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Abstract
Background  The survival rate for acute myeloid leukemia remains unacceptably low, in large part owing to resistance to 
chemotherapy and high rates of relapse. There is an urgent need to develop new therapeutic modalities, in particular such that 
are tolerated by patients over the age of 60 years, who form the bulk of new acute myeloid leukemia diagnoses. Vosaroxin 
(SNS-595), a second-generation topoisomerase II inhibitor and DNA intercalating agent, shows promising preclinical and 
clinical activity against acute myeloid leukemia. Venetoclax (ABT-199), a selective Bcl-2 inhibitor, was recently approved 
for the treatment of acute myeloid leukemia.
Objective  The objective of this study was to determine the anti-leukemic activity and the underlying molecular mechanisms 
for the combination of venetoclax and vosaroxin in acute myeloid leukemia cell lines and primary patient samples ex vivo.
Patients and Methods  Using both acute myeloid leukemia cell lines and primary patient samples, annexin V/propidium 
iodide staining and flow cytometry analyses were used to quantify apoptosis induced by venetoclax or vosaroxin, alone or 
in combination, with subsequent western blotting analyses to assess levels of Bcl-2 family proteins. Alkaline comet assays 
were performed to quantify DNA damage induced by the two agents and to determine the effect of venetoclax on DNA 
repair. Finally, colony-forming assays were conducted on normal human CD34+ cord blood cells and primary acute myeloid 
leukemia patient samples to determine the effect of venetoclax and vosaroxin on normal hematopoietic and leukemic pro-
genitor cells.
Results  We found that venetoclax and vosaroxin synergistically induced apoptosis in multiple acute myeloid leukemia cell 
lines. Although vosaroxin could partially abrogate the increase of Mcl-1 protein induced by venetoclax, it could not abro-
gate the increased binding of Bim to Mcl-1 induced by venetoclax. Cooperative induction of DNA damage occurred within 
8 h of treatment with venetoclax plus vosaroxin. Moreover, repair of DNA damage induced by vosaroxin was significantly 
attenuated by venetoclax. The combination also synergistically induced apoptosis in primary acute myeloid leukemia patient 
samples and significantly reduced the colony formation capacity of acute myeloid leukemia progenitor cells, while sparing 
normal hematopoietic progenitor cells.
Conclusions  Vosaroxin and venetoclax synergistically induce apoptosis in acute myeloid leukemia cells and cooperatively 
target acute myeloid leukemia progenitor cells while sparing normal hematopoietic progenitor cells. Our results support the 
clinical testing of vosaroxin in combination with venetoclax for treating patients with acute myeloid leukemia, especially 
in the elderly population.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1152​3-019-00638​-4) contains 
supplementary material, which is available to authorized users.
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1 � Background

Acute myeloid leukemia (AML) is an aggressive malig-
nancy defined by explosive clonal proliferation of immature 
myeloid cells with a concomitant decrease in apoptosis [1]. 
Both pediatric and adult survival rates remain frustratingly 
low (5-year survival rates approximating 65% and 25%, 
respectively) [2]. For over 40 years, standard AML induc-
tion therapy has comprised cytarabine plus an anthracycline, 
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Key Points 

Venetoclax and vosaroxin synergize in inducing cell 
death in both acute myeloid leukemia cell lines and 
primary patient samples.

Venetoclax impairs the repair of DNA damage induced 
by vosaroxin in acute myeloid leukemia cells.

Limited analysis of primary acute myeloid leukemia 
patient samples and a normal CD34+ sample ex vivo 
suggest that a therapeutic window exists for the combi-
nation of vosaroxin and venetoclax.

agents azacitidine or decitabine, for adults with newly diag-
nosed AML over the age of 75 years, or in those with comor-
bidities that otherwise preclude the use of intensive induc-
tion chemotherapy [8]. Venetoclax is well tolerated in this 
population, with relatively mild and largely hematological 
toxicities (e.g., neutropenia, thrombocytopenia); moreover, 
it is efficacious when combined with either of the above 
therapies, and phase III clinical trials are currently being 
conducted [8]. While there is insufficient clinical equipoise 
to conduct a trial of venetoclax monotherapy in patients with 
newly diagnosed AML, among patients with relapsed/refrac-
tory AML, it has demonstrated moderate efficacy in this 
challenging context [9].

Our laboratory has previously shown that venetoclax 
reduces the association of Bcl-2 with Bim and that once 
freed, a compensatory increase in Bim/Mcl-1 binding 
occurs, particularly in venetoclax-resistant AML cell lines, 
preventing the loss of mitochondrial membrane potential and 
reducing apoptotic potential [10]. Concurrent Mcl-1 inhibi-
tion (e.g., via selective Mcl-1 inhibitors such as A-1201447) 
is capable of diminishing this association and abrogates 
intrinsic venetoclax resistance [11]. Alternatively, induction 
of DNA damage, such as that which results following dau-
norubicin treatment, also reduces Mcl-1 levels, synergizing 
with venetoclax [12]. As noted, however, the toxicity and 
side-effect profile of anthracyclines may preclude their use 
(or continued use) in certain patients.

We therefore hypothesized that the combination of vosa-
roxin with venetoclax would demonstrate anti-leukemic 
efficacy via a combination of DNA damage and Bcl-2 inhi-
bition, while also theoretically being more tolerable clini-
cally; we propose to take advantage of the non-inferiority 
of vosaroxin to cytarabine [6] and the reduced side-effect 
profile to create a combination of agents with improved tol-
erability and preserved efficacy, particularly in frail popula-
tions, with sufficient clinical equipoise to justify translation 
to the clinical setting.

2 � Methods

2.1 � Drugs

Venetoclax and vosaroxin were purchased from Selleck 
Chemicals (Houston, TX, USA). Z-VAD-FMK was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

2.2 � Cell Culture

The AML cell lines, MV4-11, THP-1, and U937, were 
purchased from the American Type Culture Collection 
(2006, 2014, 2002, respectively; Manassas, VA, USA), 
OCI-AML3 was purchased from the German Collection of 

e.g., the 7 + 3 regimen (7 days of cytarabine plus 3 days of an 
anthracycline, i.e., daunorubicin), followed by consolidation 
with a cytarabine-based regimen or allogeneic hematopoi-
etic stem cell transplant [3]. However, this is an intensive 
regimen, and in patients over the age of 60 years (e.g., the 
largest population of patients with AML), and those with 
other comorbidities, 7 + 3 chemotherapy is not well tolerated 
because of its extensive toxicities and severe side effects [3]. 
The search for more efficacious and less toxic additions to 
the therapeutic armamentarium is therefore ongoing. Vosa-
roxin (SNS-595) and venetoclax (ABT-199) are two such 
promising agents.

Vosaroxin (SNS-595) is a topoisomerase II inhibitor and 
DNA intercalating agent. Clinically, vosaroxin has been 
shown to be well tolerated and moderately efficacious, par-
ticularly in older patients, but does not appear to be sufficient 
as monotherapy [4–7]. In July 2015, the US Food and Drug 
Administration advised against filing for approval and rec-
ommended that additional clinical trials were needed. Sub-
sequently, in May 2017, its European Marketing Authoriza-
tion Application was withdrawn following recommendations 
from the European Union Committee for Medicinal Products 
for Human Use because of the need for additional clinical 
data prior to further regulatory filings. Importantly however, 
despite the need for ongoing evaluation regarding its effi-
cacy, vosaroxin is tolerable in elderly patients, especially 
in comparison to other topoisomerase II inhibitors. Organ-
specific (including cardiac) toxicities do not appear to be 
increased [4–7]. Therefore, we suggest that while vosaroxin 
monotherapy shows limited therapeutic promise, its efficacy 
may be enhanced by combining it with a complementary 
agent, such as venetoclax, and that its true benefit may lie 
in the achievement of topoisomerase II inhibition without 
significant toxicity.

Venetoclax (ABT-199) is an oral selective Bcl-2 inhibitor 
and on 21 November, 2018 was granted accelerated approval 
by the US FDA for use as first-line up-front therapy in com-
bination with low-dose cytarabine or the hypomethylating 
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Microorganisms and Cell Cultures (2011; DSMZ, Braun-
schweig, Germany), and MOLM-13 was purchased from 
AddexBio (2012; San Diego, CA, USA). All cell lines were 
cultured as previously described [13, 14] and tested monthly 
for the presence of mycoplasma utilizing the polymerase 
chain reaction method as described by Uphoff and Drexler 
[15]. All cell lines were authenticated in 2017 at the Genom-
ics Core at Karmanos Cancer Institute using the PowerPlex® 
16 System from Promega (Madison, WI, USA).

2.3 � Clinical Samples

Acute myeloid leukemia blast samples derived from patients 
at either initial diagnosis or at relapse were obtained from 
the First Hospital of Jilin University, Changchun, China, fol-
lowing written informed consent as required by the Declara-
tion of Helsinki. This study was approved by and carried out 
in accordance with the guidelines as set forth by the Human 
Ethics Committee of the First Hospital of Jilin University. 
All clinical samples were screened for the presence of both 
gene mutations and fusion genes, as previously described 
[13]. Patient characteristics are shown in Table 1. Acute 
myeloid leukemia blast samples were purified via standard 
Ficoll-Hypaque density centrifugation and cultured in RPMI 
1640 with 20% fetal bovine serum supplemented with ITS 
(Sigma-Aldrich) and 20% supernatant of the 5637 bladder 
cancer cell line (as a source of granulocyte-macrophage 
colony-stimulating factor [16]), as described previously 
[13, 17]. Normal bone marrow mononuclear cells were pur-
chased from Lonza (Walkersville, MD, USA) [13, 17].

2.4 � Annexin V/Propidium Iodide Staining and Flow 
Cytometry Analysis

Following treatment with venetoclax, vosaroxin, both, or 
neither for up to 24 h, AML cells underwent flow cytometry 
analysis utilizing the Annexin V-fluorescein isothiocyanate 
(FITC)/propidium iodide (PI) apoptosis kit (Beckman Coul-
ter; Brea, CA, USA) to identify the extent of drug-induced 
apoptosis, as previously described [18, 19]. All experi-
ments utilizing the AML cell lines were performed three 
times in triplicate independently, and experiments using 
primary patient samples were performed once in triplicate 
because of a limited sample supply. Patient samples were 
selected based on the availability of an adequate sample for 
the assay. For both cell lines and primary patient samples, 
debris was gated out based on forward scatter vs. side scat-
ter, with the remaining population analyzed for annexin V/
PI staining. Apoptotic events are displayed as the mean per-
centage of Annexin V positive/PI negative (early apoptotic) 
and Annexin V positive/PI positive (late apoptotic and/or 
dead) cells ± the standard error from one representative 
experiment.

2.5 � Western Blot Analysis

Whole cells were lysed by sonication in 10 mM Tris–Cl, 
pH 7.0, containing 1% SDS, protease inhibitors, and phos-
phatase inhibitors (Roche Diagnostics, Indianapolis, IN, 
USA). Whole cell lysates were subjected to SDS-polyacryla-
mide gel electrophoresis, electrophoretically transferred 
onto polyvinylidene difluoride membranes (Thermo Fisher 

Table 1   Characteristics of patients from whom primary acute myeloid leukemia (AML) patient samples were isolated

FAB French-American-British, NA not available

Patient Sex Age (years) Disease status FAB subtype Cytogenetics Blast purity (%) Gene mutation

AML#123 Male 24 Newly diagnosed M5 46,XY 92.0
AML#124 Male 19 Newly diagnosed M4 46,XY 63.0 CEBPA double mutation, c-Kit, 

NRAS, GATA2, Flt3 S451F 
mutation

AML#127 Male 77 Newly diagnosed M4 NA NA NA
AML#140 Female 33 Newly diagnosed M3 NA 97.5 PML-RARα
AML#150 Male 48 Newly diagnosed M2 46,XY 68.0 CEBPAdm, IDH2
AML#155 Male 68 Newly diagnosed M5 46,XY 96.5 FLT3-ITD, NPM1, DNMT3A
AML#158 Male 53 Relapsed M2 NA 98.0 NA
AML#159 Male 30 Newly diagnosed NA 46,XY 95.5 FLT3-ITD, DNAH9, PHF6
AML#171 Female 59 Newly diagnosed M2 47,XX,+8 60.5 FLT3-ITD, DNMT3A
AML#185 Female 37 Newly diagnosed M2 46,XX 87.5 FLT3-ITD, NPM1, IDH2
AML#187 Male 50 Newly diagnosed M4 47,XY,+8 96.5 FLT3-ITD
AML#188 Female 55 Newly diagnosed M3 46,XX, 

t(15;17)
(q22;q21)

93.0 FLT3-ITD, SH2B3
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Inc., Rockford, IL, USA), and then immunoblotted using 
anti-Bcl-2 (12789-1-AP), anti-Bak (14673-1-AP), anti-Bax 
(50599-2-Ig), anti-Puma (55120-1-AP), anti-Noxa (17418-1-
AP), anti-Mcl-1 (16225-1-AP; Proteintech Group, Chicago, 
IL, USA), anti-Bcl-xL (2764), anti-PARP (9542), anti-Bim 
(2819), anti-cleaved caspase-3 (9661, designated anti-cf cas-
pase-3; Cell Signaling Technology, Danvers, MA, USA), or 
anti-β-actin (A2228; Sigma-Aldrich) antibody, as previously 
described [20]. Proteins were then visualized via the Odys-
sey Infrared Imaging System (Li-Cor, Lincoln, NE, USA), 
as described by the manufacturer. Western blots were per-
formed at least three times, and a single representative blot 
is shown. For cell lines, three independent experiments were 
performed. Because of a limited number of cells obtained 
from primary patient samples, western blots of patient sam-
ples were from one independent experiment. Patient samples 
were selected on the basis of availability of an adequate sam-
ple for the analysis.

2.6 � Alkaline Comet Assay

Following treatment with venetoclax, vosaroxin, both, or 
neither for up to 20 h, AML cells were subjected to alkaline 
comet assays, as previously described [21]. Using SYBR 
Gold (Life Technologies, Grand Island, NY, USA), slides 
were stained and then subsequently imaged using an Olym-
pus BX-40 microscope equipped with a DP72 microscope 
camera and Olympus CellSens Dimension software (Olym-
pus America Inc., Center Valley, PA, USA). Approximately 
50 comets were scored per gel, using CometScore (TriTek 
Corp, Sumerduck, VA, USA). Median percentage of DNA 
in the tail was calculated and graphed as mean ± the standard 
error. Primary patient samples were chosen for this assay 
based on adequate sample availability.

2.7 � Colony‑Forming Assay

Primary AML patient samples and normal bone marrow 
mononuclear cells were treated with either venetoclax or 
vosaroxin, alone or in combination, for 24 h. Cells were 
then washed three times with phosphate-buffered saline 
and then plated in MethoCult (Catalog number 04434; 
Stem Cell Technologies, Vancouver, BC, Canada), which 
contains cytokines (recombinant human stem cell factor, 
recombinant human interleukin-3, human erythropoietin, 
and human granulocyte-macrophage colony-stimulating fac-
tor) to support the growth of human hematopoietic progeni-
tor cells, incubated in a humidified atmosphere containing 
5% CO2/95% air at 37 °C for 14–16 days. Colony-forming 
units were visualized utilizing an inverted microscope, and 
colonies containing over 50 cells were counted. Technical 
triplicates were performed.

2.8 � Statistical Analysis

Differences in cellular apoptosis (comparison of the sum of 
annexin V+ cells), colony-forming units, and the percentage 
of DNA present in the tail between treatment groups and/or 
untreated cells were compared by a pair-wise two-sample 
t-test or a one-way analysis of variance with Bonferroni post 
hoc test (when comparing differences between three or more 
groups). Statistical analyses were performed utilizing Graph-
Pad Prism 5.0. Error bars represent ± standard error of the 
mean; significance level was set at p < 0.05.

3 � Results

3.1 � Venetoclax and Vosaroxin Synergistically 
Induce Apoptosis in Acute Myeloid Leukemia 
(AML) Cell Lines

To determine if the combination of vosaroxin and veneto-
clax synergistically induces apoptosis, we treated the AML 
cell lines THP-1, U937, OCI-AML3, MOLM-13, and MV4-
11 with various concentrations of venetoclax or vosaroxin, 
alone or in combination, for 24 h. Drug-induced apopto-
sis was determined by utilizing Annexin V/PI staining and 
flow cytometry analyses. We then calculated the combina-
tion index (CI): CI = 1 representing additive effect, CI < 0.9 
denoting synergy, and CI < 0.3 denoting strong synergy 
[22]. At 24 h, strong synergy was observed in MV4-11 (CI 
< 0.3), synergy in MOLM-13 (CI < 0.4), and moderate syn-
ergy in THP-1, U937, and OCI-AML3 (CI < 0.8, < 0.6, and 
< 0.6, respectively, Fig. 1a, b). Apoptosis was confirmed by 
western blotting of cleaved caspase 3 and PARP (Fig. 2a). 
We confirmed that apoptosis was at least partially caspase 
dependent using the pan-caspase inhibitor Z-VAD-FMK, 
which partially rescued AML cells from apoptosis induced 
by the two agents (Fig. 2b).

3.2 � Vosaroxin Partially Abrogates Mcl‑1 Induction 
by Venetoclax, but Fails to Prevent Mcl‑1 
Binding to Bim Released by Venetoclax in AML 
Cell Lines

Next, we examined the levels of the Bcl-2 family of pro-
teins across AML cell lines post-drug treatment by western 
blot analysis. We identified consistent induction of Mcl-1 
by venetoclax across the samples, and slight-to-moderate 
downregulation of Mcl-1 by vosaroxin. The combination of 
venetoclax and vosaroxin partially abolished Mcl-1 induc-
tion by venetoclax. In contrast, protein levels for Bcl-2, 
Bcl-xL, Bax, Bak, Bim, PUMA, and NOXA were largely 
unaffected by either agent, alone or in combination (Fig. 3a). 
Time-course experiments were performed to establish when 
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the Mcl-1 alteration occurred, which was found to happen 
rapidly, with increased Mcl-1 protein induced by veneto-
clax being present within 4 h, which was at least partially 
abolished by vosaroxin (Fig. 3b–d). Co-immunoprecipitation 
was performed in a representative AML cell line THP-1. 
As expected, venetoclax treatment for 8 or 24 h markedly 
decreased Bim binding to Bcl-2 and dramatically increased 
Bim binding to Mcl-1. In contrast, vosaroxin did not have 

an obvious effect on Bim binding to either Bcl-2 or Mcl-
1. Although vosaroxin partially to completely abolished 
Mcl-1 induction by venetoclax, it did not have any effect on 
the increased binding of Bim to Mcl-1 in the combination-
treated cells (Fig. 3e, f). These results suggest that vosaroxin 
enhances the anti-leukemic activity of venetoclax through 
other mechanisms, rather than blocking venetoclax released 
Bim binding to Mcl-1.

Fig. 1   Venetoclax (VEN) synergizes with vosaroxin (VOS) to induce 
apoptosis in multiple acute myeloid leukemia (AML) cell lines. a, b 
AML cell lines were treated with VEN and VOS, alone or in com-
bination, for 24 h and then subjected to annexin V/propidium iodide 
(PI) staining and flow cytometry analyses. Combination index (CI) 

values were calculated using CompuSyn software. CI = 1, < 1, and 
> 1 indicate additive, synergistic, and antagonistic effect, respectively. 
FITC fluorescein isothiocyanate. ***p < 0.001 compared to single-
drug treatment
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3.3 � Cooperative Induction of DNA Damage 
Coincides with Cooperative Induction 
of Apoptosis by Venetoclax and Vosaroxin 
in AML Cell Lines

In previous studies, we found that venetoclax can enhance 
the anti-leukemic activity of cytarabine and daunorubicin 
via enhancing DNA damage [10]. It is conceivable that vene-
toclax also enhances the anti-leukemic activity of vosaroxin 
through a similar mechanism. To investigate the occurrence 
and extent of DNA damage, we conducted alkaline comet 
assays following treatment with venetoclax or vosaroxin, 
alone or in combination, over 4–8 h. Increasing apoptotic 
induction was noted at 8 h of treatment initiation with the 
combination by annexin V/PI staining and flow cytometry 
analyses (Fig. 4a). At 4 h, the alkaline comet assay dem-
onstrated significantly increased DNA strand breaks, as 
measured by the proportion of DNA in the comet tails with 
vosaroxin monotherapy and combined vosaroxin/veneto-
clax therapy, compared with venetoclax alone or the control 
(Fig. 4b, c). At 8 h, however, DNA damage was significantly 
increased via combination treatment, in relation to mono-
therapy with either agent alone (Fig. 4d, e). These changes 
correlated with the expected induction of apoptosis at 8 h, 

identified in Fig. 4a. Treatment with the pan-caspase inhibi-
tor Z-VAD-FMK had no effect on DNA damage induced by 
the combination (Fig. S1 of the Electronic Supplementary 
Material [ESM]). We confirmed our findings in two addi-
tional cell lines. In MOLM-13 cells, induction of significant 
DNA damage was seen at 8 h, correlating with apoptosis 
(Fig. 4f–h). Similar results were obtained in the U937 cell 
line (Fig. 4i–k). Additionally, venetoclax enhanced DNA 
damage induced by daunorubicin and VP-16 in THP-1 cells 
(Fig. S2 of the ESM), further supporting the strategy of 
combining venetoclax with DNA damaging agents.

3.4 � Venetoclax Impairs the Repair of DNA Strand 
Breaks Induced by Vosaroxin in AML Cells

To begin to understand how venetoclax enhances DNA dam-
age induced by vosaroxin, we next sought to investigate the 
effect of venetoclax on the repair of DNA damage induced 
by vosaroxin. Following 4 h of exposure to vosaroxin alone, 
THP-1 cells were washed and re-suspended in fresh media 
and treated with venetoclax or vehicle control for up to 20 h; 
samples were taken at different times and subjected to alka-
line comet assays. In the absence of venetoclax, DNA repair 
progressed rapidly. However, in the presence of venetoclax, 

Fig. 2   Combined venetoclax (VEN) and vosaroxin (VOS) induce cas-
pase-dependent apoptosis. a THP-1, U937, and MOLM-13 cell lines 
were treated with VEN and VOS, alone or in combination, for 24 h. 
Whole-cell lysates were subjected to western blotting and probed 
with the indicated antibodies. b THP-1, U937, and MOLM-13 cell 

lines were treated with Z-VAD-FMK, VEN and VOS, or in combina-
tion, for 24 h, and then subjected to annexin V/propidium iodide (PI) 
staining and flow cytometry analyses. cf-caspase 3 cleaved caspase 3, 
cf-PARP cleaved PARP. ***p < 0.001 compared to VEN + VOS
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Fig. 3   Vosaroxin (VOS) 
decreases Mcl-1 protein levels 
but fails to prevent Mcl-1 
binding to Bim released by 
venetoclax (VEN) in acute 
myeloid leukemia cell lines. a–d 
THP-1, U937, and MOLM-13 
cells were treated with VEN and 
VOS, alone or combined, for 
up to 24 h. Whole-cell lysates 
were subjected to western 
blotting and probed with the 
indicated antibodies. e THP-1 
cells were treated with VEN 
and VOS, alone or in combina-
tion, for 8 (left panels) or 24 h 
(right panels). Mcl-1 and Bcl-2 
were immunoprecipitated from 
whole-cell lysates and then 
subjected to western blotting 
and probed with the indicated 
antibodies. Asterisk indicates 
the light chain of the anti-Mcl-1 
or anti-Bim antibody. f THP-1 
cells were treated with VEN 
and VOS, alone or combined, 
for 8 (left panels) or 24 h (right 
panels). Whole-cell lysates were 
subjected to western blotting 
and probed with the indicated 
antibodies. The fold changes 
for the densitometry measure-
ments, normalized to β-actin 
and then compared to no drug 
control, are indicated below the 
corresponding blot
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Fig. 4   Cooperative induction of DNA damage coincides with coopera-
tive induction of apoptosis by venetoclax (VEN) and vosaroxin (VOS) 
in acute myeloid leukemia cell lines. a THP-1 cells were treated with 
VEN and VOS, alone or in combination, for up to 24 h and then sub-
jected to annexin V-fluorescein isothiocyanate/propidium iodide 
(PI) staining and flow cytometry analyses. Mean percent annexin 
V+ cells ± standard error of the mean (SEM) are shown. **p < 0.01; 
***p < 0.001 compared to single-drug treatment. THP-1 cells were 
treated with VEN and VOS, alone or combined, for 4 h (b, c) or 8 h 
(d, e), and then subjected to alkaline comet analyses. Representative 
images are shown (b, d). Alkaline comet assay results are graphed 

as median percent DNA in the tail from four replicates gels ± SEM 
(c, e). **p < 0.01 and ***p < 0.001 compared to the indicated treat-
ment. MOLM-13 (f–h) and U937 (i–k) cells were treated with VEN 
and VOS, alone or in combination, for up to 8 h and then subjected 
to annexin V-fluorescein isothiocyanate/PI staining and flow cytom-
etry analyses. Mean percent annexin V+ cells ± SEM are shown; 
***p < 0.001 compared to individual drug treatment (f, i). The treated 
cells were also subjected to alkaline comet analyses. Representative 
images are shown (g, j). Alkaline comet assay results are graphed as 
median percent DNA in the tail from four replicate gels ± SEM (h, k). 
**p < 0.01 and ***p < 0.001 compared to the indicated treatment
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significantly more DNA was present in the comet tails, sig-
nifying that persistent inhibition of DNA repair was occur-
ring (Fig. 5a, b). We then confirmed these findings in the 
additional AML cell line, MOLM-13, with near-identical 
results (Fig. 5c, d).

3.5 � Venetoclax and Vosaroxin Synergistically 
Induce Apoptosis in Primary AML Patient 
Samples

We next performed annexin V/PI staining and flow cytom-
etry analyses with multiple primary AML patient samples, 
using various concentrations of venetoclax or vosaroxin, 
alone or in combination, for 24 h and calculated CI val-
ues (Fig. 6a, b). Marked synergy was seen in all samples, 
with CIs ranging from < 0.01 to < 0.4. To confirm apop-
tosis induction, we performed western blotting analysis of 
cleaved caspase 3 and PARP in two representative samples 
with a sufficient number of cells, with findings being con-
sistent with the AML cell lines (Fig. 6c). Next, alkaline 
comet assays were performed, showing significant increases 
in DNA strand breaks as determined by the percentage of 
DNA present in the comet tails, in the presence of combined 
venetoclax plus vosaroxin treatment, in comparison to either 
agent alone or a control (Fig. 7).

3.6 � Venetoclax plus Vosaroxin Impairs 
the Colony‑Forming Capacity of Leukemia 
Progenitor Cells, While Sparing Normal 
Hematopoietic Progenitor Cells

Finally, we performed colony-forming assays utilizing both 
primary AML patient samples and normal human CD34+ 
cord blood cells, subjecting them to treatment with veneto-
clax, vosaroxin, both, or neither, so as to jointly assess the 
efficacy of the combination against AML progenitor cells, 
and determine toxicity to ‘bystander’ bone marrow cells. 
Venetoclax treatment resulted in a significant reduction 
in AML colony-forming units in one of the three primary 
samples, while vosaroxin treatment resulted in a dramatic 
and significant decrease of AML colony-forming units in all 
the three samples. Consistent with the data shown in Fig. 5, 
the combination treatment resulted in significantly further 
decreased numbers of AML colony-forming units in com-
parison to either agent alone in two of the three primary 
patient samples (Fig. 8a). Neither agent, alone or in combi-
nation, displayed significant toxicity against healthy human 
CD34+ cord blood cells, with all assessed colony sub-types 
displaying similar numbers to the control untreated cells, 
irrespective of the treatment to which they had been sub-
jected (Fig. 8b).

Fig. 5   Venetoclax (VEN) 
impairs the repair of DNA 
strand breaks induced by vosa-
roxin (VOS) in acute myeloid 
leukemia cells. a–d THP-1 (a) 
and MOLM-13 (c) cells were 
pretreated with VOS alone for 
4 h, washed and re-suspended 
in fresh media, and then treated 
with VEN or vehicle control for 
up to 20 h. Cells were collected 
at different times and subjected 
to alkaline comet analyses. Rep-
resentative images are shown. b, 
d Alkaline comet assay results 
are graphed as median percent 
DNA in the tail from four repli-
cate gels ± standard error of the 
mean. **p < 0.01 and ns indi-
cates not significant compared 
to control at the corresponding 
time point
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4 � Discussion

Promising pre-clinical and clinical data exist to support the 
use of venetoclax in AML [9, 23, 24]. Clinical data regarding 
the use of vosaroxin are more mixed, but do suggest some 

efficacy in AML. At a minimum, vosaroxin does not appear 
to be inferior to current management options, particularly 
among patients who would not/do not tolerate more inten-
sive chemotherapy [4–7]. Importantly, while vosaroxin does 
indeed carry some toxicities, predominantly gastrointestinal/

Fig. 6   Venetoclax (VEN) and vosaroxin (VOS) synergistically induce 
apoptosis in primary acute myeloid leukemia (AML) patient sam-
ples. a, b Primary AML patient samples were treated with VEN and 
VOS, alone or in combination, for 24 h, and then subjected to annexin 
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining 
and flow cytometry analyses. ***p < 0.001 compared to single-drug 

treatment. Combination index values were calculated using Com-
puSyn software. c Primary AML patient samples were treated with 
VEN and VOS, alone or in combination, for 24 h. Whole-cell lysates 
were subjected to western blotting and probed with the indicated anti-
bodies
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hematological in nature, it lacks many of the more severe 
toxicities of other topoisomerase II inhibitors, particularly 
the anthracyclines, and is demonstrably well tolerated in 
patients over 60 years of age [4–7]. Despite AML having 
a median diagnostic age of 68 years, patients over the age 
of 60 years are known to fare significantly poorer than their 
younger counterparts and have a higher incidence of adverse 
cytogenetic abnormalities, such as FLT3-ITD [3, 25]. There-
fore, older patients who may be most in need of intensive 
chemotherapy, may not be able to tolerate the treatments 
that are necessary to induce remission. As such, there is an 
urgent need for agents that not only display efficacy meeting 
or exceeding that of existing agents, but also demonstrate a 
favorable side-effect and toxicity profile.

The recent US Food and Drug Administration approval of 
venetoclax in AML was based on trials showing that com-
bining venetoclax and a hypomethylating agent was safe and 
tolerable in patients 65 years of age or older, and achieved 
improvements in complete remission rates and overall sur-
vival [10, 11]. While displaying undeniable promise, there 
is considerable room for improvement [10, 11]. DNA-dam-
aging agents synergize with venetoclax, as demonstrated 
in our previous studies [10, 12, 26]. Vosaroxin reduced 

the expression of Mcl-1, and abrogated most, if not all of 
the venetoclax-induced upregulation of Mcl-1. As such, 
this likely represents one point of synergy between the two 
agents. However, the addition of vosaroxin does not seem to 
impact the interaction between Mcl-1 and Bim, which is per-
haps unsurprising given its non-Bcl-2-related mechanism.

The major synergistic mechanism we have identified 
is the cooperative induction of DNA damage by the two 
agents. Venetoclax alone does not cause overt induction/
accumulation of DNA damage, while vosaroxin, congru-
ent with its mechanism, is more effective at achieving this. 
However, we have identified the combination of both agents 
as being robustly and significantly more efficacious in induc-
ing DNA damage, within 8 h of exposure. Similarly, vene-
toclax impairs the ability of AML cells to perform DNA 
repair. Along similar lines, prior work has established that 
γH2AX, an accepted biomarker for double-stranded DNA 
breaks, is markedly upregulated (signifying the presence of 
DNA damage) in the presence of venetoclax plus dauno-
rubicin, compared with either agent alone [10]. While we 
are still working to identify the mechanism by which vene-
toclax impairs DNA repair, several potential explanations 
exist. Xiufeng et al. combined venetoclax with gemcitabine 
in human T-ALL cell lines and found synergistic cytotoxic-
ity and apoptosis induction. Importantly, while neither agent 
alone inhibited RAD51/BRCA1-dependent DNA repair, the 
combination efficaciously disrupted this repair process, and 
also induced caspase 3/PARP activation [27]. It is also plau-
sible that venetoclax inhibition of Bcl-2 interferes with its 
association with many proteins involved in DNA damage 
repair [28]. However, the precise mechanism by which this 
occurs remains to be elucidated and is the subject of ongo-
ing work. p53 status and related p53-dependent mechanisms 
do not appear to play a major role in apoptotic induction by 
this combination. Of the cell lines we investigated, MOLM-
13 is p53-wild type [29], while THP-1 and U937 are both 
p53-null [30].

We were unable to identify any direct comparative studies 
between vosaroxin and other topoisomerase II inhibitors in 
either a clinical or preclinical setting. Although other com-
binations of venetoclax plus topoisomerase II inhibitors have 
been assessed in the literature [10, 31], the conduction of 
extrapolative comparisons is irreconcilably hindered by dif-
ferences in dosages and concentrations used in the studies, 
which negate any possible value in performing such com-
parisons in the first place. As such, one major remaining 
question concerns the relative efficacy of combinations of 
topoisomerase II inhibitors with venetoclax. Concerning the 
already completed trials of vosaroxin, the worst-case sce-
nario is that it results in non-inferior outcomes, while the 
best-case scenario is a small but significant improvement in 
outcomes, particularly among selected groups of patients. 
It therefore remains to be ascertained what the relative 

Fig. 7   Venetoclax (VEN) and vosaroxin (VOS) cooperatively induce 
DNA damage in primary acute myeloid leukemia (AML) patient 
samples. Primary AML patient samples were treated with VEN or 
VOS, alone or in combination, for 8  h, and then subjected to alka-
line comet analyses. Representative images are shown (left panels). 
Alkaline comet assay results are graphed as median percent DNA in 
the tail from four replicate gels ± standard error of the mean (right 
panels). *p < 0.05; **p < 0.01;***p < 0.001 compared to the treatment 
group as indicated
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efficacies of the topoisomerase II inhibitors are, including 
vosaroxin, in relation to each other. Conversely, the combi-
nation of vosaroxin with other agents targeted against the 
Bcl-2 family warrants further exploration, we identified a 
small but significant downregulation of Mcl-1 induced by 
vosaroxin, within 8 h of exposure. It is possible that its com-
bination with agents that directly inhibit Mcl-1 might result 
in anti-leukemic synergy. Although at a relatively immature 
phase in their development, the selective Mcl-1 inhibitors 
do demonstrate promising results, and several (AMG176, 
S64315/MIK665) are currently being evaluated clinically in 
patients with relapsed/refractory AML [32–34]. Moreover, 
it remains to be seen whether combinations with less selec-
tive inhibitors of the Bcl-2 family, such as navitoclax (also 
known as ABT-263; an inhibitor of Bcl-2, Bcl-xL, and Bcl-
W) would be efficacious. While ABT-737 is known to cause 
a rapid marked thrombocytopenia, which is concentration 

dependent and dose limiting [35], its efficacy in multiple 
leukemia types has been established [36–38].

5 � Conclusions

In combining venetoclax with vosaroxin, we identified 
potent anti-leukemic synergy in multiple AML cell lines and 
primary patient samples. One explanation for the synergis-
tic anti-leukemic interaction is the cooperative induction of 
DNA damage. Additionally, combination therapy success-
fully blocks the colony-forming capacity of AML progenitor 
cells ex vivo, while sparing normal human hematopoietic 
progenitor cells. We therefore recommend that this com-
bination be further evaluated in vivo in murine models to 
further assess efficacy, before a potential eventual clinical 
translation in patients otherwise unable to tolerate intensive 
AML therapy.

Fig. 8   Venetoclax (VEN) plus vosaroxin (VOS) impairs the colony-
forming capacity of leukemia progenitor cells, while sparing normal 
hematopoietic progenitor cells. a Primary acute myeloid leukemia 
(AML) patient samples were treated with VEN and VOS, alone or in 
combination, for 24 h, and then plated in methylcellulose. After incu-
bation for 2  weeks, the number of surviving AML cells capable of 
generating leukemia colonies [AML-colony-forming units (CFUs)] 
were enumerated. Data are presented as mean ± standard error of the 
mean ##p < 0.01 and ###p < 0.001, when compared to no drug treat-
ment control; *p < 0.05, **p < 0.01, and ***p < 0.001, when com-

pared to individual drug treatment. b Normal human bone marrow 
mononuclear cells from a single donor were cultured with VEN and 
VOS, alone or in combination, for 24 h, and then plated in methylcel-
lulose. After incubation for 2 weeks, the number of surviving hemat-
opoietic cells capable of generating colonies were enumerated. Total 
erythroid and myeloid colonies are presented as mean ± standard 
error of the mean. The number of BFU-E, CFU-E, CFU-G, CFU-M, 
CFU-GM, and CFU-GEMM colonies are presented as mean ± stand-
ard error of the mean
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