














to evaluate the extent of synergy of ME-344 with other
tubulin inhibitors and anticancer drugs, we carried out
treatments of different drug combinations in TEX and
OCI-AML2 leukemia cell lines. Cells were treated
with increasing concentrations of ME-344 along with
increasing concentrations of vinblastine, cytarabine,
daunorubicin, and the kinase inhibitors imatinib, sunitinib,
and quizartinib. Cell growth and viability was measured
72 hours after incubation by MTS assay. Synergy,
additivism, and antagonism were assessed using Excess
Over Bliss Additivism [21, 22]. ME-344 showed strong
synergy with vinblastine to reduce the growth and viability
of TEX cells and showed moderate synergy in OCI-AML?2
cells (Figure SA-5D) (*P < 0.0001). In addition, ME-344
showed synergy with cytarabine to reduce the growth of
both TEX and OCI-AML2 cells (Supplementary Figure 7).
The combinations with the other agents were primarily
additive or antagonistic at high drug concentrations
(Supplementary Figures 8 and 9).

DISCUSSION

In this study, we demonstrated that ME-344 displays
potent anti-leukemic activity using in vitro and in vivo
methods. Thus, these data, along with the prior clinical
efficacy of ME-344, support the clinical evaluation of
ME-344 for patients with acute leukemia. In a previous
phase I dose escalation clinical trial of ME-344 in patients
with solid tumors, a maximal tolerated dose (MTD) of
10 mg/kg was established. Notably, in this clinical trial,
a partial response for > 52 weeks was reported in one
patient with small cell lung cancer, and four patients had
prolonged stable disease [12].

To date, the mechanism of action and molecular
targets of ME-344 have not been fully defined. Similar
to previous studies, we demonstrated that ME-344
promoted mitochondrial ROS generation. However,
increased mitochondrial ROS did not completely explain
the mechanism of action of ME-344 in leukemia,

Figure 5: ME-344 synergizes with vinblastine in TEX cells and OCI-AML2 cells. (A and B) TEX and (C and D) OCI-AML2
cells were treated with the indicated concentrations of ME-344 and vinblastine (VBL) simultaneously. Cell viability was assessed using the
MTS assay after 72 hours. Excess Over Bliss values above 10 were assigned as being synergistic. Representative synergistic combinations
in TEX (B) and in OCI-AML2 (D) are shown. *P < 0.0001 from one-way ANOVA. Data represent mean + SD of three independent

experiments.
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suggesting that ME-344 may have other cellular targets.
Therefore, we used in vitro assays to identify the cellular
target of ME-344 in leukemia cells. We confirmed that
ME-344 inhibited tubulin polymerization and interacted
with tubulin at the colchicine binding site. This site
is distinct from the binding site of vinca alkaloids.
Thus microtubules appear to be at least one important
molecular target for ME-344. In support of our results,
another isoflavone glaziovianin A displayed a pattern of
differential cytotoxicity in a panel of 39 cancer cell lines
that suggested that it induced cell death by inhibiting
tubulin polymerization [23]. In addition, it is noteworthy
that neuropathy, which is a common toxicity of tubulin
inhibitors, was a dose limiting toxicity in the phase I trial
of ME-344 [12].

Further studies will be necessary to understand
how inhibition of tubulin polymerization by ME-344
may be related to increased ROS generation. Potentially,
these two findings could be linked through alterations in
mitochondrial motility. By altering tubulin polymerization,
ME-344 could impact mitochondrial motility leading to
mitochondrial dysfunction. This possibility is supported
by findings that 1-methyl-4-phenylpiridinium (MPP(+)),
the parkinsonian toxin, alters microtubule dynamics
resulting in mitochondrial transport impairment and cell
death [24].

In conclusion, ME-344 is a novel isoflavone based
tubulin inhibitor that binds tubulin at a site distinct from
vinca alkaloids. It has effective anti-leukemic properties
in vivo and in vitro. Taken together with data from clinical
trials in solid tumors, our study supports a clinical trial of
ME-344 in patients with AML and other hematological
malignancies.

MATERIALS AND METHODS

Cell culture

All leukemic cell lines were grown in IMDM
media supplemented with 10% fetal bovine serum
(FBS), 100 pg/ml penicillin and 100 U/ml streptomycin
(all from Hyclone, Logan, UT). TEX cells were grown
in the presence of 15% FBS, 100 pg/ml penicillin,
100 U/ml streptomycin, 2 mM L-glutamine, 20 ng/ml
SCF, and 2 ng/ml IL-3. The epidermoid carcinoma cell
lines KB-3.1 and KB-4.0-HTI36 (a gift from Dr. F.
Loganzo, Pearl River, NY) were grown in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with
10% FBS. All cells were incubated at 37°C in a humidified
air atmosphere supplemented with 5% CO,. Primary
human AML samples were isolated from peripheral blood
from consenting patients with AML, who had at least
80% malignant cells among low-density cells. AML cells
were isolated by Ficoll density centrifugation. Except
where otherwise noted, primary normal hematopoietic
cells refer to normal mononuclear cells obtained from

healthy consenting volunteers donating peripheral blood
stem cells (PBSCs) for allogeneic stem cell transplantation
after G-CSF mobilization. Primary cells were cultured at
37°C in IMDM, supplemented with 20% FBS, 100 pg/ml
penicillin and 100 U/ml streptomycin. The University
Health Network institutional review board approved the
collection and use of human tissue for this study.

Cell growth and viability assays

The MTS assay was used for assessment of cell
growth and viability as per the manufacturer’s instructions
(Promega, Madison, WI). Cell death was measured
by Annexin V-fluoroscein isothiocyanate (FITC) and
Propidium Iodide (PI) staining (Biovision Research
Products, Mountain View, CA) or by 7-AAD staining
(BD biosciences) using flow cytometry (FACS canto II,
Becton Dickinson, FL) according to the manufacturer’s
instructions. Results were analyzed with FlowJo (TreeStar,
Ashland, OR). IC,  values were calculated using the
Spline/LOWESS method in GraphPad Prism.

Tubulin polymerization and binding assays

MAP-rich bovine tubulin (Cytoskeleton, Denver,
CO) was reconstituted in ice-cold polymerization buffer
(80 mM PIPES pH 6.9, 0.5 mM EGTA, 2 mM MgClL,
10% glycerol and 1 mM GTP) at a concentration of
1.2 mg/ml and centrifuged at top speed for 5 min at 4°C.
Supernatant (100 pl/well) was added to ME-344 or the
appropriate controls in a 96-well plate to obtain a final
drug concentration of 10 pM. Absorbance was measured
at 340 nm every 5 min for 90 min at 37°C.

Competitive inhibition of colchicine binding to
tubulin was performed using purified porcine tubulin
(Cytoskeleton, Denver, CO) reconstituted at 0.5 mg/ml
(80 mM PIPES pH 6.9, 0.5 mM EGTA and 2 mM MgCl,).
Briefly, the tubulin solution (300 pl/sample) was incubated
at 37°C for 60 min in the presence of compounds
at varying concentrations and colchicine (12 pM).
Fluorescence of the colchicine-tubulin complex was
measured in disposable cuvettes using excitation and
emission wavelengths of 360 nm and 430 nm, respectively.

Actin polymerization assays

Actin polymerization was measured using the actin
polymerization Biochem kit (Cytoskeleton, Denver, CO).
Briefly, 1 mg of pyrene labeled muscle actin was
resuspended with 50 pl of ice cold sterile de-ionized water
and was made up to a final concentration of 0.4 mg/ml
using 5 mM Tris-HCl pH 8.0, 0.2 mM CaCl, and 200 mM
ATP. The assay was performed in a 96-well plate with the
appropriate controls. The samples were excited at 365 nm
and the emission was collected at 407 nm. The plate was
placed in the fluorimeter and samples were read once

www.impactjournals.com/oncotarget

Oncotarget



every 60 sec for a total of 3 min to establish a baseline
fluorescent measurement for all samples. After 3 min,
20 pl of ME-344 at a final concentration of 20 uM was
added and the plate was read for a further 20 min to test
if ME-344 induces polymerization. After 20 min, 20 pl
of 10x Actin Polymerization Buffer was added and plate
was read for 1 hour every 20 sec or until the fluorescent
signal plateaued.

Cell cycle analysis

OCI-AML2 cells were treated with 100 nM of
ME-344 or colchicine overnight, harvested, washed once
in cold PBS and fixed overnight in cold 70% ethanol
at —20°C. Cells were then pelleted, washed once with
PBS and treated with 100 ng/ml DNase-free RNase
A (Invitrogen, Carlsbad, CA) at 37°C for 30 minutes.
Propidium lodine (5 pg/ml) solution was added prior
to measuring DNA content on a FACScalibur (Becton
Dickinson, FL). Results were analyzed with FlowJo
(TreeStar, Ashland, OR).

Measurement of mitochondrial ROS

Mitochondrial reactive oxygen species (ROS)
was detected by staining cells with MitoSOX (5 uM)
and followed by flow cytometric analysis as described
previously [25, 26]. Briefly, cells were stained with
MitoSOX in HBSS buffer at 37°C for 30 min, and then
re-suspended in binding buffer with a viability dye
(Annexin V or 7-AAD to identify viable cells and assess
their reactive oxygen intermediate levels. Data were
analyzed with FlowJo version 7.7.1 (TreeStar).

Assessment of the anti-leukemia activity of
ME-344 in mouse models of human leukemia

OCI-AML-2 human leukemia cells (1 x 10°) were
injected subcutaneously into the flanks of male SCID
mice (Ontario Cancer Institute, Toronto, ON). When the
tumors were palpable, mice were treated with ME-344 by
i.p. injection (50, 75, or 100 mg/kg once every other day)
over 11 days in saline or vehicle control (n = 8 per group).
Caliper measurements were used to calculate tumor
volumes (volume = tumor length x width? x 0.5236) over
time. At the end of the experiment, mice were sacrificed
and the tumors excised and weighed.
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