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Antitumor effects with apoptotic death in human promyelocytic leukemia HL-60 cells and suppression of leukemia xenograft tumor growth by irinotecan HCl
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ABBREVIATIONS
ΔΨm, Mitochondrial membrane potential; CPT-11, Irinotecan HCl; ER, endoplasmic reticulum; DAPI, 4,6-diamidino-2-phenylindole dihydrochloride; ROS, reactive oxygen species.

ABSTRACT: Irinotecan HCl is an anticancer prodrug, but there is no available information addressing irinotecan HCl-inhibited leukemia cells in-vitro and in-vivo studies. Therefore, we investigated the cytotoxic effects of irinotecan HCl in promyelocytic leukemia HL-60 cells and in vivo and tumor growth in a leukemia xenograft model. Effects of irinotecan HCl on HL-60 cells were determined by flow cytometry, immunofluorescence staining, comet assay, real-time PCR and Western blotting. Irinotecan HCl demonstrated a dose- and time-dependent inhibition of cell growth, induction of apoptosis, and cell-cycle arrest at G0/G1 phase in HL-60 cells. Irinotecan HCl promoted the release of AIF from mitochondria and its translocation to the nucleus. Bid, Bax, Apaf-1, caspase-9, AIF, Endo G, caspase-12, ATF-6b, Grp78, CDK2, Chk2 and Cyclin D were all significantly up-regulated and Bcl-2 was down-regulated by irinotecan HCl in HL-60 cells. Induction of cell-cycle arrest by irinotecan HCl was associated with changes in expression of key cell-cycle regulators such as CDK2, Chk2 and cyclin D in HL-60 cells. To test whether irinotecan HCl could augment antitumor activity in vivo, athymic BALB/cnu/nu nude mice were inoculated with HL-60 cells, followed by treatment with either irinotecan HCl. The treatments significantly inhibited tumor growth, reduced tumor weight and volume in the HL-60 xenograft mice. The present study demonstrates the schedule-dependent antileukemia effect of irinotecan HCl using both in vitro and in vivo models. Irinotecan HCl could potentially be a promising agent for the treatment of promyelocytic leukemia and warrant further investigation.
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INTRODUCTION
The majority of chemotherapy and radiation treatments act by inducing apoptosis (programmed cell death) in tumor cells (Arlt et al., 2001; Fisher 1994). It is well documented that apoptosis can be characterized based on cell morphology changes including shrinkage, chromatin condensation, and internucleosomal cleavage of genomic DNA. The apoptotic pathways can be divided into the death receptor-mediated (or extrinsic pathway), mitochondria-mediated apoptosis (intrinsic pathway) and the endoplasmic reticulum (ER) stress-mediated apoptosis pathway (Hengartner 2000). The death receptor-mediated pathway is involved with caspase-8 and caspase-3 (Danial and Korsmeyer 2004), the mitochondria-mediated pathway involves the alteration of mitochondrial membrane permeability and caspase-9 and caspase-3 (Danial and Korsmeyer 2004) and the ER stress-mediated pathway involves caspase-4 or -12 (Scorrano et al., 2003). Clearly, the best strategy for ant-cancer agents is to induce apoptosis in cancer cells. 
Irinotecan HCl (CPT-11) is an anticancer prodrug which is converted into its main active metabolite named SN38 by carboxyl esterase in the body. It was reported that SN38 is the most powerful inhibitor of topoisomerase I (Kawato et al., 1991). Irinotecan-HCl is a new drug which has antitumour activity in a wide range of malignancies such as metastatic colorectal cancer (Douillard et al., 2000; Saltz et al., 2000), upper gastrointestinal (Yamao et al., 2001), pancreatic, lung (Noda et al., 2002), uterine cancer (Sugiyama et al., 2000; Tanaka et al., 2005a; Umesaki et al., 2004), ovarian cancer (Nishino et al., 2005; Tanaka et al., 2000), breast cancer and gynecological malignancies (Chollet et al., 1998; Hwang et al., 2003; McRae and King 1976) and malignant lymphoma (Tobinai and Hotta 2004). It was also reported that irinotecan HCl-induced gonadal dysfunction in male rats injected with irinotecan HCl at 6 μg/kg body weight exhibited reduced prostate and epididymis volumes (Itabashi et al., 1990). The potential antitumor effects of irinotecan HCl on leukemia HL-60 cells in vitro and in vivo have not been examined as compared with other types of malignancies. In addition, the mechanisms of the antitumor effects of irinotecan HCl are not well-understood and the present study determined if irinotecan HCl induces apoptosis in vitro and in a xenograft mouse model where mice were injected with HL-60 cells. 

MATERIALS AND METHODS
Chemicals and reagents
Irinotecan HCl, dimethyl sulfoxide (DMSO), propidium iodide (PI), RNase A, and Triton X-100 were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA). RPMI-1640, penicillin-streptomycin, trypsin-EDTA, fetal bovine serum (FBS), L-glutamine, DiOC6, H2DCFDA and Fluo-3/AM were obtained from Life Technologies (Carlsbad, CA, USA). Anti-endonuclease G (Endo G) (Cat. AB3639), anti-CDK2 (Cat. 05-596) and anti-Bcl-2 (Cat. 05-729) were bought from Merck Millipore (Billerica,MA,USA). The other monoclonal antibodies and horseradish peroxidase (HRP)-conjugated secondary antibodies used in this study were obtained from the Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Cell culture
HL-60 cells were purchased from the Food Industry Research and Development Institute (Hsinchu, Taiwan). The cells were immediately plated in 75 cm2 tissue culture flasks in RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 100 Units/ml penicillin and 100 μg/ml streptomycin at 37°C under a humidified 5% CO2 and 95% air at one atmosphere (Chung et al., 2001; Lu et al., 2008).

In vitro studies.
Assessment of cell morphology and viability
Approximately 2×105 cells/well of HL-60 cells were plated onto 12-well plates and maintained at 37°C for 24 h before being treated with 0, 0.25, 0.5, 0.75, 1.0 and 1.5 μM irinotecan HCl and then incubated for 24 and 48 h. DMSO (solvent) was used as the vehicle control. For cell morphology experiments, cells were examined and photographed using a phase-contrast microscope. For determination of cell viability, cells (1×105 cells per sample) from each treatment were centrifuged at 1000xg for 5 min, cell pellets were dissolved with 0.5 ml of PBS containing 5 μg/ml PI and viable cells were determined by using a flow cytometer (BD Biosciences, FACSCalibur Flow Cytometry, San Jose, CA, USA) as previously described (Lee et al., 2008; Lin et al., 2008).

Assessment of cell cycle and apoptosis by flow cytometry
Approximately 2×105 cells/well of HL-60 cells were maintained on a 12-well plate at 37°C for 24 h and then treated with different concentrations of irinotecan HCl (0, 0.25, 0.5, 0.75, 1.0 and 1.5 μM) and were then incubated at 37°C. for 48 h. Cell cycle distribution with sub-G1 (apoptosis), isolated cells were fixed by 70% ethanol in 4°C overnight and then re-suspended in PBS containing 40 μg/ml PI and 0.1 mg/ml RNase and 0.1% Triton X-100 in a dark room for 30 min at 37°C. Those cells were analyzed with a flow cytometer equipped with an argon ion laser at 488 nm wavelength. The cell cycle with sub-G1 was then determined and analyzed with a FACScalibur utilizing CellQuest software (Beckton Dickinson) (Lee et al., 2008; Rungapamestry et al., 2008).

DAPI staining for apoptotic cells
HL-60 cells at a density of 2×105 cells/well were plated onto 12-well plates and were maintained for 24 h. Cells were then incubated with 0, 0.25, 0.5 and 1.0 μM irinotecan HCl for 48 h. Cells were isolated and stained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) as previously described (Lee et al., 2008; Lu et al., 2012). After staining, the cells were examined and photographed using a fluorescence microscope

Comet assay for DNA damage
The Comet assay was utilized based on the procedures of Wang et al. but with some modification (Wang et al., 2006). Cells were incubated with 0, 0.25, 0.5 and 1.0 μM irinotecan HCl for 24 h. Cells were harvested for the examination of DNA damage using the Comet assay.

Mitochondrial membrane potential (ΔΨm), reactive oxygen species (ROS) and intracellular Ca2+ release
Cells at a density of 1×105 cells/well were plated onto 12-well plates and treated with 1.0 μM irinotecan HCl for 0, 1, 3, 6, 12 and 24 h and changes in ΔΨm were determined; ROS and intracellular Ca2+ release levels were examined after 0, 1, 3, 6 and 12 h treatment. Cells were harvested, re-suspended in 500 μL of DiOC6 (1 μmol/L) for ΔΨm, in 500 μL of H2DCFDA (10 μM) for ROS (H2O2) determination and re-suspended in 500 μL of Fluo-3/AM (2.5 μg/mL) for intracellular Ca2+ concentrations and incubated at 37°C for 30 min and analyzed by flow cytometry (Huang et al., 2012; Lu et al., 2012; Lu et al., 2010a). All fluorescence intensities were obtained from the mean intensity of the histogram constructed from approximately 10,000 cells.

Caspase-3 activity assay
HL-60 cells at a density of 1×105 cells/well were plated onto 12-well plates and then treated with 1.0 μM irinotecan HCl for 0, 3, 6, 12 and 24 h. Cells were harvested by centrifugation and 50 μl of 10 μM caspase-3 substrate solution (PhiPhiLux-G1D2, OncoImmunin, Inc., Gaithersburg, MD, USA) was added to the cell pellets. Samples were incubated in at 37°C for 60 min before flow cytometric analysis (Lin et al., 2009; Lu et al., 2010b).

Immunofluorescence staining and confocal laser scanning microscopy 
HL-60 cells (5×104 cells/well) were placed on 4-well chamber slides before being treated with 1.0 μM of irinotecan HCl for 24 h. Cells were then fixed in 3% formaldehyde in PBS for 15 min, permeabilized with 0.1% Triton-X 100 in PBS for 1 h with blocking of non-specific binding sites using 2% BSA as previously described (Chiu et al., 2009; Kuo et al., 2009). Fixed cells were stained with primary antibodies to AIF (1:100 dilution) overnight and then stained with secondary antibody (FITC-conjugated goat anti-mouse IgG at 1:100 dilution) (green fluorescence), followed by mitochondria and nuclei counterstaining using and PI (red fluorescence). Photomicrographs were obtained using a Leica TCS SP2 Confocal Spectral Microscope (Chiang et al., 2011; Kuo et al., 2009).

Determination of DNA fragmentation
Approximately 5x106 HL-60 cells/ml were placed on 12-well plates and treated with or without 1.0 μM of irinotecan for 0, 6, 12, 24, 48 and 72 h. Cells were isolated and DNA extracted and electrophoresed as previously described (Chen et al., 2009).

Determination of levels of apoptotic associated proteins
Cells were placed on 6-well plates and treated with 1.0 μM irinotecan for 0, 6, 12, 24, 48 and 72 h. Cells were harvested from each treatment by centrifugation. Protein levels of Bid, Bax and Bcl-2, Apaf-1, caspase-9 AIF, Endo G, ATF-6β, GRP78 and CDK2, Chk2 and cyclin D were examined by using sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting as previously described (Chen et al., 2009; Yang et al., 2009).

In vivo studies
HL-60 xenograft mouse model 
Twenty-four male athymic BALB/cnu/nu nude mice (4-6 weeks of age) were purchased from the National Laboratory Animal Center (Taipei, Taiwan) and mice were maintained in pathogen-free conditions with irradiated chow and water ad libitum. Mice were allowed an acclimatization period of 1-2 weeks before the start of the experiments. All handling of the mice were performed in a laminar flow bench. HL-60 cells were re-suspended in serum-free RPMI-1640 medium with Matrigel (BD Biosciences, Bedford, MA, USA) basement membrane matrix at a 1:1 ratio. Animals were subcutaneously injected (s.c.) with 5×106 HL-60 cells in 0.2 ml Matrigel into the thigh. Tumor size was measured every 3 days. When HL-60 cells formed palpable tumors (i.e., volumes of about 200 mm3) mice were divided randomly into control (n=8) and 2 treatment groups (n=8) (injected i.v. every 3 days with 20 μl of saline as a control vehicle; irinotecan HCl 2 and 20 mg/kg, respectively). Tumor volume was estimated according to the following formula: tumor volume (mm3) = 0.52L×W2 (L: length and W: width). At the end of the study, animals were sacrificed, and tumors were removed, measured and weighted individually as previously described (Ho et al., 2009; Yang et al., 2008). All animal experiments were conducted according to the guidelines and the experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of China Medical University (Taichung, Taiwan).

Statistical methods
One-way ANOVA was used to examine the significance of differences between control and treated groups followed by Bonferroni’s test for multiple comparisons. Significance was at least p < 0.05.

RESULTS
Effects of irinotecan HCl on cell morphology and viability. 
HL-60 cells were treated with 0, 0.25, 0.5, 0.75, 1.0 and 1.5 μM of irinotecan HCl for 24 and 48 h, and cell morphological changes and cell death were assayed and results are shown in Figure1A and B. Irinotecan HCl caused both cell morphological changes and cell death at concentration of 0.25 μM and higher which was dose-dependent (Fig. 1A and B). Based on those results, we selected the 1.0 μM dose and next assessed whether the growth-inhibitory and cell death effects of irinotecan HCl were associated with cell cycle progression and/or apoptotic cell death.

Effects of irinotecan HCl on cell cycle and sub-G1 group of HL-60 cells
Irinotecan HCl induced significant cell cycle arrest at 0.250-1.50 μM after incubation for 48 h (Fig. 2A and B). Compared with DMSO controls, irinotecan HCl caused an arrest at G0-G1 (42% versus 62-74% P<0.01, respectively) phases, which were at the expense of a strong decrease in the S-phase cell population (Fig. 2B) and slightly increased G2/M phase (Fig. 2B). Irinotecan HCl at concentrations of 0.25-1.5 μM for 48 h caused significant apoptotic cell death (Fig. 2B). The increase in the percentage of sub-G1 indicated an increase in the percentage of apoptotic cells (Fig. 2B) and this effect was dose-dependent. 

Irinotecan HCl induced apoptosis and DNA damage in HL-60 cells
Figure 3A indicates that apoptotic cells were observed in irinotecan HCl treated HL-60 cells when compared with intact control cells and this effect was dose-dependent. DNA damage in HL-60 cells were examined by Comet assay and results in Figure 3B indicated that irinotecan HCl induced DNA damage based on DNA damage tail production

Irinotecan HCl alters levels of mitochondria membrane potential (ΔΨm), reactive oxygen species (ROS) and intracellular Ca2+ in HL-60 cells
The data indicated that irinotecan HCl promoted the loss of ΔΨm in HL-60 cells and this effect was time-dependent manner (Fig. 4A). Irinotecan HCl also promoted ROS and intracellular Ca2+ production in a time-dependent manner as well (Fig. 4B and C). 

Irinotecan HCl affected activity of caspase-3, AIF translocation and DNA fragmentation in HL-60 cells 
Effects of irinotecan HCl on caspase-3 activity, translocation of AIF and DNA fragmentation are shown in Figure 5A, B and C. Irinotecan HCl increased  caspase-3 activity (Fig. 5A), induced the transolcation of AIF (Fig. 5B) and increased DNA fragmentation (Fig. 5C) in HL-60 cells. 

Irinotecan HCl alters levels of proteins associated with apoptosis in HL-60 cells
Data in Figure 6A, B, C and D indicates that irinotecan HCl stimulated levels of Bid and Bax (Fig. 6A), Apaf-1, caspase-9, AIF and Endo G (Fig. 6B), ATF-6β and GRP78 (Fig. 6C), CDK2, Chk2 and Cyclin D (Fig. 6D). However, irinotecan HCl decreased anti-apoptotic Bcl-2 protein levels (Fig. 6A). 

Irinotecan HCl inhibited tumor size in a xenograft mouse model
In in-vitro study, we found that irinotecan HCl inhibited the growth of HL-60 cells through the induction of cell death. Therefore, we next examined the in vivo antitumor effects of irinotecan HCl on xenografts of HL-60 cells in nude mice. Representative tumors in xenograft nude mice treated with or without irinotecan HCl are shown in Figure 7A. As shown in Figure 7B, irinotecan HCl reduced tumor mass compared to control. Irinotecan HCl (2 and 20 mg/kg) significantly (p<0.05) decreased by 24.4 and 52.01% the tumor weight compared to control (Fig. 7C). Irinotecan HCl decreased tumor volume significantly compared to controls (Fig. 7D) in mice after treatment from 18 days to 33 days.

DISCUSSION
Irinotecan HCl has commonly been used in chemotherapy or concurrent chemo-radiotherapy for patients with advanced cervical cancer (Tanaka et al., 2005b). Several studies have shown that irinotecan HCl induced cytotoxic effects in human cancer cell lines by cell cycle arrest and induction of apoptosis (Kawato et al., 1991; Nishino et al., 2005; Noda et al., 2002; Tanaka et al., 2000; Yamao et al., 2001). In the present study, we demonstrated that irinotecan HCl also exhibits a direct effect on human tumor cells, inducing apoptosis and suppressing proliferation of human promyelocytic leukemia HL-60 cells. It was reported that irinotecan HCl inhbited cancer cells through the inhibition of topoisomerase I (Kawato et al., 1991). We now showed that irinotecan HCl decreased the percentage of viable HL-60 cells through the induction of apoptosis and this compound increased Bax levels and decreased Bcl-2 levels. This shift in the Bcl-2/Bax ratio was associated with mitochondrial dysfunction by inducing movement of cytochrome c and AIF from the mitochondria. It is well documented that the ratio of Bax/Bcl-2 affects levels of the mitochondrial membrane potential. It was reported that irinotecan HCl specifically activates caspase-3 in granulosa cells of large follicles (Utsunomiya et al., 2008). The Fas receptor has been shown to one of the receptors for irinotecan HCl induced apoptosis in granulosa cell apoptosis (Utsunomiya et al., 2008) and irinotecan HCl (CPT-11) is a strong topoisomerase I inhibitor that induces cancer cell death by acting specifically at the DNA synthesis stage (Choi et al., 2004; Saltz et al., 2000). One of the main mechanisms of irinotecan HCl-induced granulosa cell apoptosis is apoptotic signaling initiated by interaction of Fas antigen in granulosa cells and irinotecan HCl-induced FasL on granulosa cells. The Fas/FasL system plays an important role in anticancer drug-induced specific granulosa cell apoptosis. This action of that system suggests the possibility of developing molecular targeting therapies involving regulation of Fas/FasL signaling. Such an approach may be applied to the prevention or treatment of irreversible ovarian damage induced by certain anticancer drug chemotherapies (Utsunomiya et al., 2008).
In the present study, we found that irinotecan HCl increased AIF levels in HL-60 cells and this effect was time-dependent (Fig. 6B). Irinotecan HCl also stimulated the translocation of AIF from the cytosol to the nucleus (Fig. 5B) in HL-60 cells. These results are the first to show that irinotecan HCl induced apoptosis in HL-60 cells which was mitochondrial-dependent and involved AIF release. Treatment of promyelocytic leukemia with irinotecan HCl leads to disruption of mitochondrial membrane potential, release of proapoptotic mitochondrial membrane proteins such as cytochrome c, AIF and Endo G, and DNA fragmentation, resulting in cell death in part through a caspase-dependent and-independent manner. Furthermore, irinotecan HCl increases intracellular reactive oxygen species (ROS), and antioxidant treatment imparts partial protection from cell death (data not shown), suggesting that ROS accumulation contributes to irinotecan HCl -induced cytotoxicity in promyelocytic leukemia HL-60 cells.
To confirm our irinotecan HCl in vitro results we used BALB/c nude mice injected with HL-60 cells as a xenograft animal model and subsequently treated mice with irinotecan HCl by i.v. administration every 3 days or a vehicle control. Irinotecan HCl at 20 mg/kg dose significantly decreased the weight and volume of HL-60 tumors in nude mice. In summary, our findings demonstrate that the schedule-dependent antileukemia effect of irinotecan HCl in both in vitro and in vivo models could potentially be a promising compound for treatment of promyelocytic leukemia and it warrants further investigation.
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Figure legends
Figure 1. The effects of irinotecan HCl on the morphological changes and percentage of viable HL-60 cells. Cells were plated onto RPMI 1640 medium + 10% FBS with various concentrations of irinotecan HCl for 24 and 48 h and the morphological changes were examined and photographed under phase-contrast microscope (A) (200x), and total percentage of viable cells were quantitated by flow cytometry (B) as described in Materials and Methods. Each point is mean ± S.D. of three experiments, a, P < 0.05, significantly different compared with DMSO-treated control by one-way ANOVA followed by Bonferroni’s multiple comparison test.

Figure 2. The effects of irinotecan HCl on the cell cycle and sub-G1 group of HL-60 cells. Cells were plated in RPMI 1640 medium + 10% FBS with various concentrations of irinotecan HCl for 48 h and the cells were analyzed for cell cycle (A: representative profiles; B: the percentage of cells in phase) by flow cytometry. Each point is mean ± S.D. of three experiments. a, P < 0.05, significantly different compared with DMSO-treated control by one-way ANOVA followed by Bonferroni’s multiple comparison test.

Figure 3. Irinotecan HCl induced apoptosis and DNA damage in HL-60 cells. Cells were incubated with various concentrations of irinotecan HCl for 24 h. Apoptotic cells were determined by DAPI staining (A) and DNA damage was determined using Comet assay (B) and were monitored and photographed by fluorescence microscope which is described in Materials and Methods. 

Figure 4. Irinotecan HCl affected the levels of mitochondria membrane potential (ΔΨm), reactive oxygen species (ROS) and intracellular Ca2+ in HL-60 cells. Cells were incubated with 1.0 μM Irinotecan HCl for various time periods, before stained by DiOC6 for the ΔΨm levels determined (A), H2DCFDA (2,7-dichlorodihydrofluorescein diacetate) for ROS levels determined (B) and stained by Fluo-3/AM for the intracellular Ca2+ levels determined (C) then were assayed by flow cytometric analysis as described in Materials and Methods. Each experiment was done with triple sets, a, P < 0.05 was significantly different.

Figure 5. Irinotecan HCl affected the activities of caspase-3, AIF translocation and DNA fragmentation in HL-60 cells. Cells were plated onto 12-well plate in RPMI-1640 + 10% FBS which were incubated with 1.0 μM irinotecan HCl for various time periods. Cells were harvested from each treatment for caspase-3 activity determination (A) and transolaction of AIF (B) and DNA fragmentation determination (C) that were measured as described in Materials and Methods. Each experiment was done with triple sets, a, P<0.05 was significantly different from the control.

[bookmark: OLE_LINK1]Figure 6.  Irinotecan HCl affected the apoptotic relative proteins and gene expression in HL-60 cells. About 5×105 HL-60 cells/ml cells were treated with 1.0 μM irinotecan HCl for 0, 6, 12, 24, 48 and 72 h. Cells were harvested from each treatment and associated proteins were measured by Western blotting. The protein levels of Bid, Bax and Bcl-2 (A), Apaf-1, caspase-9 AIF, Endo G (B), ATF-6β, GRP78 (C) and CDK2, Chk2 and cyclin D (D) expressions were examined by using SDS-PAGE gel electrophoresis and Western blotting as described in Materials and Methods. 

Figure 7.  Irinotecan HCl inhibited tumor growth on the xenograft animal model. Twenty-four athymic BALB/cnu/nu nude mice were s.c. implanted with 5x106 HL-60 cells for 18 days then randomly divided into 3 groups. Group 1 was intravenously treated with saline only. Group 2 and 3 were intravenously treated with 2 and 20 mg/kg of irinotecan HCl, respectively. At 33 days, all animals were sacrificed. (A): representative mice with solid tumor; (B) tumor weight; (C) inhibition of tumor weight and (D) tumor volume. Data presented was mean ± SEM at 18-33 days post-tumor implantation, and the tumor volumes observed in DMSO, irinotecan HCl were compared as analyzed by one-way ANOVA followed Bonferroni’s test for multiple comparisons. Data represents mean ± S.D. of 8 animals. a, P < 0.05, significantly different compared with control.
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