Synergistic in-vitro effects of combining an antiglycolytic,
3-bromopyruvate, and a bromodomain-4 inhibitor on U937

myeloid leukemia cells
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This project investigated the in-vitro effects of a glycolytic
inhibitor, 3-bromopyruvate (3-BrP), in combination with and
a new in silico-designed inhibitor of the bromodomain-4
(BRD-4) protein, ITH-47, on the U937 acute myeloid
leukemia cell line. 3-BrP is an agent that targets the altered
metabolism of cancer cells by interfering with glucose
metabolism in the glycolytic pathway. ITH-47 is an acetyl-
lysine inhibitor that displaces bromdomain 4 proteins from
chromatin by competitively binding to the acetyl-lysine
recognition pocket of this bromodomain and extraterminal
(BET) BRD protein, thereby preventing transcription of
cancer-associated genes and further cell growth. Cell
growth studies determined the ICs, after 48 h exposure for
3-BrP and ITH-47 to be 6 and 2 umol/I, respectively. When
combined, 2.4 and 1 pmol/l of 3-BrP and ITH-47,
respectively, inhibited 50% of the cell population, yielding a
synergistic combination index of 0.9. Subsequent
mechanistic studies showed that the IC5, concentrations of
ITH-47 and 3-BrP and the combination increased
observable apoptotic bodies and cell shrinkage in U937
cells treated for 48 h. Cell cycle analysis showed an increase
in the sub-G;, fraction in all treated cells, suggesting that cell
death was increased in the treated samples. Annexin-V-
FITC apoptosis analysis showed a statistically significant
increase in the number of cells in early and late apoptosis,
indicating that cell death occurred through apoptosis and
not necrosis. Only U937 cells exposed to ITH-47 showed a
decrease in mitochondrial membrane potential compared
with the vehicle control. Reactive oxygen species production

Introduction

According to the World Cancer report, it was expected
that more than 20 million new cases of cancer would have
occurred in 2015 [1]. In first-world countries, cancer has
been shown to be the number one cause of deaths
annually and identified as the second major contributor to
deaths in developing countries [1]. The increase in
cancer-related deaths in developed countries can be
traced back to the fact that the growing and aging
population has adopted a higher cancer risk lifestyle; this
includes smoking, lack of physical exercise, and unheal-
thy diets [1]. The International Agency for Research
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was decreased in all treated samples. ITH-47-exposed cells
showed a decrease in c-Myc, Bcl-2, and p53 gene
expressions. 3-BrP-treated cells showed an increase in c-
myc and p53 gene expressions. The combination of ITH-47
and 3-BrP lead to downregulation of c-myc and Bc/-2 genes.
ITH-47 exposure conditions yielded a marked decrease in
c-myc protein levels as well as a decrease in Ser70
phosphorylated Bcl-2. Analysis of 3-BrP and the
combination of ITH-47 and 3-BrP test conditions indicated
an increase in p53 protein levels. This novel study is the first
to investigate the in-vitro synergistic therapeutic effect of
ITH-47 and 3-BrP. The current study contributes toward
unraveling the in-vitro molecular mechanisms and signal
transduction associated with a novel combination of BRD
inhibitors and antiglycolytic agents, providing a basis for
further research on these combinations.
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indicated that in 2030, ~21.7 million new cancer cases
will be reported and the increase in cancer-related deaths
will be 13 million [2]. The National Cancer Registry
reported in 2011 that 437 leukemia cases were diagnosed
in South African men and a total of 313 leukemia cases in
South African women [3]. Millions of dollars are raised
each year in the fight for cancer. the American Cancer
Society reported that as of 1 August 2016, a total of $406
837 559 has been collected for cancer research, of which
$25 415 735 has been allocated to research for leukemia
[4]. The large funds set up for the research call for finding
new and improved ways of combatting cancer, with leu-
kemia being a research priority.

In 1827, a French physician Alfred-Armand-Louis-Marie
Velpeau was the first individual to accurately describe
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acute myeloid leukemia (AML) [5]. AML is a cancer
affecting the hematopoietic myeloid progenitor cells
(myeloblasts). Studies have found that AML associated
with exposure to benzene or chemotherapy is linked to
structural changes in chromosomes five and seven [6].
Translocations cause the interruptions of genes as a
section of one chromosome is transferred and exchanged
with another chromosome [7]. Cigarette smoking is a
source of benzene, which, studies suggest, is linked to
trisomy of chromosome eight as well as a balanced
translocation between chromosome 8 and chromosome
21 [8]. Cytogenic aberrations often lead to the amplifi-
cation of proto-oncogenes of AML. The Myc genes are
proto-oncogenes, which, in healthy cells, guide vital
aspects of cell growth and cell cycle progression [9]. The
myc protein is a transcription factor that directly binds
DNA at the enhancer box sequences and activates pro-
tein transcription [10]. The c-myc protein has the ability
to recruit histone acetyltransferase to add acetyl marks to
lysine residues on chromatin to modify the expression of
other genes [10]. A mutated version of the Myc gene is
found in many cancers, which causes Myc to be con-
stitutively expressed, leading to gene expression ampli-
fication [11]. This leads to the unregulated expression of
genes involved in cell proliferation, and can result in
genomic instability, causing the formation of cancer [12,13].
c-Myc is often found to be amplified and activated in AML,
which in turn plays an important role in the development of
leukemia [14].

The c-myc protein is a known metabolic regulator by
upregulating genes encoding glucose transporters and
hexokinase to increase glucose import [15], thereby
contributing toward the increased glycolytic phenotype
of many leukemic cancers. The Warburg effect refers to
the process whereby cancer cells produce energy mostly
by glycolysis and then lactic acid fermentation in the
cytosol of the cell even if abundant oxygen is available
[16,17]. The Warburg is well documented in solid can-
cers, but increased glycolytic activity has been identified
in AML as well [18]. Interestingly, increased expression
of the hexokinase-1 (HK1) is found in a variety of AML
cell lines, including U937 cells [19]. Knockdown of this
gene in U937 cells results in increased sensitivity to
arabinofuranosyl cytidine [19]. Hexokinase-1 is the iso-
enzyme found in normal differentiated cells, whereas
solid cancerous cells tend to express hexokinase-2 (HK2)
predominantly [20]. HKZ is also overexpressed at a pro-
tein level in a variety of myeloid leukemia cells, whereas
normal peripheral blood mononuclear cells do not
express HK2 [21].

The aim of this research was to determine whether
inhibiting glycolysis and abrogating c-myc expression
using two different compounds can have a synergistic
effect in AML (U937) cells. The first compound, I'TH-
47, is a newly designed BRD-4 inhibitor that can target
c-myc-sensitive leukemic cancers. BRD-4 binds to

acetylated histones by its bromodomain (BRD) and
mediates chromatin-dependent signaling and transcrip-
tion at Myc target loci [22]. ITH-47, a JO1 analog, is an
acetyl-lysine inhibitor, displacing the BRD and BET
protein BRD-4 from chromatin, thereby indirectly pre-
venting gene transcription of c-myc. The second com-
pound, 3-bromopyruvate (BrP), is a glycolytic inhibitor
targeting at least two enzymes important in glycolysis.
3-BrP inhibits HKZ by covalent modification on the
cysteine residue, preventing further glucose metabolism
in the glycolytic pathway [23,24]. 3-BrP also negatively
affects the function of glyceraldehyde-3-phosphate
dehydrogenase, decreasing the metabolic rate of glyco-
lysis, as 3-phosphate dehydrogenase is essential for the
conversion  of  glyceraldehyde-3-phosphate  into
1,3-diphosphate. Glycolysis inhibition by 3-BrP in turn
depletes the energy stores as decreased amounts of glu-
cose can be converted into the end product, leading to
cell death because of energy depletion [17,25].

Combining two drugs with different but closely related
mechanisms of action can result in a synergistic combi-
nation, whereby less of each compound is needed to
yield the appropriate and selective cancer-killing prop-
ertiecs. By combining the glycolysis inhibitor, 3-BrP, and
the BRD-4 inhibitor, ['TH-47, synergism may be attained
by simultancously inhibiting glycolysis with 3-BrP and
knocking out c-myc’s capability to upregulate glycolysis
with I'TH-47. A further purpose was to elucidate the
mechanism of action of 3-BrP, I'TH-47, and the syner-
gistic combination of these compounds on the U937 cells
using various techniques including spectrophotometry,
flow cytometry, and quantitative qRT-PCR.

Materials and methods

Materials

The myeloid leukemia (U937) (American Tissue Culture
Collection, Maryland, USA) cell line was derived from a
pleural effusion of human myeloid lymphocyte and is
nonadherent under standard cell culturing methods. The
antiglycolytic compound, 3-BrP, was manufactured by
Sigma-Aldrich Chemical Co. (St. Louis, Missouri, USA).
I'TH-47 is derived from the synthesis code from
iThemba Pharmaceuticals (Modderfontein, South Africa)
I'TH003247 and synthesized as described in Deepak ez a/.
[26]. Iscove’s modified Dulbecco’s medium, penicillin,
streptomycin, fungizone, 3,3’-dihexyloxacarbocyanine
iodide, 2,7-dichlorofluorescein diacetate, and anti-c-Myc
antibodies that were used in the study were manu-
factured by Sigma-Aldrich Chemical Co. Sterile cell
culture flasks and plates were procured from Lasec
(Pretoria, South Africa). The fetal bovine serum was
manufactured by  Biochrom (Berlin, Germany).
Fluorescein isothiocyanate (FI'TC)-conjugated Annexin-
V and FITC-anti-p53 were produced by Biolegend (San
Dicgo, California, USA). The Phospho-Bcl-2 (Ser70)
antibody used was manufactured by Cell Signaling



Technology (Beverly, Massachusetts, USA).
Housekeeping gene primers including f-actin (ACTRB),
cyclin-dependent kinase inhibitor 1, or CDK-interacting
protein 1 (CDKNIA), and B-2 microglobulin (B2M), as
well as test primers for p53, Bel-2, and ¢-Myc were pur-
chased from Qiagen (Venlo, the Netherlands). Qiagen’s
Plant Mini Kit, PCR Clean-up kit, and RNase-free
DNase were used for RNA extraction and Qiagen’s
QuantiTect SYBR Green RT-PCR Kit was used for
qRT-PCR gene expression studies. All other chemicals
(unless specified otherwise) were of analytical grade and
were purchased from Sigma-Aldrich Chemical Co.

Software and docking methodology

Molecular modeling was performed on an Ubuntu 14.04
L'TS system with an Intel Xeon E3-1230 V2 with a
GeForce GTX 660T1. Chimera was used for visualization
and depictions [27]. For ligands, Chemsketch was used to
draw  two-dimensional structures with simplified
molecular-input line-entry system annotations [28]. The
simplified molecular-input line-entry system annotations
were converted into three-dimensional structures using
Open Babel 2.3.2 [29] and balloon [30,31]. Drug-likeness
properties such as Lipinski and QED parameters [32]
were monitored with DrulLiTo (NIPER, SRS Nagar,
India). Autodock Vina [33] was used to dock the ligands
into receptors. An ensemble docking study was carried
out with various benzotriazepine or benzodiazepine
analogs bound to BRD proteins. These include BRD-2
(1) proteins 2YEK and 2YDW, the BRD-2 (2) protein
3ONI, BRD-4 (1) proteins 3MXF, 3P50, 3U5L,, 4LL.RG,
4F31, and 2YEL, and the BRD-4 (2) protein 2YEM. In
Autodock Vina, the exhaustiveness was set to 15, with
the rest of the parameters set on default [33]. The lowest
energy conformation for each from each docking suite
was selected and the root-mean-square deviation
(RMSD) of the crystal pose and docked pose was calcu-
lated using the match module in chimera [27]. Various
test ligands with optimized drug likeness were docked
into all the receptors and the lowest energy conformation
for each from each of the BRD-2 (1), BRD-2 (2), BRD-4
(1), and BRD-4 (2) receptors was selected.

Ligand-binding assay

A chemiluminescent a-screen binding assay was per-
formed by Reaction Biology Corp. (Malvern,
Pennsylvania, USA) to determine the half-maximal
inhibitory concentration (ICsy) of each compound
against BRD-containing protein 2 domain 1 and 2 and
bromodomain-containing protein 4 domain 1 and 2. The
assay monitors the competitive displacement of a bioti-
nylated histone H4 peptide (residues 1 —21) containing
KAc (K5/8/12/16Ac) from the BRD proteins.

Cell culture
U937 leukemia cancer cells were cultured in Iscove’s
modified Dulbecco’s medium and supplemented with

10% heat-inactivated fetal calf serum (56°C, 30 min),
100 U/ml penicillin G, 100 pg/ml streptomycin, and fun-
gizone (250 pg/l). TTH-47 was dissolved in dimethyl
sulfoxide. The final concentration of dimethyl sulfoxide
did not exceed 0.05% in cell culture. Experiments were
conducted in 24-well, six-well plates, or 25 cm? cell cul-
ture flasks. Exponentially growing cells were seeded at
5000, 50 000, and 250 000 cells/well for 96-well, 24-well,
and six-well plates, respectively. Cells were seeded at
750 000 cells/25 cm? cell culture flask.

Cell growth

Cell quantification was performed using the Luna-II
automated cell counter (Logos Biosystems Inc.,
Annandale, Virginia, USA) (i). The Luna-II system uses
the principles of the dye exclusion method, with trypan
blue as the stain. Trypan blue selectively stains dead
cells, whereas viable cells are excluded as intact cell
membranes prevent dye absorption (ii). The values of
total cell count for viable cells were then recorded to
determine the ICsq of ITH-47 and 3-BrP. The ICs, was
determined when:

Number of viable cells exposed to test condition

1Cs0=
>0 Number of viable cells exposed to vehicle treated contro

x100=50% .

At least three biological repeats, each with three technical
repeats, were performed to obtain a minimum total of
repeats of 9 (#=9). From the cell growth analysis, the
concentration at which I'TH-47 and 3-BrP inhibited
growth by 50% was selected as an ICs, and was used at a
constant concentration throughout the rest of the
experiments. The ICs, of each compound was used in
the combination index (CI) equation to determine whe-
ther synergy occurred when a CI value was less than 1.
The Loewe additivity measures the effects of com-
pounds when used in combination, with the principle
that similar drugs will have an additive effect of double
the dose [34]. If a combination of compounds were to
have a synergy, the combinations of these compounds are
to be less than the dosage needed for the same effect in
the compounds alone [34]. The 1Csy of I'TH-47 and
3-BrP were first determined by the cell growth study. To
determine whether a synergistic effect occurred between
I'TH-47 and 3-BrP, a combination index study was car-
ried out. The CI was determined using the CI equation
[35]:
A B
¢l A50+350’

where A is the concentration of I'TH-47 in combination
with B that yields ICsg; B is the concentration of 3-BrP in
combination with A that yields ICsg; Asg is the ICsy of
I'TH-47; and Bs is the 1Csq of 3-BrP.



Flow cytometry

Flow cytometry was used to measure the DNA content,
apoptosis, mitochondrial membrane potential, redox sta-
tus, and protein expression of c-myc, ser70 phosphory-
lated Bcl-2, and p53 for exposed and control U937
leukemia cells. Propidium iodide was used to stain the
nucleus to determine the amount of DNA present. A
FITC-conjugated Annexin-V antibody was used to
measure the translocation of the membrane phosphati-
dylserine as an indication of apoptosis. To study the
effects of oxidative stress, a cell-permeable and non-
fluorescent probe, 2,7-dichlorofluorescein diacetate, was
used to indicate the hydrogen peroxide (H,0;) genera-
tion within the cells. 2,7-Dichlorofluorescein diacetate is
de-esterified intracellularly and transforms into the
highly fluorescent derivative 2,7-dichlorofluorescein
upon oxidation [36]. The differences in mitochondrial
membrane potential (depolarization) were measured with
3,3’-dihexyloxacarbocyanine iodide [DiOCq4 (3)]. DiOCq
(3) is a dye with cationic properties that accumulated and
collected in the polarized mitochondria of viable cells to
fluoresce as a bright green light [37]. The dye is unable to
aggregate when mitochondrial membrane potential is
lost, resulting in the dye remaining in the cytoplasm with
decreased green fluorescence [38]. FITC-conjugated
anti-p53, FITC-conjugated anti-phospho-Bcl-2 (Ser70)
antibody, and FITC-conjugated anti-c-myc antibodies
were used to measure the expression of these proteins in
cells. Data from at least 10 000 cells were captured with
the FC-500 flow cytometer (Beckman Coulter South
Africa (Pty) Ltd, South Africa) or the BD-Accuri C6 Plus
(BD Biosciences, Franklin Lakes, New Jersey, USA)
flow cytometer. For the FC-500 flow cytometer, red
emissions of 620 nm for propidium iodide were detected
with the FL-3 filter and green emissions of 525 nm for
FI'TC-conjugated antibodies were detected with the FL-
1 filter. For the BD-Accuri C6 Plus, the FL-1 filter was
used to detect the FI'TC-conjugated anti-phospho-Bcl-2
(Ser70) antibody. Data were analyzed using WEASEL,
version 3.0 software (F. Battye, Walter and Eliza Hall
Institute, Melbourne, Victoria, Australia). Detailed
methods are presented in Supplementary Information S1
(Supplemental digital content 1, 2#2p.//links.lww.com/ACD/
A250).

Gene expression quantification: reverse transcription
quantitative polymerase chain reaction of c-Myc, Bcl-2,
and p53

Examination of the gene expression of c-myc, Bcl-2, and p53
genes was performed using quantitative reverse transcriptase
PCR (gqRT-PCR) to gain an insight into the mechanism of
action of 3-BrP, I'TH-47, and the synergistic combination.
qRT-PCR is the enzymatic amplification of a fragment
mRNA between a pair of primers; the technique offers an
accurate measurement of the mRNA level, which correlates
to the quantification the expression of the gene of interest.
RNA was extracted using Qiagen’s RNeasy spin column.

A one-step RT-PCR using Qiagen’s QuantiTect SYBR
Green RT-PCR Kit was performed. Three housekeeping
genes, a genomic DNA control, positive PCR control, and
reverse transcription controls were included. The data
obtained were analyzed using Roche LightCycler Nano,
version 1.0.7 software, where the (,, values were obtained.
The relative gene expression levels were calculated and
analyzed using the 2724¢ method [39]. Detailed methods are
presented in Supplementary Information S1 (Supplemental
digital content 1, Azp./llinks.lww.com/ACD/A250).

Statistical analysis

Data are representative of three independent experi-
ments unless otherwise stated and are represented as
mean*SD. Statistical analysis was carried out by one-
way analysis of variance, followed by Tukey’s post-hoc
multiple comparison test using GraphPad Prism Software
(GraphPad Software Inc., San Diego, California, USA).
Measurement of fluorescence by flow cytometry was
expressed as a ratio of the value measured for vehicle-
treated exposed cells (relative fluorescence). P less than
0.05 was considered statistically significant.

Results

Docking

An ensemble docking method was used to take into
account minor structural variations of receptors under
different conditions. Only BRD-2 and BRD-4 receptors
with Bzt or Bzd ligands bound to them were included.
The rationale behind this is that these receptor config-
urations are likely to be the most accurate representations
for the Bzt compounds being designed in this project.
The conserved water molecules in the acetyl-lysine
(AcK) binding pocket were retained during receptor
preparation as they play a crucial role in the binding
of various compounds to BRD-2 and BRD-4 proteins
[40,41]. Autodock Vina was used to observe whether
docking can reproduce the binding poses of the ligands of
the original radiographic structures. Autodock Vina was
good at reproducing the radiographic ligand structures,
with 80% of the redocked poses having an RMSD of less
than 1.5, indicating that the software can reproduce
the original binding mode and is thus reliable to identify
new compounds capable of binding to BRD-4 (Fig. 1a).
The weakest binding energy for Autodock Vina was
—9.2 kcal/mol (BMXF) (Fig. 1a); therefore, the new
compounds to be synthesized had to have at least one
binding energy better than this. A further criterion was
that the binding energy of a particular compound would
be more selective toward the BRD-4 receptors compared
with the BRD-2 receptors (Fig. 1a). The docking poses
were also inspected to ensure that the compounds occupy
the AcK-binding site and that the diazolo group of the
compounds interacts with ASN99 (Fig. 1b). On the basis
of these criteria, I'TH-47 was synthesized by iThemba
Pharmaceuticals (Modderfontein, Gauteng, South Africa)
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Fig. 1
(a) (b)

Recepetor- Autodock Vina
ligand Binding Energy RMSD

2YDW gBrpz(1) -10.4 1.1

2YEK BRrD2(1) -10.6 1.52

30NI erpz(2) -96 0.96

2YEL Brp4(1) -10.0 1.68

3MXF erpa(1) -9.4 0.37

3P50 (BrD4(1) -9.8 1.40

3USL ero4(1 -10.0 0.51

4F3l BrD4(1) -9.2 0.65

4LRG BRrRD4(1) -9.8 1.01

2YEM groa4(2) -10.1 1.78
Ligand BRD2 1 | BRD2.2 | BRD4_1 | BRD4_2

ITH-47 -9.40 -8.60 -9.60 -8.90

Binding energies and pose of ITH-47. (a) Binding energies of benzotriazepine and benzodiazepine analogs using Autodock Vina. Autodock Vina could
reproduce the radiographic ligand structures (RMSD < 2) for all the structures. ITH-47 has better binding energies for BRD-4 proteins compared with
BRD-2 proteins and was chosen for synthesis. (b) ITH-47 docked into BRD-4 (1), showing key interactions including a hydrogen bond interaction

between TH-47 and ASN99. RMSD, root-mean-square deviation.

and, later, more of the compounds were synthesized by
WuXi AppTec (Shanghai, China) [26]. All compounds
were more than 95% pure.

Ligand-binding

To determine whether I'TH-47 binds to and inhibits
BRD-2 and BRD-4 proteins and whether I'TH-47 is
selective against BRD-4 proteins [both BRD-4 (1) and
BRD-4 (2)] compared with BRD-2 [both BRD-2 (1) and
BRD-2 (2)], a chemiluminescent a-screen binding assay
was performed by Reaction Biology Corp. using a tandem
BRD-4 and BRD-2 construct. The concentration of JQ1
needed to displace 50% of biotinylated histone H4
peptide (residues 1-21) containing KAc (K5/8/12/16Ac)
from the tandem BRD-4 proteins was 75 and 55 nmol/l
for the tandem-BRD-2 protein (Fig. 2a and b). This is
within the range from other studies and suggests that
there is no selectivity toward BRD-4 compared with
BRD-2 for JQ1. I'TH-47 was 2.2 X more selective against
the cancer-associated BRD-4 (490 nmol/l) protein com-
pared to BRD-2 (1120 nmol/l) (Fig. 2a and b). Although
the compound does not appear to be as potent as JQI, it
is more selective at inhibiting the BRD-4 protein com-
pared with BRD-2, which satisfied the main aim of
designing this compound, and is also beneficial for
selectively targeting the cancer-associated BRD-4
proteins.

Cell growth and combination index

Cell growth studies using the Luna-II automated cell
counter enabled the accurate quantification of U937 cells.
Data captured from the Luna-II system were analyzed

and each test condition’s viable cell numbers were
adjusted to a percentage ratio compared with the vehicle
control with vehicle-control set to 100%. Data were
analyzed in a graphic representation of the effects of
I'TH-47 on cell growth on the U937 cells. Cells exposed
to the lowest concentration of I'TH-47 (0.5 pmol/l) yiel-
ded a number of viable cells relative to the vehicle-
treated control of 74%, whereas the highest exposed
concentration, 5 pmol/l, was only 18% (Fig. 3a). ITH-47
inhibited cell growth at a percentage expressed ratio to
the vehicle control of 50% at a concentration of 2 pmol/l
(Fig. 3a). A concentration range of 2.5, 5, 6, and 7.5 pmol/l
was chosen to determine the ICs,. At the lowest
selected concentration of 3-BrP (2.5 pmol/l), the num-
ber of viable cells compared with the vehicle-treated
control was 68%, 62% at 5 pmol/l, 52% at 6 pmol/l, and
21% at 7.5 pmol/l (Fig. 3b). Therefore, in this study,
3-BrP inhibited cell growth at percentage expressed
ratio to the vehicle control of 50% at a concentration of
6 pmol/l (Fig. 3b).

Initial studies with a CI lower than 0.8 showed no
synergism (data not shown). It was decided to maintain
the concentrations of I'TH-47 constant and increase the
concentrations of 3-BrP in fractions to obtain a CI that is
equal to 0.8 and 0.9 (Fig. 3c). It was found that combi-
nation 5 with a CI of 0.8 reduced growth 60.90% of the
control, whereas combination 10 led to a 50% growth
inhibition (Fig. 3d). Even though combination 6 reduced
cell growth to 46%, there was no statistically significant
difference between combinations 6 and 10 (Fig. 3d).
Combination 9 showed the best effect on cell growth
(33.75%); however, these results could not be repeated



Fig. 2
(a) Competitive displacement of a biotinylated histone H4 peptide
from the BRD4-T protein
100.00 W‘ =
o
.\ ‘A ..‘
z o, A%
2 @
£ 50.00 — —
% A e
ES A "9
e A A o
oA uARe,
Qe S
e . _..
0.00 . - . . - . ,
1.00E-10  1.00E-09 1.00E-08  1.00E-07  1.00E-06 1.00E-05  1.00E-04  1.00E-03
Concentration (M)
e JQ1 (BRD2) A JQ1 (BRD4) e |TH-47 (BRD2) 4 ITH-47 (BRD4)
————— Ja1 (BRD2) line -----JQ1 (BRD4) line -----ITH-47 (BRD2) line - - - |TH-47 (BRD4) line
R?=0.995 R?=0.994 R?=0.995 R?=0.988
(b) . .
Compound ID Compound IC, (uM) | Selectivity towards
inhibiting BRD4
BRD2-T BRD4-T
ITH-47 1.12 0.49 | 2.28
JQ-1 0.055 0.075 \ 0.73

Bzt-ITH-47 inhibition of tandem BRD-2 and tandem BRD-4. ITH-47 is 2.28 times more selective toward BRD-4 compared with BRD-2.

independently (data not shown) (Fig. 3d). Combination
10 was reliable in reducing cell viability to 50% compared
with the control, and was thus used in all subsequent
mechanistic studies. To demonstrate that the synergistic
concentration was more potent than the concentration of
these compounds on their own, cells were exposed to
I'TH-47 (1 pmol/l) and 3-BrP (2.4 pmol/l). The growth
inhibition of I'TH-47 (1 pmol/l) inhibited the growth of
the U937 cells by 70% and 3-BrP (2.4 pmol/l) inhibited
the growth by only 68% (Fig. 3¢). When the U937 cells
were exposed to the compounds alone, the cell growth
inhibition was less than when the U937 cells were
exposed to the compounds together. This novel finding
indicates a synergistic effect of the combination of I'TH-
47 and 3-BrP on cell growth.

Cell cycle, apoptosis, mitochondrial membrane
potential, and redox status

Cell cycle analyses showed that an increase in the num-
ber cells in the sub-G; phase of the cell cycle was
observed in cells exposed to compounds (Fig. 4a and b).
There was also an increase in the S phase in U937 cells
exposed to 3-BrP and the combination (Fig. 4a and b).
The increase in the sub-G; fraction suggests that the

compounds can induce apoptosis. Apoptosis induction
was confirmed with the Annexin-V assay. Viable cell
numbers in I'TH-47-exposed samples decreased statisti-
cally significantly to 73.4%; 18.2% were found to be early
apoptotic cells and 7.42% of the sample’s cells were late
apoptotic cells, and only 0.95% of cells were found to be
necrotic (Fig. 4c and d). 3-BrP also affected viable cell
numbers (73.7%) and increased apoptotic cell numbers to
17.7% in early apoptosis and 5.29% in late apoptosis
(Fig. 4c and d). Synergistic combination exposure
decreased viable cell numbers to similar percentages as
I'TH-47 and 3-BrP to a value of 73.8% (Fig. 4c and d). It
was found that the synergistic combination of the com-
pounds increased early apoptotic cells to 18.3% and late
apoptotic cells to 6.2%. Necrotic cell numbers were
similar to the vehicle control, 1.78% (Fig. 4c and d),
indicating cell death apoptosis and not necrosis.

To determine whether apoptosis induction occurs
through the intrinsic mitochondrial pathway, mitochon-
drial membrane depolarization was measured. The M1
region (Fig. 5a) indicates cells with decreased green
fluorescence and thus cells with increased mitochondrial
membrane depolarization [42]. Only I'TH-47 showed a
statistically significant increase for region M1 and thus
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increased mitochondrial membrane depolarization after
48 h exposure (Fig. 5a and b). A statistically significant
decrease in reactive oxygen species (ROS) production

was observed through all three test conditions (Fig. 5¢
and d).

Gene and protein expression of c-myc, ser70
phosphorylated Bcl-2, and p53

The level of mRNA is an indication of the gene
expression level of the gene of interest. ¢-Mye, Bel-2, and
p53 were selected as the genes of interest in this gene
expression study. The three housekeeping genes selec-
ted were ATC, CDK, and B2M and the 222 method [39]
was used to determine gene expression relative to the
vehicle-treated control. I'TH-47 treatment resulted in
statistically significantly decreased expression of ¢-Myc
(0.01-fold), Bel-2 (0.41-fold), and p53 (0.03-fold) (Fig. 6a).
A statistically significant increase in the expression of ¢-
myc (1.9-fold) and p53 (1.6-fold) was found in 3-BrP-
treated cells after 48 h exposure (Fig. 6a). For the com-
bination, only ¢-myc (0.2-fold) and Be/-2 (0.33-fold) were
statistically significantly decreased compared with the
vehicle-treated control (Fig. 6a).

Protein expression studies were carried out to determine
the amount of protein levels within cells as gene
expression studies take into account only the quantifi-
cation of mRNA. Levels of mRNA do not necessarily
correlate to protein levels in cells. Three antibodies were
used to detect c-myc, Ser70 phosphorylated Bel-2, and
p53 protein expression. Exposure to I'TH-47 (2 pmol/l)
significantly decreased c-myc protein expression by 79%
in U937 cells relative to the vehicle control (Fig. 6b).
c-Myc expression was decreased to a lesser extent in the
3-BrP (6 pmol/l, 46%) and combination-treated (41%)
U937 cells after 48 h exposure (Fig. 6b). I'TH-47 expo-
sure had no effect on p53 levels and only a small increase
in p53 expression was observed in  3-BrP-treated
(1.16-fold) and combination-treated (1.22-fold) U937
cells after 48 h exposure (Fig. 6¢). The cells exposed to
I'TH-47, 3-BrP, and a synergistic combination showed a
statistically significant decrease in the amount of ser70
phosphorylated Bcl-2 protein (Fig. 6d). Cells exposed to
I'TH-47 decreased these Bcel-2 proteins by 18% relative to
the vehicle control, with 3-BrP also having a similar
effect: 17% reduction in ser70 phosphorylated Bcl-2
levels (Fig. 6d). The synergistic combination exposure
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decreased the ser70 phosphorylated Bcl-2 proteins by
30% compared with the vehicle-treated control (Fig. 6d).

Discussion and conclusion

"This novel study is the first to investigate the effects of a
glycolytic inhibitor, 3-BrP, in combination with a BRD-4
inhibitor, I'TH-47, on cell growth and cell death in U937
myeloid leukemia cells. The study focused on the
mechanistic effect that the compounds had on the cell
line, as well as the effect that the compounds have in
combination. The cell growth studies using the Luna-II
automated cell counter ensured accurate and rapid
results. By using the device’s principle of the Trypan
blue exclusion method, it was possible to determine the
effect that 3-BrP and I'T'H-47 had on the growth of U937
cells. Cell growth was inhibited by 50% when using a
concentration of 6 pmol/l of 3-BrP and 2 pmol/l of I'TH-
47. Although I'TH-47 appears to be less potent than JO1
as described by Herrmann ez a/. [43], ITH-47 shows a
better selectivity profile compared with JQ1. I'TH-47 is
2.28 times more selective toward inhibiting BRD-4
compared with BRD-2 whereas JQ1 is more selective
at inhibiting BRD-2 compared with BRD-4. A good

selectivity profile is needed to ensure that the effect of
the compound is due to on-target effect. This makes
I'TH-47 a more ideal compound to target BRD-4-sensi-
tive cancers such as AML [44].

Several experimental results from the present study
support I'TH-47 as a BRD-4-inhibiting compound in live
cells. Most importantly, inhibition of BRD-4 in various
BRD-4-sensitive leukemic cancer cell lines is associated
with decreased c-myc gene and protein expression
[11,44,45]. In this study, exposure of 2 pmol/l to U937
myeloid leukemia cells resulted in a significant decrease
in both gene and protein expression of the ¢-myc gene and
c-myc protein. Furthermore, studies have shown that
BRD-4 inhibition results in decreased ROS formation
[46,47] and the present study show that I'TH-47 attenu-
ates ROS production in U937 cells after 48 exposure.
The possible mechanism of action for this effect is likely
because of upregulation of antioxidant proteins as
described by Michaeloudes ez a/. [47]. Finally, BRD-4
inhibition in c-myc-sensitive leukemic cancers results in
the induction of apoptosis [11,41,44,48,49] and the pre-
sent study shows that apoptosis is induced. The data
suggest that apoptosis is likely induced by the intrinsic



mitochondrial as I'TH-47 causes decreased expression of
ser70 phosphorylated Bcl-2, which in turn plays a role in
inducing the observed mitochondrial membrane depo-
larization in I'TH-47-treated U937 cells.

The ICs, for 3-BrP after 48 h exposure was 6 pmol/l in
the present study and this concentration was sufficient to
induce apoptosis. However, no changes in the mito-
chondrial membrane potential were observed, suggesting
that apoptosis was induced by a pathway other than the
intrinsic mitochondrial pathway. Ganapathy-Kanniappan
et al. [50] showed that 3-BrP treatment of human hepa-
tocellular carcinoma cells resulted in endoplasmic reti-
culum (ER) stress and apoptosis. Yu e al. [51] also
showed that hexokine II inhibition results in the ER-
mediated apoptosis. 2-deoxyglucose, another anti-
glycolytic compound, is can induce ER-mediated apop-
tosis [52,53]. Therefore, a potential pathway for apoptosis
induction in response to 3-BrP in U937 cells is the
intrinsic endoplasmic reticulum pathway; however, this
needs to be tested in future studies. 3-BrP treatment of
U937 cells resulted in abrogated ROS production and
c-myc expression. Both increased ROS and increased
c-myc expression can activate several progrowth path-
ways [9,54,55]. It is therefore reasonable to conclude that
the 3-BrP can reduce cell growth because of its anti-
glycolytic, ROS-reducing, and c-myc-lowering effect.
The exact mechanism through which 3-BrP reduces ROS
and c-myc expression remains to be elucidated.

I'TH-47 and 3-BrP therefore appear to activate different
pathways to reduce cell proliferation and induce cell
death in U937 cells. In the present study, it was found
that 50% of the ICsq of ITH-47 (1 pmol/l) and 40% of the
ICs59 of 3-BrP (2.4 pmol/l) were sufficient to reduce
cell viability to 50% compared with the control. This
yields a CI of 0.9. A CI of less than 1, which is indicative
of synergy, CI of 1 is an additive effect, and CI more than
1 is an antagonistic effect [35]. This synergistic combi-
nation was used in subsequent mechanistic studies. Cell
cycle analyses indicated that the synergistic combination
increased the sub-G; fraction, which likely induced cell
death by apoptosis. Flow cytometry analysis of Annexin-
V expression confirmed apoptosis in U937 cells exposed
to the synergistic combination. The combination treat-
ment resulted in a significant reduction of c-myc gene
expression and close to half a reduction in c-myc protein
expression. The decrease in ¢-myc expression is similar to
that of I'TH-47 treatment, suggesting that ¢-myc gene
expression downregulation was a result of I'TH-47 treat-
ment in the combination and not the 3-BrP. Similar to
3-BrP-treated cells and unlike the I'TH-47-treated cells,
the combination-treated cells did not result in mito-
chondrial membrane depolarization. Interestingly, both
3-BrP-treated and combination-treated cells showed an
increase in p53 protein expression, whereas I'TH-
47-treated cells showed no difference in p53 protein
expression. These results suggest that cell death in the
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combination treatment occurs in a manner similar to the
3-BrP-treated cells.

U937 cells exposed to the test conditions did not show an
increase in ROS production. ROS was therefore an
unlikely cause of oxidative stress-induced apoptosis.
Macchioni ¢z a/. [56] studied the effect of 3-BrP on ROS
production and found that the compound had a limited
effect on cancerous cells. The decrease in ROS produc-
tion may have contributed toward the decrease in the
proliferation of the cells as elevated ROS levels have
been linked to the progression of AML cells [57].

Conclusion

An antiglycolytic compound, 3-BrP, and a novel BRD
inhibitor, I'TH-47, inhibited cell growth and increased
cell death 7z vitro. The concentrations to obtain an ICs,
when both compounds were used in combination were
lower than when the cells were exposed to the com-
pounds individually. This provides insightful new
knowledge of the mechanism of action of I'TH-47 and
the combination of 3-BrP and I'TH-47. A lower dosage of
compounds may lead to fewer side effects and the
pathway-specific action of the compounds may lead to a
more efficient targeted therapy to help vulnerable
patients overcome AML. As Tallarida [35] stated in his
article, there is a growing awareness of the use of com-
pounds in a combination that has a synergistic effect to
treat cancer and can lead to lower dosage as well as a
decrease in adverse effects. 3-BrP and I'TH-47 can target
different pathways in causing cell death and thereby can
contribute toward increased efficacy of a combination
targeted therapy. This research provides a basis for future
research to find more efficient and less harmful therapy
in AML patient with cancerous cells that have increased
chemo-resistance.
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