
1 
 

Title: Targeting Survivin with YM155 (sepantronium bromide): A novel therapeutic strategy for paediatric acute myeloid leukemia. 1 

Amanda M. Smith1, Erica B. Little1, Andjelija Zivanovic1, Priscilla Hong1, Alfred K.S. Liu1, Rachel Burow1, Caedyn Stinson1, Andrew R. 2 

Hallahan1,2, Andrew S. Moore1,2 3 

1. Queensland Children’s Medical Research Institute (QCMRI), The University of Queensland, Brisbane, Australia 4 

2. Queensland Children’s Cancer Centre, Children’s Health Queensland Hospital and Health Service, Brisbane, Australia 5 

Running Title: YM155; a novel strategy for paediatric acute myeloid leukemia 6 

Key Words: Survivin, YM155, AML, paediatric 7 

Financial Support: This project was supported by funding from the National Health and Medical Research Council of Australia (ASM), 8 
Children’s Health Foundation Queensland (ARH, ASM), ANZ Trustees (ASM) and a Pfizer Australia Cancer Research Grant (ASM).  9 

Corresponding Author:  10 
Andrew S. Moore 11 
Level 4 Foundation Building, Royal Children’s Hospital, 12 
Herston Road, Herston,  13 
QLD, Australia, 4029 14 
Tel: +617 3636 3981 15 
Fax: +617 3636 5578 16 
Email: andrew.moore@uq.edu.au 17 

Conflicts of interest: ASM has received competitive research funding from Pfizer Inc., by way of a Pfizer Australia Cancer Research 18 

Grant. 19 

Abstract Word Count: 200 20 

Word Count: 3871 21 

Number of Figures: 5 22 

Number of Tables: 2 23 

Number of References: 48 24 

  25 

*Manuscript
Click here to view linked References

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of Queensland eSpace

https://core.ac.uk/display/43364911?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:andrew.moore@uq.edu.au
http://ees.elsevier.com/lr/viewRCResults.aspx?pdf=1&docID=9244&rev=1&fileID=299594&msid={4391E60C-EE3B-4091-B4D2-37855DC5C0E6}


2 
 

Abstract 26 

Despite aggressive chemotherapy, approximately one third of children with acute myeloid leukemia (AML) relapse. More effective 27 

treatments are urgently needed. Survivin is an inhibitor-of-apoptosis protein with key roles in regulating cell division, proliferation and 28 

apoptosis. Furthermore, high expression of survivin has been associated with poor clinical outcome in AML. The survivin suppressant 29 

YM155 (sepantronium bromide) has pre-clinical activity against a range of solid cancers and leukemias, although data in AML is limited. 30 

Therefore, we undertook a comprehensive pre-clinical evaluation of YM155 in paediatric AML. YM155 potently inhibited cell viability in a 31 

diverse panel of AML cell lines. All paediatric cell lines were particularly sensitive, with a median IC50 of 0.038 µM. Cell-cycle analyses 32 

demonstrated concentration-dependent increases in a sub-G1 population with YM155 treatment, suggestive of apoptosis that was 33 

subsequently confirmed by an increase in annexin-V positivity. YM155-mediated apoptosis was confirmed across a panel of 7 diagnostic 34 

bone marrow samples from children with AML. Consistent with the proposed mechanism of action, YM155 treatment was associated with 35 

down-regulation of survivin mRNA and protein expression and induction of DNA damage. 36 

These data suggest that YM155-mediated inhibition of survivin is a potentially beneficial therapeutic strategy for AML, particularly 37 

pediatric disease, and warrants further evaluation. 38 

 39 

Introduction 40 

Acute myeloid leukemia (AML) is a clonal disorder of haematopoietic stem cells. It is clinically and genetically heterogeneous, typified by 41 

the accumulation of somatic mutations or aberrations altering the normal cellular functions of proliferation, differentiation and self-42 

renewal [1]. Resistance to conventional chemotherapy remains a major challenge in AML patients with up to 30% of adults and 17% of 43 

children failing to achieve complete remission (CR) [1, 2]. Furthermore, the prognosis for AML patients with refractory disease is 44 

exceptionally poor, where only one third of patients achieve remission with second-line chemotherapy [3]. It is clear that novel 45 

therapeutic strategies are needed, particularly for those patients with primary refractory disease [2, 4].  46 

Survivin is a member of the inhibitor of apoptosis protein (IAP) family and regulates mitosis and apoptosis [5]. Furthermore, Survivin 47 

participates in a chromosomal passenger protein complex with Borealin and Inner Centromere Protein (INCENP) that is essential for 48 

chromosome condensation, spindle assembly and microtubule-kinetochore interactions during chromosome segregation and cytokinesis 49 

[6].  Survivin protein is encoded by the BIRC5 gene and in many normal adult tissues the Survivin transcript is expressed at low or 50 

undetectable levels [7]. In contrast, the BIRC5 gene is one of the most frequently amplified transcripts in cancer [7]. There are several 51 

mechanisms of Survivin upregulation in cancer including amplification of the BIRC5 locus [8], hypomethylation of the BIRC5 promoter [9], 52 

and enhanced promoter activity [5]. Importantly, the upregulation of Survivin in cancer occurs independently of the cell-cycle [5]. This 53 

suggests that the anti-apoptotic function of Survivin may be enhanced in cancer cells compared to normal cells rather than modulation of 54 

the mitotic regulatory function [5]. Hyperactivation of kinase signalling cascades, for example the PI3K, MAPK or STAT3 pathways, in 55 

addition to particular tumour microenvironments such as hypoxia and angiogenesis, induce an upregulation of Survivin expression in many 56 

malignant diseases including neuroblastoma, breast, lung, pancreatic, colon [5] and haematological malignancies [10]. Importantly, there 57 

is a strong correlation between Survivin expression and adverse prognosis, whereby a decreased overall survival rate, increased relapse 58 

rate and enhanced metastatic rate have been observed in several malignant diseases in patients with increased Survivin expression [5, 8, 59 

11-14]. A specific role for Survivin in the promotion and maintenance of leukaemogenesis was recently identified in an in vivo transgenic 60 
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mouse model whereby Survivin overexpressing mice developed haematological malignancies at a faster rate with shorter latency than 61 

control mice [15]. Furthermore, Survivin is highly expressed in CD34+/38- AML [10] and CML progenitors [16, 17] compared to normal 62 

CD34+ and peripheral blood mononuclear cells suggesting that targeting Survivin may be a novel therapeutic strategy in eliminating 63 

putative leukemic stem cells.  64 

Targeted therapies to inhibit Survivin expression have been utilised in an experimental setting including antisense oligonucleotides or 65 

siRNA, vaccination strategies and small molecule inhibitors with promising results to date. All three methodologies have reached clinical 66 

trials including the utilisation of the small molecule inhibitor YM155 (Sepantronium Bromide) for the treatment of solid tumours and 67 

lymphoma [18-32]. Despite the growing body of literature defining the role of Survivin in leukaemogenesis, there is a paucity of pre-clinical 68 

data for YM155 in AML, particularly paediatric disease. Therefore, we undertook a comprehensive preclinical evaluation of YM155 in AML 69 

and show for the first time that YM155 has potent in vitro efficacy in AML, inducing apoptosis at low nanomolar concentrations.  70 

Apoptosis correlated to a reduction in Survivin protein but not gene expression. The induction of cell death was also associated with a 71 

concentration-dependent increase in γ-H2AX phosphorylation, indicative of activation of the DNA damage response. We propose that 72 

YM155 is an effective small molecule that warrants further investigation in AML and may be of particular benefit in paediatrics. 73 

Materials and Methods 74 

Cell culture and reagents 75 

All human AML cell lines were purchased directly from recognised repositories; Kasumi-1, MV4-11, CMK, AML-193, M-07e, HL-60, ML-2, 76 

OCI-AML3, ME-1 and HEL from DSMZ (Braunschweig, Germany) and THP-1 from ATCC (Manassas, USA). The DSMZ and ATCC authenticate 77 

all human cell lines by DNA-typing and confirm species of origin by PCR-analysis. Working stocks for the experiments described in this 78 

study were prepared immediately after the initial thawing of stock cells from DSMZ or ATCC. THP-1, Kasumi-1, MV-411, CMK, HL-60, ML-2, 79 

ME-1 and HEL cells were maintained in RPMI 1640 (Life Technologies, Victoria, Australia); AML-193 and M-07e in IMDM (Life 80 

Technologies) supplemented with 2ng/mL and 10ng/mL of huGMCSF (Peprotech, NJ, USA), respectively and OCI-AML3 in MEMα (Life 81 

Technologies). All cell lines were supplemented with 10% foetal calf serum except M-07e cells that are supplemented with 20% FCS (FCS; 82 

Life Technologies). 83 

Human bone marrow samples from 8 patients with AML were obtained from the Queensland Children’s Tumour Bank. Studies were 84 

approved by Institutional Human Research Ethics Committees and consent given by all patients. Mononuclear cells were isolated by Ficoll-85 

Hypaque density-gradient centrifugation, washed, and resuspended at 5x105 cells/mL in culture media (IMDM; Life Technologies) 86 

supplemented with 0.5% FCS and 1% penicillin/streptomycin. The mean percentage of bone marrow blasts in the primary samples was 87 

80% (± 4.9%, range 64-93%). 88 

Compounds  89 

YM155 (Sepantronium Bromide), cytarabine (cytosine arabinoside) and daunorubicin hydrochloride (daunorubicin) were obtained from 90 

Selleck chemicals (Houston, USA). All compounds were dissolved in DMSO and stored at -20oC.  91 

Cell proliferation, cell cycle and apoptosis assays 92 
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Human AML cell lines (2 x 104 cells/well) were seeded in a 96-well plate with appropriate factors and the indicated concentrations of 93 

compound for 72 hours. Assays were plated in quadruplicate and repeated at least three times. Proliferation was assessed using a 94 

resazurin reduction assay (CellTiter-Blue™, Promega, WI, USA). The concentration of compound that reduced cell viability by 50% (IC50) 95 

was determined using non-linear regression with variable slope after normalising fluorescence to untreated cellular controls. For 96 

combination assays, cells were treated at fixed a concentration of YM155 (0.25 x IC50) with or without Cytarabine or daunorubicin (0.01, 97 

0.1, or 1μM) for 72h. For cell cycle analysis, cells (2 ×105 cells/mL) were seeded in 24-well plates with appropriate factors and the indicated 98 

compound concentrations for 24, 48 or 72h. Assayed cells were fixed in 1 mL 70% ethanol at 4°C. Cells were washed in PBS then incubated 99 

with 40 μg/mL propidium iodide (PI; Sigma Aldrich, MO, USA) and 250 μg/mL RNase (Sigma Aldrich) for 30 minutes at 37°C. Samples were 100 

analyzed on an LSRII FortessaTM flow cytometer (BD Biosciences, NJ, USA), and histograms were fitted for cell cycle ratios using BD 101 

FACSDiva (BD Biosciences). For assessment of H2AXSer319 phosphorylation (γ-H2AX), control cells were exposed to 30 minutes of UV 102 

exposure, where plates were placed within 5cm of a UV light with the plate lid off. 103 

Apoptosis was measured using the annexin-V FITC apoptosis detection kit according to manufacturer’s instructions (BD Biosciences). AML 104 

cell lines were seeded at 2 x 105 cells/mL and primary AML mononuclear cells were seeded at 5 x 105 cells/mL and treated with indicated 105 

concentrations of compound for 72 or 24h respectively. Samples were stained for annexin-V FITC (BioLegend, CA, USA) and PI and 106 

analysed on an LSRII FortessaTM flow cytometer. Data were acquired using the BD FACSDiva software and analysed with FlowJo software.  107 

Immunoblotting 108 

Cells were washed in ice-cold PBS and lysed in a buffer solution (120mM NaCl, 50mM Tris-HCl pH7.4, 1% Triton X-100, 10mM NaF, 10mM 109 

EDTA and supplemented with 0.1% protease inhibitor (Sigma Aldrich)). Total protein (10µg) was separated by SDS-PAGE and transferred 110 

onto nitrocellulose membranes (GE Healthcare, Buckinghamshire, England). Antibodies used for immunoblotting were anti-Survivin and 111 

anti-GAPDH (Cell Signalling Technology, Inc., MA, USA). Membranes were incubated with IRDye® 680LT or IRDye 800CW conjugated 112 

secondary antibodies and protein-antibody complexes visualised by an infrared imaging system. Images were captured with the Odyssey 113 

(LI-COR Biosciences, NE, USA) detection system. 114 

Flow cytometric analysis 115 

Survivin expression was assessed by flow cytometric analysis (FACS) to validate immunoblot results. Briefly, a minimum of 1x105 cells were 116 

fixed in 3.7% formaldehyde/PBS for 10 minutes at room temperature, permeabilized in ice-cold methanol then incubated at -20°C 117 

overnight. Cells were blocked in 5% BSA/PBS for 10 minutes, incubated with either 1:1,000 anti-Survivin or matched IgG isotype control 118 

antibody for 1 hour, then with 1:1,000 Alexa-Flour-680 conjugated anti-Rabbit secondary antibody (Life Technologies Inc.) for 1 hour. 119 

Phosphorylated H2AXSer319 (γ-H2AX) and total H2AX were assessed by FACS. Following treatment, cells were fixed in 1.5% 120 

formaldehyde/PBS for 10 minutes at room temperature, permeabilized in ice-cold methanol and incubated at -20°C overnight. Cells were 121 

washed in 0.5% BSA/PBS/0.02% sodium azide and incubated with either 1:100 anti- γ-H2AX, H2AX (Cell Signalling Technology, Inc.) or 122 

matched IgG isotype control antibody for 1 hour. Samples were then stained with 1:1000 Alexa-Flour-488 conjugated anti-Rabbit 123 

secondary antibody (Life Technologies Inc.) for 1 hour. Samples were analysed on an LSRII FortessaTM flow cytometer. Data were acquired 124 

using the BD FACSDiva software and analysed with FlowJo software. 125 
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Real-time quantitative PCR 126 

Total RNA was extracted from AML cell line pellets containing 1 × 106 cells using the RNeasy mini kit and QIAShredder (Qiagen, Hilden, 127 

Germany) according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesised from 500 ng of RNA. For 128 

quantitative, real-time PCR (qRT-PCR) analysis, expression of Survivin (BIRC5) was analysed using a commercially available TAQMAN assay 129 

(Hs03063352_s1) and the ViiATM 7 Real-Time PCR Sequence Detector System (Applied Biosystems, CA, USA). The comparative Ct method 130 

(ΔΔCt) for relative quantification of gene expression was used for analysis with RPS18 gene expression used as an internal control.  131 

Combination treatments 132 

MV4-11 and Kasumi-1 cells (2x105cells/mL) were seeded in 96 well plates and treated with YM155 in combination with either cytarabine 133 

or daunorubicin. Variable concentrations of each compound were used, relative to their single-agent IC50 against each cell line. Assays 134 

were plated in quadruplicate and repeated at least three times. Proliferation was assessed using a resazurin reduction assay. The 135 

percentage of inhibition of proliferation was normalised to DMSO-treated controls. 136 

Statistical analysis 137 

Statistical significance of differences between samples was assessed using a Student's t-test. IC50 values were calculated using non-linear 138 

fit of transformed data normalized to the DMSO-treated control samples. Values shown are the mean ± SEM. All analyses were performed 139 

using GraphPad Prism 6 software (GraphPad Software Inc, CA, USA).  140 

 141 

Results 142 

YM155 inhibits in vitro proliferation of AML cell lines  143 

To determine the in vitro efficacy of YM155 in AML, we utilised a panel of 5 adult and 6 paediatric AML cell lines, representative of the 144 

common cytogenetic and molecular subtypes observed in AML patients (Table 1), and examined the effects of treatment on cell 145 

proliferation. The IC50 values for YM155 against all AML cell lines were in the low nanomolar range (Table 1). When compared to the 146 

conventional chemotherapeutic cytarabine, YM155 showed significantly greater efficacy in 4/6 paediatric AML cell lines and 2/5 adult 147 

lines. Interestingly, YM155 was significantly more potent than cytarabine in all three MLL-rearranged AML cell lines (MV4-11, THP-1 and 148 

ML-2) including the MV4-11 cell line that co-expresses a FLT3 internal tandem duplication (FLT3-ITD) mutation.  149 

YM155 induces apoptotic cell death 150 

Previous studies have suggested that survivin’s tumorigenic properties are a result of an increase in its anti-apoptotic activity, rather than 151 

its role in the cell cycle given that in cancer cells Survivin expression remains consistent throughout the cycle [33]. In order to investigate 152 

whether YM155 has an effect on the cell cycle of paediatric AML cell lines, we performed cell cycle analyses following both time (24, 48 or 153 

72h) and concentration (0-1μM) sensitive treatment. YM155 treatment resulted in a significant increase in the sub-G1 population of 4/6 154 

paediatric AML cell lines (THP-1, AML-193, Kasumi-1 and MV4-11) compared to DMSO treated controls, suggesting induction of cell death 155 

(Figure 1). Sub-G1 accumulation was observed in both a time- (Figure 1b) and concentration-dependent manner (Figure 1c). In order to 156 
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establish the mechanism of cell death observed in cell cycle analysis, we utilised an annexin-V assay. In all cell lines, 72h YM155 treatment 157 

induced a significant concentration-dependent increase in annexin-V+ cells at both 0.1μM and 1μM (Figure 2b). Taken together, these 158 

data indicate that YM155 induces cell death through an apoptotic mechanism. Importantly, YM155 treatment induced apoptosis to a 159 

similar level as the conventional cytotoxic Daunorubicin (Figure 2b).  160 

YM155 down-regulates Survivin expression in paediatric AML cell lines 161 

To determine whether the functional effects of YM155 observed in AML cell lines induced downregulation of Survivin we firstly examined 162 

Survivin protein expression following treatment (0-1μM; 72h). Immunoblot and FACS analyses revealed that YM155 induced a 163 

concentration-dependant reduction in Survivin expression in all 6 paediatric AML cell lines (Figure 3a-c). At 1μM YM155 all cell lines 164 

displayed a reduction in Survivin expression, however a decrease in GAPDH levels was also observed at this high concentration in THP-1, 165 

CMK and AML-193. This is most likely due to the extensive level of cell death and breakdown that occurs after 72h of YM155 treatment. 166 

Previous reports suggest that YM155 blocks Survivin transcription via inhibition of the BIRC5 gene promoter [34]. In order to establish 167 

whether the reduction in Survivin protein expression was due to direct inhibition of gene transcription, we performed qRT-PCR for BIRC5 168 

in the paediatric AML cell lines. BIRC5 gene expression was significantly decreased with 0.1 and 1μM YM155 treatment relative to the 169 

control gene RPS18 across the panel of paediatric AML cell lines (Figure 3d). This finding supports the mechanism of action of YM155 as an 170 

inhibitor of BIRC5 gene promoter activation.  171 

YM155 induces a DNA damage response 172 

Recent studies have demonstrated that YM155 induces a DNA damage response in a panel of solid tumour cell lines [35] but not chronic 173 

lymphocytic leukemia (CLL) cells [36]. Therefore, we assessed the panel of paediatric AML cell lines for induction of γ-H2AX. Interestingly, 174 

only MV4-11 and M07e cells exhibited a significant concentration-dependant increase in γ-H2AX with YM155 treatment compared to 175 

DMSO controls (Figure 4). MV4-11 were the most sensitive to DNA damage induction with a mean 6.7 (±0.2)-fold induction of γ-H2AX 176 

relative to H2AX expression and normalised to DMSO controls (p=0.0002) following 1μM YM155 treatment (Figure 4E). The conventional 177 

cytotoxic compounds cytarabine (Ara-C; 1μM) and daunorubicin (1μM), and 30 minutes of direct UV exposure also induced γ-H2AX 178 

expression in these cell lines (Figure 4), however not to the same extent as YM155. This suggests that YM155 may not only mediate AML 179 

cell death by affecting Survivin expression, but also by inducing DNA damage in cells expressing certain molecular backgrounds. Kasumi-1 180 

cells also exhibited and increase in γ-H2AX relative to H2AX expression, however did not reach significance. Given that CMK, AML193 and 181 

THP-1 cells did not exhibit DNA damage response activation with YM155, cytotoxic or UV treatment suggests they are inherently resistant 182 

to γ-H2AX mediated DNA damage from multiple sources. 183 

YM155 increases the cytotoxicity of conventional chemotherapy in AML cells 184 

Since conventional treatment of AML is based on intensive use of cytarabine and anthracyclines, we set out to establish whether YM155 in 185 

combination with these drugs would increase their anti-leukemic effects. MV4-11 and Kasumi-1 cells were co-cultured with cytarabine or 186 

daunorubicin in the presence or absence of YM155 for 72h and proliferation measured. Combination treatment was more effective at 187 

inhibiting the proliferation of both MV4-11 and Kasumi-1 cells compared to either compound alone (Figure 5).  188 
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YM155 induces cell death of AML patient blasts  189 

To determine if primary human AML cells are sensitive to YM155, paediatric AML blasts from 8 patients with diverse cytogenetic and 190 

molecular characteristics (including 1 with acute promyelocytic leukemia, selected due to the presence of a dual FLT3-ITD-D835 mutation; 191 

Table 2) were treated with increasing concentrations of YM155 (0-1μM) for 24h. Cell death was assessed by annexin-V/PI staining. YM155 192 

treatment induced a concentration-dependent increase in annexin-V+ cells (Figure 6A) and concomitant reduction in the percentage of 193 

live viable cells (annexin-V- / PI-; Figure 6B). Of note, four of the five most sensitive AML patient samples had FLT3 mutations (Table 2). 194 

Internal duplication of the FLT3 tyrosine kinase gene (FLT3-ITD) is a frequent event in AML and is associated with higher relapse rates and 195 

reduced survival [37]. When grouped according to FLT3 status, there appeared to be a trend toward greater sensitivity of those patients 196 

expressing FLT3-ITD compared to FLT3-WT patient blasts at all concentrations of YM155 however this did not reach significance (Figure 6C 197 

and D).  198 

Discussion 199 

This study has shown that the small molecule Survivin inhibitor YM155 is efficacious for the inhibition of paediatric AML cell growth in 200 

vitro. Treatment of AML cell lines with nanomolar concentrations of YM155 lead to inhibition of proliferation and accumulation of a sub-201 

G1 population due to an induction of apoptotic cell death, in both a time and concentration dependent manner. Importantly, the efficacy 202 

of YM155 was not limited to established AML cell lines, with primary samples from paediatric patients with AML also displaying 203 

therapeutic sensitivity. Inhibition of proliferation and induction of apoptosis was associated with downregulation of Survivin protein and 204 

gene expression. Induction of the DNA damage response as measured by γ-H2AX expression was also evident in a subset of cell lines. 205 

Survivin is a small inhibitor-of-apoptosis protein involved in regulating apoptosis, the cell cycle and the cellular stress response. The 206 

overexpression and nodal characteristics of Survivin including resistance to apoptosis, metastasis, circumvention of cell cycle checkpoints 207 

and resistance to chemotherapy make it an attractive therapeutic target for a range of human cancers [5]. Several strategies have been 208 

utilised to suppress Survivin expression and concomitantly target its cancer promoting networks including antisense oligonucleotides [5, 209 

38-40] and the small molecule YM155 [5, 34]. YM155 was reported to bind to the Survivin promoter, modulating gene expression in 210 

human prostate tumour models [34]. This supports observations in our in vitro paediatric AML model whereby the mRNA expression was 211 

reduced with YM155 treatment (0.1, 1μM; 72h), and was associated with a concomitant reduction in Survivin protein expression; a finding 212 

validated by both immunoblotting and flow cytometric analyses. Taken together, these data suggest that YM155 regulates Survivin 213 

expression at the transcriptional level in AML cells.  214 

Although YM155 was originally considered a small molecule inhibitor of Survivin promoter activity, recent studies have revealed that 215 

YM155 treatment results in other functional effects including DNA damage [35]. Glaros et. al. reported that YM155 had broad potency 216 

against the NCI-60 cell line panel with IC50 values in the nanomolar range, attributable to an induction of γ-H2AX and pKAP1 expression. 217 

Importantly, the activation of this alternative cellular pathway occurred at concentrations lower than those required to inhibit Survivin 218 

protein expression in PC3 prostate cancer cells [35]. This suggests that DNA damage preceded Survivin inhibition, at least in PC3 cells, and 219 

contributed to cell death earlier and more potently than Survivin downregulation. Further evidence for the function of YM155 as a DNA 220 

damaging agent arose when the authors compared YM155 to three well characterised DNA damaging agents (chromomyocin A3, 221 
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bisantrene HCl and actinomyocin D) and found significant concordance between the compounds (R=0.864, 0.705 and 0.689 respectively) 222 

[35]. Similarly, an earlier study identified downregulation of the Bcl-2 family member, Mcl-1, as a mediator of YM155-induced apoptosis in 223 

a wide range of established cancer cell lines [41]. Mcl-1 is a pro-survival protein that protects cells from stimuli-mediated cell death 224 

resulting from activation of the intrinsic apoptotic pathway. YM155 treatment was shown to downregulate Mcl-1 expression in a time- and 225 

concentration-dependent manner [41]. Importantly, downregulation of Mcl-1 was independent of, and preceded the downregulation of 226 

Survivin suggesting that Survivin downregulation is not an isolated mechanism of action of YM155 and may not be the initiating apoptotic 227 

event. These studies support our observations of an induction of γ-H2AX expression in parallel with a downregulation of Survivin, 228 

suggestive of a dual function of YM155. However, this effect was only observed in 2 of 6 paediatric AML cell lines (MV4-11 and M07e). 229 

Similarly, the cytotoxic chemotherapeutic drugs cytarabine and daunorubicin both induced a DNA damage response in MV4-11 and M07e 230 

cells in vitro, further supporting the notion that YM155 may act primarily as a cytotoxic DNA-damaging agent, rather than a specific 231 

Survivin inhibitor. The lack of DNA damage response activation following all treatments including UV exposure in the CMK, AML-193, and 232 

THP-1 cells suggests that these cells may be particularly resistant to DNA damaging stimuli, and alternative mechanisms of action of 233 

YM155 such as its BIRC5 promotor binding activity likely account for the nanomolar sensitivity of these cell lines. The accumulation of a 234 

sub-G1 population in cells in cell cycle assays, induction of y-H2AX phosphorylation in selected cell lines and induction of annexin V 235 

positivity suggests that YM155 sensitivity may induce cell death through a number of mechanisms including mitotic catastrophe, DNA 236 

damage and apoptosis. 237 

Patient samples positive for FLT3-ITD were particularly sensitive to YM155 in vitro, consistent with the low-nanomolar IC50 demonstrated 238 

for the FLT3-ITD+ cell line, MV4-11. Although there was no statistical significance between FLT3-ITD+ and FLT3-WT+ samples, the trend 239 

raises the possibility of a differential effect in FLT3-ITD+ AML; a larger cohort of FLT3-ITD+ and FLT3-WT samples is needed to confirm this. 240 

Previous studies support these findings; it has been reported that Survivin plays a critical role in proliferation of AML cells harbouring FLT3-241 

ITD and resistance to FLT3 kinase inhibition. Survivin was over-expressed in pre-clinical models of FLT3-inhibitor resistance and was 242 

identified as a downstream transcription target of the FLT3-STAT pathway [42]. Survivin expression and STAT activation were both 243 

increased when MV4-11 cells were cultured long-term with the FLT3 inhibitor ABT-869. Sensitivity to ABT-869 in these resistant MV4-11 244 

cells was restored by silencing Survivin with shRNA. Furthermore, Survivin over-expression in transfected parent MV4-11 cells, conferred 245 

resistance to FLT3 inhibition [42]. Survivin expression has also been shown to be higher in FLT3-ITD transfected Ba/F3 cells and FLT3-ITD+ 246 

primary samples compared to FLT3-WT samples [43]. Furthermore, studies using Survivin knock-out mice suggest that it regulates FLT3-247 

ITD driven proliferation [43]. Taken together, this evidence suggests that YM155 may be of particular benefit to patients with FLT3-ITD+ 248 

AML. Importantly, 2 primary patient samples harbouring FLT3-ITD and a secondary tyrosine kinase domain (TKD) mutation at D835 were 249 

sensitive to YM155. Dual FLT3-ITD-TKD mutations have recently been identified as a mechanism of FLT3 inhibitor resistance [4, 37, 44-46], 250 

suggesting that YM155 may offer a therapeutic option for this subset of patients and further investigation is warranted. 251 

Early phase clinical trials of YM155 have thus far shown that YM155 is generally well tolerated and clinical responses have been seen in a 252 

range of tumour types [47]. Given the very short half-life of YM155, most trials have thus far assessed continuous 7 day infusions. 253 

Liposomal formulations of YM155 are being developed, which may facilitate weekly bolus dosing [48]. Although the exact mechanism of 254 

action of YM155 as a specific Survivin suppressant is debated, it is acknowledged that YM155 may remain a valuable anti-cancer agent 255 

[47]. Importantly, our data shows that in vitro combination of YM155 with daunorubicin and cytarabine increases the effectiveness of 256 
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these clinically relevant chemotherapeutic agents against AML cell lines. These data are of importance to clinical trial design in AML, since 257 

cytarabine and anthracyclines form the backbone of upfront therapy and low dose cytarabine is commonly used in combination for early-258 

phase trials of novel therapeutics.  259 

The preclinical data presented here demonstrate for the first time that AML may be a malignancy with particular sensitivity to YM155. 260 

Whether YM155 functions primarily through the inhibition of Survivin gene expression or other mechanisms, such as DNA damage, 261 

remains unclear. However, given the urgent need for novel therapeutic approaches in AML, the potent in vitro efficacy demonstrated here 262 

and the relative safety profile from recent trials in other malignancies, clinical evaluation of YM155 in AML is warranted. It will be 263 

important to ensure that the design of such clinical trials allows for expansion cohorts of subtypes such as FLT3-ITD, if initial clinical 264 

sensitivity reflects the preclinical data reported here. Furthermore, the paucity of novel agents available for children with AML demands 265 

that adult phase I trials are promptly followed by paediatric trials once the adult safety profile in acute leukemia is established. 266 

Reference List 267 
 268 

1. Pui, C.H., W.L. Carroll, S. Meshinchi, and R.J. Arceci, Biology, risk stratification, and therapy of pediatric acute leukemias: an 269 
update. Journal of clinical oncology : official journal of the American Society of Clinical Oncology, 2011. 29(5): p. 551-65. 270 

2. Burnett, A., M. Wetzler, and B. Lowenberg, Therapeutic advances in acute myeloid leukemia. Journal of clinical oncology : 271 
official journal of the American Society of Clinical Oncology, 2011. 29(5): p. 487-94. 272 

3. Gorman, M.F., L. Ji, R.H. Ko, P. Barnette, B. Bostrom, R. Hutchinson, et al., Outcome for children treated for relapsed or 273 
refractory acute myelogenous leukemia (rAML): a Therapeutic Advances in Childhood Leukemia (TACL) Consortium study. 274 
Pediatric blood & cancer, 2010. 55(3): p. 421-9. 275 

4. Moore, A.S., P.R. Kearns, S. Knapper, A.D. Pearson, and C.M. Zwaan, Novel therapies for children with acute myeloid leukaemia. 276 
Leukemia, 2013. 27(7): p. 1451-60. 277 

5. Altieri, D.C., Survivin, cancer networks and pathway-directed drug discovery. Nat Rev Cancer, 2008. 8(1): p. 61-70. 278 
6. Jeyaprakash, A.A., U.R. Klein, D. Lindner, J. Ebert, E.A. Nigg, and E. Conti, Structure of a Survivin-Borealin-INCENP core complex 279 

reveals how chromosomal passengers travel together. Cell, 2007. 131(2): p. 271-85. 280 
7. Velculescu, V.E., S.L. Madden, L. Zhang, A.E. Lash, J. Yu, C. Rago, et al., Analysis of human transcriptomes. Nature genetics, 281 

1999. 23(4): p. 387-8. 282 
8. Islam, A., H. Kageyama, N. Takada, T. Kawamoto, H. Takayasu, E. Isogai, et al., High expression of Survivin, mapped to 17q25, is 283 

significantly associated with poor prognostic factors and promotes cell survival in human neuroblastoma. Oncogene, 2000. 284 
19(5): p. 617-23. 285 

9. Hattori, M., H. Sakamoto, K. Satoh, and T. Yamamoto, DNA demethylase is expressed in ovarian cancers and the expression 286 
correlates with demethylation of CpG sites in the promoter region of c-erbB-2 and survivin genes. Cancer letters, 2001. 169(2): 287 
p. 155-64. 288 

10. Carter, B.Z., Y. Qiu, X. Huang, L. Diao, N. Zhang, K.R. Coombes, et al., Survivin is highly expressed in CD34(+)38(-) leukemic 289 
stem/progenitor cells and predicts poor clinical outcomes in AML. Blood, 2012. 120(1): p. 173-80. 290 

11. Wagner, M., K. Schmelz, C. Wuchter, W.D. Ludwig, B. Dorken, and I. Tamm, In vivo expression of survivin and its splice variant 291 
survivin-2B: impact on clinical outcome in acute myeloid leukemia. International journal of cancer. Journal international du 292 
cancer, 2006. 119(6): p. 1291-7. 293 

12. Adida, C., C. Recher, E. Raffoux, M.T. Daniel, A.L. Taksin, P. Rousselot, et al., Expression and prognostic significance of survivin in 294 
de novo acute myeloid leukaemia. British journal of haematology, 2000. 111(1): p. 196-203. 295 

13. Tamm, I., S. Richter, D. Oltersdorf, U. Creutzig, J. Harbott, F. Scholz, et al., High expression levels of x-linked inhibitor of 296 
apoptosis protein and survivin correlate with poor overall survival in childhood de novo acute myeloid leukemia. Clinical cancer 297 
research : an official journal of the American Association for Cancer Research, 2004. 10(11): p. 3737-44. 298 

14. Moore, A.S., T.A. Alonzo, R.B. Gerbing, B.J. Lange, N.A. Heerema, J. Franklin, et al., BIRC5 (survivin) splice variant expression 299 
correlates with refractory disease and poor outcome in pediatric acute myeloid leukemia: a report from the Children's Oncology 300 
Group. Pediatr Blood Cancer, 2014. 61(4): p. 647-52. 301 

15. Small, S., G. Keerthivasan, Z. Huang, S. Gurbuxani, and J.D. Crispino, Overexpression of survivin initiates hematologic 302 
malignancies in vivo. Leukemia, 2010. 24(11): p. 1920-6. 303 

16. Carter, B.Z., D.H. Mak, W.D. Schober, M. Cabreira-Hansen, M. Beran, T. McQueen, et al., Regulation of survivin expression 304 
through Bcr-Abl/MAPK cascade: targeting survivin overcomes imatinib resistance and increases imatinib sensitivity in imatinib-305 
responsive CML cells. Blood, 2006. 107(4): p. 1555-63. 306 

17. Shinozawa, I., K. Inokuchi, I. Wakabayashi, and K. Dan, Disturbed expression of the anti-apoptosis gene, survivin, and EPR-1 in 307 
hematological malignancies. Leukemia research, 2000. 24(11): p. 965-70. 308 

18. Tolcher, A.W., A. Mita, L.D. Lewis, C.R. Garrett, E. Till, A.I. Daud, et al., Phase I and pharmacokinetic study of YM155, a small-309 
molecule inhibitor of survivin. Journal of clinical oncology : official journal of the American Society of Clinical Oncology, 2008. 310 
26(32): p. 5198-203. 311 

19. Erba, H.P., H. Sayar, M. Juckett, M. Lahn, V. Andre, S. Callies, et al., Safety and pharmacokinetics of the antisense 312 
oligonucleotide (ASO) LY2181308 as a single-agent or in combination with idarubicin and cytarabine in patients with refractory 313 
or relapsed acute myeloid leukemia (AML). Investigational new drugs, 2013. 31(4): p. 1023-34. 314 



10 
 

20. Tanaka, T., H. Kitamura, R. Inoue, S. Nishida, A. Takahashi-Takaya, S. Kawami, et al., Potential survival benefit of anti-apoptosis 315 
protein: survivin-derived peptide vaccine with and without interferon alpha therapy for patients with advanced or recurrent 316 
urothelial cancer--results from phase I clinical trials. Clinical & developmental immunology, 2013. 2013: p. 262967. 317 

21. Becker, J.C., M.H. Andersen, V. Hofmeister-Muller, M. Wobser, L. Frey, C. Sandig, et al., Survivin-specific T-cell reactivity 318 
correlates with tumor response and patient survival: a phase-II peptide vaccination trial in metastatic melanoma. Cancer 319 
immunology, immunotherapy : CII, 2012. 61(11): p. 2091-103. 320 

22. Berntsen, A., R. Trepiakas, L. Wenandy, P.F. Geertsen, S.P. thor, M.H. Andersen, et al., Therapeutic dendritic cell vaccination of 321 
patients with metastatic renal cell carcinoma: a clinical phase 1/2 trial. Journal of immunotherapy, 2008. 31(8): p. 771-80. 322 

23. Honma, I., H. Kitamura, T. Torigoe, A. Takahashi, T. Tanaka, E. Sato, et al., Phase I clinical study of anti-apoptosis protein 323 
survivin-derived peptide vaccination for patients with advanced or recurrent urothelial cancer. Cancer immunology, 324 
immunotherapy : CII, 2009. 58(11): p. 1801-7. 325 

24. Miyazaki, A., J. Kobayashi, T. Torigoe, Y. Hirohashi, T. Yamamoto, A. Yamaguchi, et al., Phase I clinical trial of survivin-derived 326 
peptide vaccine therapy for patients with advanced or recurrent oral cancer. Cancer science, 2011. 102(2): p. 324-9. 327 

25. Cheson, B.D., N.L. Bartlett, J.M. Vose, A. Lopez-Hernandez, A.L. Seiz, A.T. Keating, et al., A phase II study of the survivin 328 
suppressant YM155 in patients with refractory diffuse large B-cell lymphoma. Cancer, 2012. 118(12): p. 3128-34. 329 

26. Giaccone, G., P. Zatloukal, J. Roubec, K. Floor, J. Musil, M. Kuta, et al., Multicenter phase II trial of YM155, a small-molecule 330 
suppressor of survivin, in patients with advanced, refractory, non-small-cell lung cancer. Journal of clinical oncology : official 331 
journal of the American Society of Clinical Oncology, 2009. 27(27): p. 4481-6. 332 

27. Kelly, R.J., A. Thomas, A. Rajan, G. Chun, A. Lopez-Chavez, E. Szabo, et al., A phase I/II study of sepantronium bromide (YM155, 333 
survivin suppressor) with paclitaxel and carboplatin in patients with advanced non-small-cell lung cancer. Annals of oncology : 334 
official journal of the European Society for Medical Oncology / ESMO, 2013. 24(10): p. 2601-6. 335 

28. Lewis, K.D., W. Samlowski, J. Ward, J. Catlett, L. Cranmer, J. Kirkwood, et al., A multi-center phase II evaluation of the small 336 
molecule survivin suppressor YM155 in patients with unresectable stage III or IV melanoma. Investigational new drugs, 2011. 337 
29(1): p. 161-6. 338 

29. Satoh, T., I. Okamoto, M. Miyazaki, R. Morinaga, A. Tsuya, Y. Hasegawa, et al., Phase I study of YM155, a novel survivin 339 
suppressant, in patients with advanced solid tumors. Clinical cancer research : an official journal of the American Association for 340 
Cancer Research, 2009. 15(11): p. 3872-80. 341 

30. Tolcher, A.W., D.I. Quinn, A. Ferrari, F. Ahmann, G. Giaccone, T. Drake, et al., A phase II study of YM155, a novel small-molecule 342 
suppressor of survivin, in castration-resistant taxane-pretreated prostate cancer. Annals of oncology : official journal of the 343 
European Society for Medical Oncology / ESMO, 2012. 23(4): p. 968-73. 344 

31. Sapra, P., M. Wang, R. Bandaru, H. Zhao, L.M. Greenberger, and I.D. Horak, Down-modulation of survivin expression and 345 
inhibition of tumor growth in vivo by EZN-3042, a locked nucleic acid antisense oligonucleotide. Nucleosides, nucleotides & 346 
nucleic acids, 2010. 29(2): p. 97-112. 347 

32. Tanioka, M., H. Nokihara, N. Yamamoto, Y. Yamada, K. Yamada, Y. Goto, et al., Phase I study of LY2181308, an antisense 348 
oligonucleotide against survivin, in patients with advanced solid tumors. Cancer chemotherapy and pharmacology, 2011. 68(2): 349 
p. 505-11. 350 

33. Guha, M. and D.C. Altieri, Survivin as a global target of intrinsic tumor suppression networks. Cell cycle, 2009. 8(17): p. 2708-10. 351 
34. Nakahara, T., A. Kita, K. Yamanaka, M. Mori, N. Amino, M. Takeuchi, et al., YM155, a novel small-molecule survivin suppressant, 352 

induces regression of established human hormone-refractory prostate tumor xenografts. Cancer research, 2007. 67(17): p. 353 
8014-21. 354 

35. Glaros, T.G., L.H. Stockwin, M.E. Mullendore, B. Smith, B.L. Morrison, and D.L. Newton, The "survivin suppressants" NSC 80467 355 
and YM155 induce a DNA damage response. Cancer Chemother Pharmacol, 2012. 70(1): p. 207-12. 356 

36. Purroy, N., P. Abrisqueta, E. Calpe, C. Carpio, C. Palacio, L. Gallur, et al., YM155, a Small-Molecule Survivin Suppressant, Mainly 357 
Targets Primary CLL Cells Actively Proliferating and Overcomes Microenvironment-Mediated CLL Cell Protection. ASH Annual 358 
Meeting Abstracts, 2012. 120(21): p. 3868-. 359 

37. Smith, C.C., Q. Wang, C.S. Chin, S. Salerno, L.E. Damon, M.J. Levis, et al., Validation of ITD mutations in FLT3 as a therapeutic 360 
target in human acute myeloid leukaemia. Nature, 2012. 485(7397): p. 260-3. 361 

38. Li, F., E.J. Ackermann, C.F. Bennett, A.L. Rothermel, J. Plescia, S. Tognin, et al., Pleiotropic cell-division defects and apoptosis 362 
induced by interference with survivin function. Nature cell biology, 1999. 1(8): p. 461-6. 363 

39. Hansen, J.B., N. Fisker, M. Westergaard, L.S. Kjaerulff, H.F. Hansen, C.A. Thrue, et al., SPC3042: a proapoptotic survivin inhibitor. 364 
Mol Cancer Ther, 2008. 7(9): p. 2736-45. 365 

40. Pennati, M., M. Folini, and N. Zaffaroni, Targeting survivin in cancer therapy. Expert Opin Ther Targets, 2008. 12(4): p. 463-76. 366 
41. Tang, H., H. Shao, C. Yu, and J. Hou, Mcl-1 downregulation by YM155 contributes to its synergistic anti-tumor activities with 367 

ABT-263. Biochemical pharmacology, 2011. 82(9): p. 1066-72. 368 
42. Zhou, J., C. Bi, J.V. Janakakumara, S.C. Liu, W.J. Chng, K.G. Tay, et al., Enhanced activation of STAT pathways and overexpression 369 

of survivin confer resistance to FLT3 inhibitors and could be therapeutic targets in AML. Blood, 2009. 113(17): p. 4052-62. 370 
43. Fukuda, S., P. Singh, A. Moh, M. Abe, E.M. Conway, H.S. Boswell, et al., Survivin mediates aberrant hematopoietic progenitor 371 

cell proliferation and acute leukemia in mice induced by internal tandem duplication of Flt3. Blood, 2009. 114(2): p. 394-403. 372 
44. Moore, A.S., A. Faisal, d.C.D. Gonzalez, V. Bavetsias, C. Sun, B. Atrash, et al., Selective FLT3 inhibition of FLT3-ITD+ acute myeloid 373 

leukaemia resulting in secondary D835Y mutation: a model for emerging clinical resistance patterns. Leukemia, 2012. 26(7): p. 374 
1462-70. 375 

45. Heidel, F., F.K. Solem, F. Breitenbuecher, D.B. Lipka, S. Kasper, M.H. Thiede, et al., Clinical resistance to the kinase inhibitor 376 
PKC412 in acute myeloid leukemia by mutation of Asn-676 in the FLT3 tyrosine kinase domain. Blood, 2006. 107(1): p. 293-300. 377 

46. Man, C.H., T.K. Fung, C. Ho, H.H. Han, H.C. Chow, A.C. Ma, et al., Sorafenib treatment of FLT3-ITD(+) acute myeloid leukemia: 378 
favorable initial outcome and mechanisms of subsequent nonresponsiveness associated with the emergence of a D835 379 
mutation. Blood, 2012. 119(22): p. 5133-43. 380 

47. Rauch, A., D. Hennig, C. Schafer, M. Wirth, C. Marx, T. Heinzel, et al., Survivin and YM155: how faithful is the liaison? Biochim 381 
Biophys Acta, 2014. 1845(2): p. 202-20. 382 

48. Shakushiro, K., H. Kawano, M. Nakata, A. Kita, A. Maeda, S. Watanabe, et al., Formulation Design and Evaluation of Liposomal 383 
Sepantronium Bromide (YM155), a Small-Molecule Survivin Suppressant, Based on Pharmacokinetic Modeling and Simulation. 384 
Pharm Res, 2014. 385 



11 
 

Tables 386 

Table 1.  YM155 inhibits in vitro proliferation of AML cell lines at nanomolar concentrations 387 
 388 

389 
1IC50; is defined as the concentration of drug that reduces cell viability by 50%, calculated by non-linear regression. The IC50 ratio was 390 
calculated by dividing the IC50 of YM155 by the IC50 of Daunorubicin or Cytarabine. P-value determined by students t-test. 391 
Abbrev: Daun; daunorubicin, Cyt; cytarabine, FAB; French-American-British classification,  SEM; standard error of the mean. 392 
 393 

Table 2. Patient characteristics 394 

395 
 δPatients ranked according to sensitivity (1 highest sensitivity, 9 least sensitivity) to YM155 (1μM;24h) measured by percent of Annexin-V+ 396 
cells by FACS analysis. *This sample was acute ambiguous lineage leukemia, with populations consistent with B-cell and myeloid leukemia. 397 
The t(9;22) resulted in an e1a2 BCR/ABL1 transcript. The t(1;11) was unbalanced with no rearrangement of the MLL gene.  398 
Abbrev: ID; identification, Dx; diagnosis, F; female, M; male, AML; acute myeloid leukemia, APL; acute promyelocytic leukemia.  399 
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Figure Legends 400 

Figure 1. YM155 induces Sub-G1 accumulation of AML cells. A) Representative histogram of accumulation of a sub-G1 population of THP1 401 
cells treated with DMSO or 1μM YM155 for 72h. B) AML cell lines were grown in the presence of YM155 (1μM) for indicated times. C) AML 402 
cell lines were grown in the indicated concentrations of YM155 for 72h. Propidium iodide was used to assess DNA content by flow 403 
cytometric analysis. Columns; mean percent of cells in Sub-G1, bars; SEM. *p<0.05, **p<0.01, Students t-test compared to DMSO controls.  404 

Figure 2. YM155 induces apoptosis in AML cells. A) Representative dot plot of apoptosis induction showing THP1 cells treated with DMSO, 405 
1μM Daunorubicin or 1μM YM155 for 72h. B) AML cell lines were grown in the presence of YM155 (1μM) for indicated times. B) AML cell 406 
lines were treated with indicated concentrations of Daunorubicin or YM155 for 72h. Levels of apoptosis were measured by an annexin-V 407 
apoptosis assay.  Percent apoptosis was defined as all cells expressing Annexin V positivity (addition of quadrant 2 and quadrant 4 of dot 408 
plot). Points, mean of at least 3 independent experiments; bars, SEM. *p<0.05. Students t-test relative to DMSO control. 409 

Figure 3. YM155 induces downregulation of Survivin in AML cells. Survivin expression was assessed qualitatively by A) immunoblot and B) 410 
quantitatively by flow cytometry. GAPDH was used as a loading control. C) Flow cytometry data represents all paediatric cell lines, the bars 411 
denote mean±SEM D) RT-PCR was used to analyse the expression of BIRC5 gene expression in paediatric AML cell lines. ∆CT is BIRC5 412 
normalised to RSP18 relative to DMSO control. Points: mean of 3 independent experiments, bars: SEM. *p<0.05, ***p<0.005 compared to 413 
control. Immunoblots are representative of at least 3 independent experiments. 414 

Figure 4. YM155 induces DNA damage. A) CMK, B) Mo7e, C) AML-193, D) Kasumi-1, E) MV4-11 and F) THP-1 cells were incubated in 415 
increasing concentrations of YM155, Ara-C (1μM) or Daunorubicin (1μM) for 72h. Following 72h treatment, half the DMSO control cells 416 
were subject to 30minutes of direct UV exposure. The level of pH2AXSer319 and total H2AX was determined by immunofluorescence and 417 
FACS analysis. Data was analysed by dividing the percentage of γH2AXSer319 positive cells by the percentage of total H2AX positive cells and 418 
normalising to DMSO controls. Column, mean of 3 independent experiments; Bars, SEM. *p<0.05,**p<0.01, ***p<0.005. Students t-test 419 
relative to DMSO control. 420 

Figure 5. YM155 enhances the anti-proliferative effect of chemotherapy. A) MV411 or B) Kasumi 1 cells were incubated with YM155 (0.25 421 
x IC50) in the presence or absence of i) 0.5 x IC50 or ii) 1 x IC50 of Daunorubicin or iii) 0.5 x IC50 or iv) 1 x IC50 of Cytarabine for 72h. Following 422 
72h treatment, cells were subject to a resazurin reduction assay. Percentages were normalised to DMSO controls. Column, mean of 3 423 
independent experiments; Bars, SEM. *p<0.05, **p<0.01, ***p<0.005. Students t-test. Similar trends were observed with 0.5 x and 1 x IC50  424 
of YM155 in combination with Daunorubicin or Cytarabine (data not shown).  425 

Figure 6. YM155 induces apoptosis of primary paediatric AML blasts. AML mononuclear cells were incubated in increasing concentrations 426 
of YM155 for 24h. The level of apoptosis was determine by an annexin V apoptosis assay and all cells negative for annexin V or PI staining 427 
were deemed live cells whilst cells positive for annexin V were deemed apoptotic. A) Representative dot plot of AML patient mononuclear 428 
cells treated with DMSO, 1μM Daunorubicin or 1μM YM155 showing induction of apoptosis. B) The ratio of annexin V+ cells significantly 429 
increased with increasing YM155 concentration. B) The percentage of live cells significantly decreased with increasing concentrations of 430 
YM155. FLT3-ITD+ blasts are sensitive to C) induction of apoptosis and D) reduced viability compared to FLT3 wild-type (FLT3-WT) patient 431 
blasts. Points, individual patient values; Column, mean (n=4); Bars, SEM. *p<0.05, **p<0.01, ***p<0.005. Students t-test relative to DMSO 432 
control. 433 
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