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Secondary plasma cell leukemia (sPCL) is a rare form of aggressive plasma cell malignancy arising mostly at end-stage refractory multiple myeloma and consequently presenting limited therapeutic options. We analyzed 13 sPCL for their sensitivity to BH3 mimetics targeting either BCL2 (venetoclax) or BCLXL (A1155463) and showed that 3 sPCL were efficiently killed by venetoclax and 3 sPCL by A1155463. Accordingly, BH3 profiling of 2 sPCL sensitive to BCLXL inhibition confirmed their high BCLXL primed profile. While targeting BCLXL using BH3 mimetics induces platelets on-target drug toxicity, the recent development of DT2216, a clinical-stage BCLXL proteolysis targeting chimera PROTAC compound, provides an alternative strategy to target BCLXL. Indeed, DT2216 specifically degrades BCLXL via VHL E3 ligase, without inducing thrombocytopenia. We demonstrated in human myeloma cell lines and sPCL that sensitivity to DT2216 strongly correlated with the sensitivity to A1155463. Interestingly, we showed that low doses of DT2216 (nM range) were sufficient to specifically degrade BCLXL after 48 hours of treatment, consistent with VHL expression, in all cell lines but irrespectively to DT2216 sensitivity. In myeloma cells, DT2216 induced apoptotic cell death and triggered BAX and BAK activation. In conclusion, our study demonstrated that patients with sPCL addicted to BCLXL, a small but a very challenging group, could potentially receive therapeutic benefit from DT2216. Clinical trials of DT2216 in this subset of sPCL patients are warranted.
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1 Introduction

Apoptosis is mainly controlled by BCL2 protein family members and occurred when BH3-only pro-apoptotic proteins are sufficient to restrain the anti-apoptotic counterparts (MCL1, BCL2 and BCLXL) and activate BAX and BAK effector proteins (1, 2). The mechanism by which BAX and BAK convert from inactive monomers to active oligomers is a multistep process involving both changes in conformation and cellular localization (3). Once BAX/BAK oligomerize and form pores, they induce the permeabilization of the outer mitochondrial membrane, leading to cytochrome c release and apoptosis. While evasion to apoptosis is a hallmark of cancer cells, hematologic cancer cells are often characterized by a high apoptotic priming, mostly due to the upregulation of BCL2 anti-apoptotic members, following selection pressures during malignant transformation (4). This feature highlights the interest of BH3 mimetics to therapeutically exploit the addiction to BCL2 anti-apoptotic proteins (5). Multiple myeloma is a very heterogeneous pathology, which is also manifested by its diverse addiction to the three main anti-apoptotic molecules such as BCL2, BCLXL and MCL1 for survival (6–8). The addiction on these anti-apoptotic proteins relies on their capacity to sequester and restrain their pro-apoptotic counterparts, mechanism that is favored by the overexpression of these pro-survival members observed in MM (7, 9). Of note, MM dependence on MCL1 and BCLXL for survival increases at relapse (8). To date, the only clinically available BH3 mimetic is venetoclax, which targets BCL2. However, targeting BCLXL and MCL1 leads to adverse events, such as thrombocytopenia and cardiotoxicity, respectively (10–12). Currently, proteolysis targeting chimera (Protac) technology allowed the development of a safe first-in-class drug DT2216, targeting BCLXL via the VHL E3 ligase (13). Indeed, DT2216 inhibits several xenograft tumors without inducing significant thrombocytopenia (13, 14) and it is currently in Phase 1 trials in relapsed/refractory malignancies (NCT04886622).

Secondary plasma cell leukemia (sPCL) is a rare but highly aggressive form of plasma cell dyscrasias, occurring in patients at a late and advanced stage of aggressive multiple myeloma. Since these patients are mostly refractory to conventional and novel therapies, they consequently have a dismal outcome and limited therapeutic options (15). Recently, the clinical activity of venetoclax has been reported in sPCL (16). Because BCLXL Protac degrader allows targeting BCLXL without inducing significant thrombocytopenia, we hypothesized that targeting BCLXL in sPCL could have a potential interest. In the current study, we demonstrated that a subgroup of sPCL exhibited a BCLXL primed profile and therefore could be selectively killed by DT2216. We then addressed the mechanism of action of DT2216 in myeloma cells with a particular attention on the activation of BAX and BAK.




2 Materials and methods



2.1 Primary plasma cells and human myeloma cell lines

After informed consent, blood samples from multiple myeloma patients were collected at the University Hospital of Nantes Department of Hematology (MYRACLE study; NTC03807128) (17). For the present study, inclusion criteria were adult man/woman, diagnosis of relapsed multiple myeloma, presence of circulating plasma cells (≥5%). Blood from one patient (sPCL1) was collected at the department of Immuno-hematology of Saint-Louis Hospital (Paris). Cells from this patient were immortalized in our laboratory after being cultured in RPMI1640 with 5% FCS and 3ng/ml recombinant IL-6 and gave rise to NAN12 cell line.

Human myeloma cell lines (HMCLs, n=10) were extensively characterized as previously described (18). The XG5, XG7, MDN, NAN10 and NAN12 HMCLs were derived in our laboratory. The KMS12PE and KMM1 HMCLs were kindly provided by Dr. Otsuki (Kawasaki Medical School, Kurashiki, Japan); KARPAS-620 (K620), by Dr. Karpas (Cambridge Clinical School, Cambridge UK); ANBL6 by Dr. Jelinek (Rochester,USA) and MM1S, by Dr. S. Rosen (Northwestern University, Chicago, USA).




2.2 Reagents and antibodies

Venetoclax (ABT-199) and A1155463 were purchased from Selleck Chemicals GmbH, DT2216 from Clinisciences. The following antibodies were used: BCL2 (Dako, M0887), BCLXL (2764S), BAX (2772), BAK (12105), PUMA (12450) and VHL (68547) from Cell Signaling. BCLXL (sc-271121), MCL1 (sc-12756), BIK (sc-10770) from Santa Cruz. ACTIN (MAB1501) and BIM (Ab17003) from Millipore.




2.3 Cell death assays

Mononuclear cells (MNC) were isolated from blood samples by Ficoll-Hypaque density gradient centrifugation and immediately cultured in RPMI-1640 media with 5% fetal calf serum. Plasma cells were identified using CD138 staining (anti-CD138-PE, Beckman Coulter). MNC were incubated 24h with BCL2, BCLXL BH3 mimetics or DT2216 and an untreated condition was included as a control. After CD138 staining, cell death response was measured by the loss of CD138 expression, as previously described (8). Specific cell death was expressed as the percentage relative to the untreated control condition.

Cell death in HMCL was assessed using AnnexinV-FITC staining. Fluorescence acquisition and analysis were performed using a FACsCanto (Becton Dickinson) and FlowJo software.




2.4 Intracellular BH3 profiling and cytochrome c release

BH3 profiling was performed using the BIM BH3 derived peptide (0.1 μM), HRK BH3 derived peptide (10 μM) and the inert recombinant PUMA BH3-only peptide (PUMA2A) as negative control, as previously described (19). Briefly, cells were permeabilized with 0.004% Digitonin and exposed to peptides for 45 min at 27°C before fixation with 8% formaldehyde at room temperature for 15 min. After addition of neutralizing buffer (Tris 0.41 mol/L glycine pH 9.1) for 5 min, cells are stained with anti-cytochrome c–Alexa 647 (BLE612310, Ozyme) 1:40 in 0.1%Saponin/1%BSA/PBS overnight at 4°C. Loss of cytochrome c was analyzed by a flow cytometry. The quantification of cytochrome c loss induced by each peptide was analyzed by gating the cytochrome c negative population. For cytochrome c release, cells were treated with DT2216 for 15h, then permeabilized with 0.004% Digitonin and processed as in BH3 profiling.




2.5 Isolation of CD138 positive cells and Gene expression analysis

Plasma cells were isolated from the MNC fraction using CD138 immunomagnetic beads, MS columns and MACS™ Separator (Miltenyl Biotech) following manufacture’s protocol. Briefly, cells were magnetically labeled with the CD138 immunomagnetic beads during 15 minutes at 4°C. The MS column was placed on the MACS™ Separator and pre-washed with MACS buffer. Then, cell suspension was loaded into the column and the flow-through fraction, containing the CD138 negative cells, was discarded. After 3 washes with MACS buffer, the column was removed from the separator. The retained cells were eluted as the CD138 + fraction.

Total RNA was obtained from purified CD138+ plasma cells using RNeasy mini kit (Qiagen). The mRNA expression of BCL2 family members was performed by 3’digital gene expression (DGE) RNA-sequencing protocol as previously described (20).




2.6 Immunoblotting and Immunoprecipitation

Cells were lysed for 40 minutes on ice in 0.5% NP40 containing buffer for immunoblotting or lysed in 1% Digitonin containing buffer for co-immunoprecipitation assays. Lysates were centrifugated at 12,000 X g for 30 min and supernatants were collected. Western blotting and immunoprecipitation reactions were performed as previously described (21). Protein expression levels were quantified using ImageLab and Image J software.




2.7 BAX and BAK activation

For the detection of active forms of BAX and BAK, 5x105 cells were treated with DT2216 or not. After incubation, cells were fixed and permeabilized using the FOXP3 transcription factor staining buffer set (Thermo Fischer Scientific, 00-5523-00) following the manufacturer’s recommendations. Cells were incubated with the following antibodies: BAX (clone 6A7, Santa Cruz, sc-23959), BAK (clone G317-2, BD Biosciences) and a mouse Ig G1 isotypic control (Miltenyl, 130-106-545) for 30 min. After washing, cells were incubated with the Alexa fluor 647 antibodies for 30 min, washed once in PBS and resuspended in PBS-1% formaldehyde. The flow cytometry acquisition and analysis were performed on a FacsCanto (Becton Dickinson) and FlowJo software, respectively.




2.8 Statistical analysis

Correlation was assessed by the Spearman correlation method, (r) and p values are indicated.





3 Results



3.1 Analysis of the sensitivity to BCL2 and BCLXL BH3 mimetics in primary sPCL

A cohort of 13 consecutive sPCL was analyzed for the sensitivity to BH3 mimetics targeting either BCL2 (ABT-199/venetoclax) or BCLXL (A1155463) (Table 1). The main molecular characteristics of sPCL were defined on the basis of DGE RNA sequencing profile and are summarized in Table 1. sPCL 4, 6 and 8 were only sensitive to venetoclax, sPCL 1, 5 and 11 were sensitive to A1155463 and the other 7 sPCLs were resistant to both BH3 mimetics (Table 1). Analysis of cell death in sPCL samples upon BH3 mimetics treatment is illustrated for sPCL1, sensitive to A1155463 and for the non-sensitive sPCL3 sample (Supplementary Figure 1). Additionally, sensitivity to A1155463 was paired with BH3 profiling using BIM-BH3 derived peptide, to evaluate the global priming and HRK-BH3 derived peptide, specific for BCLXL, in four sPCL samples; sPCL1 and sPCL5 were sensitive to A1155463 and sPCL6 and sPCL8 sensitive to venetoclax. This analysis showed 91 to 99% cytochrome c release after exposure to BIM-derived peptide in the four analyzed samples, reflecting their high capacity to undergo mitochondrial apoptosis, according to their sensitivity to the respective BH3 mimetic. However, only cells from sPCL1 and sPCL5 permeabilized their mitochondria upon the HRK-BH3 peptide (71 and 76% cytochrome c release, respectively), confirming the BCLXL primed profile of these samples (Figure 1A). In contrast, cells from sPCL6 and sPCL8 released 12 and 30% of cytochrome c upon exposure to HRK-BH3 peptide, in agreement with their resistance to A1155463 (Figure 1A).


Table 1 | Ex vivo sensitivity of sPCL cells to BH3 mimetics.






Figure 1 | Characterization of BCL2 or BCLXL primed profile of sPCL. (A) BH3 profiling was performed exposing CD138 positive cells isolated from patient samples to BH3-derived peptides, values corresponded to the percentage of cytochrome c released and measured by flow cytometry. Bim peptide measures global priming, HRK peptide measures BCLXL dependence and PUMA 2A is an inert peptide. (B) Analysis of BCL2, BCL2/BCL2L1, BCL2/MCL1 and BCL2/BCL2L1+MCL1 mRNA seq expression according to venetoclax (300nM) cell death response in primary cells from sPCL (n=13). BCL2L1 is the BCLXL coding gene. (C) Analysis of BCL2L1, BCL2L1/BCL2, BCL2L1/MCL1, BCL2L1/BCL2+MCL1 mRNA seq expression according to A1155463 (300nM) cell death response in primary cells from sPCL (n=13). Correlation was assessed by Spearman test, p and r values are indicated.



We further analyzed the mRNA BCL2 family expression according to BH3 mimetics response. We found that BCL2 mRNA levels did not correlated with venetoclax sensitivity in contrast to BCL2/BCL2L1 (p=0.0437), BCL2/BCL2L1+MCL1 (p=0.0142) and BCL2/MCL1 (p=0.0036) mRNA ratios, the latter ratio correlated the best with venetoclax response, (Figure 1B). Of note, the sensitivity to A1155463 significantly correlated with BCL2L1 (coding for BCLXL) mRNA levels (p=0.006), though the ratio of BCL2L1/MCL1 (p=0.0018) mRNA appeared the most potent marker associated with A1155463 sensitivity (Figure 1C). Nevertheless, the MCL1 mRNA levels itself did not correlate with the sensitivity of any of both BH3 mimetics tested. (Supplementary Figure 2).




3.2 BCLXL Protac DT2216 efficiently degrades BCLXL in all myeloma cells

Since the sPCLs sensitive to A1155463 were venetoclax resistant, targeting BCLXL by the specific BCLXL Protac degrader DT2216 could be of interest for this particular sPCL subgroup. To study the specificity and the ability of DT2216 to degrade BCLXL, we took advantage of myeloma cell lines (HMCLs) and in particular of NAN12 cell line, which has been immortalized in presence of IL-6 from the sPCL1. Because DT2216 relies on Von Hippel-Lindau (VHL) E3 ligase to achieve BCLXL protein degradation, we first analyzed VHL expression in 10 HMCLs and CD138+ cells from 3 sPCL (1, 6 and 8). Due to alternative codon initiation, VHL protein is expressed as two isoforms of 18 and 24 kDa (23), which were detected in all HMCL tested (n=10), as well as in sPCL cells (Figure 2A). However, the levels of the VHL E3 ligase did not correlate with DT2216 sensitivity (r=0.1593, p=0.604) (Figure 2A, Supplementary Table 1), suggesting that cell death induced by DT2216 was not influenced by the level of expression of VHL protein. We next analyzed the degradation of BCLXL in 4 different cell lines treated with various doses of DT2216. After 48hrs of treatment, 20 to 50% of BCLXL was already degraded at 25nM DT2216, reaching a major degradation of at least 80% of BCLXL observed at 150nM in all HMCLs tested (Figure 2B). Finally, we confirmed that DT2216 selectively degraded BCLXL, even after 72 hours at the dose of 150nM, without modifying the levels of MCL1 or BCL2 (Figure 2C).




Figure 2 | DT2216 selectively degrades BCLXL in myeloma cells. (A) Immunoblot of VHL expression in HMCLs (n=10) and CD138 (+) sPCL (n=3). KARPAS 620 (K620) cell lysate was included as an internal control. Results are representative of 2 independent experiments (left panel). VHL relative protein levels were quantified, normalized to actin and plotted against DT2216 LD50 values. Correlation was assessed by Spearman test, p and r values are indicated (right panel). (B) HMCLs were treated for 48h by DT2216 as indicated. Cell lysates were analyzed by western blot for BCLXL and Actin expression. BCLXL protein levels were quantified using Actin as a loading control. Results are representative of 2 independent experiments. (C) HMCLs were treated by DT2216 (150nM) for the indicated times. Cell lysates were analyzed by western blot. Results are representative of 2 independent experiments.






3.3 DT2216 induces apoptosis in highly expressing BCLXL cells through BAX and BAK activation

We further compared the sensitivity to DT2216 and A1155463 in HMCLs (n=10) and primary cells from sPCLs (1, 6, 8 and 13). We found a strong and significant correlation between the sensitivity to these two compounds (r=0.8699, p=0.0001, Spearman test). Three cell lines (ANBL6, MM1S and NAN12) and 1 sPCL (sPCL1) were highly sensitive to DT2216 with LD50 values ranging from 15 to 100 nM (Figure 3A, Supplementary Table 1). Because 150nM of DT2216 almost completely degraded BCLXL (at least 80%) in all myeloma cells studied, only cells that were significantly killed at this dose or less were considered as BCLXL dependent. Moreover, DT2216 sensitive cells were resistant to venetoclax (Supplementary Table 1) and therefore dependent on BCLXL. One cell line (KARPAS 620) had a particular sensitivity profile characterized by an intermediate sensitivity to DT2216 (LD50 = 231 nM) and a high sensitivity to venetoclax (LD50 = 5 nM). This result indicates a co-dependence on BCLXL as well as BCL2, which may rely on its high BCL2 protein level (Figure 3B).




Figure 3 | DT2216 induces apoptosis in myeloma cells through BAK and BAX activation. (A) Sensitivity to DT2216 and A1155463 correlates in myeloma cells. DT2216 LD50 values were plotted versus A1155463 LD50 values in 10 HMCLs (empty circles) and 4 sPCLs (sPCL1=square; sPCL6=circle; sPCL8=triangle and sPCL13=diamond). Correlation was assessed by Spearman test, p and r values are indicated. (B) BCLXL, BCL2 and MCL1 protein levels were analyzed by western blotting. KARPAS 620 (K620) cell lysate was included as an internal control. * DT2216 sensitive cells. (C) BCLXL, BCL2 and MCL1 protein levels were quantified and normalized to actin. DT2216 LD50 values were analyzed in function to relative protein levels and the protein ratio of BCLXL/BCL2, BCLXL/MCL1 and BCLXL/MCL2+BCL2. Correlation was assessed by Spearman test, p and r values are indicated. (D) NAN12 cells were treated by DT2216 for 15h, followed by an intracellular staining using an anti-cytochrome c mAb and analyzed by flow cytometry. The percentage of cells that released cytochrome c upon DT2216 is indicated. Results are representative of 2 independent experiments. (E, F) NAN12 and XG7 were treated for the indicated times with 15nM and 150nM DT2216, respectively. Cells were collected and analyzed by (E) western blotting or (F) stained with anti-BAK (G-317-2) and anti-BAX (6A7) mAb antibodies directed against their active forms. Results are representative of at least 3 independent experiments. (G) BCLXL Immunoprecipitation was performed in cell lysate from NAN12 cell line. Unbound proteins (OUT) were quantified and compared to total lysates (IN). Results are representative of 2 independent experiments.



We also analyzed the expression of the main BCL2 anti-apoptotic proteins in relation to DT2216 response. DT2216 sensitive myeloma cells expressed the highest levels of BCLXL and moderate levels of either BCL2, MCL1 or both. In opposition, resistant cells were characterized by a lower BCLXL and higher BCL2 and/or MCL1 protein expression (Figure 3B). We further demonstrated that DT2216 sensitivity strongly correlated with BCLXL protein expression (r= -0.7496, p=0.0067) as well as the ratio of BCLXL/MCL1+BCL2 protein (r=-0.7483, p=0.007) (Figure 3C). Although to a lesser extent, the protein ratio of BCLXL/MCL1 also correlated with induction of cell death by DT2216 (r=-0.6224, p=0.0347), while no correlation was found with the ratio of BCLXL/BCL2. At the same time, neither BCL2 nor MCL1 showed any correlation with DT2216 cell death induction (Figure 3C). To go deeper into the mechanism of cell death induction by DT2216, we investigated its impact on the mitochondrial apoptotic pathway. Indeed, we demonstrated cytochrome c release (Figure 3D), caspase-9 and consequently caspase-3 activation under DT2216 treatment in sensitive NAN12 cells. In contrast, no caspase activation was observed in the resistant XG7 cell line (Figure 3E). Of note, using antibodies against the conformational active forms of BAK and BAX, we demonstrated that upon DT2216 treatment both effectors were readily activated from 24hrs (27% BAK and 29% BAX) in NAN12 cells. Activation that clearly progressed at 36 hrs, since around 50% of cells displayed both activated forms. As expected, no activation of BAK or BAX was observed in the resistant XG7 cells (Figure 3F).

Finally, we investigated the nature of BCLXL complexes in the sensitive NAN12 cell line by co-immunoprecipitation assays. Our results revealed that BCLXL was complexed with both BH3-only (BIK, BIM) and effector proteins (BAX, BAK) (Figure 3G). Quantification of pro-apoptotic proteins before and after BCLXL immunoprecipitation indicated that 86% of BIK, 77% of BIM and around 50% of BAX and BAK effectors expressed in NAN12 were sequestered by BCLXL. Thus, these findings supported the activation of BAX and BAK effectors in DT2216 cell death induction, according to the unified model of the BCL2 members interaction (1).





4 Discussion

The present study demonstrates that the novel platelet-sparing BCLXL protac degrader, DT2216, selectively degrades BCLXL in all myeloma cells tested but only kills cells highly primed for BCLXL. The specificity of DT2216 is determined by the recruitment of BCLXL to VHL E3 ligase (13), which we found expressed in sPCL and HMCL cells analyzed. Nevertheless, the protein level of VHL E3 ligase did not correlate with DT2216 cell death induction, as already reported in T-cell acute lymphoblastic leukemia cell lines (24). In contrast, BCLXL protein levels strongly correlated with DT2216 cell death, suggesting that the level of BCLXL protein expression dictates the sensitivity to DT2216 in tumor plasma cells. Accordingly, it has been demonstrated that T cell lymphoma cells expressing high BCLXL levels were highly sensitive to DT2216 (14). The same study found that high MCL1 expressing cells were resistant to DT2216, similarly to our results observed in XG7 MM cell line. These observations suggest that MCL1 could act as a brake for cell death induced by DT2216.

It is worth noting that low concentrations of DT2216 (nM range) were needed to induce myeloma cell death compared to the high doses used in solid tumor cells (25). Indeed, similar to our findings, low doses of DT2216 were found to kill BCLXL dependent T cell lymphomas in vitro and in vivo as well as T−cell acute lymphoblastic leukemia cells (13, 24). Whether high DT2216 sensitivity could be extended to other hematological cancers remains undefined.

Despite the low number of patient samples included in this study, the identification of a subgroup of sPCL addicted to BCLXL, but not to BCL2, for survival fully illustrated the importance of targeting BCLXL for these end-stage refractory patients with a dismal outcome (26). Additionally, our preliminary analysis of bone marrow samples from relapse/refractory MM patients showed that of the 22 samples analyzed, only 2 were sensitive to DT2216 (cell death ≥ 50% at 150nM), suggesting that a small group of relapse/refractory MM patients are dependent on BCLXL and could potentially receive therapeutic benefit from DT2216. However, larger number of samples are needed to confirm this finding.

We could hypothesize that in DT2216 sensitive cells, the degradation of BCLXL could trigger the release of its bound counterparts, namely BH3-only proteins and BAX/BAK effectors. Thus, freed BH3-only proteins may in turn activate BAX and BAK (Mode 1). Not mutually exclusive, the release of BAX and BAK effectors from BCLXL may also lead to their activation (Mode 2), as already described (27, 28). The concomitant activation of BAX and BAK observed under DT2216 suggests the formation of BAX/BAK heterocomplexes at the mitochondria, as previously described in myeloma cells (20). Of note, we demonstrated that a major pool of BIK was bound to BCLXL in NAN12 sensitive cells, this BH3-only protein, long described as a sensitizer, is now considered as direct activator of BAX and BAK (29, 30).

Of samples that were sensitive to venetoclax, sPCL 4 and sPCL 8 belonged to CD-2 and CD-1 molecular groups, which are characterized by an over-expression of CCND1 and the presence of t(11;14) (22). Indeed, several studies demonstrated the potential clinical use of venetoclax in MM patients harboring t(11;14) (31–33). Furthermore, the likelihood of a clinical response was associated with high BCL2/MCL1 and BCL2/BCL2L1 mRNA ratios (31, 32). Accordingly, we confirmed the role of MCL1 as a resistance factor for venetoclax response in our cohort of sPCL. Interestingly, our results propose that in sPCL, MCL1 could also play a role in resistance to BCLXL targeting. Of note, the gene coding for MCL1 is located in 1q21, region frequently amplified in MM (34).

Because previous studies demonstrated that the functional evaluation of venetoclax sensitivity predicts clinical response (33), we can expect that the functional evaluation of DT2216 sensitivity could also predict the clinical response of sPCL to DT2216. From our results, we conclude that this functional ex vivo assays, rapidly and easily analyzed by flow cytometry after 48 hours DT2216 treatment, will be the mandatory partner of personalized approach and represents the missing link between omic data of an individual and clinical application for each patient. Besides the interest of DT2216 to target cancer cells that rely on BCLXL for survival, it was recently shown that DT2216 could improve cancer immunotherapy by eliminating regulatory T cells (Tregs) (35). Thus, the study of Kolb et al. broadens the potential use of BCLXL protact degrader, which is already under clinical trials (NCT04886622).

Finally, even if sPCL addicted to BCLXL remains a small yet a very challenging group of patients, DT2216 appears an additional weapon that merits a clinical evaluation.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.





Ethics statement

The studies involving human participants were reviewed and approved by University Hospital of Nantes (MYRACLE study; NTC03807128). The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

OC, AS, SM and CB performed experiments and participated in the design of the study. AT provided patient samples. CP-D participated in the design of the study and reviewed the paper, CT provided patient samples and reviewed the paper, PG-B and MA performed experiments, designed the study and wrote the paper. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by HéMA NExT (ANR-16-IDEX-0007) and Région Pays de la Loire.




Acknowledgments

We thank the Cytometry Facility Cytocell from Nantes for expert technical assistance and Dr Jill Corre (Institut Universitaire du Cancer, Toulouse, France) for the identification of NAN12 translocation.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1196005/full#supplementary-material




References

1. Llambi, F, Moldoveanu, T, Tait, SW, Bouchier-Hayes, L, Temirov, J, McCormick, LL, et al. A unified model of mammalian BCL-2 protein family interactions at the mitochondria. Mol Cell (2011) 44:517–31. doi: 10.1016/j.molcel.2011.10.001

2. Kale, J, Osterlund, EJ, and Andrews, DW. BCL-2 family proteins: changing partners in the dance towards death. Cell Death Differ (2018) 25:65–80. doi: 10.1038/cdd.2017.186

3. Kalkavan, H, and Green, DR. MOMP, cell suicide as a BCL-2 family business. Cell Death Differ (2018) 25:46–55. doi: 10.1038/cdd.2017.179

4. Potter, DS, and Letai, A. To prime, or not to prime: that is the question. Cold Spring Harb Symp Quant Biol (2016) 81:131–40. doi: 10.1101/sqb.2016.81.030841

5. Ni Chonghaile, T, and Letai, A. Mimicking the BH3 domain to kill cancer cells. Oncogene (2008) 27:S149–57. doi: 10.1038/onc.2009.52

6. Gong, JN, Khong, T, Segal, D, Yao, Y, Riffkin, CD, Garnier, JM, et al. Hierarchy for targeting prosurvival BCL2 family proteins in multiple myeloma: pivotal role of MCL1. Blood (2016) 128:1834–44. doi: 10.1182/blood-2016-03-704908

7. Punnoose, EA, Leverson, JD, Peale, F, Boghaert, ER, Belmont, LD, Tan, N, et al. Expression profile of BCL-2, BCL-XL, and MCL-1 predicts pharmacological response to the BCL-2 selective antagonist venetoclax in multiple myeloma models. Mol Cancer Ther (2016) 5:1132–44. doi: 10.1158/1535-7163

8. Gomez-Bougie, P, Maiga, S, Tessoulin, B, Bourcier, J, Bonnet, A, Rodriguez, MS, et al. BH3-mimetic toolkit guides the respective use of BCL2 and MCL1 BH3-mimetics in myeloma treatment. Blood (2018) 132:2656–69. doi: 10.1182/blood-2018-03-836718

9. Sarosiek, KA, and Letai, A. Directly targeting the mitochondrial pathway of apoptosis for cancer therapy using BH3 mimetics - recent successes, current challenges and future promise. FEBS J (2016) 283(19):3523−33. doi: 10.1111/febs.13714

10. Roberts, AW, Seymour, JF, Brown, JR, Wierda, WG, Kipps, TJ, Khaw, SL, et al. Substantial susceptibility of chronic lymphocytic leukemia to BCL2 inhibition: results of a phase I study of navitoclax in patients with relapsed or refractory disease. J Clin Oncol (2012) 30:488–96. doi: 10.1200/JCO.2011.34.7898

11. Wang, H, Guo, M, Wei, H, and Chen, Y. Targeting MCL-1 in cancer: current status and perspectives. J Hematol Oncol (2021) 14:67. doi: 10.1186/s13045-021-01079-1

12. Thomas, RL, Roberts, DJ, Kubli, DA, Lee, Y, Quinsay, MN, Owens, JB, et al. Loss of MCL-1 leads to impaired autophagy and rapid development of heart failure. Genes Dev (2013) 27:1365–77. doi: 10.1101/gad.215871.113

13. Khan, S, Zhang, X, Lv, D, Zhang, Q, He, Y, Zhang, P, et al. A selective BCL-XL PROTAC degrader achieves safe and potent antitumor activity. Nat Med (2019) 12:1938–47. doi: 10.1038/s41591-019-0668-z

14. He, Y, Koch, R, Budamagunta, V, Zhang, P, Zhang, X, Khan, S, et al. DT2216-a bcl-xL-specific degrader is highly active against bcl-xL-dependent T cell lymphomas. Hematol Oncol (2020) 13:95–108. doi: 10.1186/s13045-020-00928-9

15. Gowing, K, Skerget, S, Keats, JJ, and Cowan, AJ. Plasma cell leukemia: a review of the molecular classification, diagnosis, and evidenced-based treatment. Leukemia Res (2021) 111:106687. doi: 10.1016/j.leukres.2021.106687

16. Kupsh, A, Arnall, J, and Voorhees, J. A successful case of venetoclax-based therapy in relapsed/refractory secondary plasma cell leukemia. Oncol Pharm Pract (2020) 5:1274–78. doi: 10.1177/1078155219895072

17. Benaniba, L, Tessoulin, B, Trudel, S, Pellat-Deceunynck, C, Amiot, M, Minvielle, S, et al. The MYRACLE protocol study: a multicentric observational prospective cohort study of patients with multiple myeloma. BMC Cancer (2019) 19:855. doi: 10.1186/s12885-019-6080-8

18. Maïga, S, Brosseau, C, Descamps, G, Dousset, C, Gomez-Bougie, P, Chiron, D, et al. A simple flow cytometry-based barcode for routine authentication of multiple myeloma and mantle cell lymphoma cell lines. Cytometry A (2015) 87:285–88. doi: 10.1002/cyto.a.22643

19. Dousset, C, Maïga, S, Gomez-Bougie, P, Le Coq, J, Touzeau, C, Moreau, P, et al. BH3 profiling as a tool to identify acquired resistance to venetoclax in multiple myeloma. Br J Haematol (2017) 179:684–88. doi: 10.1111/bjh.14251

20. Seiller, C, Maiga, S, Touzeau, C, Bellanger, C, Kervoëlen, C, Descamps, G, et al. Dual targeting of BCL2 and MCL1 rescues myeloma cells resistant to BCL2 and MCL1 inhibitors associated with the formation of BAX/BAK hetero-complexes. Cell Death Dis (2020) 11:316. doi: 10.1038/s41419-020-2505-1

21. Gomez-Bougie, P, Oliver, L, Le Gouill, S, Bataille, R, and Amiot, M. Melphalan-induced apoptosis in multiple myeloma cells is associated with a cleavage of mcl-1 and bim and a decrease in the mcl-1/Bim complex. Oncogene (2005) 24:8076–89. doi: 10.1038/sj.onc.1208949

22. Zhan, F, Huang, Y, Colla, S, Stewart, JP, Hanamura, I, Gupta, S, et al. The molecular classification of multiple myeloma. Blood (2006) 108(6):2020–8. doi: 10.1182/blood-2005-11-013458

23. Schoenfeld, A, Davidowitz, EJ, and Burk, RD. A second major native von hippel-lindau gene product, initiated from an internal translation start site, functions as a tumor suppressor. Proc Natl Acad Sci U.S.A. (1998) 95:8817–22. doi: 10.1073/pnas.95.15.8817

24. Jaiswal, A, Jaiswal, A, Williamson, EA, Gelfond, J, Zheng, G, Zhou, D, et al. Resistance to the BCL-XL degrader DT 2216 in T-cell acute lymphoblastic leukemia is rare and correlates with decreased BCL-XL proteolysis. Cancer Chemother Pharmacol (2023) 91:89−95. doi: 10.1007/s00280-022-04490-8

25. Khan, S, Wiegand, J, Zhang, P, Hu, W, Thummuri, D, Budamagunta, V, et al. BCL-XL PROTAC degrader DT2216 synergizes with sotorasib in preclinical models of KRASG12C-mutated cancers. J Hematol Oncol (2022) 15:23. doi: 10.1186/s13045-022-01241-3

26. Tuazon, SA, Holmberg, LA, Nadeem, O, and Richardson, PG. A clinical perspective on plasma cell leukemia; current status and future directions. Blood Cancer J (2021) 11:23. doi: 10.1038/s41408-021-00414-6

27. Lee, EF, Grabow, S, Chappaz, S, Dewson, G, Hockings, C, Kluck, RM, et al. Physiological restraint of bak by bcl-xL is essential for cell survival. Genes Dev (2016) 30:1240–50. doi: 10.1101/gad.279414.116

28. O'Neill, KL, Huang, K, Zhang, J, Chen, Y, and Luo, X. Inactivation of prosurvival bcl-2 proteins activates Bax/Bak through the outer mitochondrial membrane. Genes Dev (2016) 30:973–88. doi: 10.1101/gad.276725.115

29. Du, H, Wolf, J, Schafer, B, Moldoveanu, T, Chipuk, JE, and Kuwana, T. BH3 domains other than bim and bid can directly activate Bax/Bak. J Biol Chem (2011) 286:491–501. doi: 10.10,74/jbc.M110.167148

30. Dai, H, Ding, H, Peterson, KL, Meng, XW, Schneider, PA, Knorr, KL, et al. Measurement of BH3-only protein tolerance. Cell Death Differ (2018) 25:282–93. doi: 10.1038/cdd.2017.156

31. Bodet, L, Gomez-Bougie, P, Touzeau, C, Dousset, C, Descamps, G, Maïga, S, et al. Pellat-deceunynck c, amiot m. ABT-737 is highly effective against molecular subgroups of multiple myeloma. Blood (2011) 118:3901–10. doi: 10.1182/blood-2010-11-317438

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

33. Matulis, SM, Gupta, VA, Neri, P, Bahlis, NJ, Maciag, P, Leverson, JD, et al. Functional profiling of venetoclax sensitivity can predict clinical response in multiple myeloma. Leukemia (2019) 33:1291–96. doi: 10.1038/s41375-018-0374-8

34. Barwick, B, Gupta, V, Vertino, PM, and Boise, LH. Cell of origin and genetic alterations in the pathogenesis of multiple myeloma. Front Immunol (2019) 10:1121. doi: 10.3389/fimmu.2019.01121

35. Kolb, R, De, U, Khan, S, Luo, Y, Kim, MC, Yu, H, et al. Proteolysis-targeting chimera against BCL-XL destroys tumor-infiltrating regulatory T cells. Nat Commun (2021) 12:1281–89. doi: 10.1038/s41467-021-21573-x




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


Copyright © 2023 Champion, Soler, Maïga, Bellanger, Pellat-Deceunynck, Talbot, Touzeau, Amiot and Gomez-Bougie. 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.


OEBPS/Images/fonc-13-1196005-g001.jpg
sPCL1 sPCL5 sPCL6 sPCL8

BIM 80
60
HRK
40
PUMA 2A 20
BCL2/BCL2L1 BCL2/MCL1 BCL2/BCL2L1+MCL1
6- p=0.0437 1.54 p=0.0036
r=0.5746 r=0.7624
N °
(=)
o
-
<
4
(4
£

0. .
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

% cell death % cell death % cell death % cell death
BCL2L1 BCL2L1/BCL2 BCL2L1/MCL1 BCL2L1/BCL2+MCL1
6- p=0.0060 1.5 p=0.0147 0.8 p=0.0018 0.5 p=0.0028
o~ r=0.729 ° r=0.6703 ° r=0.7967 r=0.7747 o
= o N 0.4
o ° 0.6 °
-1 4 A 1.0 ° ]
< P ¢ X} 0.4 ° o
E ° e ¢ L] B Ol
£ o 050 00 02 o
°

0 20 40 60 80 .0 20406080.0 20406080-0 20 40 60 80
o cell death o cell death o0 cell death o cell death





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        BCLXL PROTAC degrader DT2216 targets secondary plasma cell leukemia addicted to BCLXL for survival

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Primary plasma cells and human myeloma cell lines

          



          		

            2.2 Reagents and antibodies

          



          		

            2.3 Cell death assays

          



          		

            2.4 Intracellular BH3 profiling and cytochrome c release

          



          		

            2.5 Isolation of CD138 positive cells and Gene expression analysis

          



          		

            2.6 Immunoblotting and Immunoprecipitation

          



          		

            2.7 BAX and BAK activation

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Analysis of the sensitivity to BCL2 and BCLXL BH3 mimetics in primary sPCL

          



          		

            3.2 BCLXL Protac DT2216 efficiently degrades BCLXL in all myeloma cells

          



          		

            3.3 DT2216 induces apoptosis in highly expressing BCLXL cells through BAX and BAK activation

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





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





OEBPS/Images/fonc-13-1196005-g002.jpg
<
© ® 15

A o> 6'3? S W2 \\\Q ‘\(\'0\, N S o A RS =0.604  ©
EFIETE Y S @@ H 01003
VHL Sl —— e o e o o - §
B MM1S MDN 10 100 1000 10000
DT2216 LD50 (nM)
DT2216 (nM) 0 25 75 150 o 25 75 150 . *° - s
z 0.8 E= NAN12
-— - 2 = MDN
BCLXL '§ 0.6 E= NAN10
AcTIN "0 D S S T == = 5
NAN 12 NAN10 .
DT2216(nM) 0 25 75 150 0 25 75 150 DT2216 (M)
BCLXL - == —
ACTIN ™= Ww RN - .- .-
c MM1S MDN
Time(h) 0 24 48 72 0 24 48 72
BCLXL === -

BCL2 e sms e e SRR

MCL1 ™% === ame e " S o= =





OEBPS/Images/fonc-13-1196005-g003.jpg
B
e v
10000 & SO O S a °
p T TS P A 05 e®
F o & EE TS @@ @
g BCLXL= - D —— - _
< 10 BCLZ — G —————— — — —— ——
1 N MCLA1 - — L e— —
nnzu(nu) Aan—.—.—-——‘—-_ W —— —— —
BCL2 McCL1 BCLXL/BCL2 BCLXUMCL1 BCLXL/MCL1+BCL2
@ e
[ “
£ -
= £
= En
H g
o " ] ¢
1N 100 e 1000 110 1 aeo WM 1 10 W 1000 1330e 190 190 1000 14600 1 10 100 1000 KO 1 10 e 1000 MO
DT2216 LDy, ("M) DT2216 LDy, (M) DT2216 LDy, (M) DT2216 LDy (nM) DT2216 LDyq (nM) DT2216 LD, (nM)
E
DT2216 mhNiZ el
Time (h) 0 6 16 24 0 6 16 24
ct " 10 nM 15nM 30nM CABPY = —=— p——
g J -] ’ ’ , CASP3 e e > = —
.' H Y o =
G 9%/ 3 ' | 2% ‘ j 41% ‘ s I CL CASP3 —
.1-1"—}-::"—4”—%_: W '}:ﬁ ACTIN ———— — R Wo— — —
G NAN12
P
IN BCLXL OuT
NAN12 XG7 BCLXL
1% 17% 3% A% BAK —
BAX e— s
29% 3%
L A L B - -
BIM
~ —— PUMA
BAK G317-2 BAX 6A7 BAK G317-2  BAX 6A7 BIK w &%





OEBPS/Images/fonc.2023.1196005_cover.jpg
& frontiers | Frontiers in Oncology

BCLXL PROTAC degrader DT2216 targets
secondary plasma cell leukemia addicted to
BCLXL for survival





OEBPS/Images/table1.jpg
sPCL characteristics Cell death %

Age/sex Molecular group ABT199 A1155463
(300nM) (300nM)
1 57/F ME + 0 59
2 66/F MS ND 31 16
3 64/M HD ND 2 4
4 69/F D2 ND 82 11
5 67M MF ‘ + 0 69
6 56/F MS + 68 20
7 72/F ME - 12 14
8 69/F CD1 - 54 12
9 61/M CD1 + 0 15
10 84/M LB ND 15 39
1 69/F cD2 + 38 73
12 48/M v LB + 0 v 30
13 36/M LB ND 0 0

Blood mononuclear cells were treated with ABT199 (Venetoclax) or A1155463, both at 300 nM for 24 hours. The percentage of cell death was determined by the loss of CD138 staining. sPCL,
secondary plasma cell leukemia; F, female; M, male; ND, not determined. Molecular groups were established as previously described (22).





