, either with cell lines or primary samples, confirming a significant improvement mediated by combined treatments in reducing leukemia burden.
In summary, the combination of venetoclax with I-BET151, sunitinib, or thioridazine dramatically decreases cell viability in KMT2A-r AML. This anti-leukemia efficacy is associated with the simultaneous inhibition of BCL-2 by venetoclax and the downregulation of anti-apoptotic proteins or disrupting mitochondrial homeostasis, supporting that enhancing the mitochondrial pathway targeting could be a good strategy to sensitize resistant AML to venetoclax. Our 3D system co-cultured with primary MSCs and KMT2A-r blasts confirmed that our combinations are effective and predictable, allowing further rational prioritization of these compounds to be included in preclinical trials.
Overall, this study provides a rationale for evaluating therapy cocktails in 3D models and preclinical studies to accelerate the introduction of new compounds to treat the life-threatening KMT2A-AML subgroup of pediatric AML.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
CT and MP contributed to conceptualization. MP contributed to funding acquisition. CT, MB, AD, GB, and GL contributed to investigation. KP, SF, and AB contributed to resources. CT and MP contributed to writing. All authors have read and agreed to the published version of the manuscript.
FUNDING
This research was funded by grants from the Università degli Studi di Padova, AIL-PD and AIL-TV to MP, by CoG-IRP 21/06 of Istituto di Ricerca Pediatrica, and by Fondazione AIRC (Associazione Italiana Ricerca sul Cancro) IG 20562 to MP. CT is supported by Fondazione Umberto Veronesi. MB is supported by a AIRC fellowship for Italy.
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.
ACKNOWLEDGMENTS
We thank the staff of the Oncology–Hematology lab for the diagnosis of AML cases and the Pediatric Oncology BioBank (BBOP) for biological sample management.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.820191/full#supplementary-material.
REFERENCES
 Ashkenazi, A., Fairbrother, W. J., Leverson, J. D., and Souers, A. J. (2017). From Basic Apoptosis Discoveries to Advanced Selective BCL-2 Family Inhibitors. Nat. Rev. Drug Discov. 16, 273–284. doi:10.1038/nrd.2016.253
 Aveic, S., Viola, G., Accordi, B., Micalizzi, C., Santoro, N., Masetti, R., et al. (2015). Targeting BAG-1: A Novel Strategy to Increase Drug Efficacy in Acute Myeloid Leukemia. Exp. Hematol. 43, 180. doi:10.1016/j.exphem.2014.10.016
 Balgobind, B. V., Raimondi, S. C., Harbott, J., Zimmermann, M., Alonzo, T. A., Auvrignon, A., et al. (2009). Novel Prognostic Subgroups in Childhood 11q23/MLL-Rearranged Acute Myeloid Leukemia: Results of an International Retrospective Study. Blood 114, 2489–2496. doi:10.1182/blood-2009-04-215152
 Bensi, L., Longo, R., Vecchi, A., Messora, C., Garagnani, L., Bernardi, S., et al. (1995). BCL-2 Oncoprotein Expression in Acute Myeloid Leukemia. Haematologica 80, 98–102.
 Bisio, V., Zampini, M., Tregnago, C., Manara, E., Salsi, V., Di Meglio, a., et al. (2017). NUP98-fusion Transcripts Characterize Different Biological Entities within Acute Myeloid Leukemia: a Report from the AIEOP-AML Group. Leukemia 31, 974–977. doi:10.1038/leu.2016.361
 Bogenberger, J., Whatcott, C., Hansen, N., Delman, D., Shi, C. X., Kim, W., et al. (2017). Combined Venetoclax and Alvocidib in Acute Myeloid Leukemia. Oncotarget 8, 107206–107222. doi:10.18632/oncotarget.22284
 Bolouri, H., Farrar, J. E., Triche, T., Ries, R. E., Lim, E. L., Alonzo, T. A., et al. (2018). Erratum: The Molecular Landscape of Pediatric Acute Myeloid Leukemia Reveals Recurrent Structural Alterations and Age-specific Mutational Interactions. Nat. Med. 24, 526–112. doi:10.1038/nm.4439
 Borella, G., Da Ros, A., Borile, G., Porcù, E., Tregnago, C., Benetton, M., et al. (2021). Targeting the Plasticity of Mesenchymal Stromal Cells to Reroute the Course of Acute Myeloid Leukemia. Blood 138, 557–570. doi:10.1182/blood.2020009845
 Cartledge Wolf, D. M., and Langhans, S. A. (2019). Moving Myeloid Leukemia Drug Discovery into the Third Dimension. Front. Pediatr. 7, 314. doi:10.3389/fped.2019.00314
 Changchien, J. J., Chen, Y. J., Huang, C. H., Cheng, T. L., Lin, S. R., and ChangSen, L. S. (2015). Quinacrine Induces Apoptosis in Human Leukemia K562 Cells via P38 MAPK-Elicited BCL2 Down-Regulation and Suppression of ERK/c-Jun-mediated BCL2L1 Expression. Toxicol. Appl. Pharmacol. 284, 33–41. doi:10.1016/j.taap.2015.02.005
 Coenen, E. A., Raimondi, S. C., Harbott, J., Zimmermann, M., Alonzo, T. A., Auvrignon, A., et al. (2011). Prognostic Significance of Additional Cytogenetic Aberrations in 733 De Novo Pediatric 11q23/MLL-Rearranged AML Patients: Results of an International Study. Blood 117, 7102–7111. doi:10.1182/blood-2010-12-328302
 Dawson, M. A., Prinjha, R. K., Dittmann, A., Giotopoulos, G., Bantscheff, M., Chan, W. I., et al. (2011). Inhibition of BET Recruitment to Chromatin as an Effective Treatment for MLL-Fusion Leukaemia. Nature 478, 529–533. doi:10.1038/nature10509
 DiNardo, C. D., Jonas, B. A., Pullarkat, V., Thirman, M. J., Garcia, J. S., Wei, A. H., et al. (2020). Azacitidine and Venetoclax in Previously Untreated Acute Myeloid Leukemia. N. Engl. J. Med. 383, 617–629. doi:10.1056/nejmoa2012971
 DiNardo, C. D., Pratz, K., Pullarkat, V., Jonas, B. A., Arellano, M., Becker, P. S., et al. (2019). Venetoclax Combined with Decitabine or Azacitidine in Treatment-Naive, Elderly Patients with Acute Myeloid Leukemia. Blood 133, 7–17. doi:10.1182/blood-2018-08-868752
 Elgarten, C. W., and Aplenc, R. (2020). Pediatric Acute Myeloid Leukemia: Updates on Biology, Risk Stratification, and Therapy. Curr. Opin. Pediatr. 32, 57–66. doi:10.1097/MOP.0000000000000855
 Fang, Y., and Eglen, R. M. (2017). Three-Dimensional Cell Cultures in Drug Discovery and Development. SLAS Discov. 22, 456–472. doi:10.1177/1087057117696795
 Fiedler, W., Kayser, S., Kebenko, M., Janning, M., Krauter, J., Schittenhelm, M., et al. (2015). A Phase I/II Study of Sunitinib and Intensive Chemotherapy in Patients over 60 Years of Age with Acute Myeloid Leukaemia and Activating FLT3 Mutations. Br. J. Haematol. 169, 694–700. doi:10.1111/bjh.13353
 Fischer, M. A., Friedlander, S. Y., Arrate, M. P., Chang, H., Gorska, A. E., Fuller, L. D., et al. (2020). Venetoclax Response Is Enhanced by Selective Inhibitor of Nuclear export Compounds in Hematologic Malignancies. Blood Adv. 4, 586–598. doi:10.1182/bloodadvances.2019000359
 Fu, L. L., Tian, M., Li, X., Li, J. J., Huang, J., Ouyang, L., et al. (2015). Inhibition of BET Bromodomains as a Therapeutic Strategy for Cancer Drug Discovery. Oncotarget 6, 5501–5516. doi:10.18632/oncotarget.3551
 Han, L., Zhang, Q., Dail, M., Shi, C., Cavazos, A., Ruvolo, V. R., et al. (2020). Concomitant Targeting of BCL2 with Venetoclax and MAPK Signaling with Cobimetinib in Acute Myeloid Leukemia Models. Haematologica 105, 697–707. doi:10.3324/haematol.2018.205534
 Ianevski, A., Giri, A. K., and Aittokallio, T. (2021). SynergyFinder 2.0: Visual Analytics of Multi-Drug Combination Synergies. Nucleic Acids Res. 48, W488–W493. doi:10.1093/NAR/GKAA216
 Kantarjian, H. M., Short, N. J., Fathi, A. T., Marcucci, G., Ravandi, F., Tallman, M., et al. (2021). Acute Myeloid Leukemia: Historical Perspective and Progress in Research and Therapy over 5 Decades. Clin. Lymphoma Myeloma Leuk. 21, 580–597. doi:10.1016/j.clml.2021.05.016
 Karjalainen, R., Pemovska, T., Popa, M., Liu, M., Javarappa, K. K., Majumder, M. M., et al. (2017). JAK1/2 and BCL2 Inhibitors Synergize to Counteract Bone Marrow Stromal Cell-Induced protection of AML. Blood 130, 789–802. doi:10.1182/blood-2016-02-699363
 Konopleva, M., Pollyea, D. A., Potluri, J., Chyla, B., Hogdal, L., Busman, T., et al. (2016). Efficacy and Biological Correlates of Response in a Phase II Study of Venetoclax Monotherapy in Patients with Acute Myelogenous Leukemia. Cancer Discov. 6, 1106–1117. doi:10.1158/2159-8290.CD-16-0313
 Kuhlen, M., Klusmann, J. H., and Hoell, J. I. (2019). Molecular Approaches to Treating Pediatric Leukemias. Front. Pediatr. 7, 368. doi:10.3389/fped.2019.00368
 Kuusanmäki, H., Leppä, A.-M., Pölönen, P., Kontro, M., Dufva, O., Deb, D., et al. (2020). Phenotype-based Drug Screening Reveals Association between Venetoclax Response and Differentiation Stage in Acute Myeloid Leukemia. Haematologica 105, 708–720. doi:10.3324/haematol.2018.214882
 Langhans, S. A. (2018). Three-dimensional In Vitro Cell Culture Models in Drug Discovery and Drug Repositioning. Front. Pharmacol. 9, 6. doi:10.3389/fphar.2018.00006
 Ma, J., Zhao, S., Qiao, X., Knight, T., Edwards, H., Polin, L., et al. (2019). 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. 25, 6815–6826. doi:10.1158/1078-0432.CCR-19-0832
 Manara, E., Baron, E., Tregnago, C., Aveic, S., Bisio, V., Bresolin, S., et al. (2014a). MLL-AF6 Fusion Oncogene Sequesters AF6 into the Nucleus to Trigger RAS Activation in Myeloid Leukemia. Blood 124, 263–272. doi:10.1182/blood-2013-09-525741
 Manara, E., Bisio, V., Masetti, R., Beqiri, V., Rondelli, R., Menna, G., et al. (2014b). Core-binding Factor Acute Myeloid Leukemia in Pediatric Patients Enrolled in the AIEOP AML 2002/01 Trial: Screening and Prognostic Impact of C-KIT Mutations. Leukemia 28, 1132–1134. doi:10.1038/leu.2013.339
 Manara, E., Basso, G., Zampini, M., Buldini, B., Tregnago, C., Rondelli, R., et al. (2016). Characterization of Children with FLT3-ITD Acute Myeloid Leukemia: a Report from the AIEOP AML-2002 Study Group. Leukemia 31, 18–25. doi:10.1038/leu.2016.177
 Masetti, R., Pigazzi, M., Togni, M., Astolfi, A., Indio, V., Manara, E., et al. (2013). CBFA2T3-GLIS2 Fusion Transcript Is a Novel Common Feature in Pediatric, Cytogenetically normal AML, Not Restricted to FAB M7 Subtype. Blood 121, 3469–3472. doi:10.1182/blood-2012-11-469825
 Mendel, D. B., Laird, A. D., Xin, X., Louie, S. G., Christensen, J. G., Li, G., et al. (2003). In Vivo antitumor Activity of SU11248, a Novel Tyrosine Kinase Inhibitor Targeting Vascular Endothelial Growth Factor and Platelet-Derived Growth Factor Receptors: Determination of a Pharmacokinetic/pharmacodynamic Relationship. Clin. Cancer Res. 9, 327–337.
 Mercher, T., and Schwaller, J. (2019). Pediatric Acute Myeloid Leukemia (AML): From Genes to Models toward Targeted Therapeutic Intervention. Front. Pediatr. 7, 401. doi:10.3389/fped.2019.00401
 Meyer, C., Burmeister, T., Gröger, D., Tsaur, G., Fechina, L., Renneville, A., et al. (2018). The MLL Recombinome of Acute Leukemias in 2017. Leukemia 32, 273–284. doi:10.1038/leu.2017.213
 Noort, S., Zimmermann, M., Reinhardt, D., Cuccuini, W., Pigazzi, M., Smith, J., et al. (2018). Prognostic Impact of T(16;21)(p11;q22) and T(16;21)(q24;q22) in Pediatric AML: A Retrospective Study by the I-BFM Study Group. Blood 132, 1584–1592. doi:10.1182/blood-2018-05-849059
 O'Farrell, A. M., Abrams, T. J., Yuen, H. A., Ngai, T. J., Louie, S. G., Yee, K. W., et al. (2003). SU11248 Is a Novel FLT3 Tyrosine Kinase Inhibitor with Potent Activity In Vitro and In Vivo. Blood 101, 3597–3605. doi:10.1182/blood-2002-07-2307
 Oien, D. B., Pathoulas, C. L., Ray, U., Thirusangu, P., Kalogera, E., and Shridhar, V. (2021). Repurposing Quinacrine for Treatment-Refractory Cancer. Semin. Cancer Biol. 68, 21–30. doi:10.1016/j.semcancer.2019.09.021
 Oppermann, S., Ylanko, J., Shi, Y., Hariharan, S., Oakes, C. C., Brauer, P. M., et al. (2016). High-content Screening Identifies Kinase Inhibitors that Overcome Venetoclax Resistance in Activated CLL Cells. Blood 128, 934–947. doi:10.1182/blood-2015-12-687814
 Papaetis, G. S., and Syrigos, K. N. (2009). Sunitinib: A Multitargeted Receptor Tyrosine Kinase Inhibitor in the Era of Molecular Cancer Therapies. BioDrugs 23, 377–389. doi:10.2165/11318860-000000000-00000
 Pession, A., Masetti, R., Rizzari, C., Putti, M. C., Casale, F., Fagioli, F., et al. (2013). Results of the AIEOP AML 2002/01 Multicenter Prospective Trial for the Treatment of Children with Acute Myeloid Leukemia. Blood 122, 170–178. doi:10.1182/blood-2013-03-491621
 Pigazzi, M., Masetti, R., Bresolin, S., Beghin, A., Di Meglio, A., Gelain, S., et al. (2011). MLL Partner Genes Drive Distinct Gene Expression Profiles and Genomic Alterations in Pediatric Acute Myeloid Leukemia: an AIEOP Study. Leukemia 25, 560–563. doi:10.1038/leu.2010.316
 Pollyea, D. A., Amaya, M., Strati, P., and Konopleva, M. Y. (2019). Venetoclax for AML: Changing the Treatment Paradigm. Blood Adv. 3, 4326–4335. doi:10.1182/bloodadvances.2019000937
 Pui, C.-H., Carroll, W. L., Meshinchi, S., and Arceci, R. J. (2011). Biology, Risk Stratification, and Therapy of Pediatric Acute Leukemias: An Update. J. Clin. Oncol. 29, 551–565. doi:10.1200/JCO.2010.30.7405
 Ruvolo, P. P., Deng, X., and May, W. S. (2001). Phosphorylation of Bcl2 and Regulation of Apoptosis. Leukemia 15, 515–522. doi:10.1038/sj.leu.2402090
 Sandoval, S., Kraus, C., Cho, E. C., Cho, M., Bies, J., Manara, E., et al. (2012). Sox4 Cooperates with CREB in Myeloid Transformation. Blood 120, 155–165. doi:10.1182/blood-2011-05-357418
 Slinker, B. K. (1998). The Statistics of Synergism. J. Mol. Cel. Cardiol. 30, 723–731. doi:10.1006/jmcc.1998.0655
 Song, T., Chai, G., Liu, Y., Yu, X., Wang, Z., and Zhang, Z. (2016). 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. Br. J. Pharmacol. 173, 471–483. doi:10.1111/bph.13370
 Souers, A. J., Leverson, J. D., Boghaert, E. R., Ackler, S. L., Catron, N. D., Chen, J., et al. (2013). ABT-199, a Potent and Selective BCL-2 Inhibitor, Achieves Antitumor Activity while Sparing Platelets. Nat. Med. 19, 202–208. doi:10.1038/nm.3048
 Stilgenbauer, S., Eichhorst, B., Schetelig, J., Coutre, S., Seymour, J. F., Munir, T., et al. (2016). Venetoclax in Relapsed or Refractory Chronic Lymphocytic Leukaemia with 17p Deletion: a Multicentre, Open-Label, Phase 2 Study. Lancet Oncol. 17, 768–778. doi:10.1016/S1470-2045(16)30019-5
 Tampieri, A., Sandri, M., Landi, E., Pressato, D., Francioli, S., Quarto, R., et al. (2008). Design of Graded Biomimetic Osteochondral Composite Scaffolds. Biomaterials 29, 3539–3546. doi:10.1016/j.biomaterials.2008.05.008
 Testa, U., and Riccioni, R. (2007). Deregulation of Apoptosis in Acute Myeloid Leukemia. Haematologica 92, 81–94. doi:10.3324/haematol.10279
 Tregnago, C., Da Ros, A., Porcù, E., Benetton, M., Simonato, M., Simula, L., et al. (2020). Thioridazine Requires Calcium Influx to Induce MLL-AF6-Rearranged AML Cell Death. Blood Adv. 4, 4417–4429. doi:10.1182/bloodadvances.2020002001
 Wei, A. H., Montesinos, P., Ivanov, V., DiNardo, C. D., Novak, J., Laribi, K., et al. (2020a). Venetoclax Plus LDAC for Newly Diagnosed AML Ineligible for Intensive Chemotherapy: a Phase 3 Randomized Placebo-Controlled Trial. Blood 135, 2137–2145. doi:10.1182/BLOOD.2020004856
 Wei, A. H., Roberts, A. W., Spencer, A., Rosenberg, A. S., Siegel, D., Walter, R. B., et al. (2020b). Targeting MCL-1 in Hematologic Malignancies: Rationale and Progress. Blood Rev. 44, 100672. doi:10.1016/j.blre.2020.100672
 Wei, A. H., Strickland, S. A., Hou, J. Z., Fiedler, W., Lin, T. L., Walter, R. B., et al. (2019). Venetoclax Combined with Low-Dose Cytarabine for Previously Untreated Patients with Acute Myeloid Leukemia: Results from a Phase Ib/II Study. J. Clin. Oncol. 37, 1277–1284. doi:10.1200/JCO.18.01600
 Wu, M., Li, C., and Zhu, X. (2018). FLT3 Inhibitors in Acute Myeloid Leukemia. J. Hematol. Oncol. 11, 133. doi:10.1186/s13045-018-0675-4
 Zampini, M., Tregnago, C., Bisio, V., Simula, L., Borella, G., Manara, E., et al. (2018). Epigenetic Heterogeneity Affects the Risk of Relapse in Children with t(8;21)RUNX1-Runx1t1-Rearranged AML. Leukemia 32, 1124–1134. doi:10.1038/s41375-017-0003-y
 Zuber, J., Shi, J., Wang, E., Rappaport, A. R., Herrmann, H., Sison, E. A., et al. (2011). RNAi Screen Identifies Brd4 as a Therapeutic Target in Acute Myeloid Leukaemia. Nature 478, 524–528. doi:10.1038/nature10334
 Zwaan, C. M., Kolb, E. A., Reinhardt, D., Abrahamsson, J., Adachi, S., Aplenc, R., et al. (2015). Collaborative Efforts Driving Progress in Pediatric Acute Myeloid Leukemia. J. Clin. Oncol. 33, 2949–2962. doi:10.1200/JCO.2015.62.8289
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Tregnago, Benetton, Da Ros, Borella, Longo, Polato, Francescato, Biffi and Pigazzi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-820191-g005.gif





OPS/images/fphar-12-820191-g006.gif
e






OPS/images/fphar-12-820191-g003.gif





OPS/images/fphar-12-820191-g004.gif
e
R (S ;:_“ i






OPS/images/fphar-12-820191-t001.jpg
Molecular rearrangement

KMT2A- rearranged AML.

KMT2A-AFDN-
rearranged AML

Combination tested

Venetoclax + I-BET151
Venetoclax + sunitinio

Venetoclax +
quinacrine

Venetoclax +
thioridazine
Venetoclax + PDI8059

Synergy

Yes
Yes

No
Yes

No

Molecular
mechanism identified

Decreased BCL-2
Decreased MCL-1 and
BCL-2

Mitochondria depolarization

In vitro drug treatment

AML cell lines
(SHI-1, NOMO-1,
HL-60)

<

3D model
AML cell lines  Ex vivo primary
(SHI-1, AML
NOMO-1) cells
X X
X X
X X





OPS/xhtml/nav.xhtml
Contents

		Cover

		Novel Compounds Synergize With Venetoclax to Target KMT2A-Rearranged Pediatric Acute Myeloid Leukemia		Introduction

		Materials and Methods		Reverse-Phase Protein Arrays

		In Vitro Cell Culture and Treatments

		Cell Viability Assay

		High-Throughput Screening

		Quantitative Real-Time PCR

		Western Blot

		Mitochondrial Membrane Potential

		Colony-Forming Unit Assay

		In Vitro 3D-AML Treatments

		3D Cell Viability Assay

		Data Evaluation and Statistical Analyses





		Results		BCL-2 Family Antiapoptotic Proteins in Pediatric AML

		Selection of KMT2A-AML-Specific Drugs and Combination Strategy

		Combination Strategy in KMT2A-AF6-Rearranged AML

		Best Combination Strategy in KMT2A-AML in a 3D System





		Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Novel Compounds Synergize
With Venetoclax to Target
KMT2A-Rearranged Pediatric
Acute Myeloid Leukemia





OPS/images/fphar-12-820191-g001.gif
R

qr e )
s > . - H
L g i
A






OPS/images/fphar-12-820191-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





