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Abstract

:

NOTCH1 PEST domain mutations are often seen in hematopoietic malignancies, including T-cell acute lymphoblastic leukemia (T-ALL), chronic lymphocytic leukemia (CLL), splenic marginal zone lymphoma (SMZL), mantle cell lymphoma (MCL), and diffuse large B-cell lymphoma (DLBCL). These mutations play a key role in the development and progression of lymphoproliferative tumors by increasing the Notch signaling and, consequently, promoting cell proliferation, survival, migration, and suppressing apoptosis. There is currently no specific treatment available for cancers caused by NOTCH1 PEST domain mutations. However, several NOTCH1 inhibitors are in development. Among these, inhibition of the Sarco-endoplasmic Ca2+-ATPase (SERCA) showed a greater effect in NOTCH1-mutated tumors compared to the wild-type ones. One example is CAD204520, a benzimidazole derivative active in T-ALL cells harboring NOTCH1 mutations. In this study, we preclinically assessed the effect of CAD204520 in CLL and MCL models and showed that NOTCH1 PEST domain mutations sensitize cells to the anti-leukemic activity mediated by CAD204520. Additionally, we tested the potential of CAD204520 in combination with the current first-line treatment of CLL, venetoclax, and ibrutinib. CAD204520 enhanced the synergistic effect of this treatment regimen only in samples harboring the NOTCH1 PEST domain mutations, thus supporting a role for Notch inhibition in these tumors. In summary, our work provides strong support for the development of CAD204520 as a novel therapeutic approach also in chronic lymphoproliferative disorders carrying NOTCH1 PEST domain mutations, emerging as a promising molecule for combination treatment in this aggressive subset of patients.
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1. Introduction


Notch1 is a highly conserved signaling pathway that mediates several processes, from the physiological mechanism of embryogenesis and tissue commitment to hereditary syndromes and oncological diseases [1]. NOTCH1 protein subdomains are the target of recurrent mutations leading to the aberrant activation of oncogenic downstream signals. For instance, mutations in the heterodomain (HD) and juxta-membrane expansion domain (JME) are the main hotspot sites for class 1 and class 2 nucleotide variations causing an enhanced instability of NOTCH1 and constitutive activation of the Notch pathway targets [2,3]. These mutations recur in several cancers, such as T-cell acute lymphoblastic leukemia (T-ALL), breast cancer, and other solid tumors [4]. In addition, a second hotspot region involves the NOTCH1 exon 34 in the PEST (rich in proline (P), glutamic acid (E), serine (S), and threonine (T)) sequence. The PEST domain is a substrate of the E3-ubiquitin ligase for ubiquitination, which is needed to maintain the stability and the turnover of the intracellular NOTCH1 domain (N1-ICD) [4]. Short insertions or deletions in this hotspot disrupt the binding site of the E3-ubiquitin ligase, reducing the cleavage and the inactivation of N1-ICD [2]. Isolated PEST mutations such as the 2 bp-deletion p.(Pro2514Argfs*4), count for 15–20% mutations of T-ALL, 5 to 15% of mature B-cell malignancies, such as chronic lymphocytic leukemia (CLL) and mantle cell lymphoma (MCL), splenic marginal zone lymphoma (SMZL) and less than 5% of diffuse large B-cell lymphoma (DLBCL) [2,5,6,7,8,9].



The role of NOTCH1 in oncogenesis sets the conditions for the development of Notch inhibitors. One example includes modulators of the γ-secretase complex (GSI), which is required for releasing N1-ICD from transmembrane NOTCH1 receptor (N1-TM). Unfortunately, so far, these approaches have shown no selectivity on mutant vs. wild-type (WT) proteins, limiting their clinical transition for NOTCH1-mutated malignancies [10].



Previous work from our group and Dr. Stegmaier’s laboratory identified the Sarco-endoplasmic Ca2+-ATPase (SERCA) as a potential therapeutic target in NOTCH1-mutated cancers, overcoming the innate limitations associated with GSI [11] that equally target WT and mutated NOTCH1 proteins [11,12]. Thapsigargin and other SERCA inhibitors impair the trafficking of full-length NOTCH1 (N1-FL) toward the cellular membrane limiting the access of preprocessed NOTCH polypeptides to the γ-secretase complex. This effect is more impactful in Notch-mutated cancers [12] or leukemia subtypes highly dependent on this signal [13].



Continuous development efforts in the field have led to the identification of a SERCA binding site that is permissive to pharmacological inhibition (CAD204520) [14]. Unlike the binding site occupied by thapsigargin, the lock-in of this residue does not cause significant changes in Ca2+ homeostasis, evolving into a model for a medicinal chemistry effort to optimize the design of SERCA inhibitors with improved tolerability and efficacy [14].



While the role of NOTCH1 mutations in prognosis has not been established for several tumors and, for others, it remains unclear [6,7,15,16], PEST mutations identify a subset of lymphoproliferative disorders characterized by a poor prognosis, chemorefractoriness, and higher incidence of Richter’s transformation in the case of CLL [6,7,15,16,17]. Hence, in this work, we extend our experience in the field by providing the context for targeting the Notch1 pathway in tumors with isolated PEST domain mutations.




2. Results


2.1. Patient Cohort Characterization


Isolated PEST mutations most frequently occur in CLL and MCL, as such they represent an ideal model to investigate the development of Notch1-targeted therapies. From October 2021 to August 2022, we collected 37 leukemic cell samples from patients affected by CLL. The cohort included 21 males and 16 females (male-to-female ratio: 1.31) with a median age of 73 years (range: 46–94). All cases were classified according to the Rai–Binet staging classification, the CLL-international prognostic index (CLL-IPI), and characterized by genetic and molecular genomics approaches including cytogenetics, fluorescence in situ hybridization (FISH), immunoglobulin heavy chain variable (IGHV) gene mutation status, and mutational fingerprint by next-generation sequencing (NGS) (Figure 1A and Table S1). The median lymphocyte count was 54,460/μL (range: 10,070–286,000/μL). Twenty-nine patients out of thirty-seven (78.3%) were treatment-free, seven (18.9%) received one line of therapy, and three were undergoing ibrutinib treatment at the time of sample collection (Table S1). We sequenced 54 genes involved in lymphomagenesis, and this analysis revealed a frequency of NOTCH1 mutations in 16% of cases, 6 out of 37, in line with previous findings [5]. We observed five different NOTCH1 mutations in the exon 34, encoding for the PEST domain (Figure 1B). Two patients carried a p.(Pro2514Argfs*4) mutation, one exhibited a p.(Val2473), one a p.(Gln2440del), and one a mutation occurring in the ankyrin repeats motif p.(Gln2123*). These mutations are common in this disease [18]. We also recorded a rarer three nucleotide deletion, p.(Met2363del), occurring in the transactivation domain (TAD) and causing a frameshift deletion. A CLL patient showed an FBXW7 mutation p.(Met404Ilefs*3) expected to increase the N1-ICD half-life [19]. The most recurrent mutations were observed in the CHD2, ARID1A, KMT2A, and KMT2D genes with frequencies of 56.7%, 43.2%, 35.1%, and 32.4%, respectively. Additionally, we identified the presence of other unfavorable mutations in the BIRC3 and SF3B1 genes, both at a frequency of 13.5%. Cytogenetic testing was examined on seven patients (18.9%), three of whom exhibited a complex karyotype. According to the FISH analysis, deletions of 13q, 17p, 11q, and trisomy of chromosome 12 were found in 64.8%, 18.9%, 13.5%, and 13.5% of cases, respectively (Figure 1C and Table S2). TP53 mutations affected two out of thirty-seven patients (5.4%) in our series, consistent with previous reports [20,21,22]. Additionally, two other patients exhibited a minor TP53-mutated subclone with a variant allele fraction (VAF) of 4.5 and 7.7%, respectively. Furthermore, in one of these cases, there was a concurrent presence of del(17p).



Previous studies have suggested that the NOTCH1 activation, monitored by a monoclonal antibody that targets N1-ICD may occur also in the absence of a gain-of-function mutation [23]. In our cohort, this appears to be true in 67% of the cases, confirming the presence of samples with no detectable mutation by NGS but with N1-ICD expression and suggesting differences in the turnover of the intracellular domain (Figure 1D).




2.2. CAD204520 Suppresses Leukemia Growth and Notch1 Signaling in PEST-Mutated Cells


To test the antiproliferative effect of CAD20520 in PEST-mutated lymphoproliferative disorders, we used the following cell line models: T-ALL (ALL-SIL, CTV-1, SKW-3/KE-37), MCL (REC-1, JEKO-1, Granta-519) and CLL (MEC-1). Cell lines carrying PEST domain mutations, such as CTV-1, SKW-3/KE-37, and REC-1, showed N1-ICD expression compared to the WT ones (Figure 2A).



SERCA inhibitors block Notch trafficking and impede Notch proteins’ delocalization on the cellular surface [11,14]. This effect can be monitored by several approaches including immunofluorescence analysis and western blotting [14]. SERCA inhibitors are expected to decrease the level of the NOTCH1 transmembrane subunit (N1-TM) (~110 kDa) while accumulating the unprocessed NOTCH1 (N1-FL) (~270 kDa) polypeptides in the endoplasmic reticulum. Consistently, PEST-mutated tumors responded to this hypothesis, as shown in Figure 2B. If Notch signaling sustains the growth of leukemia cells, its inhibition ultimately leads to a decrease in cellular proliferation and cell death. We compared PEST-mutated tumor models (CTV-1, SKW-3/KE-37, and REC-1) to WT ones (JEKO-1, Granta-519, MEC-1) and showed that cell lines carrying the PEST mutation were more sensitive to CAD204520 inhibition (Figure 2C,D) with increasing apoptosis after treatment (Figure 2E–G).



We next extended these observations to clinical samples carrying NOTCH1 mutations. In these samples, we confirmed an increased level of sensitivity in cells with mutations compared to WT (Figure 2H). N1-FL accumulates, N1-TM, and N1-ICD decreased upon CAD204520 treatment in mutated cells, according to the mechanism described above (Figure 2I). We also observed a difference in viability and anti-proliferative response to CAD204520 between WT and mutated samples through an ATP-based viability assay and flow cytometry analysis (Figure 2J).



Overall, our data suggest that CAD204520 inhibits NOTCH1 PEST mutations in both cell lines and in primary CLL samples, retaining the advantageous anti-tumor effect on mutated WT cells.




2.3. CAD204520 Treatment Exerts Preferential Anti-Notch1 Efficacy in a Xenograft Lymphoma Model


To further validate the activity of CAD204520 in NOTCH1 PEST-mutated tumors, we established a flow cytometry competition assay using two MCL cell lines (REC-1 and JEKO-1) characterized by opposite NOTCH1 mutational status. The choice of this model is related to the absence of commercially available CLL cell lines carrying NOTCH1 PEST mutation. We transduced the REC-1 cell line carrying NOTCH1 PEST mutation with a green fluorescent protein (GFP) and we treated REC-1-GFP and JEKO-1, cultured in a 1:1 ratio, at different CAD204520 concentrations (Figure 3A). As shown in Figure 3B, mutated cells displayed a more pronounced effect of CAD204520 compared to WT cells, thereby replicating the findings described earlier in the clinical sample setting.



In the past, we demonstrated that short-term exposure to CAD204520 led to a reduction in leukemia burden in a preclinical T-ALL model in vivo [14]. Here, we aimed to expand upon this discovery by investigating its applicability in a B-cell lymphoma model. Additionally, we sought to confirm the safety profile of CAD204520 with prolonged administration. To achieve this, we have established a subcutaneous xenograft model for comparative analysis. JEKO-1 and REC-1 cells were injected in the left and right flank of the same mouse, respectively. A total of five mice per group received ten doses of the vehicle or CAD204520 at 45 mg/kg by oral gavage. The administration was daily for 12 days including a 2-day washout period after the initial 5 days of treatment (Figure 3C).



We observed a significant reduction in REC-1 tumor size and weight starting six days after the start of treatment and at the end of the treatment, respectively, as illustrated in Figure 3D,E. Notably, the treatment exhibited excellent tolerability, with no major toxicities, including weight loss, as shown in Figure 3F. In PEST-mutated tumors, the immunohistochemical analysis of tumor samples obtained from treated mice indicated a consistent reduction in N1-ICD expression and proliferation, as evidenced by Ki-67 staining. In contrast, there was no significant change in NOTCH1 expression or proliferation rate in JEKO-1 tumors, as depicted in Figure 3G,H.



These promising preclinical in vivo model results, which align with our in vitro observations, strengthen our hypothesis that CAD204520 may be a potential candidate for improving the effectiveness of current drug treatments in patients with NOTCH1 PEST mutations.




2.4. CAD204520 Increases the Effect of Venetoclax–Ibrutinib Combination Treatment in NOTCH1 PEST-Mutated Samples


Ibrutinib, an inhibitor of the Bruton tyrosine kinase (BTK), and venetoclax, an inhibitor of B-cell lymphoma-2 protein (BCL-2), were recently approved in combination by the European Medicines Agency (EMA) and the Food and Drug Administration (FDA) for the treatment of adult patients with CLL, offering a potential standard treatment for CLL and hopefully for MCL patients in the future [24,25]. However, it is important to note that CLL remains an incurable disease, and the presence of NOTCH1 mutations is associated with an unfavorable outcome in both CLL and MCL patients.



For this reason, we have explored an approach involving the use of CAD204520 to enhance the response of the venetoclax–ibrutinib combination in patients carrying NOTCH1 PEST mutations.



First, we treated both WT and NOTCH1-mutated samples with increasing concentrations of ibrutinib and venetoclax. Subsequently, we added a constant concentration of CAD204520 (2 µM) to the previously treated cells. The combination with CAD204520 resulted in a synergistic effect, observed in the NOTCH1-mutated samples, consistent with our prior findings (Figure 4A,B).



Next, we expanded the range of concentrations tested to assess the synergistic/antagonistic status of venetoclax-ibrutinib-CAD204520 combinations in a three-drug synergistic assay. This produced more than 200 combinatorial points interpolated from five concentrations of each drug. To assess the contribution of CAD204520 to venetoclax–ibrutinib combinations, we computed three different harmonized synergy scores (highest single agent: HSA; Bliss; and zero interaction potency: ZIP) for three different primary samples (one WT and two NOTCH1-mutated samples). NOTCH1 PEST-mutated samples showed a stronger synergistic signal when compared to WT in all synergy scores. Furthermore, the non-mutated sample showed more combinations resulting in an antagonistic effect pointing to a lower inhibitory strength of venetoclax-ibrutinib-CAD204520 (Figure 4C–E).



Although synergy scores can indicate whether a drug combination induces synergistic or antagonistic effect, they do not quantify the gain or loss of inhibition when comparing the three-drug combination (venetoclax-ibrutinib-CAD204520) to the two-drug combination (venetoclax-ibrutinib). Therefore, to further dissect the difference between NOTCH1 PEST-mutated and WT samples, we computed a linear fold change between the inhibition percentage of venetoclax-ibrutinib-CAD204520 combinations and those of venetoclax-ibrutinib at the same concentrations. Both mutated samples showed a linear fold change ≥ 1 (gain of inhibition) when venetoclax was ≤ 0.001 µM regardless of the ibrutinib dose (0.01 µM, 0.1 µM, and 0.5 µM), especially when CAD204520 was in the 0.5–4 µM range. On the opposite side, the WT sample showed a fold change close to zero, indicating the lack of difference in inhibition between combinations with and without CAD204520. In addition, the WT sample showed a negative fold change (CAD204520 4 µM and venetoclax ≤ 0.001 µM), indicating a loss of inhibition consequently CAD204520 addition to venetoclax-ibrutinib combination (Figure 4F).



Our results support the idea that CAD204520 enhanced the effect of venetoclax-ibrutinib combinations synergy treatment in NOTCH1 PEST-mutated samples while WT samples showed a very limited improvement.





3. Discussion


Recent developments in cancer target therapy have shown promising results by targeting the genetic mutations or proteins responsible for tumor growth, leading to more effective and less toxic treatments. For example, patients with acute myeloid leukemia (AML) carrying the FLT3 mutation may receive a targeted therapy like midostaurin or gilteritinib to inhibit the activity of the mutated FLT3 protein, potentially leading to improved outcomes and reduced side effects compared to traditional chemotherapy [26,27]. This paradigm appears to hold promise for all the mutations occurring in enzyme regulation in hematopoietic differentiation [28,29] and metabolism [30], but it is certainly less applicable to mutations involving transcription factors [31].



An example is the Notch signaling. A priori, NOTCH1 is not an ideal candidate for canonical drug targeting due to its involvement in various biological processes and cell types. This wide-ranging influence poses a potential limitation to developing effective anti-Notch1 therapies, as targeting NOTCH1 in non-leukemic cells could lead to adverse and toxic effects [4]. However, this is not the case. NOTCH1 has been established as an oncogenic driver in several tumor models such as T-ALL [2], CLL [32], MCL [6], and a wide range of solid tumors [4], where activation recurs in different phases of the disease, both at diagnosis and relapse [2,33,34]. Canonical Notch1 signaling requires, multiple proteolytic cleavages such as S1 by a furin-like convertase in the endoplasmic reticulum/trans-Golgi compartment [35,36], a second cleavage (S2) within the NOTCH juxta-membrane extracellular domain mediated by zinc-dependent disintegrin and metalloprotease (ADAM10 or 17) at the membrane surface [37,38] and finally a third cleavage (S3) mediated by the γ-secretase complex [39]. These cleavages have the potential for enzymatic inhibition. For example, well-known GSI compounds have been extensively investigated in clinical trials, yet with limited success thus far [40].



In addition to enzymatic targeting, three other approaches for Notch signaling inhibition are under exploration. The first involves blocking individual NOTCH receptors or ligands with targeted antibodies. For example, a humanized antibody targeting NOTCH1, OMP-52M51 (brontictuzumab), has demonstrated efficacy in the inhibition of DLL4-mediated cleaved-NOTCH1 overexpression in pre-clinical studies [41,42] and has entered phase I trials for solid tumors and relapsed/refractory (R/R) lymphoid malignancies (NCT01778439, NCT01703572). The second approach relies on the binding inhibition of N1-ICD and its transcriptional complex [43]. The most advanced example in this case is CB-103, a small molecule investigated in Notch-driven cancers [44,45,46]. CB-103 showed good efficacy in NOTCH-mutated solid tumors and an acceptable safety profile in a phase I clinical trial [47]. The third approach depends on NOTCH1’s requirement to undergo cellular trafficking before relocating to the nucleus and initiating a transcriptional signal. In this context, small molecules targeting SERCA [12] or other ion channels [48,49] serve as prototypes for this therapeutic avenue. CAD204520, for example, showed an excellent safety profile, and a promising therapeutic index in preclinical models of T-ALL [14]. Previously, we collaboratively demonstrated that tumors with PEST mutations respond to ion channel modulators, such as the Ca2+/Na2+ pump inhibitor bepridil [49]. Thapsigargin, bepridil, ionomycin, salinomycin, and others were all initially identified through a gene-expression-based screen [11,50] designed to discover modulators of mutated Notch transcriptional programs in T-ALL. The repurposing effort of using these small molecules in tumors with NOTCH1 mutations other than T-ALL, suggests that targeting Notch1 trafficking [11,51] could be equally effective across various tumor types [13]. In this sense, the activity of CAD204520 in CLL and MCL carrying PEST mutations does not surprise. However, what could not have been predicted is the fact that these mutations enhance the sensitivity to SERCA inhibitors compared to WT cases both in vitro and in vivo.



Targeting PEST domain mutation in hematological malignancies has been investigated in a few studies. The GSI PF-03084014 induces apoptosis in leukemic CLL cells carrying NOTCH1 mutations, an effect potentiated by fludarabine [52]. Similarly, CLL xenotransplant models treated with bepridil significantly reduced tumor infiltration with no remarkable toxicity nor activity on NOTCH2 WT protein [49]. In MCL, the only clinically tested compound is the monoclonal antibody brontictuzumab. However, the preclinical activity of brontictuzumab in MCL cell lines was modest both in vitro and in vivo and similar to a minor clinical effect in MCL patients treated in the phase I study [42,53]. No clinical trials evaluating GSI in MCL are currently ongoing.



Furthermore, none of the previously mentioned studies performed a direct comparison of the effects of Notch1 inhibitors in mutated and non-mutated models in a head-to-head study. Such a comparison is crucial, considering the involvement of WT Notch signaling in some tumor types [54]. Achieving WT inhibition will necessitate dose adjustments, different schedules, or combinatorial approaches to effectively target WT polypeptides.



Besides Notch1, several other signaling pathways and small molecules have dominated the last ten years in research on cancer-carrying PEST domain mutations. This is the case of B-cell receptor (BCR)-associated kinases, such as BTK, phosphoinositide 3-kinases (PI3K), and the anti-apoptotic protein BCL-2 [55,56,57,58]. Randomized clinical trials demonstrated impressive activity of ibrutinib and novel BTK inhibitors for the treatment of R/R disease [59,60,61], del(17p) CLL patients [62], and de novo or R/R MCL patients [63,64]. In parallel, venetoclax was the first BCL-2 inhibitor to enter routine clinical practice. In a phase I study, venetoclax induced durable responses in 79% of patients with R/R CLL, including complete remissions in 20% of patients [65]. Given their impressive effect, it is a reasonable strategy to combine the two molecules. In the setting of combinatory therapy venetoclax plus ibrutinib, a phase II non-randomized trial (NCT02756897) in treatment-naive patients [66] has shown a 3-year progression-free survival (PFS) of 93%, including durable activity in del(17p)/TP53-mutated CLL. Interestingly, the combinatory treatment with ibrutinib plus venetoclax has shown encouraging clinical activity in early phase studies, reaching a phase III SYMPATICO trial with strong efficacy in patients with R/R MCL [25].



In the scenario where the majority of CLL patients respond to ibrutinib or venetoclax, NOTCH1-mutated patients still represent an aggressive subgroup of the disease, as NOTCH1 mutation showed to be an independent predictor of survival and Richter transformation [16,67,68]. Based on this assumption, one question arises: when and how to incorporate Notch inhibitors? One possible answer is to consider cases that have relapsed or are refractory to therapy, or cases that are progressing despite ongoing therapy [69]. Combination therapy appears to be a potential strategy, as there is evidence, for example, that GSI enhances the anti-leukemic activity of ibrutinib in CLL cells by down-regulating the Notch1 and c-Myc pathways [70]. In addition, ibrutinib treatment was shown to downregulate NOTCH over time as part of the downstream pathway of the BCR [71]. Finally, although the presence of a mutation does not appear to negatively impact the efficacy of ibrutinib in terms of disease progression outcomes [72], other findings correlate NOTCH1 mutation with reduced redistribution of lymphocytosis and nodal shrinkage, responsible for partial responses and early relapses [73]. For MCL instead, the answer is simpler given the urgent need for new approaches for R/R cases or cases not eligible for CAR-T therapy [74].



However, mimicking this complex setting requires building a feasible toolbox for the analysis of drug synergy with more than two compounds. This effort presents several challenges, for example, the lack of tools capable of handling combinations involving N-drugs (N > 2), which limits the information retrievable from these combination experiments. Another limiting factor involves the strategy employed by current methods, where synergy scores for combinations of three drugs are computed by comparing the effect of the triplet with the effects of each single drug, without considering any comparison between the two-drug combinations and the triplet [75,76]. A method that would eliminate these issues involves computing synergy scores for pairwise combinations and using them to gain information about higher-order combinations. However, this type of approach has been reported to rarely show synergy, whereas antagonism is more common [77,78,79,80]. This arises from the inability of pairwise comparisons to predict higher-order interactions [76].



To overcome existing analytical limitations, we decided to use established but methodologically limited, synergy scores (HSA, Bliss, and ZIP). Additionally, to obtain a direct measure of gain or loss of inhibition, we integrated the results with the implementation of a simple quantitative method based on the linear fold change between venetoclax-ibrutinib-CAD204520 and venetoclax-ibrutinib combinations. Collectively, our data suggest that a low concentration of venetoclax may be sufficient to prime the cells to death when co-treated with the BTK inhibitor ibrutinib and the SERCA inhibitor CAD204520. This approach may reduce the requirement for higher concentrations of venetoclax, which can potentially give rise to BCL-2-resistant clones. The addition of CAD204520, in turn, can have a sustained positive impact on controlling the proliferation of leukemic cells.



In conclusion, our work positions SERCA inhibitors as potential modulators of the Notch signaling characterized by PEST mutations such as CLL and MCL and supports the development of novel strategies with complex matrices of drug-drug combinations in preclinical cancer-related studies.




4. Materials and Methods


4.1. Cell Lines


The human cell lines ALL-SIL, SKW-3/KE-37, CTV-1, MEC-1, JEKO-1, REC-1, and Granta-519 were purchased from the Leibniz Institut DSMZ-German collection of microorganisms and cell cultures (Germany). Cells were cultured in RPMI 1640 (#MT10040CV, Thermo Fisher Scientific, Waltham MA, USA) with 10% or 20% fetal bovine serum (FBS) (#10270–106, Thermo Fisher Scientific), 1% penicillin-streptomycin (P/S) (#3MT30002CI, Thermo Fisher Scientific), and 1% of MEM Non-Essential Amino Acids Solution (100X) (#11140050, Thermo Fisher Scientific), 2 mM L-Glutamine (#25030-081, Thermo Fisher Scientific), and 1% HEPES Buffer 1M (#MS013D1006, Biowest, Nuaillé, France). Granta-519 was maintained in DMEM (#11960-044, Thermo Fisher Scientific) with 20% FBS, 1% P/S, and 2 mM L-Glutamine (#25030-081, Thermo Fisher Scientific). Cell lines were grown in a humidified incubator at 37 °C, and 5% CO2 and monitored for mycoplasma contamination.




4.2. Primary Samples


Chronic lymphocytic leukemia (CLL) cells derived from peripheral blood (PB) were obtained from patients with CLL under an approved protocol from the Department of Medicine and Surgery at Parma University Hospital (n.29785/13 July 2021), according to the declaration of Helsinki guidelines for the protection of human rights. Lymphocytes from PB samples were isolated through a density gradient centrifugation using Lympholyte Cell Separation Media (#CL-5020, EuroClone SpA, Pero, Italy) and cultured in IMDM (#12440-053, Thermo Fisher Scientific) with 20% FBS, and 1% P/S.




4.3. Karyotype Analysis and Fluorescence In Situ Hybridization


Primary peripherical blood samples were cultured for 72 h in RPMI 1640 with 20% FBS, 1% P/S, and ChromoLympho-B Proliferation MIX (with CpG-oligonucleotide DSP30 plus IL-2) (#EKAMP010M, Euroclone SpA), to increase the leukemic B lymphocyte proliferation and improve the mitotic rate. Cell media was supplemented with 0.1 μg/mL of colcemid (#15212012, Thermo Fisher Scientific,) for 2 h, followed by incubation in a hypotonic solution (0.075 M KCl). Cells were fixed in a 3:1 methanol (#322415, Sigma-Aldrich, St. Louis, MO, USA) and acetic acid glacial fixative solution (#A6283, Sigma-Aldrich) and spread on top of Superfrost Plus microscope slides (#10149870, Thermo Fisher Scientific). For the karyotype analysis, chromosome banding was performed by quinacrine (Q-banding) staining. A minimum of 20 metaphases per sample were acquired using a Nikon Eclipse 80i microscope (Nikon Instruments, Inc., Melville, NY, USA) and analyzed using NIS element software V3.8 (Nikon Instruments, Inc.). For the fluorescence in situ hybridization (FISH) analysis, 10 μL of XL ATM/TP53 (#D-5046-100-OG, Metasystems, Altlussheim, Germany) or set probe” XL DLEU/LAMP/12cen (#D-5055-100-TC, Metasystems) were incubated at 37 °C for 12–16 h after a phase of DNA dehydration with ethanol-scale incubation (75%–85%–100%)and DNA denaturation (75 °C, 5 min). Slides were washed once with 0.4× saline sodium-citrate/0.3% NP40 buffer at 73 °C, followed by 4× SSC/0.1% NP-40 at ambient temperature. DNA was counterstained with 4′,6-diamidino-2-phenylindole (DAPI; #10236276001, Sigma-Aldrich) before microscope analysis (Eclipse 80i microscope, Nikon Instruments, Inc.). Two hundred interphase nuclei were analyzed for each patient and DNA abnormalities were defined starting from a 5% cutoff for each probe. For the detection of del(17p), a cutoff of 20% interphase nuclei was adopted, in line with previous findings [81].




4.4. Next-Generation Sequencing


DNA was extracted using a Maxwell® 16 DNA purification kit (#AS1010, Promega Corporation, Madison, WI, USA), following the manufacturer’s instructions. The concentration and purity of the DNA samples were determined with a Qubit 4 fluorometer (#33226, Thermo Fisher Scientific). Primary samples were sequenced using the Sophia Lymphoma SolutionTM kit (#CS.2205.0103-00, Sophia Genetics SA, Rolle, Switzerland). Library preparation and sequencing were performed on a MySeq system (Illumina Inc., San Diego, CA, USA) following the manufacturer’s instructions. Data were analyzed with Sophia DDM® software version 5.10.11.1 (Sophia Genetics SA). A cutoff VAF of ≥10% for TP53 gene mutations was adopted, in line with the European Research Initiative on CLL (ERIC) recommendations [20].




4.5. Western Immunoblot and Antibodies


Whole-cell protein lysates were extracted using 1× Cell Lysis buffer (#9803S, Cell Signaling Technology, Danvers, MA, USA) with Protease/phosphatase Inhibitor Cocktail 100X (#58725, Cell Signaling Technology, Danvers, MA, USA). Cells were lysed on ice for 30 min with gentle stirring and centrifuged at 14,000 RPM for 10 min at 4 °C. Protein lysates were quantified using Bio-Rad Protein Assay Dye Reagent (#5000006, Bio-Rad Laboratories, Hercules, CA, USA) and the total lysate/sample was loaded for SDS-PAGE analysis. Primary antibodies for immunoblot detection were purchased from Cell Signaling Technology: NOTCH1 XP (#3608S) and cleaved NOTCH1 (#4147S). Loading controls were performed with antibodies specific for β-Actin (#3700S and #4970S). IRDye 680LT Goat anti-Mouse IgG (#925-68020, LI-COR Biosciences, Lincoln, NE, USA) and IRDye 800CW Goat anti-Rabbit IgG (#925-32211, LI-COR Biosciences) were used as secondary species-specific antibodies. Membranes were detected using the LI-COR Odyssey imaging system (LI-COR Biotechnology: Lincoln, NE, USA) and the Chemidoc MP Imaging System (Bio-Rad Laboratories).




4.6. Cell Treatment and Viability Assays


CAD204520 was obtained as a kind gift from WDB R&D Consulting (Copenhagen, Denmark). Venetoclax (S8048) and ibrutinib (S2680) were purchased from Selleck Chemicals (SelleckChem, Houston, TX, USA) and dissolved in DMSO, according to the manufacturer’s instructions. A total of 40,000 cells were arrayed in 96-well plates (Greiner Bio-One, St. Gallen, Switzerland) in a volume of 100 μL per well using the MultiDrop Combi Reagent Dispenser (Thermo Scientific). Cell treatment was performed with Tecan D300e (Tecan Group, Zurich, Switzerland). ATP-based cell viability was determined using the CellTiter-Glo viability assay (#G7573, Promega Corporation, Fitchburg, WI, USA) after 72 h of treatment. Luminescence was measured using a Victor X4 (Perkin Elmer, Waltham, MA, USA). Values for IC50 and the area under the curve (AUC) were calculated using GraphPad Prism 9 software (La Jolla, CA, USA). Death rate of cells after CAD204520 treatment was assessed using a flow cytometric assay, using the Attune NxT flow cytometer (Thermo Fisher Scientific). Cells were stained with Propidium iodide (PI) (#40017, Biotium, Inc. Landing Parkway Fremont, CA, USA) and human CD5 (#345781, Becton Dickinson Biosciences, Franklin Lakes, NJ, USA). The percentage of death cells was quantified acquiring a minimum of 10000 events. Data were processed with FlowJo V10 (Tree Star, LLC, Ashland, OR, USA) analytical software.




4.7. Drug Combination Treatment and Synergy Assessment


Cell solution (50 μL/well of 0.02 × 106/mL) was dispensed in 384-well plates (#3570, Corning Life Sciences Plastic, Bedford, MA, USA) using MultidropTM Combi (#5840300, Thermo Fisher Scientific). Venetoclax, ibrutinib, and CAD204520 were dissolved in DMSO and added with a nanometric Tecan D300e dispenser. We tested ibrutinib and venetoclax both individually and in combinations for a total of twenty-five combinatorial points in three CLL primary samples. Each drug was tested in 5 concentrations, with or without 2 µM of CAD204520. Cell viability was assessed after 72 h of drug treatment using a CellTiter-Glo ATP assay. Analysis was performed with Combenefit MATLAB R201 [82], using the HSA synergy analysis. A color scale bar represents the level of drug antagonism or synergism. For the 3-drug combination, we assessed the synergy, using three primary CLL samples. Each drug was tested at five different concentrations. Cell viability was assessed after 72 h of drug treatment using a CellTiter-Glo ATP assay. Subsequently, data were imported into R (version 4.3.1). Before calculating synergy scores, we addressed situations where some viability values exceeded 1 (or 100%), as such instances can pose issues when computing synergy scores.



Therefore, viability data were re-scaled to set the maximum value to 1 without altering the minimum value in each sample using a generalized scaling formula. Moreover, this adjusted viability was converted into inhibition which was then used to compute three different harmonized synergy scores: HSA, Bliss, and ZIP implemented in the SynergyFinder Plus R package [83,84]. Each harmonized score is centered on zero with positive values pointing toward synergistic effect and negative values pointing to antagonistic effect; therefore, all scores can be compared to each other. Then, we computed a linear fold change between combinations of 3 drugs (venetoclax-ibrutinib-CAD204520) and 2 drugs (venetoclax-ibrutinib) in order to obtain a quantitative measure of the gain/loss induced by the addition of varying doses of CAD204520 to the venetoclax-ibrutinib combinations. A positive fold change value represents combinations in which the addition of CAD204520 caused an inhibition improvement while a negative fold change value represents combinations in which the addition of CAD204520 resulted in inhibition dampening. All plots were made using R and the ggplot2 package [85].




4.8. Cell Competition Assay


REC-1 were transduced with a green fluorescent protein (GFP) lentiviral expressing vector and co-cultured with JEKO-1 cells in a 1:1 ratio in RPMI 1640, 10% FBS, 1% P/S, and 1% MEM Non-Essential Amino Acids. Three million cells per condition were treated with vehicle or CAD204520 at concentrations of 2 and 4 µM. Cells were incubated at 37 °C for 72 h, washed in PBS, and then stained with PI and human CD5 for 15 min. Fluorescent signal was detected by flow cytometry and a minimum of 10,000 events were collected for each biological condition. Data were processed by FlowJo V10 analytical software.




4.9. In Vivo Study


Ten non-irradiated 6 to 7-week-old non-obese diabetic (NOD)-scid IL2rγ(null) (NSG) mice (Charles River Laboratories, Wilmington, MA, USA) were used for the in vivo study. Ten million REC-1 cells and JEKO-1 cells, dissolved in 250 μL saline solution, were subcutaneously injected into the left and right flank of the same mouse, respectively. Once the tumor was established and palpable on both sides, mice were divided into vehicle and CAD204520 treatment groups, respectively. NSG mice received 45 mg/kg CAD204520 (Tween80 0.5% w/v; hydroxypropyl methylcellulose (HPMC) 1% w/v) or vehicle by oral gavage from day 1 to day 5 and from day 8 to day 12. Weight was monitored every 2 days. The anti-tumor activity of CAD204520 was assessed by measuring the REC-1 and JEKO-1 tumor volume by caliper measurement at days 0, 3, 6, 8, and 10, and by quantification of NOTCH1 (#PA5-99448; CleavedVal1744; Thermo Fisher Scientific Invitrogen) and KI-67 (#R626; Agilent, Santa Clara, CA, USA)-positive cells in formalin-fixed, paraffin-embedded tumor sections. Images were acquired at different magnifications using a Leica DM750 microscope (Leica Microsystems, Wetzlar, Germany). The studies were carried out under an approved protocol n°682/2019-PR at the University of Parma.









Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms25020766/s1.





Author Contributions


Conceptualization and Design, L.P. and G.R.; Methodology, L.P., E.C., A.M., F.V., E.S., M.G., A.G., R.Z., I.T., B.L., M.S., F.R., G.S., G.T., E.M.S., F.Q., L.M.D.T., G.M.R., A.C., G.R.; Resources, L.P., E.C., A.M., F.V., E.S., M.G., A.G., R.Z., I.T., B.L., M.S., F.R., G.S., G.T., E.M.S., F.Q., L.M.D.T., G.M.R., A.C., G.R.; Investigation, L.P., E.C., A.M., F.V., E.S., M.G., A.G., R.Z., I.T., B.L., M.S., F.R., G.S., G.T., E.M.S., F.Q., L.M.D.T., G.M.R., A.C., G.R.; Formal Analysis, L.P., E.C., A.M., F.V., E.S., M.G., A.G., R.Z., I.T., B.L., M.S., F.R., G.S., G.T., E.M.S., F.Q., L.M.D.T., G.M.R., A.C., G.R.; Writing—Original Draft, L.P., E.C. and G.R.; Writing—Review and Editing, G.R.; Data Curation, L.P., E.C., A.M., L.M.D.T. and G.R.; Funding Acquisition, A.C. and G.R.; Project Administration, G.R.; Supervision, G.R. All authors have read and agreed to the published version of the manuscript.




Funding


The project was supported by an AIRC Investigator Grant (no. 27398 to G.R.), Leukemia Research Foundation Hollis Brownstein Research Grants Program 2021 (to G.R.), Fondazione Grande Ale Onlus (to G.R.), Fondazione GIMEMA (to G.R.), Fondazione Cariparma (no. 3576/2017 and 0180/2018 to G.R.), Associazione Italiana contro le Leucemie-Linfomi e Mieloma ONLUS Parma chapter (to G.R and A.G.); Beat-Leukemia Foundation (to A.C.).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethical Committee of the University Hospital of Parma (No. 29785/13/07/2021). The animal study protocol was approved by the Institutional Review Board of the University of Parma (No. 682/2019-PR).




Informed Consent Statement


Written informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Acknowledgments


Figures were partially created with BioRender.com. The authors thank the staff at the Hematology and BMT unit at the University of Parma and patients for their contributions and participation in our study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Aster, J.C.; Pear, W.S.; Blacklow, S.C. The varied roles of Notch in cancer. Annu. Rev. Pathol. Mech. Dis. 2017, 12, 245–275. [Google Scholar] [CrossRef] [PubMed]

	



Weng, A.P.; Ferrando, A.A.; Lee, W.; Morris, J.P.; Silverman, L.B.; Sanchez-Irizarry, C.; Blacklow, S.C.; Look, A.T.; Aster, J.C. Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia. Science 2004, 306, 269–271. [Google Scholar] [CrossRef] [PubMed]

	



Malecki, M.J.; Sanchez-Irizarry, C.; Mitchell, J.L.; Histen, G.; Xu, M.L.; Aster, J.C.; Blacklow, S.C. Leukemia-associated mutations within the NOTCH1 heterodimerization domain fall into at least two distinct mechanistic classes. Mol. Cell. Biol. 2006, 26, 4642–4651. [Google Scholar] [CrossRef] [PubMed]

	



Pagliaro, L.; Sorrentino, C.; Roti, G. Targeting Notch Trafficking and Processing in Cancers. Cells 2020, 9, 2212. [Google Scholar] [CrossRef] [PubMed]

	



Puente, X.S.; Pinyol, M.; Quesada, V.; Conde, L.; Ordóñez, G.R.; Villamor, N.; Escaramis, G.; Jares, P.; Beà, S.; González-Díaz, M. Whole-genome sequencing identifies recurrent mutations in chronic lymphocytic leukaemia. Nature 2011, 475, 101. [Google Scholar] [CrossRef]

	



Kridel, R.; Meissner, B.; Rogic, S.; Boyle, M.; Telenius, A.; Woolcock, B.; Gunawardana, J.; Jenkins, C.; Cochrane, C.; Ben-Neriah, S. Whole transcriptome sequencing reveals recurrent NOTCH1 mutations in mantle cell lymphoma. Blood 2012, 119, 1963–1971. [Google Scholar] [CrossRef]

	



Schmitz, R.; Wright, G.W.; Huang, D.W.; Johnson, C.A.; Phelan, J.D.; Wang, J.Q.; Roulland, S.; Kasbekar, M.; Young, R.M.; Shaffer, A.L. Genetics and pathogenesis of diffuse large B-cell lymphoma. N. Engl. J. Med. 2018, 378, 1396–1407. [Google Scholar] [CrossRef]

	



Rossi, D.; Trifonov, V.; Fangazio, M.; Bruscaggin, A.; Rasi, S.; Spina, V.; Monti, S.; Vaisitti, T.; Arruga, F.; Fama, R.; et al. The coding genome of splenic marginal zone lymphoma: Activation of NOTCH2 and other pathways regulating marginal zone development. J. Exp. Med. 2012, 209, 1537–1551. [Google Scholar] [CrossRef]

	



Fabbri, G.; Rasi, S.; Rossi, D.; Trifonov, V.; Khiabanian, H.; Ma, J.; Grunn, A.; Fangazio, M.; Capello, D.; Monti, S.; et al. Analysis of the chronic lymphocytic leukemia coding genome: Role of NOTCH1 mutational activation. J. Exp. Med. 2011, 208, 1389–1401. [Google Scholar] [CrossRef]

	



Riccio, O.; Van Gijn, M.E.; Bezdek, A.C.; Pellegrinet, L.; Van Es, J.H.; Zimber-Strobl, U.; Strobl, L.J.; Honjo, T.; Clevers, H.; Radtke, F. Loss of intestinal crypt progenitor cells owing to inactivation of both Notch1 and Notch2 is accompanied by derepression of CDK inhibitors p27Kip1 and p57Kip2. EMBO Rep. 2008, 9, 377–383. [Google Scholar] [CrossRef]

	



Roti, G.; Carlton, A.; Ross, K.N.; Markstein, M.; Pajcini, K.; Su, A.H.; Perrimon, N.; Pear, W.S.; Kung, A.L.; Blacklow, S.C.; et al. Complementary genomic screens identify SERCA as a therapeutic target in NOTCH1 mutated cancer. Cancer Cell 2013, 23, 390–405. [Google Scholar] [CrossRef] [PubMed]

	



Pagliaro, L.; Marchesini, M.; Roti, G. Targeting oncogenic Notch signaling with SERCA inhibitors. J. Hematol. Oncol. 2021, 14, 8. [Google Scholar] [CrossRef] [PubMed]

	



Fischer, J.; Erkner, E.; Fitzel, R.; Radszuweit, P.; Keppeler, H.; Korkmaz, F.; Roti, G.; Lengerke, C.; Schneidawind, D.; Schneidawind, C. Uncovering NOTCH1 as a Promising Target in the Treatment of MLL-Rearranged Leukemia. Int. J. Mol. Sci. 2023, 24, 14466. [Google Scholar] [CrossRef]

	



Marchesini, M.; Gherli, A.; Montanaro, A.; Patrizi, L.; Sorrentino, C.; Pagliaro, L.; Rompietti, C.; Kitara, S.; Heit, S.; Olesen, C.E.; et al. Blockade of Oncogenic NOTCH1 with the SERCA Inhibitor CAD204520 in T Cell Acute Lymphoblastic Leukemia. Cell Chem. Biol. 2020, 27, 678–697.e13. [Google Scholar] [CrossRef] [PubMed]

	



Sportoletti, P.; Baldoni, S.; Cavalli, L.; Del Papa, B.; Bonifacio, E.; Ciurnelli, R.; Bell, A.S.; Di Tommaso, A.; Rosati, E.; Crescenzi, B.; et al. NOTCH1 PEST domain mutation is an adverse prognostic factor in B-CLL. Br. J. Haematol. 2010, 151, 404–406. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, D.; Rasi, S.; Fabbri, G.; Spina, V.; Fangazio, M.; Forconi, F.; Marasca, R.; Laurenti, L.; Bruscaggin, A.; Cerri, M. Mutations of NOTCH1 are an independent predictor of survival in chronic lymphocytic leukemia. Blood J. Am. Soc. Hematol. 2012, 119, 521–529. [Google Scholar] [CrossRef]

	



Arruga, F.; Gizdic, B.; Serra, S.; Vaisitti, T.; Ciardullo, C.; Coscia, M.; Laurenti, L.; D’Arena, G.; Jaksic, O.; Inghirami, G.; et al. Functional impact of NOTCH1 mutations in chronic lymphocytic leukemia. Leukemia 2014, 28, 1060–1070. [Google Scholar] [CrossRef]

	



Rosati, E.; Baldoni, S.; De Falco, F.; Del Papa, B.; Dorillo, E.; Rompietti, C.; Albi, E.; Falzetti, F.; Di Ianni, M.; Sportoletti, P. NOTCH1 Aberrations in Chronic Lymphocytic Leukemia. Front. Oncol. 2018, 8, 229. [Google Scholar] [CrossRef]

	



Close, V.; Close, W.; Kugler, S.J.; Reichenzeller, M.; Yosifov, D.Y.; Bloehdorn, J.; Pan, L.; Tausch, E.; Westhoff, M.A.; Döhner, H.; et al. FBXW7 mutations reduce binding of NOTCH1, leading to cleaved NOTCH1 accumulation and target gene activation in CLL. Blood 2019, 133, 830–839. [Google Scholar] [CrossRef]

	



Malcikova, J.; Tausch, E.; Rossi, D.; Sutton, L.A.; Soussi, T.; Zenz, T.; Kater, A.P.; Niemann, C.U.; Gonzalez, D.; Davi, F.; et al. ERIC recommendations for TP53 mutation analysis in chronic lymphocytic leukemia-update on methodological approaches and results interpretation. Leukemia 2018, 32, 1070–1080. [Google Scholar] [CrossRef]

	



Zenz, T.; Eichhorst, B.; Busch, R.; Denzel, T.; Habe, S.; Winkler, D.; Buhler, A.; Edelmann, J.; Bergmann, M.; Hopfinger, G.; et al. TP53 mutation and survival in chronic lymphocytic leukemia. J. Clin. Oncol. 2010, 28, 4473–4479. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, D.; Cerri, M.; Deambrogi, C.; Sozzi, E.; Cresta, S.; Rasi, S.; De Paoli, L.; Spina, V.; Gattei, V.; Capello, D.; et al. The prognostic value of TP53 mutations in chronic lymphocytic leukemia is independent of Del17p13: Implications for overall survival and chemorefractoriness. Clin. Cancer Res. 2009, 15, 995–1004. [Google Scholar] [CrossRef] [PubMed]

	



Baldoni, S.; Del Papa, B.; De Falco, F.; Dorillo, E.; Sorrentino, C.; Rompietti, C.; Adamo, F.M.; Nogarotto, M.; Cecchini, D.; Mondani, E.; et al. NOTCH1 Activation Negatively Impacts on Chronic Lymphocytic Leukemia Outcome and Is Not Correlated to the NOTCH1 and IGHV Mutational Status. Front. Oncol. 2021, 11, 668573. [Google Scholar] [CrossRef] [PubMed]

	



Jain, N.; Keating, M.; Thompson, P.; Ferrajoli, A.; Burger, J.; Borthakur, G.; Takahashi, K.; Estrov, Z.; Fowler, N.; Kadia, T.; et al. Ibrutinib and Venetoclax for First-Line Treatment of CLL. N. Engl. J. Med. 2019, 380, 2095–2103. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Ramchandren, R.; Chen, R.; Karlin, L.; Chong, G.; Jurczak, W.; Wu, K.L.; Bishton, M.; Collins, G.P.; Eliadis, P.; et al. Concurrent ibrutinib plus venetoclax in relapsed/refractory mantle cell lymphoma: The safety run-in of the phase 3 SYMPATICO study. J. Hematol. Oncol. 2021, 14, 179. [Google Scholar] [CrossRef] [PubMed]

	



Stone, R.M.; Mandrekar, S.J.; Sanford, B.L.; Laumann, K.; Geyer, S.; Bloomfield, C.D.; Thiede, C.; Prior, T.W.; Dohner, K.; Marcucci, G.; et al. Midostaurin plus Chemotherapy for Acute Myeloid Leukemia with a FLT3 Mutation. N. Engl. J. Med. 2017, 377, 454–464. [Google Scholar] [CrossRef] [PubMed]

	



Perl, A.E.; Martinelli, G.; Cortes, J.E.; Neubauer, A.; Berman, E.; Paolini, S.; Montesinos, P.; Baer, M.R.; Larson, R.A.; Ustun, C.; et al. Gilteritinib or Chemotherapy for Relapsed or Refractory FLT3-Mutated AML. N. Engl. J. Med. 2019, 381, 1728–1740. [Google Scholar] [CrossRef]

	



Nebbioso, A.; Tambaro, F.P.; Dell’Aversana, C.; Altucci, L. Cancer epigenetics: Moving forward. PLoS Genet. 2018, 14, e1007362. [Google Scholar] [CrossRef]

	



Carter, J.L.; Hege, K.; Yang, J.; Kalpage, H.A.; Su, Y.; Edwards, H.; Huttemann, M.; Taub, J.W.; Ge, Y. Targeting multiple signaling pathways: The new approach to acute myeloid leukemia therapy. Signal Transduct. Target. Ther. 2020, 5, 288. [Google Scholar] [CrossRef]

	



Mishra, S.K.; Millman, S.E.; Zhang, L. Metabolism in acute myeloid leukemia: Mechanistic insights and therapeutic targets. Blood 2023, 141, 1119–1135. [Google Scholar] [CrossRef]

	



Bhagwat, A.S.; Vakoc, C.R. Targeting Transcription Factors in Cancer. Trends Cancer 2015, 1, 53–65. [Google Scholar] [CrossRef] [PubMed]

	



Di Ianni, M.; Baldoni, S.; Rosati, E.; Ciurnelli, R.; Cavalli, L.; Martelli, M.F.; Marconi, P.; Screpanti, I.; Falzetti, F. A new genetic lesion in B-CLL: A NOTCH1 PEST domain mutation. Br. J. Haematol. 2009, 146, 689–691. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Easton, J.; Shao, Y.; Maciaszek, J.; Wang, Z.; Wilkinson, M.R.; McCastlain, K.; Edmonson, M.; Pounds, S.B.; Shi, L.; et al. The genomic landscape of pediatric and young adult T-lineage acute lymphoblastic leukemia. Nat. Genet. 2017, 49, 1211–1218. [Google Scholar] [CrossRef] [PubMed]

	



O’Neil, J.; Grim, J.; Strack, P.; Rao, S.; Tibbitts, D.; Winter, C.; Hardwick, J.; Welcker, M.; Meijerink, J.P.; Pieters, R.; et al. FBW7 mutations in leukemic cells mediate NOTCH pathway activation and resistance to gamma-secretase inhibitors. J. Exp. Med. 2007, 204, 1813–1824. [Google Scholar] [CrossRef] [PubMed]

	



Blaumueller, C.M.; Qi, H.; Zagouras, P.; Artavanis-Tsakonas, S. Intracellular cleavage of Notch leads to a heterodimeric receptor on the plasma membrane. Cell 1997, 90, 281–291. [Google Scholar] [CrossRef]

	



Logeat, F.; Bessia, C.; Brou, C.; LeBail, O.; Jarriault, S.; Seidah, N.G.; Israël, A. The Notch1 receptor is cleaved constitutively by a furin-like convertase. Proc. Natl. Acad. Sci. USA 1998, 95, 8108–8112. [Google Scholar] [CrossRef]

	



Brou, C.; Logeat, F.; Gupta, N.; Bessia, C.; LeBail, O.; Doedens, J.R.; Cumano, A.; Roux, P.; Black, R.A.; Israël, A. A novel proteolytic cleavage involved in Notch signaling: The role of the disintegrin-metalloprotease TACE. Mol. Cell 2000, 5, 207–216. [Google Scholar] [CrossRef] [PubMed]

	



Mumm, J.S.; Schroeter, E.H.; Saxena, M.T.; Griesemer, A.; Tian, X.; Pan, D.J.; Ray, W.J.; Kopan, R. A ligand-induced extracellular cleavage regulates gamma-secretase-like proteolytic activation of Notch1. Mol. Cell 2000, 5, 197–206. [Google Scholar] [CrossRef]

	



De Strooper, B.; Annaert, W.; Cupers, P.; Saftig, P.; Craessaerts, K.; Mumm, J.S.; Schroeter, E.H.; Schrijvers, V.; Wolfe, M.S.; Ray, W.J. A presenilin-1-dependent γ-secretase-like protease mediates release of Notch intracellular domain. Nature 1999, 398, 518. [Google Scholar] [CrossRef]

	



Sorrentino, C.; Cuneo, A.; Roti, G. Therapeutic Targeting of Notch Signaling Pathway in Hematological Malignancies. Mediterr. J. Hematol. Infect. Dis. 2019, 11, e2019037. [Google Scholar] [CrossRef]

	



Minuzzo, S.; Agnusdei, V.; Pinazza, M.; Amaro, A.A.; Sacchetto, V.; Pfeffer, U.; Bertorelle, R.; Spinelli, O.; Serafin, V.; Indraccolo, S. Targeting NOTCH1 in combination with antimetabolite drugs prolongs life span in relapsed pediatric and adult T-acute lymphoblastic leukemia xenografts. Exp. Hematol. Oncol. 2023, 12, 76. [Google Scholar] [CrossRef] [PubMed]

	



Silkenstedt, E.; Arenas, F.; Colom-Sanmarti, B.; Xargay-Torrent, S.; Higashi, M.; Giro, A.; Rodriguez, V.; Fuentes, P.; Aulitzky, W.E.; van der Kuip, H.; et al. Notch1 signaling in NOTCH1-mutated mantle cell lymphoma depends on Delta-Like ligand 4 and is a potential target for specific antibody therapy. J. Exp. Clin. Cancer Res. 2019, 38, 446. [Google Scholar] [CrossRef] [PubMed]

	



Lehal, R.; Zaric, J.; Vigolo, M.; Urech, C.; Frismantas, V.; Zangger, N.; Cao, L.; Berger, A.; Chicote, I.; Loubéry, S.; et al. Pharmacological disruption of the Notch transcription factor complex. Proc. Natl. Acad. Sci. USA 2020, 117, 16292–16301. [Google Scholar] [CrossRef] [PubMed]

	



Medinger, M.; Junker, T.; Heim, D.; Tzankov, A.; Jermann, P.M.; Bobadilla, M.; Vigolo, M.; Lehal, R.; Vogl, F.D.; Bauer, M.; et al. CB-103: A novel CSL-NICD inhibitor for the treatment of NOTCH-driven T-cell acute lymphoblastic leukemia: A case report of complete clinical response in a patient with relapsed and refractory T-ALL. EJHaem 2022, 3, 1009–1012. [Google Scholar] [CrossRef] [PubMed]

	



Spriano, F.; Tarantelli, C.; Arribas, A.J.; Gaudio, E.; Cascione, L.; Aresu, L.; Rinaldi, A.; Zucca, E.; Rossi, D.; Stathis, A.; et al. In vitro anti-lymphoma activity of the first-in-class pan-NOTCH transcription inhibitor CB-103. Br. J. Haematol. 2023, 200, 669–672. [Google Scholar] [CrossRef]

	



Vigolo, M.; Urech, C.; Lamy, S.; Monticone, G.; Zabaleta, J.; Hossain, F.; Wyczechowska, D.; Del Valle, L.; O’Regan, R.M.; Miele, L.; et al. The Efficacy of CB-103, a First-in-Class Transcriptional Notch Inhibitor, in Preclinical Models of Breast Cancer. Cancers 2023, 15, 3957. [Google Scholar] [CrossRef]

	



Hanna, G.J.; Stathis, A.; Lopez-Miranda, E.; Racca, F.; Quon, D.; Leyvraz, S.; Hess, D.; Keam, B.; Rodon, J.; Ahn, M.J.; et al. A Phase I Study of the Pan-Notch Inhibitor CB-103 for Patients with Advanced Adenoid Cystic Carcinoma and Other Tumors. Cancer Res. Commun. 2023, 3, 1853–1861. [Google Scholar] [CrossRef] [PubMed]

	



Nolin, E.; Gans, S.; Llamas, L.; Bandyopadhyay, S.; Brittain, S.M.; Bernasconi-Elias, P.; Carter, K.P.; Loureiro, J.J.; Thomas, J.R.; Schirle, M. Discovery of a ZIP7 inhibitor from a Notch pathway screen. Nat. Chem. Biol. 2019, 15, 179–188. [Google Scholar] [CrossRef]

	



Baldoni, S.; Del Papa, B.; Dorillo, E.; Aureli, P.; De Falco, F.; Rompietti, C.; Sorcini, D.; Varasano, E.; Cecchini, D.; Zei, T.; et al. Bepridil exhibits anti-leukemic activity associated with NOTCH1 pathway inhibition in chronic lymphocytic leukemia. Int. J. Cancer 2018, 143, 958–970. [Google Scholar] [CrossRef]

	



Roti, G.; Ross, K.N.; Ferrando, A.A.; Blacklow, S.C.; Aster, J.; Stegmaier, K. Expression-Based Screen Identifies the Calcium Channel Antagonist Bepridil as a Notch1 Modulator in T-ALL. Blood 2009, 114, 366. [Google Scholar] [CrossRef]

	



Roti, G.; Qi, J.; Kitara, S.; Sanchez-Martin, M.; Saur Conway, A.; Varca, A.C.; Su, A.; Wu, L.; Kung, A.L.; Ferrando, A.A.; et al. Leukemia-specific delivery of mutant NOTCH1 targeted therapy. J. Exp. Med. 2018, 215, 197–216. [Google Scholar] [CrossRef] [PubMed]

	



Lopez-Guerra, M.; Xargay-Torrent, S.; Rosich, L.; Montraveta, A.; Roldan, J.; Matas-Cespedes, A.; Villamor, N.; Aymerich, M.; Lopez-Otin, C.; Perez-Galan, P.; et al. The gamma-secretase inhibitor PF-03084014 combined with fludarabine antagonizes migration, invasion and angiogenesis in NOTCH1-mutated CLL cells. Leukemia 2015, 29, 96–106. [Google Scholar] [CrossRef]

	



Casulo, C.; Ruan, J.; Dang, N.H.; Gore, L.; Diefenbach, C.; Beaven, A.W.; Castro, J.E.; Porcu, P.; Faoro, L.; Dupont, J. Safety and preliminary efficacy results of a phase I first-in-human study of the novel Notch-1 targeting antibody brontictuzumab (OMP-52M51) administered intravenously to patients with hematologic malignancies. Blood 2016, 128, 5108. [Google Scholar] [CrossRef]

	



Baumgart, A.; Seidl, S.; Vlachou, P.; Michel, L.; Mitova, N.; Schatz, N.; Specht, K.; Koch, I.; Schuster, T.; Grundler, R.; et al. ADAM17 regulates epidermal growth factor receptor expression through the activation of Notch1 in non-small cell lung cancer. Cancer Res. 2010, 70, 5368–5378. [Google Scholar] [CrossRef] [PubMed]

	



Byrd, J.C.; Jones, J.J.; Woyach, J.A.; Johnson, A.J.; Flynn, J.M. Entering the era of targeted therapy for chronic lymphocytic leukemia: Impact on the practicing clinician. J. Clin. Oncol. 2014, 32, 3039–3047. [Google Scholar] [CrossRef] [PubMed]

	



Burger, J.A.; Tedeschi, A.; Barr, P.M.; Robak, T.; Owen, C.; Ghia, P.; Bairey, O.; Hillmen, P.; Bartlett, N.L.; Li, J.; et al. Ibrutinib as Initial Therapy for Patients with Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2015, 373, 2425–2437. [Google Scholar] [CrossRef] [PubMed]

	



Furman, R.R.; Sharman, J.P.; Coutre, S.E.; Cheson, B.D.; Pagel, J.M.; Hillmen, P.; Barrientos, J.C.; Zelenetz, A.D.; Kipps, T.J.; Flinn, I.; et al. Idelalisib and rituximab in relapsed chronic lymphocytic leukemia. N. Engl. J. Med. 2014, 370, 997–1007. [Google Scholar] [CrossRef]

	



Davids, M.S.; Roberts, A.W.; Seymour, J.F.; Pagel, J.M.; Kahl, B.S.; Wierda, W.G.; Puvvada, S.; Kipps, T.J.; Anderson, M.A.; Salem, A.H.; et al. Phase I First-in-Human Study of Venetoclax in Patients With Relapsed or Refractory Non-Hodgkin Lymphoma. J. Clin. Oncol. 2017, 35, 826–833. [Google Scholar] [CrossRef]

	



Byrd, J.C.; Furman, R.R.; Coutre, S.E.; Flinn, I.W.; Burger, J.A.; Blum, K.A.; Grant, B.; Sharman, J.P.; Coleman, M.; Wierda, W.G.; et al. Targeting BTK with ibrutinib in relapsed chronic lymphocytic leukemia. N. Engl. J. Med. 2013, 369, 32–42. [Google Scholar] [CrossRef]

	



Byrd, J.C.; Hillmen, P.; Ghia, P.; Kater, A.P.; Chanan-Khan, A.; Furman, R.R.; O’Brien, S.; Yenerel, M.N.; Illes, A.; Kay, N.; et al. Acalabrutinib Versus Ibrutinib in Previously Treated Chronic Lymphocytic Leukemia: Results of the First Randomized Phase III Trial. J. Clin. Oncol. 2021, 39, 3441–3452. [Google Scholar] [CrossRef]

	



Brown, J.R.; Eichhorst, B.; Hillmen, P.; Jurczak, W.; Kazmierczak, M.; Lamanna, N.; O’Brien, S.M.; Tam, C.S.; Qiu, L.; Zhou, K.; et al. Zanubrutinib or Ibrutinib in Relapsed or Refractory Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2023, 388, 319–332. [Google Scholar] [CrossRef] [PubMed]

	



O’Brien, S.; Jones, J.A.; Coutre, S.E.; Mato, A.R.; Hillmen, P.; Tam, C.; Osterborg, A.; Siddiqi, T.; Thirman, M.J.; Furman, R.R.; et al. Ibrutinib for patients with relapsed or refractory chronic lymphocytic leukaemia with 17p deletion (RESONATE-17): A phase 2, open-label, multicentre study. Lancet Oncol. 2016, 17, 1409–1418. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.L.; Rule, S.; Martin, P.; Goy, A.; Auer, R.; Kahl, B.S.; Jurczak, W.; Advani, R.H.; Romaguera, J.E.; Williams, M.E.; et al. Targeting BTK with ibrutinib in relapsed or refractory mantle-cell lymphoma. N. Engl. J. Med. 2013, 369, 507–516. [Google Scholar] [CrossRef] [PubMed]

	



Jain, P.; Zhao, S.; Lee, H.J.; Hill, H.A.; Ok, C.Y.; Kanagal-Shamanna, R.; Hagemeister, F.B.; Fowler, N.; Fayad, L.; Yao, Y.; et al. Ibrutinib With Rituximab in First-Line Treatment of Older Patients With Mantle Cell Lymphoma. J. Clin. Oncol. 2022, 40, 202–212. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, A.W.; Davids, M.S.; Pagel, J.M.; Kahl, B.S.; Puvvada, S.D.; Gerecitano, J.F.; Kipps, T.J.; Anderson, M.A.; Brown, J.R.; Gressick, L.; et al. Targeting BCL2 with Venetoclax in Relapsed Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2016, 374, 311–322. [Google Scholar] [CrossRef] [PubMed]

	



Jain, N.; Keating, M.; Thompson, P.; Ferrajoli, A.; Burger, J.A.; Borthakur, G.; Takahashi, K.; Estrov, Z.; Sasaki, K.; Fowler, N.; et al. Ibrutinib Plus Venetoclax for First-line Treatment of Chronic Lymphocytic Leukemia: A Nonrandomized Phase 2 Trial. JAMA Oncol. 2021, 7, 1213–1219. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, D.; Rasi, S.; Spina, V.; Fangazio, M.; Monti, S.; Greco, M.; Ciardullo, C.; Fama, R.; Cresta, S.; Bruscaggin, A.; et al. Different impact of NOTCH1 and SF3B1 mutations on the risk of chronic lymphocytic leukemia transformation to Richter syndrome. Br. J. Haematol. 2012, 158, 426–429. [Google Scholar] [CrossRef]

	



Oscier, D.G.; Rose-Zerilli, M.J.; Winkelmann, N.; Gonzalez de Castro, D.; Gomez, B.; Forster, J.; Parker, H.; Parker, A.; Gardiner, A.; Collins, A.; et al. The clinical significance of NOTCH1 and SF3B1 mutations in the UK LRF CLL4 trial. Blood 2013, 121, 468–475. [Google Scholar] [CrossRef]

	



Tardivon, D.; Antoszewski, M.; Zangger, N.; Nkosi, M.; Sordet-Dessimoz, J.; Hendriks, R.; Koch, U.; Radtke, F. Notch signaling promotes disease initiation and progression in murine chronic lymphocytic leukemia. Blood 2021, 137, 3079–3092. [Google Scholar] [CrossRef]

	



Secchiero, P.; Voltan, R.; Rimondi, E.; Melloni, E.; Athanasakis, E.; Tisato, V.; Gallo, S.; Rigolin, G.M.; Zauli, G. The gamma-secretase inhibitors enhance the anti-leukemic activity of ibrutinib in B-CLL cells. Oncotarget 2017, 8, 59235–59245. [Google Scholar] [CrossRef]

	



Del Papa, B.; Baldoni, S.; Dorillo, E.; De Falco, F.; Rompietti, C.; Cecchini, D.; Cantelmi, M.G.; Sorcini, D.; Nogarotto, M.; Adamo, F.M.; et al. Decreased NOTCH1 Activation Correlates with Response to Ibrutinib in Chronic Lymphocytic Leukemia. Clin. Cancer Res. 2019, 25, 7540–7553. [Google Scholar] [CrossRef] [PubMed]

	



Brown, J.R.; Hillmen, P.; O’Brien, S.; Barrientos, J.C.; Reddy, N.M.; Coutre, S.E.; Tam, C.S.; Mulligan, S.P.; Jaeger, U.; Barr, P.M.; et al. Extended follow-up and impact of high-risk prognostic factors from the phase 3 RESONATE study in patients with previously treated CLL/SLL. Leukemia 2018, 32, 83–91. [Google Scholar] [CrossRef] [PubMed]

	



Del Poeta, G.; Biagi, A.; Laurenti, L.; Chiarenza, A.; Pozzo, F.; Innocenti, I.; Postorino, M.; Rossi, F.M.; Del Principe, M.I.; Bomben, R.; et al. Impaired nodal shrinkage and apoptosis define the independent adverse outcome of NOTCH1 mutated patients under ibrutinib therapy in chronic lymphocytic leukaemia. Haematologica 2021, 106, 2345–2353. [Google Scholar] [CrossRef]

	



Eyre, T.A.; Cheah, C.Y.; Wang, M.L. Therapeutic options for relapsed/refractory mantle cell lymphoma. Blood 2022, 139, 666–677. [Google Scholar] [CrossRef] [PubMed]

	



Tekin, E.; Savage, V.M.; Yeh, P.J. Measuring higher-order drug interactions: A review of recent approaches. Curr. Opin. Syst. Biol. 2017, 4, 16–23. [Google Scholar] [CrossRef]

	



Cokol, M.; Kuru, N.; Bicak, E.; Larkins-Ford, J.; Aldridge, B.B. Efficient measurement and factorization of high-order drug interactions in Mycobacterium tuberculosis. Sci. Adv. 2017, 3, e1701881. [Google Scholar] [CrossRef] [PubMed]

	



Yeh, P.; Tschumi, A.I.; Kishony, R. Functional classification of drugs by properties of their pairwise interactions. Nat. Genet. 2006, 38, 489–494. [Google Scholar] [CrossRef] [PubMed]

	



Cokol, M.; Chua, H.N.; Tasan, M.; Mutlu, B.; Weinstein, Z.B.; Suzuki, Y.; Nergiz, M.E.; Costanzo, M.; Baryshnikova, A.; Giaever, G. Systematic exploration of synergistic drug pairs. Mol. Syst. Biol. 2011, 7, 544. [Google Scholar] [CrossRef]

	



Chandrasekaran, S.; Cokol-Cakmak, M.; Sahin, N.; Yilancioglu, K.; Kazan, H.; Collins, J.J.; Cokol, M. Chemogenomics and orthology-based design of antibiotic combination therapies. Mol. Syst. Biol. 2016, 12, 872. [Google Scholar] [CrossRef]

	



Mason, D.J.; Stott, I.; Ashenden, S.; Weinstein, Z.B.; Karakoc, I.; Meral, S.; Kuru, N.; Bender, A.; Cokol, M. Prediction of antibiotic interactions using descriptors derived from molecular structure. J. Med. Chem. 2017, 60, 3902–3912. [Google Scholar] [CrossRef]

	



Van Dyke, D.L.; Werner, L.; Rassenti, L.Z.; Neuberg, D.; Ghia, E.; Heerema, N.A.; Dal Cin, P.; Dell Aquila, M.; Sreekantaiah, C.; Greaves, A.W.; et al. The Dohner fluorescence in situ hybridization prognostic classification of chronic lymphocytic leukaemia (CLL): The CLL Research Consortium experience. Br. J. Haematol. 2016, 173, 105–113. [Google Scholar] [CrossRef] [PubMed]

	



Di Veroli, G.Y.; Fornari, C.; Wang, D.; Mollard, S.; Bramhall, J.L.; Richards, F.M.; Jodrell, D.I. Combenefit: An interactive platform for the analysis and visualization of drug combinations. Bioinformatics 2016, 32, 2866–2868. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, S.; Wang, W.; Aldahdooh, J.; Malyutina, A.; Shadbahr, T.; Tanoli, Z.; Pessia, A.; Tang, J. SynergyFinder plus: Toward better interpretation and annotation of drug combination screening datasets. Genom. Proteom. Bioinform. 2022, 20, 587–596. [Google Scholar] [CrossRef] [PubMed]

	



Malyutina, A.; Majumder, M.M.; Wang, W.; Pessia, A.; Heckman, C.A.; Tang, J. Drug combination sensitivity scoring facilitates the discovery of synergistic and efficacious drug combinations in cancer. PLoS Comput. Biol. 2019, 15, e1006752. [Google Scholar] [CrossRef]

	



Wickham, H.; Chang, W.; Wickham, M.H. Package ‘ggplot2’. Create elegant data visualisations using the grammar of graphics. Version 2016, 2, 1–189. [Google Scholar]








[image: Ijms 25 00766 g001] 





Figure 1. NOTCH1 mutational status in chronic lymphocytic leukemia (CLL) primary samples and characteristics of the patient cohort: (A) The OncoPrint illustrates the distribution of gene mutations affecting individual samples. Single nucleotide polymorphisms (SNPs) are represented in red, and insertions/deletions (indels) are in blue. Each row in the OncoPrint displays the percentage distribution of relative gene mutations in the entire cohort (shown in the right histogram panel). Each column represents the total number of mutations for each patient, with a specific indication of the mutation type (upper histogram panel; red: SNP, blue: indel). The OncoPrint also provides relevant clinical, genetic, molecular, and prognostic characteristics of the patient samples collected for this study (lower panel). (B) The structure of the human NOTCH1 protein is depicted, with each colored block representing an exon. The PEST domain illustrates the distribution of PEST mutations found in CLL patient samples. (C) Patient characteristics for the collected CLL primary samples. (D) Western immunoblotting results display the expression of unprocessed full-length NOTCH1 precursor (FL), furin-processed NOTCH1 transmembrane subunit (TM), and cleaved intracellular domain (ICD) in CLL primary samples. β-Actin serves as the loading control. NOTCH1-mutated patient samples are indicated in light red. 
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Figure 2. CAD204520 inhibits Notch1 signaling and impairs cell growth in PEST-mutated lymphoproliferative malignancies: (A) Protein expression of NOTCH1 processed isoforms in a panel of T-ALL, MCL, and CLL cell lines. β-Actin was used as a loading control. (FL: full-length unprocessed precursor; TM: transmembrane; ICD: intracellular domain). The table shows NOTCH1 mutational status in the cell lines. (B) Effect of CAD204520 treatment for 24 h on Notch1 trafficking and activation in cell lines (CTV-1, SKW-3/KE-37, REC-1) with PEST domain mutations. β-Actin was used as a loading control. (C) Effect of CAD204520 treatment on cell viability after 72 h in NOTCH1 PEST-mutated (REC-1, SKW-3/KE-37, CTV-1) and NOTCH1 WT (JEKO-1, Granta-519, MEC1) cell lines. Error bars denote ± SD of a minimum of two replicates. (D) Comparison of the area under the curve (AUC) values after CAD204520 treatment of NOTCH1-mutated and WT cell lines. Statistical significance was determined by a non-parametric t-test (* p < 0.05). (E) Effect of CAD204520 treatment on the induction of apoptosis. Annexin V/propidium iodide staining of MCL cells after 48 h of treatment with the indicated concentrations of CAD204520. A minimum of 20000 events was collected for each condition. (F) Western immunoblot showing the expression of cleaved PARP in NOTCH1 WT (JEKO-1) and mutated (SKW-3/KE-37 and REC1) cell lines treated at the indicated concentrations of CAD204520 for 24 h. β-Actin was used as a loading control. (G) Densitometric quantification of indicated proteins in JEKO-1, SKW-3/KE-37, and REC-1 cells treated with indicated doses of CAD204520, as in Figure 2F. (H) Combined scatter and bar plot representing the AUC values of CAD204520 treatment in CLL primary samples with or without Notch1 activating pathway mutations. Statistical significance was determined using a non-parametric t-test (** p < 0.01). (I) Effect of CAD204520 treatment after 24 h on Notch1 trafficking in CLL primary samples. β-Actin was used as a loading control. (J) Histogram plots showing the percentage of live and dead cells in 6 different samples (top: 3 NOTCH1 WT samples; bottom: 3 NOTCH1-mutated samples) after 72 h of treatment with CAD204520 at indicated concentrations. Results were obtained with a luminescence-based and a flow cytometric assay, respectively. Error bars denote the SD of a minimum of two replicates. Statistical significance among groups was determined by a one-way ANOVA using Dunnett’s correction for multiple comparison testing (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 3. CAD204520 preferentially inhibits cells with NOTCH1 PEST mutations: (A) Outline of the cell-based competition assay: REC-1 cells were transduced with green fluorescent protein (GFP). REC-1-GFP+ cells were sorted and co-cultured in a 1:1 ratio with JEKO-1 cells, then treated with CAD204520 at various concentrations for 72 h. (B) Normalized effects of CAD204520 on cell viability in co-cultured REC-1-GFP+ and JEKO-1 cells treated for 72 h. Statistical significance was determined by a two-way ANOVA. Error bars represent ± SD of a minimum of three replicates (* p < 0.05; *** p < 0.001; **** p < 0.0001). (C) Design of the in vivo CAD204520 study: ten NSG mice were subcutaneously injected with REC-1 cells in the left flank and JEKO-1 cells in the right flank. On day 0, mice were randomized into two groups, with the former receiving CAD204520 at 45 mg/kg (day 1–5 “on”; day 6–7 “off”; day 8–12 “on”) via oral gavage, and the latter receiving the vehicle. (D) Effect of CAD204520 administration on JEKO-1 and REC-1 tumor size fold change at different time points (mean ± SD of the five different mice treated with the vehicle or CAD204520). Statistical significance was determined using a non-parametric t-test (* p < 0.05; ** p < 0.01). (E) Effect of CAD204520 administration on JEKO-1 and REC-1 tumor weight at sacrifice (mean ± SD of the five different mice treated with the vehicle or CAD204520). Statistical significance was determined using a non-parametric t-test (* p < 0.05). (F) Effect of daily administration of 45 mg/kg of CAD204520 or the vehicle on body weight. (G) Immunohistochemical analysis of REC-1 and JEKO-1 tumor masses in the murine model treated with the vehicle or CAD204520 at 45 mg/kg for 10 administrations. The tumor masses from all mice were examined. Formalin-fixed, paraffin-embedded tissue sections were stained with NOTCH1 and Ki-67 antibodies. Scale bars: 50 µm. Representative results for one control animal and one CAD204520-treated animal are shown. (H) Quantification of NOTCH1 and Ki-67 protein expression of the immunohistochemical analysis shown in Figure 3G (**** p < 0.0001). 






Figure 3. CAD204520 preferentially inhibits cells with NOTCH1 PEST mutations: (A) Outline of the cell-based competition assay: REC-1 cells were transduced with green fluorescent protein (GFP). REC-1-GFP+ cells were sorted and co-cultured in a 1:1 ratio with JEKO-1 cells, then treated with CAD204520 at various concentrations for 72 h. (B) Normalized effects of CAD204520 on cell viability in co-cultured REC-1-GFP+ and JEKO-1 cells treated for 72 h. Statistical significance was determined by a two-way ANOVA. Error bars represent ± SD of a minimum of three replicates (* p < 0.05; *** p < 0.001; **** p < 0.0001). (C) Design of the in vivo CAD204520 study: ten NSG mice were subcutaneously injected with REC-1 cells in the left flank and JEKO-1 cells in the right flank. On day 0, mice were randomized into two groups, with the former receiving CAD204520 at 45 mg/kg (day 1–5 “on”; day 6–7 “off”; day 8–12 “on”) via oral gavage, and the latter receiving the vehicle. (D) Effect of CAD204520 administration on JEKO-1 and REC-1 tumor size fold change at different time points (mean ± SD of the five different mice treated with the vehicle or CAD204520). Statistical significance was determined using a non-parametric t-test (* p < 0.05; ** p < 0.01). (E) Effect of CAD204520 administration on JEKO-1 and REC-1 tumor weight at sacrifice (mean ± SD of the five different mice treated with the vehicle or CAD204520). Statistical significance was determined using a non-parametric t-test (* p < 0.05). (F) Effect of daily administration of 45 mg/kg of CAD204520 or the vehicle on body weight. (G) Immunohistochemical analysis of REC-1 and JEKO-1 tumor masses in the murine model treated with the vehicle or CAD204520 at 45 mg/kg for 10 administrations. The tumor masses from all mice were examined. Formalin-fixed, paraffin-embedded tissue sections were stained with NOTCH1 and Ki-67 antibodies. Scale bars: 50 µm. Representative results for one control animal and one CAD204520-treated animal are shown. (H) Quantification of NOTCH1 and Ki-67 protein expression of the immunohistochemical analysis shown in Figure 3G (**** p < 0.0001).



[image: Ijms 25 00766 g003]







[image: Ijms 25 00766 g004] 





Figure 4. CAD204520 increases the effect of venetoclax–ibrutinib treatment in NOTCH1 PEST-mutated samples: (A) Volcano surface plots of primary CLL samples with NOTCH1 WT (CLL#2) and NOTCH1 PEST mutation (CLL#20 and CLL#25) treated with venetoclax and ibrutinib. Each point represents an independent measurement. The plots illustrate the HSA analysis generated using the Combenefit script in MATLAB R201. The colorimetric scale represents the level of drug antagonism or synergism. (B) Volcano surface plots of primary CLL samples with NOTCH1 WT (CLL#2) NOTCH1 PEST mutation (CLL#20 and CLL#25) treated with venetoclax and ibrutinib plus 2 µM of CAD204520. Each point represents an independent measurement. The plots illustrate the HSA analysis generated using the Combenefit script in MATLAB R201. The colorimetric scale represents the level of drug antagonism or synergism. (C) Circular plots of 3-drug combinations in a NOTCH1 WT primary sample (CLL#2) and two NOTCH1-mutated primary samples (CLL#20 and CLL#25). The innermost rings represent the 5 drug concentrations in 3 color gradients (CAD204520 = yellow, venetoclax = cyan, ibrutinib = pink). The fourth ring represents the effect in terms of inhibition percentage for any given combination. The outermost ring represents a harmonized synergy score performed with the Bliss model. Red indicates a positive synergistic score (pointing toward synergy), while blue represents a negative score (pointing toward antagonism). Zero indicates the absence of interaction. (D) Circular plots of 3-drug combinations following the same format as described in (C). The outermost ring represents a harmonized synergy score performed with the HSA model. (E) Circular plots of 3-drug combinations following the same format as described in (C). The outermost ring represents a harmonized synergy score performed with the ZIP model. (F) Heatmaps of samples CLL#2, CLL#20, and CLL#25 (from left to right) displaying the linear fold change between combinations of venetoclax-ibrutinib-CAD204520 (columns) compared to venetoclax-ibrutinib combinations (rows). Each cell contains the fold change between the 3-drug combination effect and the 2-drug combination effect at the same doses of the first 2 drugs. A positive fold change indicates a gain in inhibition of the 3-drug combination compared to the 2-drug combination, while a negative fold change indicates a loss of inhibition of the 3 drugs compared to the combination without CAD204520. 
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