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Background
Topoisomerase II is essential for the maintenance of DNA integrity and the survival of prolif-
erating cells. Topoisomerase II poisons, including etoposide and doxorubicin, inhibit enzyme-
mediated DNA ligation causing the accumulation of double-stranded breaks and have been
front-line drugs for the treatment of leukemia for many years. Voreloxin is a first-in-class anti-
cancer quinolone derivative that intercalates DNA and inhibits topoisomerase II. The efficacy
and mechanisms of action of voreloxin in acute myeloid leukaemia were addressed in this
study.

Design and Methods
Primary acute myeloid leukemia blasts (n = 88) and myeloid cell lines were used in vitro to study
voreloxin through viability assays to assess cell killing and synergy with other drugs. Apoptosis
and cell cycling were assessed by flow cytometry. DNA relaxation assays were utilized to
determine that voreloxin was active on topoisomerase II.

Results
The mean lethal dose 50% (LD50) (± standard deviation) of voreloxin for primary acute myeloid
leukemia blasts was 2.30 mM (± 1.87). Synergy experiments between voreloxin and cytarabine
identified synergism in 22 of 25 primary acute myeloid leukemia samples tested, with a mean
combination index of 0.79. Apoptosis was shown to increase in a dose-dependent manner.
Furthermore, voreloxin was active in the p53-null K562 cell line suggesting that the action of
voreloxin is not affected by p53 status. The action of voreloxin on topoisomerase II was con-
firmed using a DNA relaxation assay. 

Conclusions
Voreloxin may provide an interesting addition to the cache of drugs available for the treatment
of acute myeloid leukemia, a disease with a poor long-term survival. In addition to its potent
action as a single agent in dividing cells, the synergy we demonstrated between voreloxin and
cytarabine recommends further investigation of this topoisomerase II inhibitor.

Key words: voreloxin, topoisomerase II inhibitor, myeloid leukemia, synergism, cytarabine. 

Citation: Walsby EJ, Coles SJ, Knapper S, and Burnett AK. The topoisomerase II inhibitor voreloxin
causes cell cycle arrest and apoptosis in myeloid leukemia cells and acts in synergy with cytarabine.
Haematologica 2011;96(3):393-399. doi:10.3324/haematol.2010.032680

©2011 Ferrata Storti Foundation. This is an open-access paper. 

The topoisomerase II inhibitor voreloxin causes cell cycle arrest and apoptosis 
in myeloid leukemia cells and acts in synergy with cytarabine
Elisabeth J. Walsby,1 Steven J. Coles,2 Steven Knapper,2 and Alan K. Burnett2

1Cardiff Experimental Cancer Medicine Centre, Department of Haematology, School of Medicine, Cardiff University, Heath Park,
Cardiff, and 2Department of Haematology, School of Medicine, Cardiff University, Heath Park, Cardiff, UK

ABSTRACT

Original Articles

haematologica | 2011; 96(3) 393



Introduction 

Acute myeloid leukemia (AML) remains a difficult dis-
ease to treat with particular problems in the elderly (over
60 years old) in whom complete remissions are seen in
only 50-60% of patients treated with intensive chemother-
apy1,2 and are usually transient with less than 10% of
patients remaining in remission at 3 years.2 Many other
elderly patients are unsuitable for intensive chemotherapy,
due to frailty or comorbidity,1 illustrating the need for con-
tinuing development of novel treatments for AML.
Topoisomerases are involved in regulating the under-

and over-winding of DNA. This process is essential for
removing knots and tangles in the DNA that can be lethal
to cells if not resolved.3,4 Type I and II topoisomerases (topo
I and topo II) are distinguished by the number of DNA
strands they cleave and the mechanism by which they alter
the topological properties of DNA.3,4 Topo II functions as a
homodimer, generating double-stranded breaks and regu-
lating the super-coiling of the DNA before the breaks are
rejoined3. In cells with insufficient topo II activity, DNA
remains entangled resulting in reduced gene transcription.3
Conversely if a cell has excessive topo II activity the cleav-
age intermediates it forms with DNA can be converted into
permanent strand breaks resulting in the loss of DNA
integrity.3 High expression of topoisomerases during cell
growth3 combined with the necessity of these enzymes for
normal cell functioning make them viable targets for drug
development in cancer.
Etoposide is a topo II poison that inhibits the ability of

the enzyme to re-ligate cleaved DNA molecules3,5 while
other topo II poisons act by stabilizing the transient com-
plex composed of the DNA backbone and topo II resulting
in the triggering of DNA damage checkpoints that halt
mitosis.4,6-8 Topo II inhibition or poisoning has been suc-
cessful in a wide range of contexts9 and drugs targeting
these agents can be effectively combined with many other
agents10 reinforcing the attraction of targeting these
enzymes for drug development.
Voreloxin (SNS-595, AG-7352) is a naphthyridine analog

that intercalates into DNA and results in poisoning the
action of topo II.11 The intercalation of voreloxin into DNA
is both replication-dependent and site-specific and results
in double-stranded DNA damage, arrest of the cell cycle in
G2 and subsequent apoptosis. Previous work has shown
that voreloxin is not a P-gp substrate; it has antitumor
activity in tumor cell lines, and in both solid tumor and
hematologic xenograft models.11
Voreloxin is one of a number of emerging novel therapies

of AML with which it is hoped to augment the current
cytarabine and anthracycline-based approaches to treat-
ment.12 Phase 2 clinical trials of voreloxin are currently
underway in relapsed and refractory acute leukemias in
combination with cytarabine (Ara-C) and also in ovarian
cancer.13
The aims of this study were to determine the efficacy of

voreloxin in AML cells in vitro as a single agent and in com-
bination with cytarabine and to confirm the mechanism of
action of this potentially important drug in leukemia cells.

Design and Methods

Cell culture
Myeloid cell lines NB4, HL-60 and K562 were maintained at

concentrations between 2¥105 and 1¥106 cells/mL in Roswell Park
Memorial Institute (RPMI) medium supplemented with 10% fetal
bovine serum (FBS), 50 U penicillin/mL and 50 mg
streptomycin/mL. Bone marrow (n=26) or peripheral blood (n=62)
samples were collected from patients with newly diagnosed AML
with the patients’ informed consent using documentation
approved by the Wales Multicentre Research Ethics Committee.
The patients’ characteristics are shown in Table 1. Primary cells
extracted from bone marrow were enriched by density gradient
centrifugation with Histopaque (Sigma, Poole, UK) and were
maintained in RPMI, with 10% FBS and 1% penicillin and strep-
tomycin. All cultures were kept at 37°C, with 5% CO2. Cell via-
bility was measured on a Vi-Cell XR cell counter (Beckman
Coulter, High Wycombe, UK) and expansion of cultures was mon-
itored by cell counts on the same machine. 

Cytotoxicity assays
In vitro toxicity assays were performed on primary AML

mononuclear cells over a 48 h period using a 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H- tetrazolium, inner salt (MTS) cell proliferation
assay (Promega UK Ltd.). Lethal doses (LD50:  at which 50% of the
cells were no longer viable) were calculated. Cells were treated
with voreloxin (31.25 nM to 4 mM) and Ara-C (62.5 nM to 8 mM)
by serial dilution and incubated for 48 h in a final volume of 90 mL.
Following the incubation, 20 mL of MTS reagent were added and
the reaction was incubated for a further 4 h. The absorbance of the
reaction after this time was read by spectrophotometry at 490 nm
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Table 1. Characteristics of primary samples used in vitro in this study.
Characteristic        Number (%)     Mean LD50 mM)        P*             R2 **

Sex                                                                                              0.6194               —
Male                              53 (60)                    2.356                                              
Female                          35(40)                     2.582                   —                  —
FAB group                                                                                                           0.04
M0                                    0 (0)                        —                     —                  —
M1                                  23 (26)                    2.801                   —                  —
M2                                11 (12.5)                   2.587                   —                  —
M3                                    1 (1)                      3.253                   —                  —
M4                                11 (12.5)                   1.774                   —                  —
M5                                  14 (16)                    2.311                   —                  —
M6                                    0 (0)                        —                     —                  —
Unknown                      28 (32)                      —                     —                  —
Cytogenetic risk group                                                             0.96                    
Unfavorable                   8 (9)                      2.449                   —                  —
Intermediate               44 (50)                    2.269                   —                  —
Favorable                       4 (5)                      2.093                   —                  —
Unknown                      32 (36)                      —                     —                  —
Type of AML                                                                                                      0.006
De novo                        71 (81)                    2.230                   —                  —
Secondary                    13 (15)                    3.321                   —                  —
MDS                                 3 (3)                      1.414                   —                  —
Unknown                        1 (1)                        —                     —                  —

Age                                         Years                      R2**
Median                                          53.5                              —
Mean                                            53.47                             —
Range                                           17-85                            0.03

There was no correlation between the LD50 and age, sex, French-American British (FAB)
group, or de novo or secondary AML. P values (*) indicate no significant difference
between male and female responses to voreloxin (Student’s t-test). R2(**) indicates the
correlation coefficient (linear regression) between the response to voreloxin and the
subcategories shown.



and the percentage of viable cells calculated relative to untreated
control cells in the same assay. IC50 values were calculated using
Calcusyn software (Biosoft, Cambridge, UK). 

Detection of apoptosis
Cells were treated with voreloxin at doubling concentrations

between 0.0313 mM and 0.5 mM and etoposide at concentrations
between 0.625 mM and 10 mM and incubated for 48 h at 37°C,
5% CO2 in a final volume of 1 mL. Annexin V positivity was
determined in treated cells using a fluorescein isothiocyante-
labeled Annexin V Apoptosis Detection Kit (Axxora Ltd,
Nottingham, UK) according to the manufacturer’s instructions.
Briefly, cells were washed in phosphate-buffered saline (PBS)
and resuspended in the supplied binding buffer containing calci-
um chloride and incubated with annexin V-fluorescein thio-
cyanate in the dark for 10 min. Untreated samples were also pre-
pared in this manner. Cells were then washed with PBS and
resuspended in the supplied binding buffer and 1 mg/mL propid-
ium iodide added. All data was acquired on an Accuri C6 flow
cytometer (St. Ives, Cambs, UK) and analyzed using CFlow Plus
software. LD50 values were calculated using CalcuSyn software
(Biosoft, Cambridge, UK). All experiments were performed in
triplicate. 
Additionally cell lines were incubated at 37°C in a humidified

5% CO2 atmosphere in the presence of voreloxin at doubling
concentrations between 0.25 mM and 2 mM or etoposide at con-
centrations between 0.625 mM and 10 mM for 48 h. Cells were
then harvested by centrifugation. Subsequently the cells were
incubated for 1 h at 37°C in the presence of the PhiPhiLuxTM G1D2

substrate (Calbiochem, Nottingham, UK). This substrate contains
two fluorophores separated by a quenching linker sequence that
is cleaved by active caspase-3. Once cleaved, the resulting prod-
ucts fluoresce green and can be quantified using flow cytometry.
Data on the caspase-3 activation of the cells were collected in the
same manner as data on annexin V positivity.

Synergy with cytarabine
Synergy between voreloxin and Ara-C was assessed in primary

AML samples in vitro. The ratio of voreloxin to Ara-C was 1:2. This
ratio was determined experimentally and kept constant through-
out the subsequent experiments. Cells were incubated with each
agent both separately and in combination for 48 h before assess-
ment of cytotoxicity by an MTS assay as described above.
Calcusyn software was used to determine whether any synergy
existed between the agents, using the median effect method of
Chou and Talalay.14

Cell cycle
Following 12 h of treatment with voreloxin (0.250 mM, 0.5 mM,

1 mM), 1¥106 cells from the leukemia cell lines NB4 and HL-60
were harvested in 200 mL cold PBS, resuspended in 1 mL ice cold
70% ethanol and stored at -20°C. Prior to analysis by flow cytom-
etry the stored cells were pelleted and resuspended in 40 mg/mL
propidium iodide and 100 mg/mL RNase (DNase-free) in PBS and
incubated at 37°C for 30 min. Each cell line was tested in triplicate.

DNA relaxation assay
Relaxation of supercoiled DNA is mediated by topoisomerases

I and II.15,16 Isolated topoisomerase IIα (0.2 U) was incubated in
reactions containing 50 mM TrisHCl (pH 8.0), 60 mM KCl, 10 mM
MgCl2, 10 mM ATP, 0.5 mM DTT, 0.5 mM EDTA, 30 mg/mL
bovine serum albumin, 2 µg pBR322 (Axxora (UK) Ltd., Bingham,
Nottingham, UK) and voreloxin at concentrations of 0.0625, 0.125,
0.25, 0.5 and 1 mM for 30 min. Following incubation samples were
electrophoresed in 1% w/v agarose in TBE buffer before being

stained with ethidium bromide and photographed under ultravio-
let light.

Results

Voreloxin can kill primary acute myeloid leukemia cells
and myeloid cell lines through induction of apoptosis

The in vitro efficacy of voreloxin was tested in 88
mononuclear cell samples isolated from patients with
newly diagnosed AML using an MTS assay method fol-
lowing incubation with the drug for 48 h. The cytotoxicity
of voreloxin was compared to that of Ara-C over the same
duration and in the same cohort of patients. In the primary
samples voreloxin had a mean LD50 (the dose required to
kill 50% of the cells treated) of 2.3 mM (± 1.9 mM) (Figure
1A). This was less than half the LD50 of Ara-C which was
4.9 mM (± 5 mM) in the same group of patients. These LD50

values for Ara-C and voreloxin are both within ranges
reported to be achieved clinically: plasma concentrations
of voreloxin of 1.0 mM or more are achievable, although
concentrations greater than 10 mM are associated with side
effects,17 while plasma concentrations between 54.5 mM18

and 115 mM19 have been reported for Ara-C in patients.
The response to voreloxin in the primary samples did not
correlate with response to Ara-C, age, sex, French-
American-British classification, cytogenetic risk group or
whether the patient had de novo or secondary AML (Table
1). In the myeloid cell lines NB4 and HL-60, voreloxin was
compared to Ara-C and etoposide (Figure 1B). The mean
LD50 for voreloxin in the cell lines was 0.59 µM ± 0.25 mM,
that for Ara-C was 0.67 mM ± 0.44 mM and that for etopo-
side was 0.27 mM ± 0.10 mM.
Positivity for both annexin V and propidium iodide is

frequently identified by flow cytometry and used to deter-
mine whether cells are in the process of undergoing apop-
tosis.20,21 The human promyelocytic leukemia cell line NB4
and human AML cell line HL-60 were treated with
voreloxin for 48 h and the proportion of annexin V and
propidium iodide-positive (apoptotic) cells resulting from
treatment with voreloxin was identified by flow cytome-
try (Figure 1C). HL-60 cells were more susceptible to the
action of voreloxin with 50% apoptotic cells detectable
after incubation with 0.06 mM voreloxin while 0.20 mM
voreloxin were required to result in the same level of
apoptotic NB4 cells being detected by this method.
Etoposide, by comparison (Figure 1D), had LD50 values of
0.78 mM for NB4 cells and 4.23 mM for HL-60 cells over a
48 h period. These concentrations of etoposide are achiev-
able clinically as plasma concentrations of 1.7 to 5.6 mM
have been demonstrated.22 Comparing the action of
voreloxin and etoposide in the cell lines showed that
voreloxin was more effective (mean LD50 0.13 mM) than
etopoisde (mean LD50 2.51 mM) over 48 h. The K562
human erythroid leukemic cell line was derived from a
patient with chronic myelogenous leukemia in acute
myeloid blast crisis.23 This cell line has no functional P53
gene as a result of an insertional mutation in exon 5 of the
gene which causes a frameshift at transcription and loss of
detectable protein expression.24 Voreloxin resulted in a
dose-dependent increase in the percentage of cells on
which annexin V and propidium iodide were detectable.
The increase in apoptotic cells suggests that voreloxin is
still capable of killing cells, even in the absence of func-
tional p53 protein in the cells. 

Effects of voreloxin in myeloid leukemia

haematologica | 2011; 96(3) 395



Caspase-3 activation was also measured in the same cell
lines by flow cytometry following 48 h of treatment of the
cell lines with voreloxin and etoposide at a range of con-
centrations (Figure 1E,F). Caspase-3 is activated by cell sig-
naling pathways resulting either from mitochondrial
cytochrome c release, or through pathways independent of
cytochrome c release, ultimately resulting in the cell under-
going apoptosis.25,26 In both the cell lines tested we saw sig-
nificant (P<0.01) elevation of the proportion of cells with
activated caspase-3 with all concentrations of voreloxin
used between 0.250 mM and 2 mM and with etoposide at
concentrations between 0.625 mM and 10 mM.

Voreloxin results in accumulation of cells in the S and
G2 phases of the cell cycle
NB4 and HL-60 cells were treated for 12 h with vorelox-

in and the percentages of cells in each phase of the cell
cycle were determined by flow cytometry. Both NB4 cells
(Figure 2A) and HL-60 cells (Figure 2B) showed a reduced
proportion of cells in G1, increased cells in S phase and
some increases in the G2 phase of the cell cycle. One way
analysis of variance (ANOVA) of the cell cycle changes
confirmed that the accumulations in the S and G2 phases
were statistically significant (NB4, P=0.0001; HL-60,
P=0.0009).

Voreloxin acts on topoisomerase II 
Relaxed topological isomers of DNA migrate more

slowly through agarose gels than the supercoiled species.
Relaxation of a supercoiled DNA substrate is mediated
by topo II.15,16 Using the supercoiled plasmid pBR322 as a
substrate we demonstrated that in the presence of topoi-
somerase IIα in vitro the majority of the pBR322 was in a
relaxed state (Figure 3) by visualization of its slower
migration rate during electrophoresis through an agarose
gel compared to the small amount of plasmid remaining
supercoiled. Addition of voreloxin resulted in a concen-
tration-dependent increase in the amount of supercoiled
pBR322 visible in the agaorse gel and distinct from the
relaxed plasmid due to its faster migration rate. These
results confirm that voreloxin inhibits the activity of
topo II.

Voreloxin acts in synergy with cytarabine
Primary AML samples from patients (n=25) were used

to determine whether voreloxin and Ara-C act in synergy
over 48 h. The molar ratio at which the agents were com-
bined was voreloxin 1:2 Ara-C which was determined
experimentally and kept constant throughout the experi-
ments. The ratio of 2:1 Ara-C to voreloxin was based on
the LD50 values of each drug singly: the drugs were com-
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Figure 1. Primary AML blasts from 88 patients were isolated at diagnosis and treated in vitro with (A) voreloxin and Ara-C for 48 h and LD50

values were calculated (the mean LD50 for voreloxin was 2.3 mM (±1.9) and for Ara-C was 4.90 mM (±5.0).) (B) Mean LD50 values for voreloxin,
Ara-C and etoposide in myeloid cell lines NB4 and HL-60 following 48 h of treatment with each drug. The effects of each drug were tested
using an MTS assay. Annexin V and propidium iodide (PI) positivity were measured by flow cytometry to determine whether (C) voreloxin or
(D) etoposide resulted in induction of apoptosis following 48 h treatment of myeloid cell lines NB4 and HL-60 with a range of concentrations.
Both voreloxin and etoposide resulted in significant increases in the proportion of cells undergoing apoptosis identified by positivity for
annexin V and PI staining across all the concentrations tested. The LD50 for voreloxin in the cell lines was 0.203 mM for NB4 cells and 0.061
mM for HL-60 cells. The LD50 of etoposide was 0.78 mM in NB4 cells and 4.23 mM for HL-60 cells. Activation of caspase-3 was measured by
flow cytometry to confirm the pathway of apoptosis initiation in NB4 and HL-60 cells treated for 48 h with (E) voreloxin and (F) etoposide.
Both voreloxin and etoposide generated significant activation of caspase-3 in the cell lines at all concentrations tested. Significant differ-
ences (P<0.05) with respect to the untreated control samples are indicated in each case by *. 
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bined at their LD50 values as the LD50 for Ara-C was
approximately double that of voreloxin giving a ratio of
2:1.  A combination index was derived for each patient’s
sample, indicating whether the agents act in a synergistic
(<0.9), additive (0.9-1.1) or antagonistic (>1.1) manner.14
The combination index for each patient, calculated at the
LC50, is shown in Figure 4. All but three of the primary
samples had a combination index of less than 1. The mean
combination index was 0.7983 ± 1.152 indicating that syn-
ergy exists between the two agents. The three samples
that did not demonstrate synergy were found to be from
patients who responded very well to either Ara-C,
voreloxin or to both agents when used separately. In these
cases it may be possible to demonstrate synergy between
the agents if the ratio between them were to be altered to
allow for the apparently greater susceptibility to one of
the agents. Additionally, synergy between voreloxin and
Ara-C and also etoposide and Ara-C was investigated in
the cell lines. The ratio of Ara-C and voreloxin was kept
the same as that used for the primary samples. The differ-
ent sensitivities of the cell lines to voreloxin may account
for the different levels of synergy seen when combined
with Ara-C at this ratio. The 1:1 ratio used to combine
Ara-C and etoposide was based on the LD50 of Ara-C in
the primary samples and previously published data sug-
gesting that therapeutic effects of etoposide were seen at
similar levels. Voreloxin and Ara-C showed synergy (com-
bination index = 0.68±0.22) in NB4 cells, as did etoposide
combined with Ara-C at a 1:1 ratio (combination index =
0.54±0.04). In contrast, in HL-60 cells the combination of
Ara-C and voreloxin had an additive effect (combination
index = 0.99±0.46) while the combination of Ara-C and
etoposide had an antagonistic effect (combination index  =
17.9±15.4). 

Discussion 

AML remains a difficult disease to treat and the majority
of patients have a short survival.27,28 Topoisomerase
inhibitors have been used in cancer treatment for many
years,9 showing significant activity in a variety of human
malignancies, and studies continue to identify new agents
that target topo II with greater potency and reduced toxi-
city than previously used drugs.29
The cell killing activity of voreloxin was demonstrated

in primary AML samples taken from patients at diagnosis.
In these cells the dose-dependent activity was twice that

of Ara-C in the same samples with a mean LD50 of 2.3 mM
for voreloxin (n = 88). In myeloid cell lines the activity of
voreloxin was compared to that of etoposide and was also
found to be more effective in this comparison (LD50 of 132
nM for voreloxin and of 2.51 mM for etoposide). Etoposide
was not used on the primary samples because of the
paucity of the material available. The different sensitivity
of primary AML blasts and AML cell lines to voreloxin
likely results from the difference in growth dynamics
between these cell types. Different sensitivities to treat-
ment between primary cells and cell lines have previously
been documented in osteosarcoma30 and cultured cell lines
identified as putting more of their resources into prolifer-
ative functions than do primary cells.31 Myeloid cell lines
actively grow in vitro and both the cell lines that were used
in these experiments divide approximately once every 24
h while cells isolated from AML patients grow much more
slowly in culture which may explain the difference we
found in concentrations resulting in death induction
between the cell types.
Voreloxin mediates apoptosis and retains some activity

in cells with a deficiency of functional p53 protein.
Previously published reports indicated that cells lacking
p53 require higher doses of Ara-C to undergo apoptosis32
or are relatively unaffected by treatment with Ara-C33

while the efficacy of etoposide is dramatically reduced in
p53-null cells in comparison with p53-expressing cells.34
The retention of voreloxin’s activity in cells not expressing
p53 is relevant to the development of this agent as p53 is
a member of a key pathway mediating cell death follow-
ing DNA damage.32 Mutations in the tumor suppressor
protein P53 gene are common in AML, particularly in ther-
apy-related AML35,36 and the presence of a P53 mutation
correlates with resistance to chemotherapy and a shorter
survival.35 Novel agents whose mechanism of action do
not require functional p53 will provide additional treat-

Effects of voreloxin in myeloid leukemia
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Figure 2. The effect of
voreloxin on cell cycle distri-
bution was investigated by
flow cytometry in (A) NB4
and (B) HL-60 cells follow-
ing 12 h of treatment.
Decreases in the propor-
tions of cells in the G1
phase of the cell cycle and
increases in the S and G2
phases were observed in
both cell lines. The distribu-
tion of the cells through the
cell cycle was tested by
ANOVA and the changes
found to be statistically sig-
nificant (NB4 P<0.0001,
HL-60 P=0.0009). 

Figure 3. DNA relaxation is mediated by
topoisomerases. We incubated a supercoiled
plasmid, pBR322 with isolated topoisomer-
are II in the presence of increasing concen-
trations of voreloxin. DNA migrates through
agarose gels more slowly in its relaxed state
so the presence of increasing levels of super-
coiled DNA with increasing voreloxin concen-
tration (mM) illustrates that voreloxin is act-
ing on the action of topoisomerase II.
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Figure 4. Synergy between voreloxin and Ara-C was investigated in 25 primary AML samples
over 48 h in vitro. The ratio between voreloxin and Ara-C was kept constant at 2:1 at all times.
This ratio was determined experimentally based on the relative sensitivity of primary samples
to voreloxin and Ara-C. (A) Dose response curves to voreloxin, Ara-C and both drugs combined
in a representative primary AML sample illustrating the different responses to voreloxin, Ara-
C and both drugs in combination (B) Fractional effect plot where synergy (identified by a com-
bination index <1) is demonstrated over a range of drug concentrations. (C) Combination
index plot. The combination index at the LD50 of all 25 primary samples tested is shown.
Synergy between the two agents was found in 22 of the 25 samples. The samples in which
synergy was not shown were particularly sensitive to one of the agents when tested separate-
ly. The mean combination index was 0.798. (D) The combination index (CI) values for the
combinations of voreloxin plus Ara-C and of Ara-C plus etoposide are shown for NB4 and HL-
60 cells. The combination of Ara-C and either voreloxin or etoposide showed synergy in NB4
cells while in HL-60 cells there was an additive response when voreloxin and Ara-C were com-
bined and antagonism when Ara-C and etoposide were used in combination.
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