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Abstract

:

CLL B cells express elevated pro-survival BCL2, and its selective inhibitor, venetoclax, significantly reduces leukemic cell load, leading to clinical remission. Nonetheless, relapses occur. This study evaluates the hypothesis that progressively diminished BCL2 protein in cycling CLL cells within patient lymph node niches contributes to relapse. Using CFSE-labeled, purified CLL populations known to respond with vigorous cycling in d6 cultures stimulated with TLR9-activating ODN (oligodeoxynucleotide) + IL15, we show that BCL2 protein progressively declines during consecutive cell divisions. In contrast, MCL1 and survivin are maintained/slightly elevated during cycling. Delayed pulsing of quiescent and activated CLL cultures with selective inhibitors of BCL2 or survivin revealed selective targeting of noncycling and cycling populations, respectively, raising implications for therapy. To address the hypothesis that BCL2-repressive miRs (miR15a/miR16-1), encoded in Chr13, are mechanistically involved, we compared BCL2 protein levels within ODN + IL15-stimulated CLL cells, with/without del(13q), yielding results suggesting these miRs contribute to BCL2 reduction. In support, within ODN-primed CLL cells, an IL15-driven STAT5/PI-3K pathway (required for vigorous cycling) triggers elevated p53 TF protein known to directly activate the miR15a/miR16-1 locus. Furthermore, IL15 signaling elicits the repression of BCL2 mRNA within 24 h. Additional comparisons of del(13q)+ and del(13q)−/− cohorts for elevated p53 TF expression during cycling suggest that a documented miR15a/miR16-1-mediated negative feedback loop for p53 synthesis is active during cycling. Findings that robust CLL cycling associates with progressively decreasing BCL2 protein that directly correlates with decreasing venetoclax susceptibility, combined with past findings that these cycling cells have the greatest potential for activation-induced cytosine deaminase (AICDA)-driven mutations, suggest that venetoclax treatment should be accompanied by modalities that selectively target the cycling compartment without eliciting further mutations. The employment of survivin inhibitors might be such an approach.
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1. Introduction


The survival of both normal and malignant lymphocytes, in large part, reflects an orchestrated balance between proteins promoting viability and those eliciting death. The outcome for transformed cells is typically skewed toward survival due to critical genetic aberrations and/or a supportive milieu.



CLL, the most common adult leukemia in the United States and Europe, typically appears in individuals >60 years of age as a slow accumulation of small CD5+ B lymphocytes in the blood [1,2]. This suggests that leukemia represents the heightened survival of a quiescent clonal population rather than aberrant clonal proliferation. In support of this, the pro-survival BCL2 protein is elevated in CLL [3,4,5], with the latter often associated with del(13q) [6,7], a chromosomal anomaly that deletes two BCL2 regulatory micro-RNA (miR), miR15a and miR16-1 [6,7,8,9]. Consequently, specific BCL2 inhibitors were developed and tested in clinical trials. Treatment with the selective BCL2 inhibitor, venetoclax [10], is highly effective at achieving remission and improving patient outcomes [11]. Unfortunately, venetoclax treatment alone or in combination with several other agents does not achieve a cure [12].



Explanations for venetoclax’s incomplete therapeutic efficacy have been sought. An outgrowth of acquired clonal variants with functional BCL2 mutations conferring resistance occurs [13,14,15]. Resistance is also linked to variants with stable epigenetic suppression of pro-apoptotic PUMA [16]; genetic/epigenetic amplification of MCL1, a short-lived pro-survival molecule of the BCL2 family [17,18]; and sometimes, the amplification of pre-existing or therapy-elicited mutations in non-BCL2 genes affecting BCL2 dependence [19]. Most recently, the hyperphosphorylation of several BCL2 family proteins, including BCL2, MCL1, BAD, and BAX, was linked to resistance in lymphoid malignancies, including CLL [20]. Finally, functional refractoriness to venetoclax has been linked to characteristically elevated expression of alternative pro-survival molecules, MCL1, BCLXL, and survivin, within reservoirs of activated CLL cells (pseudofollicles) in lymphoid tissues [21,22,23,24]. Consistent with a known circulation of blood leukemic cells into lymphatic tissues [25], a relatively short-term (24–72 h) culture of circulating CLL cells with stimuli found in LNs, ligands for BCR or CD40, and cytokines elicits significantly elevated MCL1, BCLXL, and survivin (BIRC5) [26,27,28,29], with no evidenced change in BCL2 protein during this period [28,29]. Decreased leukemic cell vulnerability to venetoclax accompanies these changes [28,29].



The following study addresses the hypothesis that an additional factor affecting venetoclax resistance is the selective loss of its target, BCL2, within the actively dividing subset of CLL cells in pseudofollicles [30]. There are reasons to suspect this. Division-linked declines in BCL2 are evident in normal human B cells, both within T cell-dependent germinal centers (GC) [31] and within cycling B lymphoblasts elicited in vitro by certain T cell independent stimuli [32]. Furthermore, BCL2 is often reduced in CLL pseudofollicles, as evaluated by immunohistochemistry [21,33].



To test this hypothesis, a well-characterized in vitro surrogate for in vivo CLL growth in pseudofollicles [2,34,35] was employed. CLL clonal expansion was elicited with synergistic stimuli, CpG DNA and IL15, both present within lymphoid tissue pseudofollicles [2,35]. A flow cytometric approach involving CLL cells labeled with a division-tracking fluorescent dye [2] and fluorescent staining of intracellular proteins permitted the quantitative monitoring of BCL2/MCL1/survivin and p53 proteins as activated CLL cells progressed through sequential cell divisions. Additionally, measurements of viability and absolute viable cell yield in cycling CLL cultures pulsed with venetoclax or survivin inhibitor (YM155) [36] permitted insights into the relative susceptibility of division subsets to inhibitor-induced death.




2. Results


BCL2 protein levels notably decline within extended cultures of CLL cells receiving proliferation-inducing signals from ODN + IL15. A comparison of BCL2 levels within the CLL clonal population (U-CLL950) before in vitro activation versus after 5d stimulation with synergistic ODN + IL15 revealed a pronounced decline (71%) associated with stimulation (Figure 1A). A similar activation-related decline in BCL2 protein was noted in a separate experiment (Figure 1B) upon comparing BCL2 expression within viable-gated U-CLL1013 cells from unstimulated d6 cultures versus that within parallel ODN + IL15-stimulated cultures (87% decrease). In contrast, when MCL1 levels were assessed (Figure 1A), no such decrease was noted in ODN + IL15-stimulated U-CLL950 cells. Rather, activated cultures exhibited greater MCL1 than noted prior to culture (36% increase), a finding consistent with past reports of elevated MCL1 protein levels within 24–72 h after CLL activation by diverse stimuli [26,27,28,29].



To directly examine whether BCL2 levels progressively decline during the extended cycling of CLL cells, we employed CFSE-based division subset analysis (32, 34, 46, 57). A representative experiment with ODN + IL15-stimulated M-1328 (Figure 1C) shows that BCL2 expression notably dropped with progressive divisions (RMFI = 39 for the activated cells with no division versus RMFI = 10 for subpopulations with ≥5 divisions). MCL1 protein was either sustained or slightly increased upon cycling (RMFI = 3.7 for the undivided subset versus RMFI = 4.1 in cells with >5 divisions). To assess the consistency of this ODN + IL15-driven decline in BCL2 protein during cycling, a total of 14 different CLL clonal populations were examined (Figure 1D). For most of these same clonal populations (12 of 14), a parallel analysis of MCL1 expression was made (Figure 1E). Plots of individual CLL clonal responses reveal that the maximal BCL2 expression is universally observed in the undivided subset, with all populations exhibiting a division-linked decline in BCL2 levels (Figure 1D). In contrast, MCL1 expression was sustained and sometimes slightly elevated during cycling (Figure 1E).



Parenthetically, it warrants noting that the majority of viability-gated, undivided cells in these activated cultures are not quiescent; rather, they characteristically manifest some size enlargement, as measured by increased forward light scatter upon flow cytometry (or visibly increased size by phase microscopy) over CLL cells cultured in medium or IL15 alone (data not shown; [2,34,35]). Quiescent normal lymphocytes characteristically manifest increased cell volume as they enter the G1 phase of the cell cycle [37,38,39], suggesting that the undivided fraction within these stimulated CLL cultures may have entered G1 but have been thwarted from cycling due to cell cycle blocks at the G1/S or G2/M transitions.



Figure 1F summarizes pooled findings from BCL2 assessments with diverse cycling CLL populations, with accompanying statistical analyses. Of note, statistically significant differences (p ≤ 0.02) were noted both when BCL2 levels within undivided cells were compared to levels in each ensuing division as well as when progeny with sequential divisions were compared. A similar analysis of MCL1 expression (Figure 1G) revealed no statistically significant change linked to division.



Because in patients, IGHV unmutated (U-CLL) and mutated (M-CLL) clones typically differ in clinical aggressiveness (U-CLL > M-CLL) [40,41,42], we subdivided the full CLL cohort into U-CLL and M-CLL subtypes and compared the latter for differences in BCL2/MCL1 protein expression during cycling. Summarized data (Figure 1F) show that BCL2 is comparably expressed in U-CLL and M-CLL, with both groups manifesting similar division-linked reductions. However, a difference emerges between these IGHV subsets concerning MCL1 expression (Figure 1G). This pro-survival protein was, on average, higher in U-CLL cells and more apt to rise during cycling; however, only in cells representing two divisions did this U-CLL versus M-CLL difference reach borderline statistical significance (p = 0.09 by one-sided, unpaired t-test). Thus, while IGHV mutation status has no impact on the division-linked decline in BCL2, it may influence MCL1 expression during cycling, with U-CLL > M-CLL.



2.1. Sensitivity of non-Cycling and Cycling CLL Cells to Specific Inhibitors of BCL2 or Surviving


To test this study’s additional hypothesis that declining BCL2 levels during active clonal expansion affects susceptibility to venetoclax-induced apoptosis, we assessed the percent viability and absolute viable cell recovery [2] within d5(d6) CLL populations pulsed with either venetoclax or vehicle alone 24–48 h prior to culture harvest (Figure 2). Cells harvested from cultures with non-stimulatory IL15 alone and proliferation-inducing synergistic ODN + IL15 were compared for sensitivity to the BCL2 inhibitor. Likewise, cultures were examined for sensitivity to YM155, a specific inhibitor of survivin synthesis [43], since the expression profile of survivin within body cells suggests it might be a more suitable therapeutic target than MCL1. Although MCL1 appears to confer CLL resistance to venetoclax [27,28,29], MCL1 is also essential for the maintenance of cardiac cells [44,45] and long-lived plasma cells within BM [46,47], making its targeting problematic. In contrast, survivin is absent in non-proliferating body cells and highly expressed in malignancies [48], including CLL pseudofollicles [21]. Past observations that CD40 signaling induces survivin in quiescent CLL cells [21] suggested that signaling from proximal T cells was required for its expression in this leukemia [21,43]. Nonetheless, alternative means of CLL activation, e.g., ODN + IL15, can upregulate or sustain its baseline expression within quiescent CLL cells exposed to medium or IL15 alone (Supplementary Figure S4).



Figure 2A displays both viability plots and CFSE fluorescence histograms of gated viable and dead cells from d5 cultures of M-CLL1031 cells treated with venetoclax, YM155, or vehicle alone 24 h prior to cell harvest. Of note, viability in cultures exposed to IL15 alone is quite notably reduced by exposure to venetoclax but only slightly impaired by YM155 when compared to parallel control cultures pulsed with vehicle (Figure 2A, two left columns). In contrast, in ODN + IL15-stimulated cultures undergoing significant cycling (Figure 2A, two right columns), venetoclax only slightly impairs survival, while the survivin inhibitor YM155 quite effectively does so. Moreover, an inspection of CFSE division profiles of ODN + IL15 cultures, pulsed with vehicle or YM155 (Figure 2A right, row 3 vs. 4), reveals that YM155 aborts continued cell cycling in remaining viable progeny. Dose–response analyses involving several CLL populations (Figure 2B,C) confirm that the efficacy of these inhibitors at compromising CLL viability is strongly influenced by whether CLL cells received stimuli for growth: venetoclax is less effective on ODN + IL15-activated CLL cells, while conversely, YM155 shows greater efficacy. Thus, the relative effectiveness of these inhibitors is strongly influenced by whether CLL cells have received robust activation signals or not.



To discern whether undivided and divided cells within all activated CLL populations will differ in sensitivity to venetoclax and YM155, activated cultures of diverse CLL clonal populations were tested with a range of venetoclax and YM155 doses (Figure 2D–G). Statistical analysis of the pooled findings shows that each inhibitor significantly reduces viability in the undivided as well as divided fractions of activated CLL cell cultures, either when assessments are made of (a) percent viability in the cells (viable + dead), gated to remove cell debris (Figure 2D,E) or (b) absolute viable cell recovery within each culture (Figure 2F,G). These studies indicate that YM155 is notably more effective at compromising each of the latter in the divided cell fraction than in undivided cells, while the converse is so with venetoclax. It warrants noting that while venetoclax (50 nM) compromises percent viability in activated but undivided cells by ~15% (Figure 2D), this is less than its apoptosis-inducing effects within quiescent cultures with IL15 alone (~ 60% decline in viability) (Figure 2B). This finding is consistent with other reports that survival proteins other than BCL2 are elevated within 1 to 3 days after CLL cell activation [26,27,28,29].



Because BCL2 protein levels progressively decline during CLL cycling (Figure 1D,F), we examined whether activated CLL clonal populations manifest progressively lesser vulnerability to venetoclax as they continue dividing. Data presented in Figure 2H,I indicate that venetoclax sensitivity indeed declines with greater division history. This contrasts with data from the percent viability analysis of YM155-treated cultures (Figure 2H), which suggests that apoptotic effects of YM155 are relatively independent of division frequency. Notwithstanding, when absolute viable cell recovery is assessed (Figure 2I), YM155 preferentially compromises the yield of highly divided blasts, a finding consistent with the blocked cycling of remaining viable cells, observed in Figure 2A.



Phase microscopy images of day 5 ODN + IL15-stimulated CLL cultures, receiving a 24 pulse with YM155 (333 nM) or vehicle alone prior to observation (Figure 3) reveal that exposure to YM155 elicits shrunken cells with fragmented nuclei and membrane blebs, consistent with apoptosis (Figure 3B). Also, present in what appear to be larger viable cells are intracellular structures resembling statically aligned chromosomes (black stars; Figure 3B), not seen in parallel cultures pulsed with vehicle (Figure 3A). These might represent cells with a YM155-induced block in the G2 → M transition [49].




2.2. Impact of CLL del(13q) on BCL2 and MCL1 Protein Levels during ODN + IL15-Driven Cell Clonal Expansion


As a step toward unraveling mechanism(s) for reduced BCL2 protein during cycling, we tested for miR15a/miR16-1 involvement in the decline by segregating assessed CLL populations into cohorts based on the presence of del(13q), which removes coding regions for miR15a/miR16-1 [6,7,8,9] (Figure 4). Important molecular studies indicated that these miRs repress BCL2 (and MCL1) expression in CLL [50].



Histogram plots of individual ODN + IL15-stimulated CLL populations (Figure 4A,B) and box-plot analysis of pooled data (Figure 4C) show that BCL2 protein is, on average, more highly expressed in stimulated del(13q)+ CLL than in del(13q)−/− CLL; a finding consistent with past observations, involving freshly isolated CLL cells, that del(13q) influences BCL2 protein levels (del(13q)+ > del(13q)−/−) [51]. A comparison of del(13q) influence on the gated undivided and divided cell subsets (Figure 4C) shows that both these fractions are affected, with a borderline level of statistical significance (Figure 4C). Nonetheless, no statistically significant difference (p = 0.84) was noted between del(13q)+ and del(13q)−/− CLL cohorts in the magnitude of the division-linked decline (latter calculated by comparing BCL2 levels in undivided cells versus those representing three divisions) (Figure 4D), suggesting that additional factors are also contributing to diminished BCL2 expression during cycling.



Because MCL1 is also a reported target of miR15 and miR16 [8,52], its protein levels were also compared within activated del(13q)+ and del(13q)−/− CLL populations (Figure 4E,H). While a higher proportion of cycling del(13q)+ CLL cells (6/8 = 75%) than del(13q)−/− cells (2/4 = 50%) displayed elevated MCL1 (RMFI ≥ 2), subsequent box plot and statistical analysis showed no statistically significant difference between cohorts with/without del(13q), either when maximal MCL1 attained (Figure 4G) or division subset with maximal MCL1 (Figure 4H) were assessed as parameters. Unlike long-lived BCL2 (t1/2 = 20 h) [53], MCL1 is a very short-lived protein (t1/2 = 1 h) [54], known to be highly regulated by several post-translational changes affecting its stability [55]. Possibly, these obscure any influence of Chr13-encoded miR15a/miR16-1 on expressed MCL1 protein.



An examination of known chromosomal anomalies of the CLL populations under study (Table 1) reveals other factors complicating our assessment of how miR15a/miR16-1 loss affects BCL2 (and MCL1) expression. First, del(13q) is typically present in only 1/2 chromosomes (heterozygous expression), and del(13q)+ CLL populations vary in the fraction of the malignant clone exhibiting the deletion. Second, CLL clonal populations differ in expression of other chromosomal anomalies, e.g., Trisomy 12 and del11q22, that might contribute to variations. Additionally, although del(17p) was uniformly absent from our study cohorts, comprehensive mutation analysis was not made of mutations prevalent in CLL, e.g., within genes for p53(TP53), ATM, NOTCH1, SF3B1, and BIRC3 [56,57].




2.3. ODN + IL15-Stimulated CLL Cells Express Elevated Protein Levels of p53 Transcription Factor (TF)


Molecular studies by others, using doxorubicin-treated B cell lines and primary CLL cells, demonstrated that p53 directly transactivates miR15/miR16, resulting in BCL2 mRNA/protein [58,59]. This led to the hypothesis that activation-driven increases in p53 protein within CLL cells, such as found in vivo within germinal centers [60] and in vitro within human B cell cultures activated by division-eliciting T cell independent stimuli [32], might drive BCL2 repression during CLL cycling.



To test the above premise, we measured p53 protein within ODN + IL15-stimulated CLL cultures, both by intracellular staining for nuclear p53 and by immunoblotting cell lysates for p53α (MW ~ 52kDa) (Figure 5). Flow cytometric studies showed that while p53 protein was minimally evident in quiescent cells prior to activation (Figure 5E) or from cultures with IL15 alone (non-stimulatory conditions) (Figure 5A–F), p53 protein was significantly heightened in ODN + IL15-stimulated cultures (Figure 5A–F). Two-color assessments of p53 protein as a function of division cycles (Figure 5B–D) reveal that p53 rises within both undivided and cycling cells of ODN + IL15-activated cultures, with the highest levels typically associated with cycling. A time course experiment with U-CLL430 (Figure 5C,D) reveals that p53 protein is upregulated by at least day 3 within the undivided cells of ODN + IL15-stimulated cultures, and its levels increase further with division. This contrasts with lower p53 protein levels in CLL cells cultured with either IL15 alone or ODN alone (Figure 5C–E). Box plots comparing p53α/actin ratios within lysates of ODN + IL15 activated CLL cell cultures versus lysates of quiescent CLL cell cultures (Figure 5F) illustrate the consistent pattern of elevated p53α protein in activated cultures (borderline statistical significance; p = 0.06).



In striking contrast to the elevated p53 protein found in ODN + IL15-activated CLL cells, qPCR assessments of specific mRNA showed CLL cell activation by ODN + IL15 was linked to significantly reduced TP53 mRNA, both when comparisons were made to freshly isolated CLL (Figure 5G,H, left) or parallel ODN-stimulated CLL cultures without IL15 (Figure 5G,H, right). (Reduced TP53 mRNA was also noted when d3 cultures with ODN + IL15 were compared to parallel cultures with ODN alone; data not shown.) The opposing findings regarding TP53 mRNA and p53 protein expression strongly suggest that the protein’s augmentation during activation represents its greater stabilization, e.g., by ATM activation following the oxidative stress and DNA damage accompanying robust B cell activation [32,61]. Consistent with this, levels of phosphorylated (activated) ATM and stabilized p53 (p-Ser15-p53) rise significantly prior to division, both in activated cultures of normal human B cells [32,62] and CLL cells stimulated by CD40L + IL15 [63]. A potential mechanism for this reduced TP53 mRNA levels is miR15/miR16-mediated negative feedback suppression of p53 (TP53) [58]; this will be addressed later.




2.4. Early Effects of IL15 and Downstream STAT5 and PI-3K on BCL2/MCL1 mRNA Levels


When taken together, the above observations (Figure 5A–F) that levels of nuclear p53 TF protein rise in an IL15-dependent manner (both prior to division and perhaps particularly within cycling cells) in ODN + IL15 stimulated CLL cultures and the earlier molecular finding that p53 TF directly transactivates miR15/miR16 in CLL cells [58] suggest that an IL15-driven p53 → miR15/miR16 pathway contributes to declining BCL2 protein as CLL cells undergo cycling.
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Figure 5. p53 protein rises during ODN + IL15-induced B-CLL cycling, while TP53 mRNA declines. (A) p53-protein PE fluorescence (solid lines) versus control IgG (dashed) in viability-gated U-CLL430 cells from d5 cultures with IL-15 alone or ODN + IL15. Values represent RMFI and ∆ MFI (difference between geometric MFI with specific versus control mAb). (B) p53 protein within CFSE-labeled M-CLL922 cells from 5 d cultures with ODN + IL15. Two-color dot plot (right) reveals p53 protein (red) within viability-gated cells of gated division subsets (control stain = grey). (C) Kinetic analysis of p53 protein expression within CFSE-labeled U-CLL430 cells cultured for d3 to d5 days with IL15 alone, ODN alone, or ODN + IL15. Rectangle designates the undivided subset. In these dot plots, staining with p53-PE (red) overlaid with Ig Ctrl-PE (grey) staining in cells of varying divisions. (D) Summarized display of data in (C) as p53 levels (RMFI) per division over d3 to d6. (Of note, excepting d3, all daily p53 staining analyses included a defrosted sample of the CL-01 B cell line, used for standardization of p53 staining; all values for adjustment were < 2-fold.) (E) Levels of p53α (canonical isoform) were measured by densitometric analysis of both p53 and β-actin blots followed by calculation of p53α/actin ratio for each assessed lysate (M-CLL1031 exp with 31 µg lysate/lane where * indicates cultures supplemented with caspase-2 inhibitor; U-CLL675 exp with 20 µg/lane; U-CLL625 exp with 15 µg/lane, excepting ODN ** only, with 6 µg/lane). The bands above p53α likely represent its ubiquitinated forms [64], while any bands below p53 isoforms from differential splicing [65]. (F) Box plot summarizing data (RATIO of p53/actin) from blotting experiments comparing lysates from IL15-only cultures to those from parallel ODN + IL15 cultures. Box plots are overlaid with values from individual lysates. Statistical comparisons of IL15 only versus IL15 + ODN involved the non-parametric Mann–Whitney Rank Sum test. (G,H) q-PCR assessments of TP53 mRNA in CLL cells; (G) ΔCt values computed from the difference between threshold cycle for test TP53 cDNA and threshold cycle for reference β-actin (ACTB); (H) TP53 mRNA fold change calculated using within 2−∆∆Ct method [66], to facilitate comparison of TP53 mRNA levels in cells with versus without IL15 exposure. Statistical analysis by paired, 2-sided t-test. 
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Consequently, we sought evidence for diminished BCL2 mRNA early after IL15 signaling. To facilitate this, unstimulated CLL cells were primed for 20 h with ODN. We had established earlier [35] that this priming interval is required for CLL cell upregulation of two IL15 signaling receptors, CD122 (shared by IL2 and IL15) and CD215 (IL15-specific high-affinity IL15Rα), above their negligible levels in quiescent CLL cells [35]. Following 20 h ODN priming, CLL cells were pulsed for either 4 h or 20/28 h intervals (or only medium). Subsequently, BCL2 (and MCL1) mRNA levels were assessed by quantitative RT-PCR (qPCR) (Figure 6). Both when data are expressed as raw ∆ Ct values (Figure 6A) or as more easily interpreted fold-change values (Figure 6B), a statistically significant decline in BCL2 mRNA was evidenced following a 20/28 h pulse with IL15 (p = 0.006 and p = 0.002, respectively). A lesser, but still statistically significant, decline in MCL1 mRNA was also noted following the 20/28 h IL15 pulse by fold change (p = 0.03) (Figure 6B).
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Figure 6. IL-15-triggered STAT5/PI-3K pathway reduces BCL2 mRNA within ODN (TLR9)-primed CLL cells. These experiments sought evidence for altered BCL2 mRNA levels after IL15 exposure to ODN-stimulated CLL cells. ODN priming was important because we earlier reported that 20 h ODN exposure elicited the NF-kB-dependent upregulation of IL15 receptors (CD122 and IL15Rα) above negligible baseline levels on resting CLL cells [35]. Any evidence that short-term IL15 exposure resulted in dampened BCL2 mRNA might be explained by an IL15-fostered rise in BCL2 repressive miR (e.g., miR15a/miR16-1) [58]. Our rationale for suspecting a critical role for IL15 cytokine in mediating BCL2 repression was based upon the following. First, IL15 signaling was necessary for a significant rise in p53 TF protein within CLL cells receiving ODN signals (Figure 5C–E), as well as for significant CLL clonal expansion within ODN-stimulated cultures [2,34,35]. Second, the IL15 boost in p53 TF (a direct transactivator of miR15a/miR16-1 synthesis) was detected in undivided CLL cells by at least day 3, even prior to IL15-driven divisions characterized by sustained/further elevated p53 TF protein (Figure 5C,D). For these experiments, quiescent CLL cells were primed with ODN for 20 h and subsequently pulsed with IL-15 (or medium alone) for 4 h or 20–28 h intervals before total RNA was harvested and BCL2 and MCL1 mRNA quantified by specific q-PCR. (A,B) ∆Ct values for (A) BCL2 mRNA and (B) MCL1 mRNA within IL15-pulsed or un-pulsed cultures at differing intervals after the IL15 pulse. A paired, 2-sided t-test was used to compare ∆Ct values from primed cultures with/without IL15. (C) More intuitive fold-change values, calculated with the 2−∆∆Ct method [66], better reveal the altered levels of BCL2 and MCL1 mRNA at 20–28 h after the IL15 pulse. Bars represent the mean ± SD of the diverse experiments, with overlaid symbols representing values from individual CLL. Statistical significance was determined by the non-parametric Mann–Whitney rank sum test. (C) Experiments with STAT5/PI-3K inhibitors examined whether IL15 activation of STAT5/PI-3K pathways is critical for IL15-triggered BCL2 mRNA repression, as earlier noted for IL15-facilitated growth of ODN-primed CLL cells [34]. Specific inhibitors of PI-3K (LY294002), STAT5 (pimozide or STAT5 INH II), or vehicle alone were added to ODN-primed cultures 30 min prior to a 20 h pulse with IL-15. By q-PCR, the yield of BCL2 mRNA in IL15 pulsed cultures was compared to the yield in ODN-primed cultures that had been exposed to DMSO but not IL15. Consequently, IL15-induced fold change in BCL2 mRNA was determined. (Note: in cultures pulsed with DMSO alone, IL15-elicited fold change in BCL2 mRNA was 0.57 ± 0.04 (mean ± SD) for the diverse experiments). When pooling inhibitor results from these experiments, data from each CLL experiment was normalized by comparing IL15-induced fold change “with inhibitor” to IL15-induced fold change “with DMSO alone”. From the latter determinations, plotted values for % of IL15-elicited fold change without inhibitor” could be calculated. Bar blots display median/range values for the above determination noted with the diverse CLL evaluated, with overlaid symbols representing values for individual CLL evaluated. The dotted horizontal line represents the fact that, with this approach, all values for “IL15-induced fold change without inhibitor” are effectively normalized to 100%. Any rise in this relative percentage indicates that the inhibitor blocked the IL15-induced BCL2 mRNA decline. p values for statistical significance were determined using a non-parametric Mann–Whitney rank sum test. 






Figure 6. IL-15-triggered STAT5/PI-3K pathway reduces BCL2 mRNA within ODN (TLR9)-primed CLL cells. These experiments sought evidence for altered BCL2 mRNA levels after IL15 exposure to ODN-stimulated CLL cells. ODN priming was important because we earlier reported that 20 h ODN exposure elicited the NF-kB-dependent upregulation of IL15 receptors (CD122 and IL15Rα) above negligible baseline levels on resting CLL cells [35]. Any evidence that short-term IL15 exposure resulted in dampened BCL2 mRNA might be explained by an IL15-fostered rise in BCL2 repressive miR (e.g., miR15a/miR16-1) [58]. Our rationale for suspecting a critical role for IL15 cytokine in mediating BCL2 repression was based upon the following. First, IL15 signaling was necessary for a significant rise in p53 TF protein within CLL cells receiving ODN signals (Figure 5C–E), as well as for significant CLL clonal expansion within ODN-stimulated cultures [2,34,35]. Second, the IL15 boost in p53 TF (a direct transactivator of miR15a/miR16-1 synthesis) was detected in undivided CLL cells by at least day 3, even prior to IL15-driven divisions characterized by sustained/further elevated p53 TF protein (Figure 5C,D). For these experiments, quiescent CLL cells were primed with ODN for 20 h and subsequently pulsed with IL-15 (or medium alone) for 4 h or 20–28 h intervals before total RNA was harvested and BCL2 and MCL1 mRNA quantified by specific q-PCR. (A,B) ∆Ct values for (A) BCL2 mRNA and (B) MCL1 mRNA within IL15-pulsed or un-pulsed cultures at differing intervals after the IL15 pulse. A paired, 2-sided t-test was used to compare ∆Ct values from primed cultures with/without IL15. (C) More intuitive fold-change values, calculated with the 2−∆∆Ct method [66], better reveal the altered levels of BCL2 and MCL1 mRNA at 20–28 h after the IL15 pulse. Bars represent the mean ± SD of the diverse experiments, with overlaid symbols representing values from individual CLL. Statistical significance was determined by the non-parametric Mann–Whitney rank sum test. (C) Experiments with STAT5/PI-3K inhibitors examined whether IL15 activation of STAT5/PI-3K pathways is critical for IL15-triggered BCL2 mRNA repression, as earlier noted for IL15-facilitated growth of ODN-primed CLL cells [34]. Specific inhibitors of PI-3K (LY294002), STAT5 (pimozide or STAT5 INH II), or vehicle alone were added to ODN-primed cultures 30 min prior to a 20 h pulse with IL-15. By q-PCR, the yield of BCL2 mRNA in IL15 pulsed cultures was compared to the yield in ODN-primed cultures that had been exposed to DMSO but not IL15. Consequently, IL15-induced fold change in BCL2 mRNA was determined. (Note: in cultures pulsed with DMSO alone, IL15-elicited fold change in BCL2 mRNA was 0.57 ± 0.04 (mean ± SD) for the diverse experiments). When pooling inhibitor results from these experiments, data from each CLL experiment was normalized by comparing IL15-induced fold change “with inhibitor” to IL15-induced fold change “with DMSO alone”. From the latter determinations, plotted values for % of IL15-elicited fold change without inhibitor” could be calculated. Bar blots display median/range values for the above determination noted with the diverse CLL evaluated, with overlaid symbols representing values for individual CLL evaluated. The dotted horizontal line represents the fact that, with this approach, all values for “IL15-induced fold change without inhibitor” are effectively normalized to 100%. Any rise in this relative percentage indicates that the inhibitor blocked the IL15-induced BCL2 mRNA decline. p values for statistical significance were determined using a non-parametric Mann–Whitney rank sum test.
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To discern whether downstream IL15 signaling mediators, STAT5 and/or PI-3K [34], were involved in this IL15-driven decline in BCL2 mRNA, pharmacologic inhibitors were used. Each of two STAT5 inhibitors attenuated IL15-triggered repression of BCL2 (Figure 5C; p= 0.002 for pimozide; p= 0.06 for weaker Stat5 Inh II [34]) as did PI-3K inhibitor, LY294002 (p = 0.03). Together, these findings suggest that BCL2 protein repression within ODN + IL15-activated CLL cells (Figure 1) is mediated, at least in part, by an IL15→ STAT5/PI-3K pathway that is also critical for extended growth [34,35].




2.5. Evidence for miR15a/miR16-1 Mediated Feedback Repression of p53 TF


Of interest and consistent with past molecular evidence that miR15/miR16 mediates negative feedback control on TP53 synthesis [58], we discovered significant differences in p53 protein levels within del(13q)+ and del(13q)−/− CLL populations. Whereas most del(13q)+ CLL (7/8) displayed prominent division-linked increases in p53 (Figure 7B), which were highly significant (divided > undivided; p = 0.004) (Figure 7C), this was not observed for del(13q)−/− CLL populations (Figure 7A–C) (divided vs. undivided; p = 0.31). Because 2/5 CLL clonal populations within the del(13q)−/− cohort exhibited both aberrantly high p53 protein and Trisomy12+ (Tri12+) (Figure 7D versus Figure 7E) (factors that in later discussion we consider are linked), these two Tri12+ clones were excluded from a reassessment of del(13q) influence on p53 protein (Figure 7H). Despite this step, p53 levels within the del(13q)−/− cohort only negligibly increased with division (divided > undivided; p = 0.16). However, a statistically significant difference in p53 protein levels within divided cells of del(13q)+ versus del(13q)−/− cohorts emerged (del13+ > del13−/− negative; p = 0.036) (Figure 7H). Thus, together, these findings suggest that retention of Chr13-encoded miR15a/miR16-1 is associated with restraint of p53 expression during cycling, likely reflecting feedback circuitry between p53 and miR15/mi16 [58].





3. Discussion


This study’s observations that BCL2 protein progressively declines during active CLL clonal expansion in a manner that is paralleled by progressively lesser vulnerability to venetoclax-induced apoptosis might be clinically important. First, these findings support the view that CLL is challenging to treat, at least in part due to its dimorphic nature, characterized by quiescent cells in blood and small foci of proliferating cells in lymphoid tissues, each with differing metabolic requirements and mechanisms for survival. Second, they emphasize that a cure for CLL will require the elimination of CLL cells within both compartments. While negligible in terms of overall leukemic cell burden, the cycling cell subset is nonetheless clinically relevant [67,68,69].



One important attribute of actively cycling CLL cells, shared by cycling normal B lymphocytes, is a significant rise in mutagenic enzyme AICDA [30,62,70]. Increases in AICDA protein levels and AICDA function are accentuated in cells with the most divisions, both in normal and CLL B cells [30,62,70,71]. Thus, based on this study’s findings, we consider it probable that during venetoclax treatment of patients, the highly divided CLL cells with the greatest capacity for generating AIDCA-driven mutations will preferentially survive. Once these actively cycling cells later revert to relatively quiescent circulating cells with upregulated BCL2 [72,73], analogously to the transition of germinal center B cells into memory cells [74], any clonal variants with functional BCL2 gene mutations that impair venetoclax binding to BCL2 [14,75] will be venetoclax resistant and could eventually become the dominant CLL subclone [30,70,71]. This hypothesis is consistent with evidence that BCL2 mutations in CLL clonal populations occur prior to treatment and are acquired during treatment [14,15,18]. A direct correlation between AICDA expression and BCL2 mutations is not yet demonstrated in CLL, to our knowledge. However, such a correlation has been made in follicular lymphoma [76] in which the BCL2 gene is characteristically translocated to the IGH locus. With this t(14;18) translocation, the BCL2 gene comes under the strong influence of the IGH 3′ super-enhancer that heightens AICDA targeting/function to this locus [77,78].



The study’s evidence that pharmacological inhibition of survivin (BIRC5)—a protein that directly blocks caspase 9 activation [79,80,81,82] with a separate role in promoting cell mitosis [81,83]—is effective at both inducing apoptosis and blocking further CLL divisions suggests that survivin inhibitors could be a beneficial adjunct with venetoclax. One notable advantage of using combined venetoclax and survivin inhibitor as a first-line treatment for CLL patients is that the former will debulk patients of circulating and quiescent tissue CLL cells, while the latter should mitigate the emergence of clonal variants with deleterious mutations, including those in BCL2 and TP53. Patients predicted to benefit most from this approach are those demonstrating signs of CLL proliferation in lymphoid tissues, e.g., lymphadenopathy and/or elevated blood frequency of survivin-positive leukemic cells [21] and/or CLL cells with an elevated CD5/CXCR4 ratio [73,84,85]. Both of the latter are indicators of recent cycling [73,84,86]. As recently reviewed [87], among adjunct approaches currently in clinical use to enhance venetoclax efficacy in first-line treatment of CLL, the most effective are second-generation covalent BTK inhibitors, acalabrutinib, and zanabrutinib, which in combination with venetoclax, yield patient 4-year survival rates of 88% and 94%, respectively [87]. Unfortunately, there is still not a demonstrated cure for CLL, and the necessary chronic exposure to BTK inhibitors can elicit adverse events, e.g., major cardiac or bleeding disorders [87,88]. The fact that survivin protein is characteristically absent in quiescent cells but upregulated in proliferating cells [48] is important for possible employment of survivin inhibitors as an adjunct to venetoclax. However, a caveat to targeting survivin is the latter protein’s important role in furthering the cycling of precursor cells during B cell development [83] and physiologically relevant cycling of all cell lineages [48]. That said, such effects should cease with intermittent use of specific survivin inhibitors. It warrants noting that YM155 has demonstrated anti-tumor efficacy in pre-clinical in vitro studies and xenograft mouse models of diffuse large B cell lymphoma [89,90] and B cell non-Hodgkin lymphoma (NHL), particularly in combination with other agents [36]. In addition, a recent multicenter phase II study of combined YM155 plus rituximab treatment of patients with relapsed aggressive B cell NHL demonstrated tolerance/efficacy [91].



This study’s finding that activated, cycling CLL cells manifest a significant decline in BCL2 protein might be seen as surprising, given in light of other reports that, while not elevated, BCL2 protein did not decline following CLL activation in culture [28,29]. However, this disparity likely reflects several factors: the relatively short duration of past cultures (24 to 72 h) [28,29]; BCL2 is a relatively long-lived protein [53]; and undivided and divided blasts were not distinguished [28,29]. In more extended cultures of CLL cells activated by CD40L-expressing stromal cells and IL-4, reduced BCL2 protein was observed, but the effect of cycling was not examined [92].



The study’s effort to illuminate mechanism(s) for BCL2 repression during dynamic CLL clonal expansion points to the contribution of an IL15 → STAT5/PI-3K pathway essential for CLL growth [35]. The latter fosters elevated p53 TF that, based on other molecular studies, should drive p53-driven transcriptional activation of miR15a/miR16-1 [50], two critical BCL2-repressive miR encoded on Chr13 [9,50]. The absence of experiments directly monitoring miR levels precludes a definitive conclusion, but the above premise is supported by observations that BCL2 protein levels within cycling del(13q)+ CLL populations (deleted miR15a/miR16-1) are greater than within cycling del(13q)−/− CLL. Providing further support for p53-driven BCL2 repression is the study’s finding that the important IL15/STAT5/PI-3K signaling axis [34,35], as shown here, leads both to pre-cycling increases in p53 TF and diminished BCL2 mRNA. It is of interest that a p53 pathway for BCL2 repression may also affect the growth of non-transformed B cells. Human follicular B cells stimulated by BCR:CD21L, IL4, and BAFF manifest early and sustained increases in p53 accompanied by progressively declining BCL2 protein during successive divisions [32,93]. Furthermore, and importantly, a recent report indicates that within human/mouse germinal centers (sites of extensive B cell growth and related DNA damage [60] where p53 protein accumulates [60]), the levels of miR15/miR16 rise and BCL2 declines, as compared to levels in quiescent follicular B cells [94]. In the same study, Cre recombinase-mediated selective deletion of miR15/miR16 in GC B cells precipitated a significant rise in BCL2 protein [94].



Notwithstanding, factors in addition to p53 → miR15a/miR16-1 driven BCL2 repression may also contribute to the progressive decline in BCL2 protein during cycling. This was suggested by the observation that del(13q)+ and del(13q)−/− CLL cohorts exhibit a similar proportional decline in BCL2 levels as undivided cells progress to 3 divisions. Serial dilution of pre-existing long-lived BCL2 protein with successive divisions, in the context of reduced synthesis, might be a contributing factor. Also, p53 TF is reported to lower BCL2 synthesis by blocking the binding of POU4F1 TF to the BCL2 promotor [95]. Furthermore, miR-125b and miR155 are reported repressors of BCL2 in CLL cells activated in vitro by CD40L-stromal cells and IL4 [96]. Effects of p53 TF transactivation of an analogous miR15b/miR16-2 cluster on Chr3 [58] are not excluded. While the GC-specific BCL6 TF directly represses BCL2 transcription within GC B cells [31,58], its contribution seems unlikely because histological studies show that CLL pseudofollicles, in contrast to germinal centers, express low BCL2 and no BCL6 protein [22,97]. Moreover, when xenografting primary CLL cells and activated autologous T cells into alymphoid mice, BCL6 protein was not found in proliferating CLL cells [98]. Further studies are needed to better understand of how these, and possibly other [4,99] mechanisms, integrate in repressing BCL2 during CLL cycling. Considered quite unlikely is the possibility that diminished BCL2 expression during CLL cycling represents selectively greater cycling of clonal variants bearing BCL2 mutations, which diminish BCL2 expression. First, the BCL2 decline was uniformly noted in all 14 CLL clonal populations evaluated, and the likelihood of each having such a rare background mutation in CLL [13,14] is improbable. Second, none of the patients had received earlier venetoclax treatment, which is linked to the acquisition of clonal variants with BCL2 mutations [13,14,15].



In the context of the observed BCL2 protein loss during cycling, the significant evidence that BCL2 functions as a brake on cell cycle progression at the G1 → S phase transition, in addition to its direct pro-survival role [100,101,102], requires emphasis. This growth-suppressing function may explain why mechanisms to downregulate BCL2 during active lymphocyte growth have evolved [31,32,93,94] and are retained in certain B cell malignancies. Interestingly, while prior histological studies show an inverse relationship between Ki67 and BCL2 in some follicular lymphomas (FL), marginal zone lymphoma, and a subset of CLL/small lymphocytic lymphoma (SLL) [103], this inverse relationship did not apply to more aggressive mantle zone lymphoma, diffuse large B cell lymphoma (DLBCL) and certain other CLL/SLL [103]. Rather, these latter tumors retained high BCL2 expression in Ki67+ proliferating cells [103], which in both aggressive FL and DLBCL is explained by BCL2 gene translocation to the Ig heavy chain locus [104]. The finding of elevated BCL2 protein in aggressive B cell malignancies suggests that mechanisms for BCL2 repression and BCL2 cell cycle control are no longer operative. It may be relevant that while both FL and DLBCL are typified by a high frequency of AICDA-driven BCL2 mutations linked to aggressive growth [105,106,107] when examined, only a fraction resulted in augmented BCL2 pro-survival function [107]. While the assumption was that these other mutations were non-functional, it remains possible that they diminished the growth-attenuating function of BCL2.



Our study’s additional discovery that p53 TF protein levels during cycling were significantly greater within the del(13q)+ cohort than in the cohort devoid of chromosomal anomalies is fully consistent with past molecular evidence that Chr13-encoded miR15a/miR16-1 exert negative feedback on TP53 transcription [50,58]. Both the latter, as well as miR155-mediated suppression of TP53 transcription [108,109], may explain why TP53 mRNA levels decline within ODN + IL15 activated CLL cells. Mechanisms for feedback repression of p53 TF are undoubtedly important during stressful B cell clonal expansion because the p53 protein elicits cell cycle blocks and promotes apoptosis [110]. Without its fine-tuned regulation, the expansion of individual B cells that encountered antigen and other growth stimuli would cease.



Some discussion is justified regarding the aberrantly elevated levels of p53 protein noted in two ODN + IL15-activated CLL with Tri12+ (despite their del(13q)−/− status). While TP53 mutations alone and in combination with del(17p)+ have been linked to elevated levels of abnormal p53 protein, neither are likely explanations. First, del(17p) was absent, and, furthermore, both TP53 mutations and del(17p) are significantly underrepresented in Tri12+ CLL, as compared to other CLL populations [111,112]. As a reasonable premise, we suggest that negative feedback of miR15a/miR16-1 on p53 protein synthesis is muted within clonal populations exhibiting particularly robust cycling and accompanying DNA modifications that foster ATM activation and the latter’s ensuing stabilization of p53 protein [32,113]. Consistent with this interpretation, past assessments of the extent of cycling observed within the above and other Tri12+ clones showed that Tri12+ CLL populations, in general, exhibit a particularly vigorous growth response to ODN + IL15 (within reference [2], see both Fig. 8C and Supplemental Fig. 3). The NOTCH1 mutations present with relatively high frequency in Tri12+ CLL [111,114] might contribute to the robust growth of Tri12+ CLL clones upon receiving appropriate stimulation. An increased gene dosage effect of Tri12+ might be a further influencing factor, particularly for Chr12-encoded insulin-like growth factor I [115]. In support, IGF1R signaling augments CLL cell survival [116], and in CLL, elevated IGFR1 levels are associated with Tri12+, NOTCH1 mutation, and aggressive clinical course [117]. Finally, the enriched culture medium used in our studies of normal and CLL B cell growth is supplemented with added insulin [2,118] that, like IGF1, can signal cells via IGF1R [119]. While a gene dose effect of Tri12+ on MDM2 expression could influence maximal p53 levels via MDM2-mediated degradation of p53, a past study showed no difference in baseline MDM2 protein levels within Tri12+ and CLL without this aberration [120].



Given this study’s mechanistic insights, it warrants considering the functional implications of del(13q) emergence as an early driver mutation in ≥50% of the cases of monoclonal B cell lymphocytosis and ensuing CLL [121]. The resulting loss of miR15a/miR16-1 should alter the mutant cell’s response to activating stimuli in its tissue environment that stabilize the p53 protein [32] in diverse ways. First, the synthesis of p53-driven miR15a/miR16-2 [58], which suppresses BCL2 mRNA/protein, would be dampened, resulting in elevated BCL2 protein that both promotes B cell viability and restricts growth. Furthermore, with the deletion of the miR15a/miR16-1 locus, a means of providing negative feedback on p53 expression [58] is also lost. Thus, the clone might be expected to exhibit restrained growth but elevated survival unless the CD5+ clone acquires additional genetic aberrations to counteract the compromised growth/survival, which follows the significant stabilization of p53 protein during vigorous cell growth. While speculative, the above hypothesis is consistent with the typically slow progression of monoclonal B cell lymphocytosis (MBL) [122,123]; high prevalence of del(13q) in early MBL [124,125]; the better clinical outcome of CLL with del(13q) as the sole chromosomal anomaly [126]; and the progressive appearance of genetic anomalies that alter expression and/or function of p53, either directly (e.g., TP53, ATM, or MDM2) or indirectly (e.g., NOTCH1, SF3B1, BIRC3, and RPS15 [114,125,127,128,129,130,131,132,133,134,135,136].




4. Materials and Methods


4.1. CLL Patient Samples


B cell CLL specimens were obtained from peripheral blood (PB) with the exception of M-CLL967, isolated from a therapeutically removed spleen; their earlier genetic characterization (Table 1) and further characterization of patient blood were presented earlier [2,34,35]. The selection of CLL for this study was based on past evidence of significant cycling in cultures activated by synergistic ODN + IL15 [2,34,35]. None of the CLL specimens were from patients with prior exposure to venetoclax, indicating that the cohort under study does not contain CLL populations with a heightened potential for expansion of BCL2 mutant subclones that are characteristically acquired during venetoclax treatment but not present before treatment [13,14,19]. Furthermore, within this study, only a minority of CLL donors had received any prior treatments: (a) 2/14 evaluated for BCL2 and MCL1 (U-CLL430 and U-CLL675); (b) 2/10 evaluated for sensitivity to venetoclax or YM155 (U-CLL675 and M-CLL849); and (c) 4/14 evaluated for p53 expression (U-CLL430, U-CLL675, M-CLL849, and U-CLL950). Thus, the employed cohort has only a minority of CLL populations with the possible treatment-facilitated amplification of pre-existing or acquired mutations in molecules influencing its expression/function [19], including TP53 (p53).




4.2. CLL Cell Isolation from Patient Blood (n = 29 CLL) and Spleen (n = 1 CLL)


As described [2], CLL cells were selected from peripheral blood by Ficoll separation followed by negative selection using RosetteSep Human B Cell Enrichment Cocktail (Stemcell Technologies; Cambridge, MA, USA). Exceptions were (a) M-CLL1300, frozen as Ficoll-isolated PBMC, and (b) M-CLL967 from therapeutically removed spleen. The latter was frozen as Ficoll-isolated cells and, upon recovery, selected for high-density (quiescent) cells by 40–75% Percoll gradient centrifugation followed by cell collection at the 55/75% interface [137].




4.3. Purity of CLL Populations


Information regarding the frequency of CD19 + CD5+ CLL cells and other contaminating leukocytes in the original blood sample and purified CLL populations was provided in an earlier report [2]. Surface marker expression on clonal populations in this study was re-examined in some CLL following recovery of viable cells after defrosting, both prior to culture and/or after 5–6 d of ODN + IL15 activation (Supplementary Figures S1–S3). Those subjected to the B cell enrichment step showed negligible, if any, contamination with non-CLL cells at t = 0 (Supplementary Figure S1); furthermore, following 6 d culture with activating ODN + IL15, the vast majority of proliferating cells possessed an unambiguous CLL phenotype (CD19 + CD5+) (Supplementary Figure S2). However, Supplementary Figure S3 shows that, in the case of M-CLL1300 PBMC (sole PBMC population without the B cell purification step), minor contamination with non-B cells prior to culture led to atypical d6 cycling in IL15-only cultures, not seen in purified CLL populations [2]. Cycling elicited by exposure to IL15 alone was due to CD19-negative cells and likely represented initial contamination of the above PBMC with T and NK cells, two non-B cell populations that each cycle extensively with solely IL15 exposure [138,139]. Within cultures with both ODN + IL15 (synergistic for growth of CLL B cells [2,34,35], both CD19-negative and CD19+ cells divided, with CD19+ dominating those with 0 to 3 divisions and CD19-negative dominating those with 4 to >6 divisions. Therefore, in assessing BCL2/MCL1/p53 protein expression within CLL1300 cells following ODN + IL15 stimulation, only data from CFSE-gated fraction with 0 to 3 divisions is presented, with this qualification. The additional possibility that very minor contamination with residual normal B cells (NRB) contributes significantly to the ODN + IL15-elicited progeny is highly unlikely for the following reasons. First, only normal memory B cells (but not naïve B cells) proliferate upon culture with ODN + IL15 without further antigen receptor signaling [140], and although memory B cell number (cells/mL of blood) within CLL patients is similar to those observed in normal aged individuals [141], memory B cell numbers in both considerably decline with aging [142]. Thus, the number of NRB potentially responding to ODN + IL15 is exceedingly low compared to the very dominant CLL population. Second, all CLL cultures were monitored daily within the first 3 days of culture, and often longer. Purified CLL populations, which later showed notable cycling, typically manifest relatively uniform cell enlargement early in culture and the formation of clusters of enlarged cells by d3. If memory NRB were responsible for the noted cycling, only a limited number of cells in the culture would have demonstrated these early changes. Third, when tested, cycling cells in ODN + IL15-stimulated purified CLL cells are CD19+ CD5+; CD3+ T cells and CD16+ NK cells were not detected (Supplementary Figure S2); Fourth, a past study [143] involving CLL cells purified similarly to this study, found that dividing cells within d7 cultures stimulated by ODN + CD40L + cytokines, exhibited the same IGV clonal rearrangement as the starting population. Fifth, a recent study on the NRB population within the blood of multiple CLL patients by single-cell (sc)-RNA sequencing and sc-VDH sequencing [144] found that the NRB population is significantly populated by subclones linked to the major CLL clone [144].



While an approach to eliminating possible contributions of NRB or other contaminants to the cycling population might involve selective monitoring of intracellular protein expression within gated CD19 + CD5+ cells, this was not employed for two reasons: (a) some CLL manifest less CD5 than others, with a portion of the clone not exceeding CD5 expression above background, and (b) surface staining, followed by the fixation/permeabilization steps needed for intracellular staining, reduces surface antigen staining intensity [145] (unpublished findings, P. Mongini). Both factors mean that the later gating approach would inappropriately exclude a fraction of cycling CLL cells.




4.4. Culture Conditions


To monitor cell divisions, CLL clonal populations were pre-labeled with CFSE [2] and cultured for 5–7 days in an enriched medium optimized for B cell viability [93,118], at 105 cells/200 µL in 96-well culture plates, with synergistic activating stimuli [2,34,35]: CpG DNA TLR-9 ligand (ODN-2006; Invivogen, San Diego, CA, USA; final concentration of 0.2 mM) and recombinant human IL15 (R&D Systems, Minneapolis, MN, USA; final concentration of 15 ng/mL). Parallel cultures contained IL15 alone and, occasionally, ODN alone or medium alone. Of note, earlier studies [2] had determined that although the CLL clonal populations selected for these experiments exhibit significant ODN + IL15-induced cycling by d5–7 of culture, the CLL cells remained largely quiescent when cultured with IL15 alone. Culture with ODN alone uniformly resulted in CLL cell enlargement, but depending on the IGHV subset of the clone, it resulted in either prominent apoptosis (M-CLL) or minimal cycling (U-CLL) [2]. Both M-CLL and U-CLL cells showed marked synergy between ODN and IL15 in eliciting protracted cycling [2].



For experiments assessing the impact of inhibitors of venetoclax and survivin on CLL growth and viability, determinations of absolute viable cell yield were made by pulsing triplicate cultures just prior to harvest, with a known number of fluorescent standardizing beads (CountBright absolute counting beads (Molecular Probes, Life Technologies, Waltham, MA, USA), followed by fixation and flow cytometric analysis involving gating of viable/dead intact cells by V450-PB dye exclusion and SSC, as earlier described [2,34]. Inhibitors were pulsed into d4(d5) cultures for a period of 36–48 h before harvesting cultures with added beads.




4.5. Inhibitors


Pharmacologic inhibitors were reconstituted in DMSO and stored at −80 °C in aliquots prior to dilution in a culture medium for use. BCL2 inhibitor, venetoclax (ABT-199; Selleckchem, Houston, TX, USA; cat #S8048), was used at final culture concentrations of 50 to 1.9 nM; survivin inhibitor, YM155 (Calbiochem, San Diego, CA, USA; cat #574662), was tested at 1000 to 37 nM. Each of the above was added to cultures soon after ODN + IL15-activated cultures (Table 1) began a burst of rapid cycling [2]. In other cultures involving inhibitors of STAT5 and PI-3K, LY294002 (Selleckchem), an inhibitor of PI3K p110α, β, and ɣ isoforms [146], was used at 20 mM; STAT5 inhibitor, pimozide (also known as STAT Inhibitor III) (Calbiochem; CAS2062-78-4) and STAT5 Inhibitor II (CAS 285986-31-4) were used at doses near their reported IC50 values: pimozide (5 mM) [147] and weaker STAT5 Inhibitor II (47 mM) [148].




4.6. Intracellular Staining for Cytoplasmic BCL2, MCL1, and Survivin Proteins


Following culture harvest, cells were washed in cold PBS; permeabilized in Cytofix/Cytoperm buffer (BD Biosciences, San Jose, CA, USA), followed by washes in Perm-Wash buffer (BD); and incubated for 35 min (RT) with primary specific Ab (or IgG control), followed by washing and 30 min exposure to secondary Ab (PE-labeled goat F(ab’)2 anti-mouse IgG (H&L) absorbed with human Ig; Southern Biotech, Birmingham, AL, USA; #103209). Each staining was performed in duplicate, and washed cells were refixed with 2% EM-grade formaldehyde prior to flow cytometry. Primary mAbs used: anti-BCL2 (clone 124 specific for aa 41–54; Dako, Santa Clara, CA, USA; cat #M0887); anti-MCL1 (clone 22; BD Pharmingen or clone RC13; Santa Cruz Biotechnology, Paso Robles, CA, USA; cat# sc-56152); and anti-survivin (clone D8; Santa Cruz Biotech cat #sc-17779). This protocol detects cytoplasmic survivin as the primary site of survivin in CLL cells [149] but not nuclear survivin [150] or survivin expressed on cell membranes [151,152].




4.7. Staining for Nuclear p53 Protein


p53 was monitored using a p53-staining kit (PE-anti-p53, clone DO7, and PE-IgG control mAb; BD Pharmingen, San Diego, CA, USA; cat# 556534), as described earlier [32]. Briefly, harvested cells were fixed with EM-grade formaldehyde (3%) for 10 min, followed by 30 min permeabilization with ice-cold methanol (90%), washing, and intracellular staining.




4.8. Flow Cytometric (FACS) Analyses


Two-color flow cytometry was employed for assessing intracellular protein levels within CFSE-labeled cells of differing division status and involved either Fortessa or LSR II flow cytometers (BD Biosciences), followed by data analysis with FlowJo software (Version 10.1r1). In analyses for BCL2, MCL1, survivin, and p53 protein, stained/fixed cells were gated for viable cells on the basis of light scatter (FSC/SSC) or by plotting SSC versus fluorescence of viability-assessing dye, V450-Pacific blue (V450-PB). Levels of intracellular BCL2, MCL1, and p53 were determined by calculating RMFI (ratio of the geometric mean of specific protein fluorescence to the geometric mean of IgG Ctrl fluorescence) for CFSE-gated subsets of duplicate samples.




4.9. Immunoblotting for p53 Protein


Blotting experiments with validated anti-p53 mAb (DO-1, which detects p53 isoforms) and anti-β-actin mAb were performed on SDS-PAGE separated lysates from d0 or d5 CLL cells cultured at 106 cells per well 24-well plates, using techniques described for assessing p53 in activated human B cells [32].




4.10. Quantitative Assessment of BCL2, MCL1, and TP53 mRNA by Reverse Transcription Real-Time PCR (q-RT-PCR)


For brevity, q-RT-PCR is hereafter referred to as qPCR. Total RNA was isolated from 1 to 2 million cells using Mini-prep Qiagenkit (Qiagen, Gaithersburg, MD, USA); cDNA prepared with oligo(dT) primers; and specific cDNA amplified in triplicate using specific probes, as described in our earlier studies [32,34,62]. For specific amplification by TaqMan QPCR (Applied Biosystems, Foster City, CA, USA), 2.5 µM specific probe (from human Universal Probe Library of Roche Applied Science [Indianapolis, IN, USA]), together with intron spanning, optimized forward (F) and reverse (R) primers (each at 10 µM) (ProbeFinder version 2.50 for human [Roche Diagnostics]) were employed; assays were performed in triplicate. Probe accession numbers and primer sequences were obtained from the RefSeq database (https://www.ncbi.nlm.nih.gov/refseq/). BCL2 and MCL1 analyses: GAPDH was used as endogenous control for the calculation of ΔCt values and involved the following probes and primers: GAPDH: (Universal Probe Library probe 60; accession no. NM_002046.3) with primers, F = 5′-agccacatcgctcagacac-3′ and R = 5′-gcccaatacgaccaaatcc-3′ (synthesized by Eurofins mwg\operon). BCL2: probe #75 (accession no. NM_000633.2) with primers, F = 5′-agtacctgaaccggcacct-3′ and R = 5′-gccgtacagttccacaaagg-3′. MCL1: probe #4 (accession no. NM_021960.4) with primers, F = 5′-aagccaatgggcaggtct-3′ and R = 5′-tgtccagtttccgaagcat-3′. TP53 (p53) analyses: probe #12 (accession no. NM_001126114.1) with primers, F = 5′-aggccttggaactcaaggat-3′ and R = 5′-ccctttttggacttcaggtg-3′ were used, together with the endogenous reference control, β-actin (ACTB), probe #64 (accession no. NM_001101.3) and primers, F = 5′-ccaaccgcgagaagatga-3′ and R = 5′-ccagaggcgtacagggatag-3′. ∆Ct values were determined by comparing cycle amplification values for the detection of specific mRNA versus cell reference control (GAPDH) mRNA (note: greater ∆Ct values represent lesser BCL2 or MCL1 mRNA). Fold change was calculated by comparing ΔCt values of treated versus untreated groups, using the 2−ΔΔCT method [66] with analysis by RQ Manager 1.2 (Applied Biosystems).




4.11. Phase Microscopy


Photographs were taken at a magnification of 200× using phase microscopy (Olympus BX40 phase-contrast microscope and Olympus DP20 camera).




4.12. Statistics


Tests for determining statistical significance are indicated within figure legends. Typically, a two-sided t-test was employed for normally distributed data: paired if involving values from the same CLL populations and unpaired if comparisons involved differing CLL populations. An unpaired t-test was also employed when data were normalized by providing a value of 1 to control cultures without treatment. In cases where data distribution did not pass the Shapiro–Wilk normality test, the nonparametric Mann–Whitney rank sum test was used. Box plots were used to show summed statistics for various cohorts of CLL studied. In box plots, the upper part of the box represents the third quartile (75th percentile) and the lower part of the box the first quartile (25th percentile); upper and lower whiskers represent error bars for the 10th and 90th percentiles, respectively; outliers are shown as individual points. Furthermore, median values for the grouped data are shown by solid lines within each box. Statistical significance was determined when p ≤ 0.05; determinations were made with either Sigma-Plot 13 or Excel (Microsoft 365 MSO; Version 2402).




4.13. Study Approval


The studies were approved by the Institutional Review Board of Northwell Health (08-202A). Before blood collection, written informed consent from patients was obtained in accordance with the Declaration of Helsinki.









Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/lymphatics2020005/s1.





Author Contributions


H.L. performed culture and staining experiments involving BCL2, MCL1, and p53 and helped with the manuscript; S.H. performed RNA isolation and qPCR of TP53 transcripts and helped with the manuscript; and R.G. performed experiments involving RNA isolation and qPCR of BCL2 and MCL1 transcripts as well as those involving venetoclax and YM155. K.R., S.L.A. and J.E.K. provided characterized CLL blood specimens and helped with the manuscript. N.C. led the acquisition, IGHV analysis, and initial assessments of purity in CLL specimens used for this study and helped with the manuscript. P.K.A.M. conceived experiments, performed certain functional experiments, analyzed data, and wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


Karches Family Foundation and NIH grants (N.C.: CA081554 and P.K.A.M.: AR061653).




Institutional Review Board Statement


The studies were approved by the Institutional Review Board of Northwell Health (08-202A). Before blood collection, written informed consent from patients was obtained in accordance with the Declaration of Helsinki.




Data Availability Statement


Underlying data are available by correspondence with the contributing author upon request.




Acknowledgments


The authors would like to acknowledge the technical contributions of Joshua Trott and Jennifer Nieto to early experiments.




Conflicts of Interest


The authors have declared that no conflicts of interest.




References


	



Rai, K.R.; Jain, P. Chronic lymphocytic leukemia (CLL)-Then and now. Am. J. Hematol. 2016, 91, 330–340. [Google Scholar] [CrossRef] [PubMed]

	



Mongini, P.K.; Gupta, R.; Boyle, E.; Nieto, J.; Lee, H.; Stein, J.; Bandovic, J.; Stankovic, T.; Barrientos, J.; Kolitz, J.E.; et al. TLR-9 and IL-15 Synergy Promotes the in vitro Clonal Expansion of Chronic Lymphocytic Leukemia B Cells. J. Immunol. 2015, 195, 901–923. [Google Scholar] [CrossRef] [PubMed]

	



Schena, M.; Larsson, L.G.; Gottardi, D.; Gaidano, G.; Carlsson, M.; Nilsson, K.; Caligaris-Cappio, F. Growth- and differentiation-associated expression of bcl-2 in B-chronic lymphocytic leukemia cells. Blood 1992, 79, 2981–2989. [Google Scholar] [CrossRef] [PubMed]

	



Hanada, M.; Delia, D.; Aiello, A.; Stadtmauer, E.; Reed, J.C. bcl-2 gene hypomethylation and high-level expression in B-cell chronic lymphocytic leukemia. Blood 1993, 82, 1820–1828. [Google Scholar] [CrossRef] [PubMed]

	



Zaja, F.; Di Loreto, C.; Amoroso, V.; Salmaso, F.; Russo, D.; Silvestri, F.; Fanin, R.; Damiani, D.; Infanti, L.; Mariuzzi, L.; et al. BCL-2 immunohistochemical evaluation in B-cell chronic lymphocytic leukemia and hairy cell leukemia before treatment with fludarabine and 2-chloro-deoxy-adenosine. Leuk. Lymphoma 1998, 28, 567–572. [Google Scholar] [CrossRef]

	



Cimmino, A.; Calin, G.A.; Fabbri, M.; Iorio, M.V.; Ferracin, M.; Shimizu, M.; Wojcik, S.E.; Aqeilan, R.I.; Zupo, S.; Dono, M.; et al. miR-15 and miR-16 induce apoptosis by targeting BCL2. Proc. Natl. Acad. Sci. USA 2005, 102, 13944–13949. [Google Scholar] [CrossRef] [PubMed]

	



Winkler, D.; Schneider, C.; Zucknick, M.; Bogelein, D.; Schulze, K.; Zenz, T.; Mohr, J.; Philippen, A.; Huber, H.; Buhler, A.; et al. Protein expression analysis of chronic lymphocytic leukemia defines the effect of genetic aberrations and uncovers a correlation of CDK4, P27 and P53 with hierarchical risk. Haematologica 2010, 95, 1880–1888. [Google Scholar] [CrossRef]

	



Aqeilan, R.I.; Calin, G.A.; Croce, C.M. miR-15a and miR-16-1 in cancer: Discovery, function and future perspectives. Cell Death Differ. 2010, 17, 215–220. [Google Scholar] [CrossRef] [PubMed]

	



Calin, G.A.; Cimmino, A.; Fabbri, M.; Ferracin, M.; Wojcik, S.E.; Shimizu, M.; Taccioli, C.; Zanesi, N.; Garzon, R.; Aqeilan, R.I.; et al. miR-15a and miR-16-1 cluster functions in human leukemia. Proc. Natl. Acad. Sci. USA 2008, 105, 5166–5171. [Google Scholar] [CrossRef]

	



Souers, A.J.; Leverson, J.D.; Boghaert, E.R.; Ackler, S.L.; Catron, N.D.; Chen, J.; Dayton, B.D.; Ding, H.; Enschede, S.H.; Fairbrother, W.J.; et al. ABT-199, a potent and selective BCL-2 inhibitor, achieves antitumor activity while sparing platelets. Nat. Med. 2013, 19, 202–208. [Google Scholar] [CrossRef]

	



Itchaki, G.; Brown, J.R. The potential of venetoclax (ABT-199) in chronic lymphocytic leukemia. Ther. Adv. Hematol. 2016, 7, 270–287. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, A.W.; Ma, S.; Kipps, T.J.; Coutre, S.E.; Davids, M.S.; Eichhorst, B.; Hallek, M.; Byrd, J.C.; Humphrey, K.; Zhou, L.; et al. Efficacy of venetoclax in relapsed chronic lymphocytic leukemia is influenced by disease and response variables. Blood 2019, 134, 111–122. [Google Scholar] [CrossRef] [PubMed]

	



Blombery, P.; Anderson, M.A.; Gong, J.N.; Thijssen, R.; Birkinshaw, R.W.; Thompson, E.R.; Teh, C.E.; Nguyen, T.; Xu, Z.; Flensburg, C.; et al. Acquisition of the Recurrent Gly101Val Mutation in BCL2 Confers Resistance to Venetoclax in Patients with Progressive Chronic Lymphocytic Leukemia. Cancer Discov. 2019, 9, 342–353. [Google Scholar] [CrossRef] [PubMed]

	



Tausch, E.; Close, W.; Dolnik, A.; Bloehdorn, J.; Chyla, B.; Bullinger, L.; Dohner, H.; Mertens, D.; Stilgenbauer, S. Venetoclax resistance and acquired BCL2 mutations in chronic lymphocytic leukemia. Haematologica 2019, 104, e434–e437. [Google Scholar] [CrossRef] [PubMed]

	



Blombery, P.; Thompson, E.R.; Nguyen, T.; Birkinshaw, R.W.; Gong, J.N.; Chen, X.; McBean, M.; Thijssen, R.; Conway, T.; Anderson, M.A.; et al. Multiple BCL2 mutations cooccurring with Gly101Val emerge in chronic lymphocytic leukemia progression on venetoclax. Blood 2020, 135, 773–777. [Google Scholar] [CrossRef] [PubMed]

	



Thomalla, D.; Beckmann, L.; Grimm, C.; Oliverio, M.; Meder, L.; Herling, C.D.; Nieper, P.; Feldmann, T.; Merkel, O.; Lorsy, E.; et al. Deregulation and epigenetic modification of BCL2-family genes cause resistance to venetoclax in hematologic malignancies. Blood 2022, 140, 2113–2126. [Google Scholar] [CrossRef] [PubMed]

	



Thijssen, R.; Tian, L.; Anderson, M.A.; Flensburg, C.; Jarratt, A.; Garnham, A.L.; Jabbari, J.S.; Peng, H.; Lew, T.E.; Teh, C.E.; et al. Single-cell multiomics reveal the scale of multilayered adaptations enabling CLL relapse during venetoclax therapy. Blood 2022, 140, 2127–2141. [Google Scholar] [CrossRef] [PubMed]

	



Khalsa, J.K.; Cha, J.; Utro, F.; Naeem, A.; Murali, I.; Kuang, Y.; Vasquez, K.; Li, L.; Tyekucheva, S.; Fernandes, S.M.; et al. Genetic events associated with venetoclax resistance in CLL identified by whole-exome sequencing of patient samples. Blood 2023, 142, 421–433. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, R.; Thompson, E.; Tam, C. Soho state of the Art Updates and Next Questions|Mechanisms of Resistance to BCL2 Inhibitor Therapy in Chronic Lymphocytic Leukemia and Potential Future Therapeutic Directions. Clin. Lymphoma Myeloma Leuk. 2022, 22, 795–804. [Google Scholar] [CrossRef]

	



Chong, S.J.F.; Zhu, F.; Dashevsky, O.; Mizuno, R.; Lai, J.X.; Hackett, L.; Ryan, C.E.; Collins, M.C.; Iorgulescu, J.B.; Guieze, R.; et al. Hyperphosphorylation of BCL-2 family proteins underlies functional resistance to venetoclax in lymphoid malignancies. J. Clin. Investig. 2023, 133, e170169. [Google Scholar] [CrossRef]

	



Granziero, L.; Ghia, P.; Circosta, P.; Gottardi, D.; Strola, G.; Geuna, M.; Montagna, L.; Piccoli, P.; Chilosi, M.; Caligaris-Cappio, F. Survivin is expressed on CD40 stimulation and interfaces proliferation and apoptosis in B-cell chronic lymphocytic leukemia. Blood 2001, 97, 2777–2783. [Google Scholar] [CrossRef]

	



Smit, L.A.; Hallaert, D.Y.; Spijker, R.; de Goeij, B.; Jaspers, A.; Kater, A.P.; van Oers, M.H.; van Noesel, C.J.; Eldering, E. Differential Noxa/Mcl-1 balance in peripheral versus lymph node chronic lymphocytic leukemia cells correlates with survival capacity. Blood 2007, 109, 1660–1668. [Google Scholar] [CrossRef] [PubMed]

	



Leverson, J.D.; Cojocari, D. Hematologic Tumor Cell Resistance to the BCL-2 Inhibitor Venetoclax: A Product of Its Microenvironment? Front. Oncol. 2018, 8, 458. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Ye, H. Progress in understanding the mechanisms of resistance to BCL-2 inhibitors. Exp. Hematol. Oncol. 2022, 11, 31. [Google Scholar] [CrossRef] [PubMed]

	



Damle, R.N.; Calissano, C.; Chiorazzi, N. Chronic lymphocytic leukaemia: A disease of activated monoclonal B cells. Best Pract. Res. Clin. Haematol. 2010, 23, 33–45. [Google Scholar] [CrossRef] [PubMed]

	



Petlickovski, A.; Laurenti, L.; Li, X.; Marietti, S.; Chiusolo, P.; Sica, S.; Leone, G.; Efremov, D.G. Sustained signaling through the B-cell receptor induces mcl-1 and promotes survival of chronic lymphocytic leukemia B cells. Blood 2005, 105, 4820–4827. [Google Scholar] [CrossRef] [PubMed]

	



Bojarczuk, K.; Sasi, B.K.; Gobessi, S.; Innocenti, I.; Pozzato, G.; Laurenti, L.; Efremov, D.G. BCR signaling inhibitors differ in their ability to overcome mcl-1-mediated resistance of CLL B cells to ABT-199. Blood 2016, 127, 3192–3201. [Google Scholar] [CrossRef] [PubMed]

	



Thijssen, R.; Slinger, E.; Weller, K.; Geest, C.R.; Beaumont, T.; van Oers, M.H.; Kater, A.P.; Eldering, E. Resistance to ABT-199 induced by microenvironmental signals in chronic lymphocytic leukemia can be counteracted by CD20 antibodies or kinase inhibitors. Haematologica 2015, 100, e302–e306. [Google Scholar] [CrossRef] [PubMed]

	



Jayappa, K.D.; Portell, C.A.; Gordon, V.L.; Capaldo, B.J.; Bekiranov, S.; Axelrod, M.J.; Brett, L.K.; Wulfkuhle, J.D.; Gallagher, R.I.; Petricoin, E.F.; et al. Microenvironmental agonists generate de novo phenotypic resistance to combined ibrutinib plus venetoclax in CLL and MCL. Blood Adv. 2017, 1, 933–946. [Google Scholar] [CrossRef]

	



Patten, P.E.; Chu, C.C.; Albesiano, E.; Damle, R.N.; Yan, X.J.; Kim, D.; Zhang, L.; Magli, A.R.; Barrientos, J.; Kolitz, J.E.; et al. IGHV-unmutated and IGHV-mutated chronic lymphocytic leukemia cells produce activation-induced deaminase protein with a full range of biologic functions. Blood 2012, 120, 4802–4811. [Google Scholar] [CrossRef]

	



Saito, M.; Novak, U.; Piovan, E.; Basso, K.; Sumazin, P.; Schneider, C.; Crespo, M.; Shen, Q.; Bhagat, G.; Califano, A.; et al. BCL6 suppression of BCL2 via Miz1 and its disruption in diffuse large B cell lymphoma. Proc. Natl. Acad. Sci. USA 2009, 106, 11294–11299. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.; Haque, S.; Nieto, J.; Trott, J.; Inman, J.K.; McCormick, S.; Chiorazzi, N.; Mongini, P.K. A p53 axis regulates B cell receptor-triggered, innate immune system-driven B cell clonal expansion. J. Immunol. 2012, 188, 6093–6108. [Google Scholar] [CrossRef] [PubMed]

	



Schmid, C.; Isaacson, P.G. Proliferation centres in B-cell malignant lymphoma, lymphocytic (B-CLL): An immunophenotypic study. Histopathology 1994, 24, 445–451. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, R.; Li, W.; Yan, X.J.; Barrientos, J.; Kolitz, J.E.; Allen, S.L.; Rai, K.; Chiorazzi, N.; Mongini, P.K.A. Mechanism for IL-15-Driven B Cell Chronic Lymphocytic Leukemia Cycling: Roles for AKT and STAT5 in Modulating Cyclin D2 and DNA Damage Response Proteins. J. Immunol. 2019, 202, 2924–2944. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, R.; Yan, X.J.; Barrientos, J.; Kolitz, J.E.; Allen, S.L.; Rai, K.; Chiorazzi, N.; Mongini, P.K.A. Mechanistic Insights Into CpG DNA and IL-15 Synergy in Promoting B cell Chronic Lymphocytic Leukemia Clonal Expansion. J. Immunol. 2018, 201, 1570–1585. [Google Scholar] [CrossRef] [PubMed]

	



Kita, A.; Mitsuoka, K.; Kaneko, N.; Nakata, M.; Yamanaka, K.; Jitsuoka, M.; Miyoshi, S.; Noda, A.; Mori, M.; Nakahara, T.; et al. Sepantronium bromide (YM155) enhances response of human B-cell non-hodgkin lymphoma to rituximab. J. Pharmacol. Exp. Ther. 2012, 343, 178–183. [Google Scholar] [CrossRef]

	



Mackler, B.F.; Altman, L.C.; Rosenstreich, D.L.; Oppenheim, J.J. Induction of lymphokine production by EAC and of blastogenesis by soluble mitogens during human B-cell activation. Nature 1974, 249, 834–837. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, N.E.; Parker, D.C. Cross-linking of B lymphocyte Fc gamma receptors and membrane immunoglobulin inhibits anti-immunoglobulin-induced blastogenesis. J. Immunol. 1984, 132, 627–632. [Google Scholar] [CrossRef] [PubMed]

	



Gibson, J.N.; Beesetty, P.; Sulentic, C.; Kozak, J.A. Rapid Quantification of Mitogen-Induced Blastogenesis in T Lymphocytes for Identifying Immunomodulatory Drugs. J. Vis. Exp. 2016, 118, e55212. [Google Scholar]

	



Austen, B.; Powell, J.E.; Alvi, A.; Edwards, I.; Hooper, L.; Starczynski, J.; Taylor, A.M.; Fegan, C.; Moss, P.; Stankovic, T. Mutations in the ATM gene lead to impaired overall and treatment-free survival that is independent of IGVH mutation status in patients with B-CLL. Blood 2005, 106, 3175–3182. [Google Scholar] [CrossRef]

	



Damle, R.N.; Wasil, T.; Fais, F.; Ghiotto, F.; Valetto, A.; Allen, S.L.; Buchbinder, A.; Budman, D.; Dittmar, K.; Kolitz, J.; et al. Ig V gene mutation status and CD38 expression as novel prognostic indicators in chronic lymphocytic leukemia. Blood 1999, 94, 1840–1847. [Google Scholar] [CrossRef]

	



Hamblin, T.J.; Davis, Z.; Gardiner, A.; Oscier, D.G.; Stevenson, F.K. Unmutated Ig V(H) genes are associated with a more aggressive form of chronic lymphocytic leukemia. Blood 1999, 94, 1848–1854. [Google Scholar] [CrossRef] [PubMed]

	



Purroy, N.; Abrisqueta, P.; Carabia, J.; Carpio, C.; Calpe, E.; Palacio, C.; Castellvi, J.; Crespo, M.; Bosch, F. Targeting the proliferative and chemoresistant compartment in chronic lymphocytic leukemia by inhibiting survivin protein. Leukemia 2014, 28, 1993–2004. [Google Scholar] [CrossRef] [PubMed]

	



Wei, A.H.; Roberts, A.W.; Spencer, A.; Rosenberg, A.S.; Siegel, D.; Walter, R.B.; Caenepeel, S.; Hughes, P.; McIver, Z.; Mezzi, K.; et al. Targeting MCL-1 in hematologic malignancies: Rationale and progress. Blood Rev. 2020, 44, 100672. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, A.W.; Wei, A.H.; Huang, D.C.S. BCL2 and MCL1 inhibitors for hematologic malignancies. Blood 2021, 138, 1120–1136. [Google Scholar] [CrossRef] [PubMed]

	



Peperzak, V.; Vikstrom, I.; Walker, J.; Glaser, S.P.; LePage, M.; Coquery, C.M.; Erickson, L.D.; Fairfax, K.; Mackay, F.; Strasser, A.; et al. Mcl-1 is essential for the survival of plasma cells. Nat. Immunol. 2013, 14, 290–297. [Google Scholar] [CrossRef] [PubMed]

	



Tellier, J.; Nutt, S.L. Plasma cells: The programming of an antibody-secreting machine. Eur. J. Immunol. 2019, 49, 30–37. [Google Scholar] [CrossRef] [PubMed]

	



Wheatley, S.P.; Altieri, D.C. Survivin at a glance. J. Cell Sci. 2019, 132, jcs223826. [Google Scholar] [CrossRef]

	



Albadari, N.; Li, W. Survivin Small Molecules Inhibitors: Recent Advances and Challenges. Molecules 2023, 28, 1376. [Google Scholar] [CrossRef]

	



Pekarsky, Y.; Croce, C.M. Role of miR-15/16 in CLL. Cell Death Differ. 2015, 22, 6–11. [Google Scholar] [CrossRef]

	



Degheidy, H.A.; Gadalla, S.M.; Farooqui, M.Z.; Abbasi, F.; Arthur, D.C.; Bauer, S.R.; Wilson, W.H.; Wiestner, A.; Stetler-Stevenson, M.A.; Marti, G.E. Bcl-2 level as a biomarker for 13q14 deletion in CLL. Cytometry B Clin. Cytom. 2013, 84, 237–247. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Chen, G.; Feng, L.; Zhang, W.; Pelicano, H.; Wang, F.; Ogasawara, M.A.; Lu, W.; Amin, H.M.; Croce, C.M.; et al. Loss of p53 and altered miR15-a/16-1short right arrowMCL-1 pathway in CLL: Insights from TCL1-Tg:p53(-/-) mouse model and primary human leukemia cells. Leukemia 2014, 28, 118–128. [Google Scholar] [CrossRef] [PubMed]

	



Carrington, E.M.; Zhan, Y.; Brady, J.L.; Zhang, J.G.; Sutherland, R.M.; Anstee, N.S.; Schenk, R.L.; Vikstrom, I.B.; Delconte, R.B.; Segal, D.; et al. Anti-apoptotic proteins BCL-2, MCL-1 and A1 summate collectively to maintain survival of immune cell populations both in vitro and in vivo. Cell Death Differ. 2017, 24, 878–888. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, D.P.; Koss, B.; Bathina, M.; Perciavalle, R.M.; Bisanz, K.; Opferman, J.T. Ubiquitin-independent degradation of antiapoptotic MCL-1. Mol. Cell Biol. 2010, 30, 3099–3110. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Luo, Q.; Liu, Z. Ubiquitination and deubiquitination of MCL1 in cancer: Deciphering chemoresistance mechanisms and providing potential therapeutic options. Cell Death Dis. 2020, 11, 556. [Google Scholar] [CrossRef] [PubMed]

	



Sutton, L.A.; Rosenquist, R. Deciphering the molecular landscape in chronic lymphocytic leukemia: Time frame of disease evolution. Haematologica 2015, 100, 7–16. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Fabbri, M.; Bottoni, A.; Shimizu, M.; Spizzo, R.; Nicoloso, M.S.; Rossi, S.; Barbarotto, E.; Cimmino, A.; Adair, B.; Wojcik, S.E.; et al. Association of a microRNA/TP53 feedback circuitry with pathogenesis and outcome of B-cell chronic lymphocytic leukemia. JAMA 2011, 305, 59–67. [Google Scholar] [CrossRef]

	



Pekarsky, Y.; Balatti, V.; Croce, C.M. BCL2 and miR-15/16: From gene discovery to treatment. Cell Death Differ. 2018, 25, 21–26. [Google Scholar] [CrossRef]

	



Martinez-Valdez, H.; Guret, C.; de Bouteiller, O.; Fugier, I.; Banchereau, J.; Liu, Y.J. Human germinal center B cells express the apoptosis-inducing genes Fas, c-myc, P53, and Bax but not the survival gene bcl-2. J. Exp. Med. 1996, 183, 971–977. [Google Scholar] [CrossRef]

	



Lavin, M.F.; Gueven, N. The complexity of p53 stabilization and activation. Cell Death Differ. 2006, 13, 941–950. [Google Scholar] [CrossRef]

	



Haque, S.; Yan, X.J.; Rosen, L.; McCormick, S.; Chiorazzi, N.; Mongini, P.K. Effects of prostaglandin E2 on p53 mRNA transcription and p53 mutagenesis during T-cell-independent human B-cell clonal expansion. FASEB J. 2014, 28, 627–643. [Google Scholar] [CrossRef]

	



Lezina, L.; Spriggs, R.V.; Beck, D.; Jones, C.; Dudek, K.M.; Bzura, A.; Jones, G.D.D.; Packham, G.; Willis, A.E.; Wagner, S.D. CD40L/IL-4-stimulated cll demonstrates variation in translational regulation of DNA damage response genes including ATM. Blood Adv. 2018, 2, 1869–1881. [Google Scholar] [CrossRef]

	



Saville, M.K.; Sparks, A.; Xirodimas, D.P.; Wardrop, J.; Stevenson, L.F.; Bourdon, J.C.; Woods, Y.L.; Lane, D.P. Regulation of p53 by the ubiquitin-conjugating enzymes UBCH5B/C in vivo. J. Biol. Chem. 2004, 279, 42169–42181. [Google Scholar] [CrossRef]

	



Khoury, M.P.; Bourdon, J.C. p53 Isoforms: An Intracellular Microprocessor? Genes. Cancer 2011, 2, 453–465. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Messmer, B.T.; Messmer, D.; Allen, S.L.; Kolitz, J.E.; Kudalkar, P.; Cesar, D.; Murphy, E.J.; Koduru, P.; Ferrarini, M.; Zupo, S.; et al. In vivo measurements document the dynamic cellular kinetics of chronic lymphocytic leukemia B cells. J. Clin. Investig. 2005, 115, 755–764. [Google Scholar] [CrossRef]

	



van Gent, R.; Kater, A.P.; Otto, S.A.; Jaspers, A.; Borghans, J.A.; Vrisekoop, N.; Ackermans, M.A.; Ruiter, A.F.; Wittebol, S.; Eldering, E.; et al. In vivo dynamics of stable chronic lymphocytic leukemia inversely correlate with somatic hypermutation levels and suggest no major leukemic turnover in bone marrow. Cancer Res. 2008, 68, 10137–10144. [Google Scholar] [CrossRef]

	



Murphy, E.J.; Neuberg, D.S.; Rassenti, L.Z.; Hayes, G.; Redd, R.; Emson, C.; Li, K.; Brown, J.R.; Wierda, W.G.; Turner, S.; et al. Leukemia-cell proliferation and disease progression in patients with early stage chronic lymphocytic leukemia. Leukemia 2017, 31, 1348–1354. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.; Trott, J.S.; Haque, S.; McCormick, S.; Chiorazzi, N.; Mongini, P.K. A cyclooxygenase-2/prostaglandin E2 pathway augments activation-induced cytosine deaminase expression within replicating human B cells. J. Immunol. 2010, 185, 5300–5314. [Google Scholar] [CrossRef] [PubMed]

	



Rush, J.S.; Liu, M.; Odegard, V.H.; Unniraman, S.; Schatz, D.G. Expression of activation-induced cytidine deaminase is regulated by cell division, providing a mechanistic basis for division-linked class switch recombination. Proc. Natl. Acad. Sci. USA 2005, 102, 13242–13247. [Google Scholar] [CrossRef]

	



Calissano, C.; Damle, R.N.; Hayes, G.; Murphy, E.J.; Hellerstein, M.K.; Moreno, C.; Sison, C.; Kaufman, M.S.; Kolitz, J.E.; Allen, S.L.; et al. In vivo intraclonal and interclonal kinetic heterogeneity in B-cell chronic lymphocytic leukemia. Blood 2009, 114, 4832–4842. [Google Scholar] [CrossRef]

	



Cuthill, K.M.; Zhang, Y.; Pepper, A.; Boelen, L.; Coulter, E.; Asquith, B.; Devereux, S.; Macallan, D.C. Identification of proliferative and non-proliferative subpopulations of leukemic cells in CLL. Leukemia 2022, 36, 2233–2241. [Google Scholar] [CrossRef]

	



Inoue, T.; Shinnakasu, R.; Kawai, C.; Ise, W.; Kawakami, E.; Sax, N.; Oki, T.; Kitamura, T.; Yamashita, K.; Fukuyama, H.; et al. Exit from germinal center to become quiescent memory B cells depends on metabolic reprograming and provision of a survival signal. J. Exp. Med. 2020, 218, e20200866. [Google Scholar] [CrossRef]

	



Kotmayer, L.; Laszlo, T.; Mikala, G.; Kiss, R.; Levay, L.; Hegyi, L.L.; Grof, S.; Nagy, T.; Barna, G.; Farkas, P.; et al. Landscape of BCL2 Resistance Mutations in a Real-World Cohort of Patients with Relapsed/Refractory Chronic Lymphocytic Leukemia Treated with Venetoclax. Int. J. Mol. Sci. 2023, 24, 5802. [Google Scholar] [CrossRef]

	



Correia, C.; Maurer, M.J.; McDonough, S.J.; Schneider, P.A.; Ross, P.E.; Novak, A.J.; Feldman, A.L.; Cerhan, J.R.; Slager, S.L.; Witzig, T.E.; et al. Relationship between BCL2 mutations and follicular lymphoma outcome in the chemoimmunotherapy era. Blood Cancer J. 2023, 13, 81. [Google Scholar] [CrossRef]

	



Xiang, H.; Noonan, E.J.; Wang, J.; Duan, H.; Ma, L.; Michie, S.; Boxer, L.M. The immunoglobulin heavy chain gene 3′ enhancers induce BCL2 deregulation and lymphomagenesis in murine B cells. Leukemia 2011, 25, 1484–1493. [Google Scholar] [CrossRef]

	



Le Noir, S.; Laffleur, B.; Carrion, C.; Garot, A.; Lecardeur, S.; Pinaud, E.; Denizot, Y.; Skok, J.; Cogne, M. The IgH locus 3′ cis-regulatory super-enhancer co-opts AID for allelic transvection. Oncotarget 2017, 8, 12929–12940. [Google Scholar] [CrossRef]

	



O’Connor, D.S.; Grossman, D.; Plescia, J.; Li, F.; Zhang, H.; Villa, A.; Tognin, S.; Marchisio, P.C.; Altieri, D.C. Regulation of apoptosis at cell division by p34cdc2 phosphorylation of survivin. Proc. Natl. Acad. Sci. USA 2000, 97, 13103–13107. [Google Scholar] [CrossRef] [PubMed]

	



Chandele, A.; Prasad, V.; Jagtap, J.C.; Shukla, R.; Shastry, P.R. Upregulation of survivin in g2/m cells and inhibition of caspase 9 activity enhances resistance in staurosporine-induced apoptosis. Neoplasia 2004, 6, 29–40. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; Welm, A.; Bishop, J.M. Cell division and cell survival in the absence of survivin. Proc. Natl. Acad. Sci. USA 2004, 101, 15100–15105. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Zhou, M.; Hu, Q.; Bai, X.C.; Huang, W.; Scheres, S.H.; Shi, Y. Mechanistic insights into caspase-9 activation by the structure of the apoptosome holoenzyme. Proc. Natl. Acad. Sci. USA 2017, 114, 1542–1547. [Google Scholar] [CrossRef] [PubMed]

	



Miletic, A.V.; Jellusova, J.; Cato, M.H.; Lee, C.R.; Baracho, G.V.; Conway, E.M.; Rickert, R.C. Essential Role for Survivin in the Proliferative Expansion of Progenitor and Mature B Cells. J. Immunol. 2016, 196, 2195–2204. [Google Scholar] [CrossRef] [PubMed]

	



Calissano, C.; Damle, R.N.; Marsilio, S.; Yan, X.J.; Yancopoulos, S.; Hayes, G.; Emson, C.; Murphy, E.J.; Hellerstein, M.K.; Sison, C.; et al. Intraclonal complexity in chronic lymphocytic leukemia: Fractions enriched in recently born/divided and older/quiescent cells. Mol. Med. 2011, 17, 1374–1382. [Google Scholar] [CrossRef] [PubMed]

	



Calissano, C.; Damle, R.N.; Marsilio, S.; Yan, X.J.; Yancopoulos, S.; Hayes, G.; Emson, C.; Murphy, E.J.; Hellerstein, M.K.; Sison, C.; et al. Correction to: Intraclonal Complexity in Chronic Lymphocytic Leukemia: Fractions Enriched in Recently Born/Divided and Older/Quiescent Cells. Mol. Med. 2022, 28, 35. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.; Spitzer, M.H.; Joy, J.P.; Kaileh, M.; Qiu, X.; Nolan, G.P.; Sen, R. Postmitotic G1 phase survivin drives mitogen-independent cell division of B lymphocytes. Proc. Natl. Acad. Sci. USA 2022, 119, e2115567119. [Google Scholar] [CrossRef] [PubMed]

	



Shadman, M. Diagnosis and Treatment of Chronic Lymphocytic Leukemia: A Review. JAMA 2023, 329, 918–932. [Google Scholar] [CrossRef] [PubMed]

	



Quartermaine, C.; Ghazi, S.M.; Yasin, A.; Awan, F.T.; Fradley, M.; Wiczer, T.; Kalathoor, S.; Ferdousi, M.; Krishan, S.; Habib, A.; et al. Cardiovascular Toxicities of BTK Inhibitors in Chronic Lymphocytic Leukemia: JACC: CardioOncology State-of-the-Art Review. JACC Cardio Oncol. 2023, 5, 570–590. [Google Scholar] [CrossRef]

	



Kaneko, N.; Kita, A.; Yamanaka, K.; Mori, M. Combination of YM155, a survivin suppressant with a STAT3 inhibitor: A new strategy to treat diffuse large B-cell lymphoma. Leuk. Res. 2013, 37, 1156–1161. [Google Scholar] [CrossRef]

	



Kaneko, N.; Mitsuoka, K.; Amino, N.; Yamanaka, K.; Kita, A.; Mori, M.; Miyoshi, S.; Kuromitsu, S. Combination of YM155, a survivin suppressant, with bendamustine and rituximab: A new combination therapy to treat relapsed/refractory diffuse large B-cell lymphoma. Clin. Cancer Res. 2014, 20, 1814–1822. [Google Scholar] [CrossRef]

	



Papadopoulos, K.P.; Lopez-Jimenez, J.; Smith, S.E.; Steinberg, J.; Keating, A.; Sasse, C.; Jie, F.; Thyss, A. A multicenter phase ii study of sepantronium bromide (YM155) plus rituximab in patients with relapsed aggressive B-cell Non-Hodgkin lymphoma. Leuk. Lymphoma 2016, 57, 1848–1855. [Google Scholar] [CrossRef] [PubMed]

	



Willimott, S.; Baou, M.; Naresh, K.; Wagner, S.D. CD154 induces a switch in pro-survival Bcl-2 family members in chronic lymphocytic leukaemia. Br. J. Haematol. 2007, 138, 721–732. [Google Scholar] [CrossRef] [PubMed]

	



Mongini, P.K.; Inman, J.K.; Han, H.; Kalled, S.L.; Fattah, R.J.; McCormick, S. Innate immunity and human B cell clonal expansion: Effects on the recirculating B2 subpopulation. J. Immunol. 2005, 175, 6143–6154. [Google Scholar] [CrossRef] [PubMed]

	



Sewastianik, T.; Straubhaar, J.R.; Zhao, J.J.; Samur, M.K.; Adler, K.; Tanton, H.E.; Shanmugam, V.; Nadeem, O.; Dennis, P.S.; Pillai, V.; et al. miR-15a/16-1 deletion in activated B cells promotes plasma cell and mature B-cell neoplasms. Blood 2021, 137, 1905–1919. [Google Scholar] [CrossRef] [PubMed]

	



Budhram-Mahadeo, V.; Morris, P.J.; Smith, M.D.; Midgley, C.A.; Boxer, L.M.; Latchman, D.S. p53 suppresses the activation of the Bcl-2 promoter by the Brn-3a POU family transcription factor. J. Biol. Chem. 1999, 274, 15237–15244. [Google Scholar] [CrossRef] [PubMed]

	



Willimott, S.; Wagner, S.D. miR-125b and miR-155 contribute to BCL2 repression and proliferation in response to CD40 ligand (CD154) in human leukemic B-cells. J. Biol. Chem. 2012, 287, 2608–2617. [Google Scholar] [CrossRef] [PubMed]

	



Falini, B.; Fizzotti, M.; Pileri, S.; Liso, A.; Pasqualucci, L.; Flenghi, L. Bcl-6 protein expression in normal and neoplastic lymphoid tissues. Ann. Oncol. 1997, 8 (Suppl. S2), 101–104. [Google Scholar] [CrossRef] [PubMed]

	



Patten, P.E.; Ferrer, G.; Chen, S.S.; Simone, R.; Marsilio, S.; Yan, X.J.; Gitto, Z.; Yuan, C.; Kolitz, J.E.; Barrientos, J.; et al. Chronic lymphocytic leukemia cells diversify and differentiate in vivo via a nonclassical Th1-dependent, Bcl-6-deficient process. JCI Insight 2016, 1, e86288. [Google Scholar] [CrossRef]

	



Eischen, C.M.; Packham, G.; Nip, J.; Fee, B.E.; Hiebert, S.W.; Zambetti, G.P.; Cleveland, J.L. Bcl-2 is an apoptotic target suppressed by both c-Myc and E2F-1. Oncogene 2001, 20, 6983–6993. [Google Scholar] [CrossRef]

	



Huang, D.C.; O’Reilly, L.A.; Strasser, A.; Cory, S. The anti-apoptosis function of BCL-2 can be genetically separated from its inhibitory effect on cell cycle entry. EMBO J. 1997, 16, 4628–4638. [Google Scholar] [CrossRef]

	



O’Reilly, L.A.; Harris, A.W.; Tarlinton, D.M.; Corcoran, L.M.; Strasser, A. Expression of a Bcl-2 transgene reduces proliferation and slows turnover of developing B lymphocytes in vivo. J. Immunol. 1997, 159, 2301–2311. [Google Scholar] [CrossRef]

	



Zinkel, S.; Gross, A.; Yang, E. Bcl2 family in DNA damage and cell cycle control. Cell Death Differ. 2006, 13, 1351–1359. [Google Scholar] [CrossRef]

	



Masir, N.; Jones, M.; Lee, A.M.; Goff, L.K.; Clear, A.J.; Lister, A.; Marafioti, T.; Mason, D.Y. The expression of Bcl-2 by proliferating cells varies in different categories of B-cell lymphoma. Histopathology 2010, 56, 617–626. [Google Scholar] [CrossRef]

	



Iqbal, J.; Sanger, W.G.; Horsman, D.E.; Rosenwald, A.; Pickering, D.L.; Dave, B.; Dave, S.; Xiao, L.; Cao, K.; Zhu, Q.; et al. BCL2 translocation defines a unique tumor subset within the germinal center B-cell-like diffuse large B-cell lymphoma. Am. J. Pathol. 2004, 165, 159–166. [Google Scholar] [CrossRef]

	



Correia, C.; Schneider, P.A.; Dai, H.; Dogan, A.; Maurer, M.J.; Church, A.K.; Novak, A.J.; Feldman, A.L.; Wu, X.; Ding, H.; et al. BCL2 mutations are associated with increased risk of transformation and shortened survival in follicular lymphoma. Blood 2015, 125, 658–667. [Google Scholar] [CrossRef]

	



Lohr, J.G.; Stojanov, P.; Lawrence, M.S.; Auclair, D.; Chapuy, B.; Sougnez, C.; Cruz-Gordillo, P.; Knoechel, B.; Asmann, Y.W.; Slager, S.L.; et al. Discovery and prioritization of somatic mutations in diffuse large B-cell lymphoma (DLBCL) by whole-exome sequencing. Proc. Natl. Acad. Sci. USA 2012, 109, 3879–3884. [Google Scholar] [CrossRef]

	



Schuetz, J.M.; Johnson, N.A.; Morin, R.D.; Scott, D.W.; Tan, K.; Ben-Nierah, S.; Boyle, M.; Slack, G.W.; Marra, M.A.; Connors, J.M.; et al. BCL2 mutations in diffuse large B-cell lymphoma. Leukemia 2012, 26, 1383–1390. [Google Scholar] [CrossRef]

	



Bouamar, H.; Jiang, D.; Wang, L.; Lin, A.P.; Ortega, M.; Aguiar, R.C. MicroRNA 155 control of p53 activity is context dependent and mediated by Aicda and Socs1. Mol. Cell Biol. 2015, 35, 1329–1340. [Google Scholar] [CrossRef]

	



Arbore, G.; Henley, T.; Biggins, L.; Andrews, S.; Vigorito, E.; Turner, M.; Leyland, R. MicroRNA-155 is essential for the optimal proliferation and survival of plasmablast B cells. Life Sci. Alliance 2019, 2, e201800244. [Google Scholar] [CrossRef]

	



Engeland, K. Cell cycle arrest through indirect transcriptional repression by p53: I have a DREAM. Cell Death Differ. 2018, 25, 114–132. [Google Scholar] [CrossRef]

	



Sutton, L.A.; Young, E.; Baliakas, P.; Hadzidimitriou, A.; Moysiadis, T.; Plevova, K.; Rossi, D.; Kminkova, J.; Stalika, E.; Pedersen, L.B.; et al. Different spectra of recurrent gene mutations in subsets of chronic lymphocytic leukemia harboring stereotyped B-cell receptors. Haematologica 2016, 101, 959–967. [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]

	



Cheng, Q.; Chen, J. Mechanism of p53 stabilization by ATM after DNA damage. Cell Cycle 2010, 9, 472–478. [Google Scholar] [CrossRef]

	



Autore, F.; Strati, P.; Laurenti, L.; Ferrajoli, A. Morphological, immunophenotypic, and genetic features of chronic lymphocytic leukemia with trisomy 12: A comprehensive review. Haematologica 2018, 103, 931–938. [Google Scholar] [CrossRef]

	



Boucher, J.; Charalambous, M.; Zarse, K.; Mori, M.A.; Kleinridders, A.; Ristow, M.; Ferguson-Smith, A.C.; Kahn, C.R. Insulin and insulin-like growth factor 1 receptors are required for normal expression of imprinted genes. Proc. Natl. Acad. Sci. USA 2014, 111, 14512–14517. [Google Scholar] [CrossRef]

	



Yaktapour, N.; Ubelhart, R.; Schuler, J.; Aumann, K.; Dierks, C.; Burger, M.; Pfeifer, D.; Jumaa, H.; Veelken, H.; Brummer, T.; et al. Insulin-like growth factor-1 receptor (IGF1R) as a novel target in chronic lymphocytic leukemia. Blood 2013, 122, 1621–1633. [Google Scholar] [CrossRef]

	



Maura, F.; Mosca, L.; Fabris, S.; Cutrona, G.; Matis, S.; Lionetti, M.; Agnelli, L.; Barbieri, M.; D’Anca, M.; Manzoni, M.; et al. Insulin growth factor 1 receptor expression is associated with NOTCH1 mutation, trisomy 12 and aggressive clinical course in chronic lymphocytic leukaemia. PLoS ONE 2015, 10, e0118801. [Google Scholar] [CrossRef]

	



Rudich, S.M.; Winchester, R.; Mongini, P.K. Human B cell activation. Evidence for diverse signals provided by various monoclonal anti-IgM antibodies. J. Exp. Med. 1985, 162, 1236–1255. [Google Scholar] [CrossRef]

	



Boucher, J.; Tseng, Y.H.; Kahn, C.R. Insulin and insulin-like growth factor-1 receptors act as ligand-specific amplitude modulators of a common pathway regulating gene transcription. J. Biol. Chem. 2010, 285, 17235–17245. [Google Scholar] [CrossRef]

	



Winkler, D.; Schneider, C.; Krober, A.; Pasqualucci, L.; Lichter, P.; Dohner, H.; Stilgenbauer, S. Protein expression analysis of chromosome 12 candidate genes in chronic lymphocytic leukemia (CLL). Leukemia 2005, 19, 1211–1215. [Google Scholar] [CrossRef]

	



Malek, S.N. The biology and clinical significance of acquired genomic copy number aberrations and recurrent gene mutations in chronic lymphocytic leukemia. Oncogene 2013, 32, 2805–2817. [Google Scholar] [CrossRef]

	



Strati, P.; Shanafelt, T.D. Monoclonal B-cell lymphocytosis and early-stage chronic lymphocytic leukemia: Diagnosis, natural history, and risk stratification. Blood 2015, 126, 454–462. [Google Scholar] [CrossRef]

	



Kolijn, P.M.; Hosnijeh, F.S.; Spath, F.; Hengeveld, P.J.; Agathangelidis, A.; Saleh, M.; Casabonne, D.; Benavente, Y.; Jerkeman, M.; Agudo, A.; et al. High-risk subtypes of chronic lymphocytic leukemia are detectable as early as 16 years prior to diagnosis. Blood 2022, 139, 1557–1563. [Google Scholar] [CrossRef]

	



Ojha, J.; Secreto, C.; Rabe, K.; Ayres-Silva, J.; Tschumper, R.; Dyke, D.V.; Slager, S.; Fonseca, R.; Shanafelt, T.; Kay, N.; et al. Monoclonal B-cell lymphocytosis is characterized by mutations in CLL putative driver genes and clonal heterogeneity many years before disease progression. Leukemia 2014, 28, 2395–2398. [Google Scholar] [CrossRef]

	



Fazi, C.; Scarfo, L.; Pecciarini, L.; Cottini, F.; Dagklis, A.; Janus, A.; Talarico, A.; Scielzo, C.; Sala, C.; Toniolo, D.; et al. General population low-count CLL-like MBL persists over time without clinical progression, although carrying the same cytogenetic abnormalities of CLL. Blood 2011, 118, 6618–6625. [Google Scholar] [CrossRef]

	



Calin, G.A.; Ferracin, M.; Cimmino, A.; Di Leva, G.; Shimizu, M.; Wojcik, S.E.; Iorio, M.V.; Visone, R.; Sever, N.I.; Fabbri, M.; et al. A MicroRNA signature associated with prognosis and progression in chronic lymphocytic leukemia. N. Engl. J. Med. 2005, 353, 1793–1801. [Google Scholar] [CrossRef]

	



Landau, D.A.; Tausch, E.; Taylor-Weiner, A.N.; Stewart, C.; Reiter, J.G.; Bahlo, J.; Kluth, S.; Bozic, I.; Lawrence, M.; Bottcher, S.; et al. Mutations driving CLL and their evolution in progression and relapse. Nature 2015, 526, 525–530. [Google Scholar] [CrossRef]

	



Lin, W.Y.; Fordham, S.E.; Sunter, N.; Elstob, C.; Rahman, T.; Willmore, E.; Shepherd, C.; Strathdee, G.; Mainou-Fowler, T.; Piddock, R.; et al. Genome-wide association study identifies risk loci for progressive chronic lymphocytic leukemia. Nat. Commun. 2021, 12, 665. [Google Scholar] [CrossRef]

	



Kwok, M.; Wu, C.J. Clonal Evolution of High-Risk Chronic Lymphocytic Leukemia: A Contemporary Perspective. Front. Oncol. 2021, 11, 790004. [Google Scholar] [CrossRef]

	



Kolijn, P.M.; Spath, F.; Khouja, M.; Hengeveld, P.J.; van der Straten, L.; Darzentas, N.; Hultdin, M.; McKay, J.D.; Pott, C.; Vermeulen, R.C.H.; et al. Genetic drivers in the natural history of chronic lymphocytic leukemia development as early as 16 years before diagnosis. Blood 2023, 142, 1399–1403. [Google Scholar] [CrossRef]

	



Kim, S.B.; Chae, G.W.; Lee, J.; Park, J.; Tak, H.; Chung, J.H.; Park, T.G.; Ahn, J.K.; Joe, C.O. Activated Notch1 interacts with p53 to inhibit its phosphorylation and transactivation. Cell Death Differ. 2007, 14, 982–991. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Wang, L.; Brooks, A.N.; Fan, J.; Wan, Y.; Gambe, R.; Li, S.; Hergert, S.; Yin, S.; Freeman, S.S.; Levin, J.Z.; et al. Transcriptomic Characterization of SF3B1 Mutation Reveals Its Pleiotropic Effects in Chronic Lymphocytic Leukemia. Cancer Cell 2016, 30, 750–763. [Google Scholar] [CrossRef]

	



Aptullahoglu, E.; Wallis, J.P.; Marr, H.; Marshall, S.; Bown, N.; Willmore, E.; Lunec, J. SF3B1 Mutations Are Associated with Resistance to Non-Genotoxic MDM2 Inhibition in Chronic Lymphocytic Leukemia. Int. J. Mol. Sci. 2023, 24, 11335. [Google Scholar] [CrossRef]

	



Ntoufa, S.; Gerousi, M.; Laidou, S.; Psomopoulos, F.; Tsiolas, G.; Moysiadis, T.; Papakonstantinou, N.; Mansouri, L.; Anagnostopoulos, A.; Stavrogianni, N.; et al. RPS15 mutations rewire RNA translation in chronic lymphocytic leukemia. Blood Adv. 2021, 5, 2788–2792. [Google Scholar] [CrossRef]

	



Diop, F.; Moia, R.; Favini, C.; Spaccarotella, E.; De Paoli, L.; Bruscaggin, A.; Spina, V.; Terzi-di-Bergamo, L.; Arruga, F.; Tarantelli, C.; et al. Biological and clinical implications of BIRC3 mutations in chronic lymphocytic leukemia. Haematologica 2020, 105, 448–456. [Google Scholar] [CrossRef] [PubMed]

	



Mongini, P.K.; Blessinger, C.A.; Dalton, J.P. Affinity requirements for induction of sequential phases of human B cell activation by membrane IgM-cross-linking ligands. J. Immunol. 1991, 146, 1791–1800. [Google Scholar] [CrossRef]

	



Judge, A.D.; Zhang, X.; Fujii, H.; Surh, C.D.; Sprent, J. Interleukin 15 controls both proliferation and survival of a subset of memory-phenotype CD8(+) T cells. J. Exp. Med. 2002, 196, 935–946. [Google Scholar] [CrossRef]

	



Carson, W.E.; Giri, J.G.; Lindemann, M.J.; Linett, M.L.; Ahdieh, M.; Paxton, R.; Anderson, D.; Eisenmann, J.; Grabstein, K.; Caligiuri, M.A. Interleukin (IL) 15 is a novel cytokine that activates human natural killer cells via components of the IL-2 receptor. J. Exp. Med. 1994, 180, 1395–1403. [Google Scholar] [CrossRef]

	



Bernasconi, N.L.; Traggiai, E.; Lanzavecchia, A. Maintenance of serological memory by polyclonal activation of human memory B cells. Science 2002, 298, 2199–2202. [Google Scholar] [CrossRef]

	



Criado, I.; Blanco, E.; Rodriguez-Caballero, A.; Alcoceba, M.; Contreras, T.; Gutierrez, M.L.; Romero, A.; Fernandez-Navarro, P.; Gonzalez, M.; Solano, F.; et al. Residual normal B-cell profiles in monoclonal B-cell lymphocytosis versus chronic lymphocytic leukemia. Leukemia 2018, 32, 2701–2705. [Google Scholar] [CrossRef]

	



Blanco, E.; Perez-Andres, M.; Arriba-Mendez, S.; Contreras-Sanfeliciano, T.; Criado, I.; Pelak, O.; Serra-Caetano, A.; Romero, A.; Puig, N.; Remesal, A.; et al. Age-associated distribution of normal B-cell and plasma cell subsets in peripheral blood. J. Allergy Clin. Immunol. 2018, 141, 2208–2219.e2216. [Google Scholar] [CrossRef]

	



Ghamlouch, H.; Ouled-Haddou, H.; Guyart, A.; Regnier, A.; Trudel, S.; Claisse, J.F.; Fuentes, V.; Royer, B.; Marolleau, J.P.; Gubler, B. TLR9 Ligand (CpG Oligodeoxynucleotide) Induces CLL B-Cells to Differentiate into CD20(+) Antibody-Secreting Cells. Front. Immunol. 2014, 5, 292. [Google Scholar] [CrossRef]

	



Budeus, B.; Dampmann, M.; Kibler, A.; Brauser, M.; Bronischewski, K.; Homp, E.; Taudien, S.; Johansson, P.; Bloehdorn, J.; Stilgenbauer, S.; et al. Chronic lymphocytic leukemia includes a tumor subset resembling memory B cells that develop early and persist. bioRxiv 2022. [Google Scholar] [CrossRef]

	



Krutzik, P.O.; Clutter, M.R.; Nolan, G.P. Coordinate analysis of murine immune cell surface markers and intracellular phosphoproteins by flow cytometry. J. Immunol. 2005, 175, 2357–2365. [Google Scholar] [CrossRef]

	



Radler, P.D.; Wehde, B.L.; Wagner, K.U. Crosstalk between STAT5 activation and PI3K/AKT functions in normal and transformed mammary epithelial cells. Mol. Cell Endocrinol. 2017, 451, 31–39. [Google Scholar] [CrossRef]

	



Nelson, E.A.; Walker, S.R.; Weisberg, E.; Bar-Natan, M.; Barrett, R.; Gashin, L.B.; Terrell, S.; Klitgaard, J.L.; Santo, L.; Addorio, M.R.; et al. The STAT5 inhibitor pimozide decreases survival of chronic myelogenous leukemia cells resistant to kinase inhibitors. Blood 2011, 117, 3421–3429. [Google Scholar] [CrossRef]

	



Muller, J.; Sperl, B.; Reindl, W.; Kiessling, A.; Berg, T. Discovery of chromone-based inhibitors of the transcription factor stat5. Chembiochem 2008, 9, 723–727. [Google Scholar] [CrossRef]

	



Nakagawa, Y.; Yamaguchi, S.; Hasegawa, M.; Nemoto, T.; Inoue, M.; Suzuki, K.; Hirokawa, K.; Kitagawa, M. Differential expression of survivin in bone marrow cells from patients with acute lymphocytic leukemia and chronic lymphocytic leukemia. Leuk. Res. 2004, 28, 487–494. [Google Scholar] [CrossRef]

	



Li, F.; Yang, J.; Ramnath, N.; Javle, M.M.; Tan, D. Nuclear or cytoplasmic expression of survivin: What is the significance? Int. J. Cancer 2005, 114, 509–512. [Google Scholar] [CrossRef]

	



Khan, S.; Aspe, J.R.; Asumen, M.G.; Almaguel, F.; Odumosu, O.; Acevedo-Martinez, S.; De Leon, M.; Langridge, W.H.; Wall, N.R. Extracellular, cell-permeable survivin inhibits apoptosis while promoting proliferative and metastatic potential. Br. J. Cancer 2009, 100, 1073–1086. [Google Scholar] [CrossRef] [PubMed]

	



Figel, S.; Birkemeier, M.; Dharma, S.S.; Barone, T.; Steinmetz, E.; Ciesielski, M.; Fenstermaker, R. Wild type, dEX3 and 2B survivin isoforms localize to the tumor cell plasma membrane, are secreted in exosomes, and interact with extracellular tubulin. Biochem. Biophys. Rep. 2021, 28, 101174. [Google Scholar] [CrossRef] [PubMed]








[image: Lymphatics 02 00005 g001] 





Figure 1. Distinct modulation of BCL2 and MCL1 protein levels during ODN + IL15-induced CLL cell cycling. (A) U-CLL950 cells were evaluated for intracellular BCL2 and MCL1 protein both at d0 and following 5 d of ODN + IL15 stimulation. PE-fluorescent intensity representing specific mAb (open red histograms) or respective Ig isotype controls (grey filled) was measured on viability-gated cells by flow cytometry. Inserted values represent the ratio median fluorescence intensity (RMFI) of specific versus control mAb. (B) Comparison of BCL2 levels in U-CLL1013 cells following d6 culture with medium alone or ODN + IL15 (non-activating and activating conditions), respectively [2,34,35]. (C) Two-color flow cytometry with CFSE-labeled M-CLL1328 CLL cells was used to monitor BCL2 and MCL1 protein levels as a function of division status. Top 2 histograms display CFSE fluorescence within viability-gated cells from d6 cultures with IL15 alone or activating ODN + IL15. While the former remains undivided, the latter shows over 5 cycles of division, as noted earlier with this clonal population [2]. Bottom 6 histograms represent BCL2-PE (left column) and MCL1-PE (right column) fluorescence (shaded = Ig control) within gated division subsets of ODN + IL15-stimulated cells (values = RMFI). (D,E) Summary plots of RMFI values per division for all ODN + IL15-stimulated CLL populations tested ((D) = BCL2; (E) = MCL1). (Of note: Maximal BCL2 protein level appeared to be an intrinsic attribute of the individual CLL clone since RMFI values were quite similar when 5/6 CLL populations were assessed for BCL2 in two separate experiments. For the one exception (M-CLL1328), where a 3-fold difference in RMFI values was noted between experiments, a mean value was used. (F,G) Plots showing mean RMFI (±SD) for (F) BCL2 and (G) MCL1 expression per each division subset of the CLL panel represented in (D,E). Paired, 2-tailed t-tests were used for assessing the statistical significance of differences between levels in the undivided subset as opposed to each division subset, as well as BCL2 expression changes within cells at successive divisions (1 vs. 2 div; 2 vs. 3; and 3 vs. 4 div); all differences were found to be statistically significant. In (F–I) below, 2 CLL populations (M-CLL600 and M-CLL1300), whose individual BCL2/MCL1 values are plotted in D-E, were not used for statistical analyses of CLL pools in (F–I): M-CLL600 due to insufficient cell numbers for assessment at ≥3 divisions; M-CLL1300 due to unreliability of assessing cells with ≥4 divisions (>50% CD19-negative; Supplementary Figure S3). (H) Comparative BCL2 levels in pooled M-CLL (n = 6) and pooled U-CLL (n = 6), gated by division subsets; no statistically significant difference was noted by unpaired t-test (2-sided or 1-sided). (I) Comparative MCL1 levels in pooled M-CLL (n = 4) and U-CLL (n = 6). While mean MCL1 expression in all U-CLL division subsets exceeded that of M-CLL, the difference was only of borderline statistical significance at 2 divisions (p = 0.09 by unpaired, 1-sided t-test). In a separate statistical analysis in which M-600 and M-1300 were included in pools for comparing MCL1 levels in U-CLL versus M-CLL cohorts, the difference between U-CLL and M-CLL at 2 divisions became statistically significant (p = 0.04) by unpaired, 1-sided t-test. 
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Figure 2. BCL2 inhibitor and survivin inhibitor preferentially target non-cycling and cycling CLL cells, respectively. (A) M-CLL1031 experiments comparing quiescent (IL15 only) and cycling (ODN + IL15) d5–6 cultures for sensitivity to venetoclax (50 nM) and YM155 (333 nM): inhibitors added during the last 24–36 h of d5(6) cultures. Following harvest, CFSE-labeled cells were gated into viable and dead subsets by SSC and V450-Pacific Blue dye exclusion, and both subsets were assessed for division (open histograms = viable; shaded histograms = dead). (B,C) Pooled viability analysis of CLL cultures stimulated with either IL15 or ODN + IL15 and subsequently pulsed with varying doses of either (B) venetoclax (n = 3 CLL exp: U-CLL966, M-CLL275 and M-CLL1031) or (C) YM155 (n = 3 CLL exp: U-CLL321, M-CLL849, and M-CLL1031). Data expressed as % of control with vehicle (mean ± SD). In these pooled CLL experiments, inhibitors were added during the last 36–48 h of d5–6 cultures. (Note: in a separate experiment with U-CLL1013 cells cultured for 39 h with medium or IL15 alone, both populations were equally sensitive to venetoclax; data not shown). * indicates statistically significant difference in viability when compared to control cultures pulsed with vehicle (in each exp normalized to 100%). pooled analysis of gated undivided and divided blasts from ODN + IL15-stimulated cultures for (D,E) viability and (F,G) absolute yield of viable blasts following pulse with venetoclax (D,F) or YM155 (E,G). * indicates p < 0.05 and > 0.001 while ** indicates p < 0.001 when values in inhibitor-pulsed cultures are compared with parallel cultures with vehicle alone. (H,I) ODN + IL15-induced blasts with differing division histories were compared for (H) overall viability and (I) absolute yield of viable cells per culture following exposure to venetoclax or YM155. Data expressed as % of values in parallel cultures pulsed with vehicle alone (mean ± SD). Experiments with venetoclax (n = 5) involved the following CLL: U-284, U-675, U-966, U-1013, and M-1031. Experiments with YM155 (n = 5) involved U-321, M-849, U-1013, M-1031, and U-1692. 
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Figure 3. Phase microscopy of ODN + IL15-stimulated cultures exposed to YM155 survivin inhibitor or vehicle alone. U-CLL1692 cells were stimulated with ODN + IL15; pulsed on d4 with vehicle alone (DMSO) (A) or YM155 (333 nM) (B); and examined by phase microscopy 24 h later. Note the evidence of shrunken cells with membrane blebs (apoptosis) in YM155-treated cultures. Also evident are cells with intracellular structures reminiscent of statically aligned chromosomes during the M phase of the cell cycle (black stars). 
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Figure 4. Deletion of Chr13 loci encoding miR15/miR16 is linked to greater BCL2 protein during clonal expansion. (A,B) BCL2 expression (RMFI) versus division frequency within ODN + IL15-stimulated CLL populations segregated into (A) del(13q)−/− and (B) del(13q)+ CLL cohorts (C) Box plot analysis of pooled experiments comparing BCL2 within undivided and divided blasts of del(13q)+ and del(13q)−/− groups. Note: BCL2 expression in cells with 3 divisions was used as representative of dividing cells because (a) CLL populations vary in the extent of cycling and (b) all stimulated CLL (excepting M-CLL600 and U-CLL1300) had reliable numbers of cells representing 3 divisions for analysis. Statistical comparisons of BCL2 levels within undivided versus divided cells of the same cohort involved a 2-sided, paired t-test. When differing cohorts were compared, a 2-sided, unpaired t-test was employed to determine statistical significance. (p values indicated in parenthesis represent the use of a 1-sided t-test), (D) Values for % decline in BCL2 obtained by comparing RMFI in cells with 3 divisions versus RMFI in respective undivided CLL cells. (E,F) MCL1 protein expression versus division frequency in (E) del(13q)−/− and (F) del(13q)+ CLL. (G) Box plot analysis of maximal MCL1 within viable cells of del(13q)+ versus del(13q)−/− CLL cohorts stimulated with ODN + IL15. (H) Comparison of del(13q)+ and del(13q)−/− CLL cohorts for cell division at which maximal MCL1 was noted. 






Figure 4. Deletion of Chr13 loci encoding miR15/miR16 is linked to greater BCL2 protein during clonal expansion. (A,B) BCL2 expression (RMFI) versus division frequency within ODN + IL15-stimulated CLL populations segregated into (A) del(13q)−/− and (B) del(13q)+ CLL cohorts (C) Box plot analysis of pooled experiments comparing BCL2 within undivided and divided blasts of del(13q)+ and del(13q)−/− groups. Note: BCL2 expression in cells with 3 divisions was used as representative of dividing cells because (a) CLL populations vary in the extent of cycling and (b) all stimulated CLL (excepting M-CLL600 and U-CLL1300) had reliable numbers of cells representing 3 divisions for analysis. Statistical comparisons of BCL2 levels within undivided versus divided cells of the same cohort involved a 2-sided, paired t-test. When differing cohorts were compared, a 2-sided, unpaired t-test was employed to determine statistical significance. (p values indicated in parenthesis represent the use of a 1-sided t-test), (D) Values for % decline in BCL2 obtained by comparing RMFI in cells with 3 divisions versus RMFI in respective undivided CLL cells. (E,F) MCL1 protein expression versus division frequency in (E) del(13q)−/− and (F) del(13q)+ CLL. (G) Box plot analysis of maximal MCL1 within viable cells of del(13q)+ versus del(13q)−/− CLL cohorts stimulated with ODN + IL15. (H) Comparison of del(13q)+ and del(13q)−/− CLL cohorts for cell division at which maximal MCL1 was noted.



[image: Lymphatics 02 00005 g004]







[image: Lymphatics 02 00005 g007] 





Figure 7. B-CLL populations with del(13q) manifest heightened p53 protein during cycling. (A) del(13q)−/− CLL or (B) del(13q)+ CLL cohorts were assessed for intracellular p53 protein during ODN + IL15-triggered clonal expansion. Histograms indicate p53-PE (RMFI) within blasts of varying division history. (C) Box plots comparing p53 levels within undivided and divided cells within del(13q)−/− and del(13q)+ CLL cohorts. (D–G) Plots of p53 expression versus division frequency in ODN + IL15-stimulated CLL populations, segregated on the basis of FISH-determined chromosomal anomalies (Table 1). (H) Box plot analysis of p53 levels (as in (C)) with the exclusion of Tri12+ CLL from analysis. Statistical analyses involved a paired, 2-sided t-test (comparisons of undivided versus divided cells of the same cohort) and an unpaired, 2-sided t-test (inter-cohort comparisons). When non-parametric p53 data distribution was detected in the del13−/− cohort (C), statistical evaluations involving the latter were performed with the Mann–Whitney rank sum test. 
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Table 1. Known genetic characteristics of human CLL populations under study.
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	CLL A
	IGHV

Status
	IGHV

Gene
	del13q14 B
	Tri12+ B,C
	del11q22 B
	del17p B
	ATM D

Mut
	Therapy

(Mo Prior)





	275
	M
	3-30
	+(16% ho; 6% het)
	neg
	neg
	neg
	nd
	



	321
	U
	4-34
	neg
	+(53%)
	neg
	neg
	nd
	



	430
	U
	1-69*01
	+(97% het)
	neg
	+(10% het)
	neg
	+
	276 mo



	515
	U
	4-39*01
	+(6.5%)
	nd
	nd
	nd
	nd
	



	600
	M
	4-34*01
	+(99% ho)
	neg
	neg
	neg
	nd
	



	624
	M
	3-7*01
	neg
	+(10%)
	neg
	neg
	WT
	



	625
	U
	1-69
	neg
	neg
	+(80% het)
	neg
	nd
	



	631
	U
	3-20
	neg
	neg
	+(90% het)
	neg
	nd
	



	675
	U
	3-23*01
	+(80% het)
	neg
	+(19% het)
	neg
	nd
	39 mo



	770
	U
	3-15*01
	+(89% het)
	neg
	neg
	neg
	+
	



	849
	M
	3-72
	+(68% het)
	+(96%)
	neg
	neg
	nd
	72 mo



	887
	U
	3-30-3*01
	+(30% het)
	neg
	+(27%)
	neg
	WT
	



	922
	M
	4-34*07
	+(45% het)
	neg
	neg
	neg
	nd
	



	950
	U
	2-5*10
	+(89% het)
	neg
	neg
	net
	nd
	8 mo



	967
	M
	3-7*01
	neg
	neg
	neg
	neg
	nd
	



	996
	U
	1-69
	neg
	neg
	neg
	neg
	nd
	



	1013
	U
	3-33
	neg
	+(52%)
	neg
	neg
	nd
	



	1031
	M
	4-39
	neg
	neg
	neg
	neg
	nd
	



	1158
	U
	3-15*01
	+(97%)
	nd
	+(48%)
	nd
	nd
	



	1238
	U
	3-30-3*01
	+(55% het)
	neg
	+(69% het)
	neg
	nd
	



	1239
	U
	3-30*03
	neg
	neg
	neg
	neg
	WT
	



	1300
	M
	3-7*02
	neg
	neg
	neg
	neg
	WT
	



	1328
	M
	4-61*01
	+(86%)
	neg
	neg
	neg
	nd
	



	1380
	M
	3-7*01
	+(50% ho; 22% het)
	neg
	neg
	neg
	nd
	



	1413
	M
	4-39*01
	neg
	+(20%)
	neg
	neg
	nd
	



	1529
	M
	4-59*01
	+(30% ho; 60% het)
	neg
	neg
	neg
	nd
	



	1692
	U
	2-7
	neg
	+(85%)
	neg
	neg
	nd
	



	1993
	U
	3-11*01
	+(90%)
	nd
	nd
	+(90%)
	nd
	



	2018
	M
	3-84*01
	+(61%)
	+(61%)
	nd
	nd
	nd
	







A “CLL clone” represents a CD19+/CD5+ population expressing a uniform IGHV sequence; it does not exclude the presence of subclones. CLL cells were obtained from patients prior to therapy, except those indicated. B Chromosomal anomalies determined by prior FISH analyses. C ATM; the gene for ataxia telangiectasia mutated: CLL430 mutation in exon 64; CLL770 mutations in exon 41 and 50 [2]. D In CLL with sequenced ATM, + indicates presence of mutations and WT indicates wild-type sequence.
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