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PRECLINICAL STUDIES

The histone deacetylase inhibitor butyroyloxymethyl
diethylphosphate (AN-7) protects normal cells
against toxicity of anticancer agents while augmenting
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Summary The histone deacetylase inhibitor (HDACI)
butyroyloxymethyl diethylphosphate (AN-7) has been
shown to synergize doxorubicin (Dox) anticancer activity
while attenuating its cardiotoxicity. In this study we further
explored the selectivity of AN-7’s action in several cancer
and normal cells treated with anticancer agents. The cells
studied were murine mammary 4T1, human breast T47D
and glioblastoma U251 cancer cell lines, neonatal rat
cardiomyocytes, cardiofibroblasts and astrocytes, and
immortalized cardiomyocyte H9C2 cells. Cell death,
ROS production and changes in protein expression were
measured and in vivo effects were evaluated in Balb-c
mice. AN-7 synergized Dox and anti-HER2 cytotoxicity
against mammary carcinoma cells with combination
indices of 0.74 and 0.79, respectively, while it protected
cardiomyocytes against their toxicity. Additionally AN-7
protected astrocytes from Dox-cytoxicity. Cell-type specific
changes in the expression of proteins controlling survival,
angiogenesis and inflammation by AN-7 or AN-7+Dox were
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observed. In mice, the protective effect of AN-7 against
Dox cardiotoxicity was associated with a reduction in
inflammatory factors. In summary, AN-7 augmented the
anticancer activity of Dox and anti-HER2 and attenuated
their toxicity against normal cells. AN-7 modulation of c-
Myc, thrombospondin-1, lo-FGF-2 and other proteins
were cell type specific. The effects of AN-7, Dox and
their combination were preserved in vivo indicating the
potential benefit of combining AN-7 and Dox for clinical
use.
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Abbreviations
HDAC histone deacetylase

HDACI  histone deacetylase inhibitor
HAT histone acetyltransferase

BA butyric acid

Dox doxorubicin

NAC N-acetyl-L-cysteine

DCF-DA  2',7-dichlorofluorescencin diacetate
PI propidium iodide

MEA Median Effect Analysis

CI combination index

pH2AX  phosphorylation of histone H2AX
DSBs double-strand breaks

lo-FGF-2 fibroblast growth factor-2

TSP-1 thrombospondin-1

HO-1 heme oxigenase-1

SCF stem cell factor

Cco carbon monoxide
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TNF-o tumor necrosis factor-alpha

INF-y interferon-gamma

HER2 Human Epidermal growth factor Receptor 2
Introduction

The steady state of histone acetyltransferases (HATs) and
histone deacetylases (HDACS) activities serves as a key
regulatory mechanism for gene expression and controls
numerous developmental and diseases processes [1]. Phar-
macological inhibition of HDAC activity mediated by
HDAC inhibitors (HDACISs) provides a therapeutic benefit
for a variety of diseases and disorders [2, 3]. In cancer, the
recruitment of HDAC is associated with histone deacetyla-
tion and chromatin condensation, which can lead to the
transcriptional repression of tumour suppressor genes and
the proliferation of cancer cells. HDACIs are potential
anticancer agents, some of which are under preclinical
investigation. Others have recently gained approval for
clinical use as anticancer agents [4].

We have developed and studied histone deacetylase
inhibitory prodrugs of butyric acid (BA) that upon
intracellular hydrolytic degradation release acids and
aldehydes. These compounds have been shown to
modulate gene expression, induce histone hyperacetyla-
tion, differentiation, and apoptosis of cancer cells in
vitro, ex-vivo and in vivo [5]. Among these prodrugs,
butyroyloxymethyl diethyl phosphate (AN-7) was shown
to be the most efficacious anti-cancer agent. At doses of
25-50 mg/kg, it inhibited tumor growth, angiogenesis and
metastasis in various mouse cancer models [6—8]. Impor-
tantly, while AN-7 interacted synergistically with doxoru-
bicin (Dox) in killing cancer cells, as was demonstrated by
Median Effect Analysis (MEA) [9], it also protected
neonatal rat cardiomyocytes and adult mice against Dox
toxicity [10, 11].

Herein we investigated the effects of AN-7 together with
Dox or with the antibody against HER2 receptor on cancer
cell viability. The protective effect of AN-7 on primary
cultures of cardiomyocytes, cardiofibroblasts and astro-
cytes, as well as on mice receiving a single high dose of
Dox, was examined.

Materials and methods

Compounds and reagents AN-7 was synthesized as
described [12]. Doxorubicin hydrochloride, 2 mg/mL was
obtained from Teva (Petach-Tikva, Israel); bis-benzimide
(Hoechst fluorescent probe), N-acetyl-L-cysteine (NAC,

Sigma, USA) and 2',7'-dichlorofluorescencin diacetate were
purchased (DCF-DA, Sigma, USA).

Antibodies Rabbit polyclonal primary antibodies were
against: c-Myc (Cell Signaling, USA); lo-FGF-2 (Santa
Cruz Biotechnology, USA); hypoxia-inducible factor-1 o
(HIF-1x) (Chemicon, Hampshire, UK); HO-1 (Stressgen,
Ann Arbor, MI, USA). Mouse monoclonal antibodies
were against: phospho-H2AX (Ser 139) (BioLegend, San
Diego, CA, USA); TSP-1 (Lab Vision, Fremont, CA,
USA); p-actin (MP Biomedicals, Aurora, Ohio, USA);
HER2 (Ab-4) (Calbiochem, Darmstadt, Germany). Sec-
ondary antibodies: Horseradish peroxidase (HRP)-conju-
gated goat anti-rabbit IgG and HRP-goat anti-mouse IgG
were from Jackson ImmunoResearch Laboratories (West
Grove, PA, USA).

Cell cultures Primary cultures of neonatal rat ventricular
cardiomyocytes and cardiofibroblasts were prepared as
described [13]. Second transfer cardiofibroblasts were
used for the experiments. Astrocyte cultures were pre-
pared from brains of the same neonatal rats as described
[14]. The murine mammary breast carcinoma 4T1 (CRL-
2539) and the human breast carcinoma T47D (HTB-
133™) and embryonic rat heart H9C2 (CRL-1446) cell
lines were obtained (ATCC, Rockville, MD, USA). U251
MG human glioma cell line was obtained as described
(University of California, San Francisco brain tissue
bank). Cells were grown in DMEM with 10% FCS and
2 mM L-glutamine. All cells were grown in the presence
of 100 units/mL penicillin, 100 pg/mL streptomycin,
12.5 un/mL nystatin (Biological Industries, Beit-Haemek,
Israel) and incubated in a humidified atmosphere of 5%
CO, 95% air at 37°C.

Cell treatment Cells were grown to 70-80% confluency
prior to drug or vehicle treatment. AN-7 was dissolved in
PBS followed by dilution with the medium. The
antioxidants NAC was dissolved in PBS and neutralized
to pH 7.45, and added to the growth medium 30 min
prior to treatment with the anticancer agents. Doxorubi-
cin was dissolved medium. DCF-DA was dissolved in
100% ethanol to 50 mM followed by dilution with the
medium. The concentration of the agents used in the
different assays were optimize to the specific assay, cell
tested and the duration of exposure of the cells to the
agent.

Viability assays Cell viability was measured using Hoechst
fluorescent reagent at 390-460 nm with a FluoStar
fluorometer. The % of cells undergoing apoptosis or
necrosis was evaluated by double-staining them with
annexin V-FITC and propidium iodide (PI) and subjecting
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them to flow cytometry analysis (FACSCalibur cytometer,
Becton Dickinson), as was described [11].

Reactive Oxygen Species (ROS) ROS positive cells follow-
ing treatment as specified were assessed by the ROS-specific
probe DCF-DA and visualized under a fluorescence micro-
scope (Olympus Tokyo, Japan) using excitation/emission
filters of 485/540 nm. Photographs were captured with an
Olympus DP50 digital camera system. The % of cells positive
for ROS was determined using ImagePro Plus 5.1 software
(Media Cybernetics’ Corporation, USA). Cells treated as
specified were also analyzed for ROS positively stained cells
by staining them with DCF-DA and analyzing (10* cells) by
FACS at a 488 nm excitation beam. The % of cells
producing ROS (% DCF (+)) was determined with Cell-
Quest software (BD Biosciences, USA).

Western blot analysis Cells were treated as was specified,
washed in PBS and suspended in lysis buffer [7]. Hearts
from mice were homogenized (Polytron; Kinematica,
Lucerne, Switzerland) in Lysis buffer. Protein content
was determined (BCA kit, Pierce, USA) and aliquots were
taken for Western blot analysis loading 30—45 pg protein
per lane, depending on the cell type. Separation of
pH2AX (14 kDa) and lo-FGF-2 (19 kDa), c-Myc
(57 kDa) and HO-1 (32 kDa), TSP-1 (170 kDa) and
HIF-1«, (120 kDa) was performed on 15%, 12%, and
7.5% polyacrylamide gels, respectively. Reactive bands
were detected by ECL, quantified by densitometry and
normalized to that of actin.

In vivo studies Animal experiments were conducted
according to the NIH Laboratory Animal Care Guidelines
approved by the Tel Aviv University Committee for Animal
Experimentation.

For acute toxicity study, female Balb-c mice, 8-
10 weeks old (Harlan, Israel) were given a single ip
dose of 20 mg/kg of Dox, or the same dose of Dox
together with 25 mg/kg of po AN-7 or vehicle. AN-7 or
vehicle were given twice more during the following five
days. On the sixth day, blood was drawn from the eyes,
of slightly anesthetized mice (by isoflurane inhalation),
collected in EDTA containing tubes and centrifuged for
10 min at 1000 g. Coagulation was allowed by 30 min
incubation at room temperature. Lysates of hearts were
homogenized as described and the plasma and heart
samples were analyzed using mouse TNF-o (BD
OptEIA, CA) and INF-y (R&D Systems, Minneapolis,
MN) ELISA kits [15].

Statistical analysis A comparison of drug-treatment
groups was conducted by #-test (Microsoft Excel 2000
or JMP 5.1). The Median Effect Analysis (MEA) was used
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for drugs interaction and the combination index (CI), was
calculated as described [9, 11].

Results

AN-7 interacts synergistically with Dox in reducing
the viability of 4T1 and U251 cancer cells

The effect of Dox or AN-7 on the viability of 4T1 murine
mammary carcinoma and U251 human glioblastoma cell
lines was evaluated after 72 h of treatment using Hoechst
viability assay. The average concentrations causing 50%
reduction in cell viability (ICsy) were determined from the
formula of the best fitted curve of the percent survival
versus drug concentration (>3 independent dose-response
titrations). The combination studies were then conducted at
the ICs ratio of the drugs, according to Chou MEA, and
the CI were calculated [9, 11]. The ICsy of Dox in the
combination treatment was reduced by ~2-fold (from 18.7+
1.8 to 7.5+£0.9 nM in 4T1 and from 21.0+1.6 to 11.0+2.3
nM in U251cells) and that of AN-7 by ~3-fold (from 66.1+
6.6 to 22.6+2.9 uM in 4T1 and from 71.3£6.1 to 24.2+
6.8 uM in U251 cells). The calculated CI was 0.74 in 4T1
and 0.86 in U251 cells, demonstrating synergism between
AN-7 and Dox in inducing cell death (Fig. 1).

Cell-type selective effects of AN-7 or AN-7+Dox

Primary cultures of cardiomyocytes, cardiofibroblasts and
astrocytes, isolated from neonatal rats, and 4T1 and U251
cell lines, were treated as specified and analyzed to measure
mortality. The distribution of annexin V-FITC and PI
positively stained cells (Fig. 2a) and the average percentage
of cell mortality (Fig. 2b) are shown. Dox treatment
significantly reduced the viability of all cell types. In 4T1
and U251 cells Dox increased the percentage of early
(annexin V-FITC positive, PI negative) and late (annexin V-
FITC, PI positive) apoptotic cells. However, in primary
cultures of cardiomyocytes, cardiofibroblasts and astro-
cytes, Dox increased to a large extent the percentage of the
necrotic cells (PI positive, annexin V-FITC negative), and
to a lesser extent the percentage of apoptotic cells.
Treatment with AN-7, as a single agent, increased mortality
of 4T1, U251 cells and cardiofibroblasts. Yet, it did not
affect the viability of cardiomyocytes or astrocytes. Treat-
ment with the combination of AN-7 and Dox (AN-7+Dox)
resulted in a response that was cell type specific. In
accordance with the viability test described in Fig. 1, AN-
7+Dox treatment, compared to treatment with Dox or AN-7
alone, significantly augmented 4T1 and U251 cell death (p<
0.05). In cardiofibroblasts, Dox, and to a lesser degree AN-7,
induced cell mortality that increased in an additive manner
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Fig. 1 Effect of AN-7, DOX and AN-7+Dox on the viability of 4T1
murine mammary and U251 MG human glioma cell lines. 4T1 (2%
10%/well) and U251 MG (3% 10%/well) cells were seeded in 96 well-
plates, incubated overnight, and then treated with AN-7 (5-120 uM),
Dox (10-100 nM) or their combination at the a 1:3000 molar ratio.
After 72 h of treatment the viability of the cells was determined by the
Hoechst assay and the ICs, values were calculated from the best fitted

by AN-7+Dox treatment. AN-7 as a single agent did not
affect the viability of cardiomyocytes and astrocytes,
whereas Dox induced their mortality mostly by necrosis.
Conversely, co-treatment of cardiomyocytes and astrocytes
with AN-7+Dox resulted in a sharp decline in the mortality
of cardiomyocytes (from 36% to 19%, p<0.02) and
astrocytes (from 31% to 14%, p<0.05), indicating that AN-
7 protected these cells against Dox toxicity.

Dox induced cell death is associated with ROS produc-
tion. The effects of treatments with Dox, AN-7 or their
combination on the intracellular production of ROS were
examined in 4T1 and U251 cells, cardiomyocytes, cardiofi-
broblasts and astrocytes. ROS-producing cells were
detected using the cell-permeable probe DCF-DA that
becomes fluorescent upon oxidation. ROS production was
assessed microscopically or by FACS analysis. In 4T1 cells,
treatment with AN-7 or Dox elevated the number of ROS
positively stained cells, the combination of AN-7+Dox
significantly increased their number compared to treatment
with each agent separately (p<0.03) (Fig. 3a and b). In
cardiofibroblasts, Dox increased the percent of ROS
positive cells to a greater extent than AN-7, and treatment
with AN-7+Dox resulted in a level of ROS that was similar
to that observed with Dox alone. In cardiomyocytes,
treatment with Dox dramatically increased ROS positively
stained cells (from 0.2+0.1 to 41.7£4.9%), whereas AN-7
did not induce ROS production and treatment with AN-7
+Dox abrogated Dox-induced ROS production.
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curve. Representatrive experiments of the % survival of the cells as a
function of Dox concentrations (a) or AN-7 concentrations (b) either
as a single agent or in combination with Dox are shown. The average
ICs5o values = SEM of 3 independent experiments performed in
triplicate wells of each drug as single agent and in the combination is
shown in the inserts

In another series of experiments we examined the
effect of Dox, AN-7 and AN-7+Dox on ROS production
and viability of U251, H9C2 and astrocytes in the
absence or presence of the radical scavenger N-acetyl-
cysteine (NAC). Dox increased the percent of ROS
positive cells in all of the tested cell types, while AN-7
increased ROS production only in U251. The combina-
tion of AN-7+Dox significantly augmented ROS pro-
duction in the cancer cells while in the non-cancer cells
it significantly attenuated it. In the presence of NAC,
ROS production was abrogated in all of the tested cells
(Fig. 4a and b). The viability of the cells under the same
experimental conditions was assessed by FACS analysis
and showed that in the absence of NAC, the correlation
between ROS production and cell mortality, was
observed. However, while NAC decreased ROS levels
in the cells, it did not always affect their viability. In
the glioblastoma cell line, NAC did not diminish Dox-
induced mortality. However, it partially reduced the
mortality induced by AN-7 or AN-7+Dox (Fig. 4c).
Therefore, it is likely that the reduction in cell mortality
in the combination treatment resulted from the attenua-
tion of AN-7 induced toxicity. In normal cells, NAC
partially reduced Dox-toxicity and it did not affect the
protection imparted by AN-7 in the combination treat-
ment. The data indicates that compared to NAC, the
protection imparted by AN-7 was greater, and selectively
affected only normal cells.
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«Fig. 2 Effect of AN-7 and Dox as single agents and in combination
with Dox on cell death. Cell, 4T1, U251 MG, primary astrocytes,
cardiofibroblasts and cardiomyocytes were treated as follows: AN-7
50 uM for 24 h; Dox 200 nM for 5 h; combination of AN-7+Dox
where cells were exposed to AN-7 for 1 h, then 200 nM Dox was
added for 5 h, Dox was removed and AN-7 was added back for
additional 18 h. After treatments the cells were trypsinized, stained
with annexin V-FITC and PI and subjected to FACS analysis.
Representative dot-plots are shown (a) and the average percent of
dead cells, Mean+SEM of three independent experiments were plotted
(b). *p<0.05 vs. Dox treatment

Cell-selective regulation of protein expression by AN-7
or AN-7+Dox

Phosphorylation of histone H2AX (pH2AX) is a marker of
double-strand breaks (DSBs) [16]. Treatment of 4T1 cells
with AN-7 or Dox increased the level of pH2AX and
treatment with AN-7+Dox resulted in an even higher level
of pH2AX after 6 h, and after 24 h it further increased,

indicating progressive DSB formation (Fig. 5a). In cardio-
fibroblasts, Dox or AN-7+Dox treatments were effective in
the induction of pH2AX after 6 and 24 h, whereas only
after 24 h of AN-7 treatment there was a small increase in
pH2AX. In cardiomyocytes, Dox was the only agent that
increased pH2AX; AN-7 alone had no effect, and when
combined with Dox, the Dox-induced DNA damage was
attenuated, providing further evidence for the protective
effect of AN-7 on cardiomyocytes.

The c-Myc protein has been shown to promote survival
and angiogenesis [17]. In 4T1 cells, after 6 h of treatment
with AN-7, Dox and their combination, c-Myc expression
was reduced and treatment for 24 h further diminished its
level. In cardiofibroblasts, AN-7 had a negligible effect on
the c-Myc level, while treatment with Dox or AN-7+Dox,
resulted in a notable reduction in its expression. In
cardiomyocytes, compared to vehicle treated cells, Dox
decreased the expression of c-Myc and AN-7 increased it.
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Fig. 3 Effect of AN-7, Dox and AN-7+Dox on ROS-production. The
effect of AN-7, Dox and AN-7+Dox on the production of ROS in 4T1
cell line, neonatal rat cardiofibroblasts and cardiomyocytes, was
examined microscopically. Cells were treated as follows: 100 pM
AN-7 for 6 h; 2 uM Dox for 5 h; or, their combination. In the
combination mode AN-7 was added 1 h before Dox. To detect ROS
positive cells, the cultures were stained with 20 uM DCF-DA and

AN-7+DOX

images were capture at X 200 magnification under visible light (A) or
fluorescence illumination (B). Representative images of cell cultures
are shown (a). Average count of cells positively stained with DCF-DA
(Mean+SEM) from five fields of each treatment performed in
duplicates in two independent experiments (n=20) was done using
ImagePro Plus 5.1 (b). ¥*p<0.01 all indicated treatments vs. Dox
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Fig. 4 Effect of AN-7, Dox and AN-7+Dox on ROS production and
cell death in the absence or presence of NAC. U251 and H9C2 cell
lines and primary rat astrocytes were treated in the absence or the
presence of 5 mM NAC as follows: vehicle; 50 pM AN-7 for 6 h; 200
nM Dox for 5 h and their combination (where Dox was added 1 h
after AN-7). At the end of the incubations DCF-DA was added
(10 uM) and washed out after 30 min, the cells were suspended in
PBS and subjected to FACS analysis. Representative histograms of
cells distribution, where an increase in ROS production shifts the peak

After 6 h of treatment with AN-7+Dox, c-Myc expression
was similar to that of the control cells, but after 24 h it was
substantially augmented (Fig. 5b).

Low molecular weight fibroblast growth factor-2 (18 kDa,
lo-FGF-2) is a potent angiogenic stimulator [18]. In 4T1 cells,
the downregulation of its expression was noted after 24 h of
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to the right, are shown (a). The average % of cells stained positively
with DCF-DA from three independent experiments (for each exper-
imental point 10,000 cells were analyzed) was calculated (b). The
viability of the cells treated as described above and then incubated for
a total of 24 h, stained with annexin V-FITC/PI and analyzed by
FACS. Bar-graphs presentation of the average percent of total dead
cells from three independent experiments is shown (c¢). *p<0.05
indicates AN-7+Dox vs. Dox; # p<0.05 indicates AN-7+Dox+NAC
vs. Dox+NAC

treatment with AN-7+Dox inducing the greatest and Dox the
least, suppression. In cardiofibroblasts, only Dox decreased
lo-FGF-2 expression after 6 h of treatment but at 24 h, Dox
and AN-7+Dox substantially reduced lo-FGF-2 expression.
At both time points, lo-FGF-2 expression was unaffected by
AN-7. In cardiomyocytes, AN-7 had no effect on lo-FGF-2,
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Fig. 5 Modulation of proteins expression by AN-7, Dox or their
combination in 4T1 cells, neonatal rat cardiofibroblasts and cardio-
myocytes. Cells were treated for 5 or 6 h as follows: vehicle (C);
100 uM AN-7 for 6 h (A); 2 uM Dox for 5 h (D); the combination of
AN-7+Dox (A+D), where 100 uM of AN-7 was given for 6 h, 1 h
prior to and further 5 h following the addition of 2 uM Dox. The
treatments for 24 h were done as follows: 100 uM AN-7 for 24 h;
2 uM Dox for 5 h and then incubated for additional 19 h in medium
without Dox; combination of AN-7+Dox, where 100 uM AN-7 was
given for 24 h, 1 h prior to 2 uM Dox that was removed after 5 h and

Dox decreased its level in a time dependent manner, having
the greatest effect after 24 h, while treatment with AN-7+Dox
prevented the decrease (Fig. 5¢).

In cancer cells, heme oxigenase-1 (HO-1) was shown to
suppress growth, invasion and migration [19] while in the
myocardium it conferred protection [20, 21]. In 4T1 cells,
AN-7, Dox or AN-7+Dox increased the expression of
HO-1 in a time-dependent manner. After 24 h, AN-7 and
AN-7+Dox caused a considerably greater increase in its
expression than Dox alone. In cardiofibroblasts, the
treatments decreased HO-1 expression in a time depen-
dent manner, where Dox was the most and AN-7 was the
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the cells were incubated for additional 18 h in the presence of 100 uM
AN-7 only. Lysates of 4T1 cells were loaded at 30 pg protein/slot for
the detection of pH2AX, c-Myc, HO-1 and TSP-1 and at 45 pg
protein/slot for the detection of lo-FGF-2 on SDS gels. Lysates of
cardiomyocytes or cardiofibroblasts were loaded at 40 pug protein/slot.
Western-blot analyses using the appropriate antibodies are shown for:
pH2AX (a); c-Myc (b); lo-FGF-2 (¢); HO-1 (d) and TSP-1 (e). Actin
immunolabeling is shown as loading control

least effective. In cardiomyocytes AN-7 increased,
whereas Dox, in contrast to its effect in 4T1 cells,
decreased the expression of HO-1. AN-7+Dox treatment
elicited an intermediate effect on HO-1 expression; it was
less than that imparted by AN-7 and more than that
found in vehicle treated cells (Fig. 5d).
Thrombospondin-1 (TSP-1) is an inhibitor of neo-
vascularization and tumorigenesis [22]. In 4T1 cells the
TSP-1 level was unchanged by Dox, whereas AN-7 and
AN-7+Dox caused a substantial increase in its expression.
In cardiofibroblasts, treatment with Dox enhanced TSP-1
level after 6 h and to a greater extent after 24 h and the
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combination treatment enhanced it only after 24 h. It should
be noted that TSP-1 was undetected in cardiomyocytes
(Fig. 5e).

AN-7 augmented the anticancer activity of antibody
against HER2 (Ab-4) while it protected cardiomyocytes
against its toxicity

The viability of T47D, a human breast carcinoma cell line
expressing normal levels of the HER2 receptor was reduced
in a dose-dependent manner by Ab-4, a monoclonal
antibody against this receptor [23]. The ICsy for the
inhibition determined by Hoechst assay after 72 h was
3.4 pg/ml. MEA of AN-7 and Ab-4 at ICs ratio, revealed
the synergistic interaction with CI of 0.79 (Fig. 6a).

In primary cultures of cardiomyocytes, Ab-4 increased
the percentage of apoptotic cells from 7+1.5% to 22+3%
(»=0.006), while in combination with AN-7, the toxicity of
Ab-4 was significantly attenuated (from 22+3% to 11.3+
2.8%, p=0.03) (Fig. 6b). Consistent with the viability data,
Ab-4 dramatically increased the number of cardiomyocytes
stained positively for DCF-DA, while the addition of AN-7
significantly reduced it (from 32.1£5 to 13.7£3.7, p=
0.001) (Fig. 6¢). The data indicated that the selective
enhancement of AN-7’s anticancer activity and protection
against cardiotoxicity was not limited to Dox.

The in-vivo protective effect of AN-7 against cardiotoxicity
induced by a single high dose of Dox

The protective effect of AN-7 against Dox cardiotoxicity
was examined in a mouse model for acute cardiotoxicity
induced by a single high-dose of Dox, which caused a
sharp decline in body weight. In the first two days, mice
treated with Dox or AN-7+Dox showed a similar decline in
body weight, compared to vehicle-treated mice. From day
three onward, the weight of the AN-7+Dox treated mice
was significantly higher than that of the animals treated
with Dox only (Fig. 7a). Compared to vehicle-treated mice,
the levels of TNF-o in Dox-treated mice, were significantly
higher in the heart (839.6+£66.4 pg/mg vs. 408.7+66.4 pg/mg)
and in the plasma (423.7+111.2 pg/mL vs. 29.6+5.4 pg/mL)
(Fig. 7b). Co-treatment with Dox and AN-7 prevented the
rise in TNF-o in mice. Comparable results were obtained for
INF-y levels in the hearts and plasma of these mice
(Fig. 7c).

Extracts of the hearts subjected to Western blot analyses
revealed that Dox treatment decreased the expression of c-
Myc compared to that seen in vehicle-treated mice, whereas
AN-7+Dox treatment enhanced its expression level above
that seen in vehicle-treated mice. Since c-Myc is a survival
factor [24], these observations are consistent with the
protective role of AN-7. Dox treatment increased the level
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Fig. 6 Effect of AN-7, Ab-4 or their combination on the viability of p»

human breast cancer cells T47D and neonatal rat cardiomyocytes.
T47D, 4% 10%/well, were seeded in 96 well-plates and after 24 h they
were treated with AN-7 (5-200 uM), Ab-4 (0.2-4 pg/mL) or their
combination at a ratio of 50:1 (uM: pg/mL). Cell viability after 72 h
was determined by the Hoechst assay and the average ICso values +
SEM of 3—4 independent experiments performed in triplicates were
calculated (a). The primary neonatal rat cardiomyocytes were treated
for 24 h as follows: vehicle (PBS); 50 uM AN-7; 4 pug/mL Ab-4, and
their combination. At the end of treatment the cells were trypsinaized,
stained with annexin V-FITC and PI and analyzed by FACS.
Representative dot-plots and the average percent of dead cells +
SEM of 3-4 independent experiments are shown *p<0.05 of all
treatments compared to Ab-4 treatment (b). ROS formation in
cardiomyocytes that were grown as in above and were treated for
24 h with 6 pg/ml Ab-4, 50 uM AN-7, and their combination. The
cultures were then stained with 20 uM DCF-DA and ROS positive
cells were quantified as in Fig. 3. Shown are representative images
(left) and calculated averages (right) of two independent experiments
(n=10) (¢). MeantSEM, *p<0.001 for AN-7+Ab-4 vs. Ab-4

of pH2AX in the hearts ~2.5-fold as compared to that in
hearts of the untreated mice (Fig. 7d and e). Treatment with
AN-7+Dox prevented the rise in pH2AX, indicating that
AN-7 protected the heart from Dox-induced DNA damage.
The levels of the antioxidant enzyme, HO-1, were 2.3-fold
lower in the hearts of Dox treated mice compared to the
control group, and were preserved in mice treated with AN-
7+Dox. The expression of HIF-1a a transcription factor
regulating many genes under hypoxic stress [25], was
significantly higher in the hearts of mice treated with AN-
7+Dox, as compared to the hearts of vehicle-treated or
Dox-treated mice (Fig. 7e).

Discussion

The clinical efficacy of Dox and the antibody against HER2
receptor (anti-HER2), commonly used for the treatment of
breast carcinoma is limited by cumulative, dose-dependent
cardiotoxicity [26, 27]. Since we have shown that AN-7
protected cardiomyocytes against Dox toxicity [10], in this
study we address the question of whether the combinations
of AN-7 and Dox as well as AN-7 and anti-HER2, will
display reduced toxicity in normal cells as well as increased
anticancer activity against cancer cells. Moreover, we
aimed to characterize some of the specific biological
changes associated with the response to the treatments in
the different cell types.

AN-7 induced apoptosis in mammary cancer and
glioblastoma cell lines and to a lesser extent in cardiofi-
broblasts, yet it did not reduce the viability of cardiomyo-
cytes or astrocytes. The combination of AN-7+Dox caused
the following opposing effects: In cancer cells, it augmented
cell death in a synergistic mode; in cardiofibroblasts it
affected cell mortality in an additive manner; and in
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cardiomyocytes and astrocytes, it significantly attenuated
cell death. Moreover, AN-7 interacted in synergy with
anti-HER2 in inducing human breast carcinoma cell
death. Concomitantly AN-7 also protected cardiomyo-
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cytes against anti-HER?2 toxicity. These findings indicate
that the protective effect of AN-7 is more general and it
is not limited to a single injurious factor. The observation
that AN-7 also protected astrocytes against Dox-toxicity,
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suggests that its protective effect is not restricted to a
particular type of normal cell and it may protect CNS
functions from symptoms associated with cognitive-
dysfunction, frequently found among cancer survivors
after chemotherapy.

Cardiofibroblasts are the main source of extracellular
matrix in the myocardium, to which growth factors and
cytokines attach and thereby control the neighboring cells
[28]. Under pathological hypertrophy cardiofibroblasts
contribute to heart failure by generating interstitial fibrosis
[29]. The addition of AN-7 to Dox treatment of cardio-
myocytes, not only attenuated cell death significantly, but
also changed the mechanism of cell death from necrotic to
apoptotic. The importance of this shift, rests in the
propensity of necrosis (but not apoptosis) to promote
inflammation which exacerbates heart damage by causing
cardiomyocyte dysfunction and inducing fibroblast prolif-
eration [30]. These results are consistent with the reduction
of the inflammatory cytokine levels in the heart and in the
plasma of mice treated with Dox and AN-7 compared to
mice treated with Dox alone. Moreover, these data are also
supported by our preliminary findings that AN-7 reduced
heart-fibrosis in mice treated with Dox (preliminary
unpublished data).

ROS play a role in the injury of cell membranes leading
to the death of cancer and normal cells [31]. In correlation
with the induction of cancer cell mortality, AN-7 or Dox
increased ROS-production and AN-7+Dox further aug-
mented it. AN-7, Dox or AN-7+Dox treatments increased
ROS production in cardiofibroblasts. However, AN-7
abrogated ROS production by Dox in cardiomyocytes and
in astrocytes contributing to the protection of the myocar-
dium from ROS-induced inflammation and cardiomyocytes
injury [31, 32]. The antioxidant NAC did not affect the
outcome of Dox treatment but decreased AN-7 toxicity
against cancer cells, indicating that the anticancer activity
of Dox is independent of, and that of AN-7, depends on,
ROS production. In either case, NAC did not contribute to
the anticancer effects. In cardiomyocytes and astrocytes, the
addition of NAC or AN-7 reduced Dox-induced cell
mortality.. Compared to NAC, AN-7 imparted greater
protection on normal cells, suggesting that an additional
ROS-independent mechanism contributes to AN-7 protec-
tive activity. The advantage of AN-7 compared to NAC,
rests in its ability to play a dual role, eliciting an anticancer
activity against cancer cells, and a protective activity
toward normal cells.

Characterization of changes in protein modification or
expression illuminated some of the underlying cellular
changes responsible for the cell-type selectivity of AN-7.
Phosphorylation of H2AX is an early and a sensitive
marker for DNA damage [16]. In 4T1 cells, the antineo-
plastic activity of AN-7, Dox or AN-7+Dox is manifest in
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an increase of pH2AX level. In cardiofibroblasts, while
AN-7 exerted a minimal effect, Dox and AN-7+Dox
induced substantial H2AX phosphorylation. In cardiomyo-
cytes AN-7 inhibited H2AX phosphorylation, consistent
with its protective effects against Dox-induced mortality.

The transcription modulator protein c-Myc plays an
important role during embryogenesis of normal tissues and
in pathological processes of tumorigenesis [17]. Multiple
studies have demonstrated its oncogenic potential. Herein
we demonstrate that the suppression of c-Myc expression in
4T1 cells by AN-7 and Dox, was associated with the
upregulation of the angiogenic inhibitor TSP-1 and the
downregulation of lo-FGF-2, indicating anti-angiogenic
effects. The repression of TSP-1 expression by c-Myec, has
been shown to involve the upregulation of miR17-92, a
repressor of TSP-1 [33]. Therefore, the downregulation of
c-Myc is expected to relieve TSP-1 of its repression,
enabling it to act as a scavenger for matrix associated
growth and angiogenic factors (e.g., lo-FGF-2, VFGF, SCF
and HGF), thus limiting their bioavailability and activities
[34]. Therefore, we propose that the anticancer effect of
AN-7 was mediated, at least in part, by the suppression of
c-Myc expression, which inhibits the growth of cancer cell
and angiogenesis.

In cardiofibroblasts, AN-7 mildly enhanced c-Myc
expression, while Dox and AN-7+Dox repressed it dramat-
ically. Dox and AN-7+Dox treatments concomitantly
increased TSP-1 and decreased lo-FGF-2 expression. Both
changes indicated a decrease in the bioavailability and
activity of pro-angiogenic factors, associated with increased
mortality of cardiofibroblasts. These findings suggest that
in the case of Dox induced damage to the heart, AN-7
attenuates Dox-induced fibrosis.

In cardiomyocytes, the opposite changes in protein
expression were observed. The expression of c-Myc was
augmented by AN-7 and abrogated by Dox, whereas
treatment with AN-7+Dox resulted in the preservation of
normal c-Myc expression. In the hearts of mice, c-Myc
expression was downregulated by Dox and restored by AN-
7+Dox treatment. Therefore, we propose that c-Myc
expression plays an important role in protecting the heart,
and that it does so by stimulating angiogenesis in the
injured heart. This concept is supported by the vital role
attributed to c-Myc in angiogenesis during embryogene-
sis [17], tumorigenesis [35] and the suppression of TSP-1,
as discussed above. In addition, Dox repressed the
expression of l0-FGF-2 in cardiomyocytes while AN-7
restored it. The protective effect of lo-FGF-2 following
infarction injury has been described elsewhere [36]. This
factor is a pro-survival contributor that protects the
ischemic heart by functioning as a potent angiogenic
agent promoting the proliferation of several cell types
including cells with stem cell properties.
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Fig. 7 Effect of AN- 7 on the acute cardiotoxicity of Dox in vivo.
Female Balb-c mice were treated as follows: a single ip dose of
20 mg/kg Dox (n=13); the combination of the single 20 mg/kg ip Dox
dose and 25 mg/kg po AN-7 given thrice during the 6 days of the
experiment (n=12) and vehicle (n=9). Animal body weight was
measured at the indicated days. *p<0.05, AN-7+Dox vs. Dox (a).
Detection of TNF-a and INF-y levels in the plasma and the heart of
mice was determined on the sixth day of the experiment. The levels of
TNF-a (b) and INF-y (¢) in heart and plasma Mean+SEM, n=5/

HO-1 has been shown to inhibit cancer cell proliferation
and reduce their invasive capability [19, 37]. Herein, we
demonstrate that AN-7 or AN-7+Dox treatments increased
HO-1 expression in 4T1 cells, further contributing to the
antineoplastic effect of these agents. In contrast to the
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group, *p<0.02 treated vs. untreated and # p<0.02 AN-7+Dox vs.
Dox treated. Lysates (40 pg protein/well) from the hearts of untreated
and treated animals were resolved on 7.5% (HIF-1c), 12% (c-Myc or
HO-1) and 15% (pH2AX) SDS-polyacrylamide gels and were
subjected to Western blot analyses (d). Expression of c-Myc, pH2AX,
HO-1 and HIF-1« in hearts of untreated (control) and treated animals
was quantified by densitometry and normalized to actin. Mean+SEM,
n=>5/group, #p<0.05 treated vs. untreated; *p<0.01 AN-7+Dox
treated vs. Dox treated (e)

enhancement of HO-1 expression in cancer cells, Dox and
AN-7+Dox treatments repressed its expression in cardiofi-
broblasts. The meaning of this selective effect is unclear,
yet it accentuates the specificity of the AN-7+Dox
treatment.
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In cardiomyocytes AN-7 elevated and Dox repressed
HO-1 expression, while in the combination treatment,
AN-7 attenuated Dox-repression of HO-1. The impor-
tance of HO-1 in the heart is apparent under stress
conditions where it rapidly degrades pro-oxidant heme to
carbon monoxide (CO) and biliverdin/bilirubin. CO
inhibits inflammation [38] and biliverdin/bilirubin pos-
sesses anti-oxidative activity [39]. Consequently their
combined action has been shown to prevent left ventric-
ular hypertrophy [21].

Higher levels of TNF-a and INF-y were detected in
the heart and plasma of Dox-treated mice compared to
that detected in mice treated with AN-7+Dox. As
mentioned above, the attenuation of the inflammation
can be attributed to the shift from necrotic to apoptotic
death induced by AN-7+Dox in cardiomyocytes and in
cardiofibroblasts. Also, the elevation of HO-1 expression
by AN-7 may protect the heart by attenuating pro-
inflammatory chemokine production [40].

The injury to the heart caused by Dox led to DSB
formation as was reflected by the increase of pH2AX
expression, whereas AN-7+Dox treatment imparted a
protective effect, as was evident by the diminished pH2AX
level. A significant increase in c-Myc, HO-1 and HIF-1-x
expression in the hearts of mice treated with AN-7+Dox,
compared to those treated with Dox, also indicated
cardioprotection against Dox cardiotoxicity. Elevation of
HIF-1-a enhances the transcription of important pro-
angiogenic and protective factors including VFGF, VFGF-
receptor, erythropoietin and HO-1 [41]. These changes may
further contribute to the observed cardioprotective effect of
AN-7

In conclusion, the biological effects exerted by AN-7+Dox
and AN-7+ monoclonal antibody against HER2 in cancer
cells compared to those imparted on cardiomyocytes,
were cell type specific. The protective effect of AN-7
against Dox cardiotoxicity was associated with a reduc-
tion in inflammation, increased survival and angiogene-
sis. The effects of AN-7+Dox on cancer cells were
inverse, i.e. inhibition of survival and angiogenesis. The
association of AN-7+Dox treatment with selective
changes in the expression of key proteins, participating
in the control of viability, inflammation and angiogenic
processes, contributes to the elucidation of the specific
detrimental or protective cell-type processes involved.
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