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                                                                                                                        Abstract

                                                            Background and Objectives The potential anticancer agent 1-(2-chlorophenyl-N-methylpropyl)-3-isoquinolinecarboxamide (PK11195), a translocator protein (18KDa) (TSPO) ligand, facilitates the induction of cell death by a variety of cytotoxic and chemotherapeutic agents. Primary chronic lymphocytic leukemia (CLL) cells overexpress TSPO. The aim of this study was to examine the effects of PK11195 on CLL cells.Design and Methods Using cytometric analysis, we studied the cytotoxic effects of PK11195 on peripheral B and T lymphocytes from patients with CLL and from healthy donors. Western blot and cytometric analyses were used to study the mitochondrial effects of PK11195 on CLL cells. Moreover, we analyzed the cytotoxic effect of PK11195 in patients’ cells with mutated p53 or ATM.Results PK11195 induces apoptosis and had additive effects with chemotherapeutic drugs in primary CLL cells. Other TSPO ligands such as RO 5-4864 and FGIN-1-27 also induce apoptosis in CLL cells. PK11195 induces mitochondrial depolarization and cytochrome c release upstream of caspase activation, and dithiocyana-tostilbene-2,2- disulfonic acid (DIDS), a voltage-dependent anion channel (VDAC) inhibitor, inhibits PK11195-induced apoptosis, demonstrating a direct involvement of mitochondria. CLL cells and normal B cells are more sensitive than T cells to PK11195-induced apoptosis. Interestingly, PK11195 induced apoptosis in CLL cells irrespective of their p53 or ATM status.Interpretation and Conclusions These results suggest that PK11195 alone or in combination with chemotherapeutic drugs might be a new therapeutic option for the treatment of CLL.
                                                            
                                                            Chronic lymphocytic leukemia (CLL) is characterized by the accumulation of mature malignant CD5 B lymphocytes. 1 Although many drugs have been used in the therapy of CLL, at present there is no curative therapy, and the search for new candidate drugs for future treatment of CLL is an active area of research. Most drugs currently used in CLL therapy induce apoptosis of the leukemic cells, at least partially, through activation of the p53 pathway.2–7 The mechanisms of resistance to such drugs include inactivation of p53, which is mutated in 5–10% of CLL cases at diagnosis, but in nearly 30% of chemotherapy-resistant cases of CLL.2–4,8 Hence, new therapies that overcome these defects by acting independently of p53 are of great interest.9
The potential anticancer agent 1-(2-chlorophenyl- N-methylpropyl)-3-isoquinolinecarboxamide (PK11195) facilitates the induction of cell death by a variety of agents including Fas ligand (FasL) and chemotherapeutic drugs.10–16 Furthermore, in some cell types, PK11195 alone is able to induce apoptosis.16–21 Importantly, PK11195 chemosensitizes primary human acute myeloid leukemia and multiple myeloma cells.22–24 PK11195 was initially described as a ligand for peripheral benzodiazepine receptor (PBR),25 whose new proposed name is translocator protein (18 KDa) (TSPO).26 TSPO is a transmembrane protein that is located mainly in the outer mitochondrial membrane, but is also expressed in other subcellular compartments. TSPO is associated with the regulation of cholesterol transport, the synthesis of steroid hormones, porphyrin transport, heme synthesis, apoptosis and cell proliferation. 26 Other chemically unrelated TSPO ligands induce apoptosis in different cell types,15,17,19–21 indicating a TSPO-dependent mechanism; however, TSPO-independent mechanisms have been proposed to inhibit cell proliferation or sensitize cells to apoptosis.24,27,28 It has been reported that PK11195 induces apoptosis by altering the mitochondrial permeability transition.10,11 Interestingly, in a variety of systems, PK11195 can reduce or abrogate the antiapoptotic effect of BCL-2-like proteins, including BCL-2 and BCL-XL.22,29 Since primary CLL cells overexpress TSPO30 and BCL-2,31,32 we decided to examine the effects of PK11195 on CLL cells.
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Table 1.Characteristics of the patients with chronic lymphocytic leukemia.
Design and Methods
Samples, patients with CLL, healthy donors and cell isolation
Samples from patients with CLL (Table 1) or healthy donors were studied. Most of the patients had not been treated previously (patients number 1, 13, 17, 23, 24, 27, 28 and 33 were, however, treated). The patient number in Table 1 corresponds to the patient number in the figures. CLL was diagnosed according to standard clinical and laboratory criteria. Blood samples were obtained from the Hospital de Bellvitge, Barcelona, Spain. Written informed consent was obtained from all patients in accordance with the Hospital de Bellvitge Ethical Committee. Mononuclear cells from peripheral blood samples were isolated by centrifugation on a Ficoll-Hypaque (Seromed, Berlin, Germany) gradient and cryopreserved in liquid nitrogen in the presence of 10% dimethyl sulfoxide (DMSO).
Multiplex ligation-dependent probe amplification (MLPA) for genomic alterations and reverse transcriptase (RT)- MLPA
DNA was isolated and analyzed by MLPA using SALSA MLPA kits P037 and P038 from MRC-Holland (Amsterdam, The Netherlands). These kits were used to determine the loss of p53 (17p13; 8 probes), the RB1/DLEU/MIR15-16 region on 13q14 (12 probes) and the ATM gene on 11q23 (7 probes) in DNA samples obtained from CLL cells. RNA was isolated from cultured cells by the RNeasy Micro kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer’s protocol. RNA was analyzed by RT-MLPA using the SALSA MLPA kit R011 Apoptosis mRNA from MRC-Holland (Amsterdam, The Netherlands) for the simultaneous detection of 38 mRNA molecules.7,33
Analysis of apoptosis by flow cytometry
Apoptosis was assessed by exposure of phosphatidylserine and membrane integrity. This was determined by annexin V-fluorescein isothiocyanate (FITC), propidium iodide (PI) double staining, and flow cytometric analysis using FACSCalibur and CellQuest software (Becton Dickinson, Mountain View, CA, USA), as described previously.34 Cell viability was measured as the percentage of annexin V and PI double-negative cells. To analyze apoptosis in T cells and B cells from the samples, 5 × 10 cells were incubated for 24 or 48 hours with the indicated factors. Cells were then washed in phosphate-buffered saline (PBS), and incubated in 50 μL annexin-binding buffer with allophycocyanin (APC)–conjugated anti-CD3 and phycoerythrin (PE)–conjugated anti-CD19 from Becton Dickinson (Franklin Lakes, NJ, USA) for 10 minutes in the dark. Cells were then diluted with annexin- binding buffer to a volume of 150 μL and incubated with 1 μL annexin V–FITC for 15 minutes in the dark. Cells were analyzed using the FACScalibur and CellQuest software.
Cytochrome c release measurements
Release of cytochrome c from mitochondria into the cytosol was measured by western blot as previously described35 with some modifications. Cells (25 × 10) were harvested, washed once with ice-cold PBS and gently lysed for 30 seconds in 80 μL ice-cold lysis buffer (250 mM sucrose, 1 mM EDTA, 0.05% digitonin, 25 mM Tris, pH 6.8, 1 mM dithiothreitol, 1 μg/mL leupeptin, 1 μg/mL pepstatin, 1 μg/mL aprotinin, 1 mM benzamidine, and 0.1 mM phenylmethylsulfonyl fluoride). Lysates were centrifuged at 12,000× g at 4°C for 3 minutes to obtain the supernatants (cytosolic extracts free of mitochondria) and the pellets (the fraction containing the mitochondria). Supernatants (50 μg) were electrophoresed on a 15% polyacrylamide gel and then analyzed by western blot using anti-cytochrome c antibody (7H8.2C12, from Pharmingen, San Diego, CA, USA) and an electrochemiluminescence system, as described in online supplementary data.
Statistical analysis
Results are shown as the mean ± standard deviation (SD) of values obtained in independent experiments. The paired Student’s t test was used to compare differences between paired samples. Data were analyzed using the SPSS 11.5 software package (Chicago, IL, USA). Additive and synergistic effects were analyzed using the fractional product method.36
Results
PK11195 and other TSPO ligands induce apoptosis in CLL cells
As FasL does not induce apoptosis in CLL cells37 we first examined whether PK11195 reverses this resistance in CLL cells, but PK11195 was not able to do so (Figure 1A). However, when combined with the chemotherapeutic drugs, dexamethasone, doxorubicin, chlorambucil, fludarabine and mafosfamide, PK11195 had an additive effect in inducing apoptosis in CLL cells (Figures 1B, 1C and 1D). It is interesting to note that 50 μM PK11195 alone induced apoptosis in most of the samples analyzed in Figure 1. Thus, we studied the effect of several doses of PK11195 on the viability of CLL cells. Although there was heterogeneity in the sensitivity of CLL cells, PK11195 induced apoptosis in all the samples analyzed in a dose-dependent manner (Figure 2A) and the IC50 was 60±21 μM (n=29) at 24 hours. The viability after incubation for 24 hours with 50 μM PK11195 decreased from 66±18% to 38±21% (n=33), and with 100 μM PK11195 it decreased from 71±16% to 16±13% (n=19). Fresh or frozen-thawed CLL cells showed the same sensitivity to PK11195 (Table 1). The average of the effect of 50 μM PK11195 was 54±21% for fresh cells and 53±15% for thawed cells. Furthermore, PK11195 had the same effect on viability of fresh or frozen-thawed CLL cells from the same sample (patients 2 and 24, Table 1). PK11195 induced apoptosis independently of sex, ZAP70 or CD38 status (Table 1). Next, we analyzed whether other compounds described as TSPO ligands could induce apoptosis in CLL cells. Thus, CLL cells were incubated for 24 hours with PK11195 and the TSPO ligands RO 5-4864 and FGIN-1-2726 in a range of concentrations (12.5-100 μM). Similarly to PK11195, both RO 5-4864 and FGIN-1- 27 induced apoptosis in a dose-dependent manner and their IC50 were 83±18 μM and 88±31 μM, respectively (n=9) (Figure 2B). Moreover, PK11195 had a synergistic effect with regards to induction of apoptosis in CLL cells when combined with the other TSPO ligands, RO 5-4864 and FGIN-1-27 (Figure 2C).
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Figure 1.Additive effect of PK11195 and chemotherapeutic drugs. Cells from four different CLL patients were treated without (open bars) or with (filled bars) 50 μM PK11195 and with 100 ng/mL FasL (A), or with 10 μM dexamethasone (Dexa) or 0.4 μM doxorubicin (Doxo) for 24 hours (B), or with 10 μM chlorambucil (Chlo) for 48 hours (C), or with 3 μM fludarabine (Fluda) or 5 μM mafosfamide (Mafos) or both for 48 hours (D). Viability was measured by analysis of phosphatidylserine exposure and PI uptake as described in the Design and Methods section, and is expressed as the mean value ± SD of the percentage of nonapoptotic cells. **p<0.05, *p<0.1, PK11195 treated cells versus PK11195 untreated cells. ‡p< 0.05, dexamethasone or mafosfamide plus fludarabine treated cells versus control cells. †p<0.1, fludarabine treated cells versus control cells.
Characterization of PK11195-induced apoptosis in CLL cells: loss of mitochondrial membrane potential and cytochrome c release precede caspase activation
The effect of PK11195 on the loss of mitochondrial membrane potential (Δψm) and cytochrome c release was analyzed in CLL cells. First, we analyzed the effect of 50 μM PK11195 on Δψm using the JC-1 dye. PK11195 induced apoptosis (Figure 3A), and decreased Δψm (Figure 3B) at 6 hours. The caspase inhibitor Z-VAD.fmk did not inhibit loss of Δψm but did inhibit PK11195-induced apoptosis, indicating that early loss of Δψm is caspase-independent. Furthermore, to analyze the involvement of cytochrome c release in PK11195-induced apoptosis, cytosolic fractions were obtained and the presence of cytochrome c was analyzed by western blotting. Treatment with 50 μM PK11195 for 6 hours produced an increase in cytochrome c in the cytosolic fraction of CLL cells from two different representative patients (Figure 3C), demonstrating that PK11195 induced cytochrome c release. Z-VAD.fmk did not inhibit PK11195-induced cytochrome c accumulation in the cytosol. Furthermore, PK11195 induced cleavage and activation of caspase-9 at 9 hours (Figure 3D). These results demonstrate that the mitochondrial effects of PK11195 are caspase-independent and precede the activation of caspases.
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Figure 2.Cytotoxic effect of PK11195 and other TSPO ligands on CLL cells. (A) Cells from 12 CLL patients were incubated with the indicated doses of PK11195 for 24 hours. (B) Dose-response of the cytotoxic effect of PK11195, RO 5-4864 or FGIN-1-27. Cells from nine CLL patients were incubated with several doses of the drugs for 24 hours. **p<0.01; *p<0.05 treated cells versus control cells. (C) Cells from five CLL patients were treated without (open bars) or with (filled bars) 50 μM PK11195 and with 50 μM RO 5-4864 or with 50 μM FGIN-1- 27.*p<0.01, PK11195 treated cells versus PK11195 untreated cells. ‡p<0.01 FGIN-1-27 treated cells versus control cells. Data are shown as the mean value ± SD. Viability was measured by analysis of phosphatidylserine exposure and PI uptake as described in the Design and Methods section and it is expressed as the percentage of non-apoptotic cells.
[image: ]

Figure 3.Caspase-independent mitochondrial effects of PK11195 on CLL cells. Cells from CLL patients were incubated without (Control) or with (PK) 50 μM PK11195 and in the presence (filled bars) or in the absence (open bars) of 200 μM Z-VAD.fmk for 6 hours. (A) Cell viability was quantified by annexin V binding at 6 hours and is expressed as the percentage of non-apoptotic cells ± SD (n=5). Control viability was normalized to 100%. *p<0.05 treated cells versus untreated cells. (B) Changes in Δψm were measured by staining with JC-1. The loss in Δψm is seen as a shift to lower JC-1 red fluorescence (FL-2) and is expressed as the percentage of high FL-2 cells. Data are shown as the mean value ± SD of five CLL samples. (C) Effect of Z-VAD.fmk on PK11195-induced cytochrome c release into the cytosol. Cells were pre-incubated without or with 200 μM ZVAD. fmk for 30 minutes and then treated with 50 μM PK11195 for 6 hours. Cytochrome c and ERK 1/2, which was used as a control of protein loading in cytosolic cell extracts, were analyzed by western blot as described in the Design and Methods section. Cell viability at 24 hours is also shown. (D) CLL cells were treated with 50 μM PK11195 for 0, 6, 9 and 12 hours. Cells were lysed and cleaved caspase 9 and BCL-2 were analyzed by western blot as described in the Design and Methods section. Results from a representative patient are shown.
To study the mechanism involved in PK11195-induced cytochrome c release, we used RT-MLPA to analyze changes in the expression of genes involved in the control of apoptosis.7,33 PK11195 treatment for 3 and 6 hours did not modify the expression of any of the genes of the BCL- 2 family analyzed (data not shown). Furthermore, treatment with PK11195 for 3 or 6 hours neither increased the levels of the proapoptotic proteins BIM, PUMA, and BMF, nor decreased the levels of the anti-apoptotic proteins MCL-1, BCL-XL and BCL-2 (Figure 4A). Furthermore, treatment with PK11195 did not change the levels of the pro-apoptotic protein BAX and induced an increase in the levels of MCL-1 protein in most of the samples analyzed (Figure 4A and 4B). Moreover, inhibition of cAMP-dependent protein kinase (PKA) or JNK with the specific inhibitors (H89 or SP600125, respectively) did not affect PK11195-induced apoptosis. Interestingly, DIDS, a voltage-dependent anion channel (VDAC) inhibitor,38 reduced the pro-apoptotic activity of PK11195 in CLL cells (Figure 4C). As a control, DIDS did not inhibit apoptosis induced by fludarabine or doxorubicin (data not shown).
Differential effect of PK11195 on B and T cells from patients with CLL and healthy donor
Next, we analyzed the sensitivity of normal B and T cells to apoptosis induced by PK11195. The number of apoptotic CD3 T cells was measured in blood samples from four CLL patients and four healthy donors exposed to several doses of PK11195, ranging from 12.5 μMto 100 μM, for 24 hours (Figure 5A). Treatment with 50 μM PK11195 reduced the percentage of viable CLL CD19 B cells to 46±7% and the IC50 was 47±2 μM. In contrast, under the same treatment the percentage of viable T cells from the same samples was 95±4% with an IC50 of 87±8 μM. Similar results were obtained with cells obtained from healthy donors such that 50 μM PK11195 reduced the viability of B cells to 42±3%, with an IC50 of 49±4 μM, while the viability of T cells was 98±6% with an IC50 of 82±8 μM. At doses of PK11195 higher than 50 μM, T cells from CLL patients and healthy donors showed sensitivity to apoptosis although to a lesser extent than B cells. These dose-response experiments show that B cells are more sensitive than T cells to PK11195-induced apoptosis. Similarly, T cells are more resistant than B cells from CLL samples to RO 5-4864- and FGIN-1-27-induced apoptosis (Figure 5B).
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Figure 4.Characterization of PK11195-induced apoptosis in CLL cells. (A) Cells from a representative patient were treated with 50 μM PK11195 for 0, 3, and 6 hours. Cells were lysed and analyzed by western blot as described in the Design and Methods section. Total levels of BIM, PUMA, BAX, MCL-1, BCL-XL, and BCL-2 are shown. (B) Cells from four different patients were treated with 50 μM PK11195 for 6 hours. Cells were lysed and analyzed by western blot as described in the Design and Methods section. Total levels of BAX, MCL-1, and BCL-2 are shown. (C) Cells from several CLL patients were preincubated with 10 μM H89 (n=4), or with 10 μM SP600125 (SP) (n = 3), or with 200 μM DIDS (n=5) for 30 minutes prior to exposure to 50 μM PK11195 (PK) for 24 hours. Cell viability was quantified by annexin V binding and is expressed as the percentage of nonapoptotic cells ± SD. Viability of untreated cells was normalized to 100%. *p<0.05 treated cells versus untreated cells
[image: ]

Figure 5.Differential effect of TSPO ligands on B and T cells. (A) Dose-response of the cytotoxic effect of PK11195 on CD3-/CD19+ B cells from four CLL patients (●), CD3−/CD19+ B cells from three healthy donors (▪) and CD3+/CD19− T cells from four CLL and three healthy donors (○). Cells were incubated with the indicated doses of PK11195 for 24 hours. (B) Cells from three CLL patients were incubated with the indicated doses of RO 5-4864 (●, ○) or FGIN-1–27 (▪, □) for 24 hours. Viability was measured as nonapoptotic CD3+/CD19− T cells (●, ▪) or CD3− /CD19+ B cells (○, □) as described in the Design and Methods section and expressed as the percentage of the viability of non-treated cells. Data are shown as the mean value ± SD.
PK11195 induces apoptosis irrespective of p53 and ATM status in CLL cells
To study the role of p53 in PK11195-induced apoptosis we analyzed the effect of this compound on p53 protein levels (Figure 6A). The patients with mutated p53 (patients 24 and 33) or altered expression were described previously. 7 Patient 24 has a frame-shift mutation in one allele (nucleotide deletion in codon 272) and a 17p deletion in the other allele in 86% of cells from peripheral blood leukocyte (PBL) samples, and patient 33 has the M246V mutation, which has been described to interfere with wild type p53.39 When CLL cells were incubated with 50 μM PK11195 there was no change in p53 levels (Figure 6A). As a control of p53 activation we used doxorubicin (0.8 μM), which induced apoptosis and p53 protein accumulation in wild type p53 cells (from patients 16 and 34) but not in mutated p53 cells (from patients 24 and 33). In patient 24, doxorubicin induced a low accumulation of mutated p53. Interestingly, PK11195 induced apoptosis in CLL cells with mutated p53 (Figure 6A). Furthermore, chemotherapeutic drugs that activate p53 did not increase the apoptotic effect of PK11195 in p53-mutated samples (data not shown).
Next, we analyzed the effect of PK11195 on CLL cells with ATM alterations. ATM expression was analyzed by western blotting in several patients with and without 11q deletion (Figure 6B). We found loss of ATM expression in three patients with an 11q deletion (patients 5, 8 and 39). Patients 5 and 8 have the 11q deletion in one allele in 90% and 86% of cells from PBL samples, respectively. The low expression of ATM likely corresponds to the percentage of contaminating normal cells. PK11195 induced apoptosis in CLL cells with 11q deletion irrespectively of the expression of ATM protein (Figure 6C).
Discussion
In this work we show that the potential anticancer agent PK11195 induces apoptosis in primary CLL cells. Several targets for the induction of apoptosis by PK11195 have been suggested. The best known target of PK11195 is TSPO,25 which is overexpressed in CLL cells.30 Other TSPO ligands such as RO 5-4864 and FGIN-1-27 also induce apoptosis in primary CLL cells. However, the role of TSPO in PK11195-induced apoptosis is controversial. PK11195 binds to TSPO in vivo at nanomolar concentrations,25 although PK11195 induces apoptosis at much higher concentrations (50–100 μM). Furthermore, siRNA experiments demonstrate that TSPO is not necessary to inhibit cell proliferation27 or sensitize cells to apoptosis.28 Multidrug resistance (MDR) has been proposed as a PK11195 target to sensitize cells to apoptosis and could explain the synergism between PK11195 and other chemotherapeutic drugs that are transported by MDR proteins.24 PK11195 inhibits MDR in CLL cells (data not shown) and this could contribute to the additive effect of PK11195 and chemotherapeutic drugs. However, PK11195 was able to induce apoptosis alone in CLL, whereas it is not clear how inhibition of MDR could induce apoptosis in the absence of other drugs. Furthermore, cyclosporine A inhibits MDR without affecting the viability of CLL cells (data not shown). Thus, there is no correlation between inhibition of MDR and induction of apoptosis by PK11195 alone. Taken together, these results indicate that the apoptotic activity of PK11195 cannot be attributed to its inhibitory effect on MDR.
Moreover, PK11195 was described as a phosphodiesterase (PDE) inhibitor in vitro.40 PDE inhibitors induce cyclic AMP (cAMP) levels and have been described as apoptotic inducers in CLL cells.41 However, H89, a cAMP-dependent protein kinase inhibitor did not inhibit PK11195-induced apoptosis, indicating that PK11195 induces apoptosis in CLL cells through a different mechanism. JNK has also been involved in the induction of apoptosis by the combination of PK11195 and bortezomib,23 but in CLL cells inhibition of JNK did not protect from PK11195-induced apoptosis.
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Figure 6.PK11195 induces apoptosis independently of p53 and ATM in CLL cells. (A) PK11195 does not induce p53 stabilization and accumulation in CLL cells. Cells from two CLL patients with wild-type p53 (patients 16 and 34) and two with mutant p53 (patients 24 and 33) were untreated (C), or treated with 50 μM PK11195 (PK), or 0.8 μM doxorubicin (D) for 24 hours. Cells were lysed and analyzed by western blot as described in the Design and Methods section. Total levels of p53, and BCL-2 were analyzed. Viability was measured by analysis of phosphatidylserine exposure and PI uptake as described in the Design and Methods section and is expressed as the percentage of non-apoptotic cells. (B) Analysis of ATM expression in cells from CLL patients without genomic alterations (WT) (patients 10, 34 and 35), or with 11q deletion (del 11q) (patients 5, 8, 20, 37, 38, 39 and 40). mTOR was used as a control of protein loading. (C) Cells without genomic alteration and with ATM expression (WT) (patients 10, 34 and 35), or cells with 11q deletion (del 11q) and without ATM expression (ATM− (patients 5, 8,and 39), or with ATM expression (ATM+) (patients 20, 37, 38 and 40) were incubated with (filled bars) or without (open bars) 50 μM PK11195 for 24 hours. Viability was measured by analysis of phosphatidylserine exposure and PI uptake as described in the Design and Methods section, and is expressed as the mean value ± SD of the percentage of non-apoptotic cells. Viability of untreated cells was normalized to 100%. *p<0.05 treated cells versus untreated cells.
We have shown that PK11195 induces caspase-dependent apoptosis in CLL cells. Furthermore, PK11195 has effects in mitochondria upstream of caspase activation, as a caspase inhibitor was not able to inhibit the mitochondrial effects induced by PK11195, such as depolarization and cytochrome c release. However, the levels of the pro-apoptotic proteins BIM, PUMA, BMF and BAX did not increase, and the levels of the anti-apoptotic proteins MCL-1, BCL-XL and BCL-2 did not decrease. It should be pointed out that DIDS, a VDAC inhibitor, inhibited PK11195-induced apoptosis, suggesting an involvement of VDAC. Significantly, VDAC has been proposed as one of the components of the permeability transition pore complex (PTPC) that mediates cytochrome c release.40 Additionally, VDAC interacts and modulates or is modulated by BCL-2 family members such as BCL-2, BCL-XL, BAX, BAK, and BIM.42–44 BAX and BAK may co-operate with the PTPC to form a channel, but whether cytochrome c release is mainly mediated by the PTPC and/or the pore-forming function of BAX/BAK is still open to debate.42,43 Thus, the mechanism by which PK11195 induces cytochrome c release requires further investigation using cells lines in which the candidate proteins could be down-regulated efficiently.
Our experiments indicate that CLL cells and normal B cells are more sensitive to PK11195-, RO 5-4864-, and FGIN-1-27-induced apoptosis than are T cells from the same samples. Chemotherapeutic drugs including fludarabine, chlorambucil, and doxorubicin induce apoptosis equally in both B and T cells5,45 leading to immunosuppression. 46 Thus, the differential effect of PK11195 in B and T lymphocytes is of interest. Most drugs currently used in the therapy of CLL act, at least partially, through activation of the p53 pathway.2,5–7 p53 is mutated in 5–10% of CLL cases at diagnosis, but in nearly 30% of chemotherapy-resistant tumors.2–4,8 Furthermore, ATM is inactivated in 10– 20% of CLL cases thus providing an alternative way for disabling p53 function.47,48 Tumors with alterations upstream of p53 would not respond adequately to genotoxic chemotherapeutics that act through the p53 pathway, for example, alkylating agents (chlorambucil, cyclophosphamide), purine nucleosides (fludarabine, cladribine) or topoisomerase inhibitors (doxorubicin, mitoxantrone). Genetic alterations in P53 and ATM are among the worst prognostic factors in CLL patients,3,4,46–49 and p53 alterations confer resistance to conventional chemotherapy.3,4,7 Thus, new approaches to induce apoptosis in cells with mutated p53 or ATM are needed. Here, we demonstrate that PK11195 induces apoptosis in CLL cells irrespectively of their p53 or ATM status.
From a therapeutic perspective, it is interesting to note that the doses of PK11195 that induce apoptosis in CLL samples in vitro are achievable in vivo, as previously demonstrated by their potent antitumor effect in mouse models of human cancer.11,21,50 PK11195 has been administered safely to patients.51,52 Furthermore, PK11195 has additive effects with chemotherapeutic drugs in CLL. This suggests that it could be possible to lower the doses of chemotherapeutic drugs used in the treatment of CLL and thus reduce cytotoxicity to normal T cells. In conclusion, the results presented here suggest that PK11195 alone or in combination with chemotherapeutic drugs might be a new therapeutic option for the treatment of CLL.
Acknowledgments
the authors thank Dr. Montse Barragán and Dr. Esther Castaño for helpful discussions and suggestions; and Michael Maudsley for language assistance. We also thank the Unitat de Biologia and the Unitat de Genòmica from the Serveis Cientificotècnics at the Universitat de Barcelona for their technical support. Funding: this study was supported by grants from the Ministerio de Educación y Ciencia and FEDER (SAF2004-00265), the Ministerio de Sanidad y Consumo (ISCIII-RETIC RD06/0020), and the AGAURGeneralitat de Catalunya (2005SGR- 00549). AFS, AMC, DIS, and DMGG are recipients of research fellowships from the Ministerio de Educación y Ciencia, LCM is the recipient of a fellowship from the José Carreras International Leukemia Foundation, and MdeF is a recipient of a fellowship from the AGAURGeneralitat de Catalunya. Manuscript received December 28, 2006. Manuscript accepted September 21, 2007. Correspondence: Joan Gil, Ph.D., Departament de Ciències Fisiològiques II, IDIBELLUniversitat de Barcelona, Campus de Bellvitge, Pavelló de Govern, 4ª planta, E-08907 L'Hospitalet de Llobregat, Barcelona, Spain. E-mail:
jgil{at}ub.edu
Footnotes
	
Authors’ Contributions
AFS performed the research, analyzed the data and wrote the paper. AMC, LC-M, DI-S, MdF, DMG-G performed research; CC contributed with analytical tools; AD contributed with patients samples and data; GP designed the research and analyzed the data; JG designed and supervised the research, analyzed the data and wrote the paper. All authors revised the manuscript critically and approved the final version to be published.
	
Conflict of Interest
The authors reported no potential conflicts of interest.

References
	Chiorazzi N, Rai KR, Ferrarini M. Chronic lymphocytic leukemia. N Engl J Med. 2005; 352:804-15. PubMedhttps://doi.org/10.1056/NEJMra041720Google Scholar

	el Rouby S, Thomas A, Costin D, Rosenberg CR, Potmesil M, Silber R. p53 gene mutation in B-cell chronic lymphocytic leukemia is associated with drug resistance and is independent of MDR1/MDR3 gene expression. Blood. 1993; 82:3452-9. PubMedGoogle Scholar

	Wattel E, Preudhomme C, Hecquet B, Vanrumbeke M, Quesnel B, Dervite I. p53 mutations are associated with resistance to chemotherapy and short survival in hematologic malignancies. Blood. 1994; 84:3148-57. PubMedGoogle Scholar

	Cordone I, Masi S, Mauro FR, Soddu S, Morsilli O, Valentini T. p53 expression in B-cell chronic lymphocytic leukemia: a marker of disease progression and poor prognosis. Blood. 1998; 91:4342-9. PubMedGoogle Scholar

	Bellosillo B, Villamor N, Colomer D, Pons G, Montserrat E, Gil J. In vitro evaluation of fludarabine in combination with cyclophosphamide and/or mitoxantrone in B-cell chronic lymphocytic leukemia. Blood. 1999; 94:2836-43. PubMedGoogle Scholar

	Sturm I, Bosanquet AG, Hermann S, Guner D, Dorken B, Daniel PT. Mutation of p53 and consecutive selective drug resistance in B-CLL occurs as a consequence of prior DNA-damaging chemotherapy. Cell Death Differ. 2003; 10:477-84. PubMedhttps://doi.org/10.1038/sj.cdd.4401194Google Scholar

	Coll-Mulet L, Iglesias-Serret D, Santidrian AF, Cosialls AM, de Frias M, Castaño E. MDM2 antagonists activate p53 and synergize with genotoxic drugs in B-cell chronic lymphocytic leukemia cells. Blood. 2006; 107:4109-14. PubMedhttps://doi.org/10.1182/blood-2005-08-3273Google Scholar

	Dohner H, Stilgenbauer S, Benner A, Leupolt E, Kröber A, Bullinger L. Genomic aberrations and survival in chronic lymphocytic leukemia. N Engl J Med. 2000; 343:1910-6. PubMedhttps://doi.org/10.1056/NEJM200012283432602Google Scholar

	Byrd JC, Lin TS, Grever MR. Treatment of relapsed chronic lymphocytic leukemia: old and new therapies. Semin Oncol. 2006; 33:210-9. PubMedhttps://doi.org/10.1053/j.seminoncol.2006.01.012Google Scholar

	Pastorino JG, Simbula G, Yamamoto K, Glascott PA, Rothman RJ, Farber JL. The cytotoxicity of tumor necrosis factor depends on induction of the mitochondrial permeability transition. J Biol Chem. 1996; 271:29792-8. PubMedhttps://doi.org/10.1074/jbc.271.47.29792Google Scholar

	Hirsch T, Decaudin D, Susin SA, Marchetti P, Larochette N, Resche-Rigon M. PK11195, a ligand of the mitochondrial benzodiazepine receptor, facilitates the induction of apoptosis and reverses Bcl-2-mediated cytoprotection. Exp Cell Res. 1998; 241:426-34. PubMedhttps://doi.org/10.1006/excr.1998.4084Google Scholar

	Decaudin D, Castedo M, Nemati F, Beurdeley-Thomas A, De Pinieux G, Caron A. Peripheral benzodiazepine receptor ligands reverse apoptosis resistance of cancer cells in vitro and in vivo. Cancer Res. 2002; 62:1388-93. PubMedGoogle Scholar

	Banker DE, Cooper JJ, Fennell DA, Willman CL, Appelbaum FR, Cotter FE. PK11195, a peripheral benzodiazepine receptor ligand, chemosensitizes acute myeloid leukemia cells to relevant therapeutic agents by more than one mechanism. Leuk Res. 2002; 26:91-106. PubMedhttps://doi.org/10.1016/S0145-2126(01)00112-6Google Scholar

	Chen J, Freeman A, Liu J, Dai Q, Lee RM. The apoptotic effect of HA14-1, a Bcl-2-interacting small molecular compound, requires Bax translocation and is enhanced by PK11195. Mol Cancer Ther. 2002; 1:961-7. PubMedGoogle Scholar

	Jordà EG, Jiménez A, Verdaguer E, Canudas AM, Folch J, Sureda FX. Evidence in favour of a role for peripheral- type benzodiazepine receptor ligands in amplification of neuronal apoptosis. Apoptosis. 2005; 10:91-104. PubMedhttps://doi.org/10.1007/s10495-005-6064-9Google Scholar

	Sutter AP, Maaser K, Grabowski P, Bradacs G, Vormbrock K, Höpfner M. Peripheral benzodiazepine receptor ligands induce apoptosis and cell cycle arrest in human hepatocellular carcinoma cells and enhance chemosensitivity to paclitaxel, docetaxel, doxorubicin and the Bcl-2 inhibitor HA14-1. J Hepatol. 2004; 41:799-807. PubMedhttps://doi.org/10.1016/j.jhep.2004.07.015Google Scholar

	Fischer R, Schmitt M, Bode JG, Haussinger D. Expression of the peripheral-type benzodiazepine receptor and apoptosis induction in hepatic stellate cells. Gastroenterology. 2001; 120:1212-26. PubMedhttps://doi.org/10.1053/gast.2001.23260Google Scholar

	Fennell DA, Corbo M, Pallaska A, Cotter FE. Bcl-2 resistant mitochondrial toxicity mediated by the isoquinoline carboxamide PK11195 involves de novo generation of reactive oxygen species. Br J Cancer. 2001; 84:1397-404. PubMedhttps://doi.org/10.1054/bjoc.2001.1788Google Scholar

	Maaser K, Höpfner M, Jansen A, Weisinger G, Gavish M, Kozikowski AP. Specific ligands of the peripheral benzodiazepine receptor induce apoptosis and cell cycle arrest in human colorectal cancer cells. Br J Cancer. 2001; 85:1771-80. PubMedhttps://doi.org/10.1054/bjoc.2001.2181Google Scholar

	Sutter AP, Maaser K, Höpfner M, Barthel B, Grabowski P, Faiss S. Specific ligands of the peripheral benzodiazepine receptor induce apoptosis and cell cycle arrest in human esophageal cancer cells. Int J Cancer. 2002; 102:318-27. PubMedhttps://doi.org/10.1002/ijc.10724Google Scholar

	Chelli B, Lena A, Vanacore R, Da Pozzo E, Costa B, Rossi L. Peripheral benzodiazepine receptor ligands: mitochondrial transmembrane potential depolarization and apoptosis induction in rat C6 glioma cells. Biochem Pharmacol. 2004; 68:125-34. PubMedhttps://doi.org/10.1016/j.bcp.2004.03.008Google Scholar

	Walter RB, Raden BW, Cronk MR, Bernstein ID, Appelbaum FR, Banker DE. The peripheral benzodiazepine receptor ligand PK11195 overcomes different resistance mechanisms to sensitize AML cells to gemtuzumab ozogamicin. Blood. 2004; 103:4276-84. PubMedhttps://doi.org/10.1182/blood-2003-11-3825Google Scholar

	Chauhan D, Li G, Podar K, Hideshima T, Mitsiades C, Schlossman R. Targeting mitochondria to overcome conventional and bortezomib/proteasome inhibitor PS-341 resistance in multiple myeloma (MM) cells. Blood. 2004; 104:2458-66. PubMedhttps://doi.org/10.1182/blood-2004-02-0547Google Scholar

	Walter RB, Pirga JL, Cronk MR, Mayer S, Appelbaum FR, Banker DE. PK11195, a peripheral benzodiazepine receptor (pBR) ligand, broadly blocks drug efflux to chemosensitize leukemia and myeloma cells by a pBR-independent, direct transporter-modulating mechanism. Blood. 2005; 106:3584-93. PubMedhttps://doi.org/10.1182/blood-2005-02-0711Google Scholar

	Le Fur G, Guilloux F, Rufat P, Benavides J, Uzan A, Renault C. Peripheral benzodiazepine binding sites: effect of PK 11195, 1-(2-chlorophenyl)-N-methyl- N-(1-methylpropyl)-3-isoquino-linecarboxamide. I. In vitro studies. Life Sci. 1983; 32:1839-47. PubMedhttps://doi.org/10.1016/0024-3205(83)90062-0Google Scholar

	Papadopoulos V, Baraldi M, Guilarte TR, Knudsen TB, Lacapère JJ, Lindemann P. Translocator protein (18 kDa): new nomenclature for the peripheral-type benzodiazepine receptor based on its structure and molecular function. Trends Pharmacol Sci. 2006; 27:402-9. PubMedhttps://doi.org/10.1016/j.tips.2006.06.005Google Scholar

	Kletsas D, Li W, Han Z, Papadopoulos V. Peripheral-type benzodiazepine receptor (PBR) and PBR drug ligands in fibroblast and fibrosarcoma cell proliferation: role of ERK, c-Jun and ligand-activated PBR-independent pathways. Biochem Pharmacol. 2004; 67:1927-32. PubMedhttps://doi.org/10.1016/j.bcp.2004.01.021Google Scholar

	Gonzalez-Polo RA, Carvalho G, Braun T, Decaudin D, Fabre C, Larochette N. PK11195 potently sensitizes to apoptosis induction independently from the peripheral benzodiazepin receptor. Oncogene. 2005; 24:7503-13. PubMedhttps://doi.org/10.1038/sj.onc.1208907Google Scholar

	Muscarella DE, O'Brien KA, Lemley AT, Bloom SE. Reversal of Bcl-2-mediated resistance of the EW36 human B-cell lymphoma cell line to arseniteand pesticide-induced apoptosis by PK11195, a ligand of the mitochondrial benzodiazepine receptor. Toxicol Sci. 2003; 74:66-73. PubMedhttps://doi.org/10.1093/toxsci/kfg052Google Scholar

	Carayon P, Portier M, Dussossoy D, Bord A, Petitprêtre G, Canat X. Involvement of peripheral benzodiazepine receptors in the protection of hematopoietic cells against oxygen radical damage. Blood. 1996; 87:3170-8. PubMedGoogle Scholar

	Mariano MT, Moretti L, Donelli A, Grantini M, Montagnani G, Di Prisco AU. bcl-2 gene expression in hematopoietic cell differentiation. Blood. 1992; 80:768-75. PubMedGoogle Scholar

	Hanada M, Delia D, Aiello A, Stadtmauer E, Reed JC. bcl-2 gene hypomethylation and high-level expression in B-cell chronic lymphocytic leukemia. Blood. 1993; 82:1820-8. PubMedGoogle Scholar

	Eldering E, Spek CA, Aberson HL, Grummels A, Derks IA, de Vos AF. Expression profiling via novel multiplex assay allows rapid assessment of gene regulation in defined signalling pathways. Nucleic Acids Res. 2003; 31:e153. PubMedhttps://doi.org/10.1093/nar/gng153Google Scholar

	Bellosillo B, Piqué M, Barragán M, Castaño E, Villamor N, Colomer D. Aspirin and salicylate induce apoptosis and activation of caspases in B-cell chronic lymphocytic leukemia cells. Blood. 1998; 92:1406-14. PubMedGoogle Scholar

	Pique M, Barragan M, Dalmau M, Bellosillo B, Pons G, Gil J. Aspirin induces apoptosis through mitochondrial cytochrome c release. FEBS Lett. 2000; 480:193-6. PubMedhttps://doi.org/10.1016/S0014-5793(00)01922-0Google Scholar

	Webb J. Effect of more than one inhibitor, antagonism, summation, and synergism. Enzyme and metabolic inhibitors. Academic Press. 1963; 1:488-512. Google Scholar

	Mapara MY, Bargou R, Zugck C, Döhner H, Ustaoglu F, Jonker RR. APO-1 mediated apoptosis or proliferation in human chronic B lymphocytic leukemia: correlation with bcl-2 oncogene expression. Eur J Immunol. 1993; 23:702-8. PubMedhttps://doi.org/10.1002/eji.1830230320Google Scholar

	Madesh M, Hajnoczky G. VDAC-dependent permeabilization of the outer mitochondrial membrane by superoxide induces rapid and massive cytochrome c release. J Cell Biol. 2001; 155:1003-15. PubMedhttps://doi.org/10.1083/jcb.200105057Google Scholar

	Dearth LR, Qian H, Wang T, Baroni TE, Zeng J, Chen SW. Inactive full-length p53 mutants lacking dominant wild-type p53 inhibition high-light loss of heterozygosity as an important aspect of p53 status in human cancers. Carcinogenesis. 2007; 28:289-98. PubMedhttps://doi.org/10.1093/carcin/bgl132Google Scholar

	Gimeno M, Pallas M, Newman AH, Camarasa J, Escubedo E. The role of cyclic nucleotides in the action of peripheral-type benzodiazepine receptor ligands in rat aorta. Gen Pharmacol. 1994; 25:1553-61. PubMedGoogle Scholar

	Mentz F, Merle-Beral H, Dalloul AH. Theophylline-induced B-CLL apoptosis is partly dependent on cyclic AMP production but independent of CD38 expression and endogenous IL-10 production. Leukemia. 1999; 13:78-84. PubMedhttps://doi.org/10.1038/sj/leu/2401237Google Scholar

	Garrido C, Galluzzi L, Brunet M, Puig PE, Didelot C, Kroemer G. Mechanisms of cytochrome c release from mitochondria. Cell Death Differ. 2006; 13:1423-33. PubMedhttps://doi.org/10.1038/sj.cdd.4401950Google Scholar

	Chipuk JE, Bouchier-Hayes L, Green DR. Mitochondrial outer membrane permeabilization during apoptosis: the innocent bystander scenario. Cell Death Differ. 2006; 13:1396-402. PubMedhttps://doi.org/10.1038/sj.cdd.4401963Google Scholar

	Sugiyama T, Shimizu S, Matsuoka Y, Yoneda Y, Tsujimoto Y. Activation of mitochondrial voltage-dependent anion channel by aproapoptotic BH3- only protein Bim. Oncogene. 2002; 21:4944-56. PubMedhttps://doi.org/10.1038/sj.onc.1205621Google Scholar

	Consoli U, El-Tounsi I, Sandoval A, Snell V, Kleine HD, Brown W. Differential induction of apoptosis by fludarabine monophosphate in leukemic B and normal T cells in chronic lymphocytic leukemia. Blood. 1998; 91:1742-8. PubMedGoogle Scholar

	Keating MJ. Immunosuppression with purine analogues: the flip side of the gold coin. Ann Oncol. 1993; 4:347-8. PubMedGoogle Scholar

	Stankovic T, Weber P, Stewart G, Bedenham T, Murray J, Byrd PJ. Inactivation of ataxia telangiectasia mutated gene in B-cell chronic lymphocytic leukaemia. Lancet. 1999; 353:26-9. PubMedhttps://doi.org/10.1016/S0140-6736(98)10117-4Google Scholar

	Bullrich F, Rasio D, Kitada S, Starostik P, Kipps T, Keating M. ATM mutations in B-cell chronic lymphocytic leukemia. Cancer Res. 1999; 59:24-7. PubMedGoogle Scholar

	Oscier DG, Gardiner AC, Mould SJ, Glide S, Davis ZA, Ibbotson RE. Multivariate analysis of prognostic factors in CLL: clinical stage, IGVH gene mutational status, and loss or mutation of the p53 gene are independent prognostic factors. Blood. 2002; 100:1177-84. PubMedGoogle Scholar

	Okaro AC, Fennell DA, Corbo M, Davidson BR, Cotter FE. Pk11195, a mitochondrial benzodiazepine receptor antagonist, reduces apoptosis threshold in Bcl-X(L) and Mcl-1 expressing human cholangiocarcinoma cells. Gut. 2002; 51:556-61. PubMedhttps://doi.org/10.1136/gut.51.4.556Google Scholar

	Ferry A, Jaillon P, Lecocq B, Lecocq V, Jozefczak C. Pharmacokinetics and effects on exercise heart rate of PK 11195 (52028 RP), an antagonist of peripheral benzodiazepine receptors, in healthy volunteers. Fundam Clin Pharmacol. 1989; 3:383-92. PubMedGoogle Scholar

	Ansseau M, von Frenckell R, Cerfontaine JL, Papart P. Pilot study of PK 11195, a selective ligand for the peripheral-type benzodiazepine binding sites, in inpatients with anxious or depressive symptomatology. Pharmacopsychiatry. 1991; 24:8-12. PubMedGoogle Scholar




                                                        

                                                    

                                                    
                                                        


                                                                                                                                                                        


                                                                                                                                                                                    
                                                                Data Supplements
                                                                    
	    


            

    
        santidrian.pdf


	    


            

    
        Santidrian_Appendix.pdf




                                                            

                                                                                                                    

                                                                                                                
                                                            Figures & Tables
                                                        



                                                    

                                                    
                                                        
                                                            Article Information

                                                              



                                                                                                                        
                                                                
                                                                                                                                        
                                                                                                                                                    Vol. 92 No. 12 (2007): December, 2007 : Articles
                                                                                                                                                

                                                                





                                                                
                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                                                                                                                                                                
                                                                                                                                         
                                                                        DOI
                                                                    

                                                                    
                                                                    
                                                                        
                                                                                                                                                                                                                                    https://doi.org/10.3324/haematol.11194
                                                                        


                                                                                                                                            

                                                                                                                                    

                                                            

                                                            
                                                                                                                        
                                                            

                                                                                                                        
                                                                
                                                                    Pubmed
                                                                

                                                                
                                                                    
                                                                        18055986
                                                                    
                                                                

                                                            

                                                                                                                                                                                    
                                                                
                                                                     
                                                                

                                                            

                                                                                                                        
                                                                
                                                                    Published
                                                                

                                                                
                                                                    2007-12-01
                                                                

                                                            

                                                                                                                        
                                                            
                                                                
                                                                    
                                                                        Published By
                                                                    


                                                                    
                                                                        Ferrata Storti Foundation, Pavia, Italy
                                                                    

                                                                


                                                                
                                                                    
                                                                        Print ISSN
                                                                    

                                                                    
                                                                        0390-6078
                                                                    

                                                                

                                                                
                                                                    
                                                                        Online ISSN
                                                                    

                                                                    
                                                                        1592-8721
                                                                    

                                                                

                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                            

                                                        




                                                                                                                
                                                                                                                                                                                    



                                                                                                                        
                                                                Article Usage

                                                            

                                                            


    
        Online Views

        650

    

    
        PDF Downloads

        119

    





    
    



            

        Statistics from Altmetric.com



        
            
                No Data
            

        





    

    





                                                            

                                                        

                                                    


                                                

                                                                                                
                                                    
                                                        
    	
            
                
            
        
	
                            
    

        



            
    
    
    
    
                        
	
            
                
            
        
	

            
                
            
        
	
        
        
    


                    



                                                    

                                                

                                            

                                        

                                                                                



                                            
                                                
                                                                                    
                    
                    
                        
                    

                
                                                


                                                
                                                                                    
                    
                        
                        
                            
                        

                    

                
                                                


                                                
                                                    
                                                                                                            
                                                
                                                
                                                                                                        
                                                




                                            


                                        

                                                                        

                            

                            
    
        
            
                How to Cite

                
                    ×
                
            

            
    
        
                        
            
                
                    
  1. 
Antonio F. Santidrián, Ana M. Cosialls, Llorenç Coll-Mulet, Daniel Iglesias-Serret, Mercè de Frias, Diana M. González-Gironès, Clara Campàs, Alicia Domingo, Gabriel Pons, Joan Gil. The potential anticancer agent PK11195 induces apoptosis irrespective of p53 and ATM status in chronic lymphocytic leukemia cells. Haematologica 2007;92(12):1631-1638; https://doi.org/10.3324/haematol.11194.





                

                

                
                
  Copy Citation
  
  

                
                

                
                Choose Citation Format
                


                                        
                        	
                                
                                    Chicago
                                
                            
	
                                
                                    Harvard
                                
                            
	
                                
                                    Vancouver
                                
                            
	
                                
                                    Haematologica
                                
                            


                                                
                            Download Citation

                        

                        	
                                
                                    
                                    Endnote/Zotero/Mendeley (RIS)
                                
                            
	
                                
                                    
                                    BibTeX
                                
                            


                                            

                

            

        

    

    
            

        

    


                            
    
        
            
                Share Article

                
                    ×
                
            

            
                
                

                    
                        
                        
                            
                                Copy URL
                            
                        
                    

                

                
                
         

           
                

            

        

    



                                                                    
    
        
            
                Request Permissions

                
                    ×
                
            

            
                
                
                    To create an adaptation, translation, or derivative of the
                        original work, for commercial e-prints and printed articles further permission is
                        required.
 For
                        information contact: marketing@haematologica.org


                                        
                    Other types of copyright management, can be agreed with the Editorial office.



                

            

        

    


            
                        
    


 







  










    
        
            

            				
                                                                    
                                
					
Navigate

	Home
	Current issue
	Early view
	Archive
	About Haematologica
	Editorial Team
	Our policies





For Authors

	Author Guidelines
	Submit Manuscript
	Track Manuscript


For Reviewers

	Reviewer Guidelines
	Access Your Profile
	Access Your Tasks





For Advertisers

	Informations For Advertising


Education

	Review Articles
	Guidelines Articles


Privacy

	Cookie Policy
	Newsletter Privacy Policy
	Privacy Policy





More

	Rights & Permissions


	Web design
	Development



                                
                                    
                                
                                
                                
                                
                                
                                    
                                
                                


Copyright © 2023 by the Ferrata Storti Foundation | Web design ￫ | Development ￫


ISSN 0390-6078 print | ISSN 1592-8721 online
 





				

			                        

        

    

   
















 

