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Inhibition of nuclear factor-xB by
dehydroxymethylepoxyquinomicin induces
schedule-dependent chemosensitivity to anticancer
drugs and enhances chemoinduced apoptosis

in osteosarcoma cells
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Osteosarcoma (OS) is the most common primary
malignant bone tumor, usually developing in children and
adolescents, and is highly invasive and metastatic,
potentially developing chemoresistance. Thus, novel
effective treatment regimens are urgently needed. This
study was the first to investigate the anticancer effects

of dehydroxymethylepoxyquinomicin (DHMEQ), a highly
specific nuclear factor-kB (NF-kB) inhibitor, on the OS cell
lines HOS and MG-63. We demonstrate that NF-xB
blockade by DHMEQ. inhibits proliferation, decreases the
mitotic index, and triggers apoptosis of OS cells. We
examined the effects of combination treatment with
DHMEQ. and cisplatin, doxorubicin, or methotrexate, drugs
commonly used in OS treatment. Using the median effect
method of Chou and Talalay, we evaluated the combination
indices for simultaneous and sequential treatment
schedules. In all cases, combination with a
chemotherapeutic drug produced a synergistic effect, even
at low single-agent cytotoxic levels. When cells were
treated with DHMEQ and cisplatin, a more synergistic
effect was obtained using simultaneous treatment. For the
doxorubicin and methotrexate combination, a more
synergistic effect was achieved with sequential treatment
using DHMEQ. before chemotherapy. These synergistic

Introduction

Osteosarcoma (OS) is the most prevalent form of primary
malignant bone tumor and occurs mainly in children and
adolescents. Current optimal treatment consists of
systemic multiagent chemotherapy and aggressive surgi-
cal resection of all sites of disease involvement. The most
widely used chemotherapy treatment includes cisplatin
(CDDP), doxorubicin (DX), and high-dose methotrexate
(MTX) in the preoperative (induction) setting. After
recovery from definitive surgery, patients receive further
chemotherapy with the same three agents [1]. This
treatment scheme, named adjuvant and neoadjuvant
chemotherapy and adopted during the last few decades,
has markedly improved the outcome of patients with
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effects were accompanied by enhancement of
chemoinduced apoptosis. Interestingly, the highest
apoptotic effect was reached with sequential exposure in
both cell lines, independent of the chemotherapeutic agent
used. Likewise, DHMEQ. decreased cell invasion and
migration, crucial steps for tumor progression. Our data
suggest that combining DHMEQ. with chemotherapeutic
drugs might be useful for planning new therapeutic
strategies for OS treatment, mainly in resistant and
metastatic cases. Anti-Cancer Drugs 23:638-650 © 2012
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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localized OS (patients without evidence of metastases
at diagnosis), reaching up to 65-75% overall survival
rates [2,3]. However, a number of patients with
nonmetastatic disease initially respond poorly (< 90%
tumor necrosis) to the OS chemotherapy regimen, and
consequently have a high risk of relapse and have an
overall poorer outcome [4]. Moreover, it has been
speculated that the sites of macroscopic disease could
contain the largest reservoir of OS cells with the potential
to contribute not only to metastasis but also to the
development of resistance [5]. Although several clinical
studies have demonstrated that inherent or acquired
resistance to chemotherapeutic drugs is the most
important barrier to the successful treatment of OS
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[6-8], progress in the development of antiresistance
strategies remains limited.

OS patients with metastatic disease at diagnosis receive
the same general treatment scheme, although the
chances of long-term relapse-free survival are less than
20% [5,9]. At present, metastasis is the most important
clinical variable considered when determining the risk of
OS patients and is the major cause of death in OS, being
radiographically detectable in 20-25% of newly diagnosed
patients [10]. However, the molecular mechanisms
responsible for this phenomenon are still poorly under-
stood and the design of antimetastatic therapies is still
unsatisfactory. For these reasons, drugs with new
mechanisms of action and novel combination strategies
are urgently needed to overcome this resistance, combat
the metastatic behavior, enhance the efficacy of treat-
ment, reduce the toxic effects of chemotherapy, and
consequently improve the prognosis of OS patients.

Several studies have supported the notion that, besides
its essential role in bone biology, the transcription factor
nuclear factor-xB (NF-xB) signaling pathway represents a
key regulator in oncogenesis [11-13]. NF-xB is a family of
transcription factors present in mammalian cells and
involved in the regulation of a wide variety of biological
responses. This pathway is composed of five NF-xB
subunits, RelA (p65), RelB, c-Rel, p50, and p52, which
form homodimers and/or heterodimers. In quiescent
cells, NF-xB is arrested and inactivated in the cytoplasm
through interactions with inhibitory proteins of the IxB
family, which comprise IxBa, IkBp, IkBe, and Bcl-3, as
well as the p105 and p100 precursors of p50 and p52,
respectively. In a state of stimulation with a variety of
signals, IxB inhibitors become phosphorylated by IkB
kinases. Upon phosphorylation, IxBs undergo ubiquitina-
tion and proteosome-dependent degradation, resulting in
NF-«B nuclear translocation and transcriptional activa-
tion [14]. When NF-«B is found persistently in this last
state, it is referred to as constitutive activation. Inside
the nucleus, NF-kB promotes the expression of several
genes involved in cell proliferation [15,16], evasion of
apoptosis [17], metastatic tumor spread [18], and drug
resistance [19].

As constitutive activation is present in a wide variety of
tumor types including OS [15,20-22] and induces the
antiapoptotic machinery of tumor cells, suppression of
this constitutive activation would represent a novel
strategy to eliminate the oncogenic potential of these
cells and makes NF-kB an interesting new therapeutic
target in cancer. For these reasons, NF-kB has been newly
classified as one of the major targets for drug develop-
ment for cancer therapy [23]. Various NF-xB-targeting
approaches have demonstrated good in-vitro or in-vivo
antitumor activity in leukemias, breast cancer, prostate
cancer, melanoma, lymphomas, and other tumors [23-25].
In OS, NF-xB inhibitors reduced cell proliferation [15]
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and TNFo-induced invasion and motility [26], and
promoted osteoblastic differentiation, also causing sig-
nificant malignant reversal of OS cells [15]. However, the
clinical use of these gene therapy approaches is limited
by delivery and stability issues.

A novel NF-xB inhibitor, dehydroxymethylepoxyquino-
micin (DHMEQ), is a derivative of the antibiotic
epoxyquinomicin C [27], which has been found to
specifically block TNFa-induced activation of NF-xB
(mainly p65) by suppressing NF-kB nuclear transloca-
tion [28]. Besides being highly specific in nature
compared with other inhibitors [29], efficiently inhibiting
NF-kB DNA-binding activity and repressing transcription
of NF-kB target genes, DHMEQ has shown anticancer
activity in various in-vitro and in-vivo models of
tumors [30-34], without observable toxicity  vivo [35].
However, its antitumor effects are still unknown in
OS cells.

Here, we studied the antitumor effects of DHMEQ in
the OS cell lines HOS and MG-63. We found that
DHMEQ enhances apoptosis and significantly decreases
the proliferation, invasion, and migration of OS cells.
DHMEQ also acts synergistically with other chemother-
apeutic drugs and this effect depends on the schedule of
administration of each drug. These results demonstrate
for first time the importance of DHMEQ as a promising
drug for OS chemotherapy. Suitable drug administration
strategies are presented and the effect of the compound
in overcoming the highly metastatic behavior of this
disease is described.

Materials and methods

Reagents

DHMEQ was synthesized as previously described [36],
and was dissolved in dimethylsulfoxide (DMSO; Mal-
linckrodt Chemical Works, St Louis, Missouri, USA) at a
stock concentration of 10 mg/ml. Powdered CDDP was
dissolved in saline at 1.66 mmol/l and sonicated for 1h
using the method of Fischer ¢z @/. [37]. Both DX and
MTX were diluted to 40 mmol/l stock solutions in
DMSO. After preparation, all stock solutions were kept
at —20°C and dissolved in culture medium immediately
before the experiments. TNFoa was from Calbiochem
(Gibbstown, New Jersey, USA) and anti-p65 NF-xB
subunit antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, California, USA). All reagents
were purchased from Sigma, unless stated otherwise
(Sigma-Aldrich, Sao Paulo, Brazil).

Cell culture

The human OS cell lines HOS and MG-63 were obtained
from American Tissue Type Culture Collection (Rock-
ville, Maryland, USA). The OS cell lines were maintained
in HAM-F10 medium supplemented with penicillin
(100 U/ml) and streptomycin (100 pg/ml) containing
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10% (v/v) fetal bovine serum (FBS; Gibco BRL, Life
Technologies, Carlsbad, California, USA) at 37°C, satu-
rated humidity, and a 5% CO, atmosphere. For main-
tenance purposes, all cell lines were passaged once or
twice a week using 0.05% trypsin in 0.02% EDTA. The
medium was changed twice a week under all culture
conditions.

Extraction of nuclear fractions

To determine whether DHMEQ suppresses NF-xB
activity by inhibiting the translocation of the NF-«xB
complex into the nucleus of OS cells, we designed a
treatment with 10 ng/ml TNFo and/or 10 pg/ml DHMEQ
alone or in combination for 3 h. Nuclear protein extracts
were prepared according to the protocol of Schreiber
et al. [38], with some modifications. Briefly, treated cells
(5 x 10°) were collected by trypsinization, washed twice
with cold PBS, and lysed in 400l of cold buffer A
(10 mmol/l HEPES pH 7.9, 10 mmol/l KCI, 0.1 mmol/I
EDTA, 0.1 mmol/l ethylene glycol tetraacetic acid,
1 mmol/l phenylmethanesulfonylfluoride, 1 mmol/l dithio-
threitol, 1 mg/l aprotinin, 1 mg/l leupeptin, and 1mg/l
pepstatin A). After a 15-min incubation on ice, 0.1% NP-
40 was added to the homogenates and the tubes were
vigorously shaken for 1 min. The homogenates were then
centrifuged at 20 800g for 5 min at 4°C. The supernatant
fluid (cytoplasmic extracts) was collected and stored
in aliquots at —70°C. The nuclear pellets were washed
once with cold buffer A, then suspended in 50 pul of cold
buffer B (20 mmol/l HEPES, pH 7.9, 420 mmol/l NaCl,
0.1 mmol/l EDTA, 0.1 mmol/l ethylene glycol tetraacetic
acid, 1 mmol/l phenylmethanesulfonylfluoride, 1 mmol/I
dithiothreitol, 1mg/l aprotinin, 1mg/l leupeptin, and
1 mg/l pepstatin A), and vigorously shaken at maximum
speed at 4°C for 30 min. The solution was clarified by
centrifugation at 20 800g for 5min, and the supernatant
fluid (nuclear extract) was stored in aliquots at —70°C.
For western blotting analysis, the protein concentra-
tion was determined by the Bradford method using an
iMark microplate reader (Bio-Rad Laboratories, Hercules,
California, USA).

Western blotting

Equal amounts of protein were size-fractionated by 12.0%
SDS-PAGE, blotted onto an Amersham Hybond ECL
nitrocellulose membrane (GE Healthcare, Piscataway,
New Jersey, USA), and incubated in Tris-buffered saline
— 0.1% Tween-20 containing 5% (w/v) dried nonfat milk
for 1 h at room temperature. After blocking and washing
in PBS with 0.1% Tween-20 for 30 min, each membrane
was incubated with appropriately diluted primary anti-
bodies at 4°C for 2h. Following membrane incubation,
the membrane was washed three times in PBS with 0.1%
Tween-20 and bound to a biotin-labeled horseradish
peroxidase-conjugated species-specific secondary anti-
body (AbCam, Cambridge, Massachusetts, USA). The com-
plexes were visualized with an enhanced chemiluminescence

reagent (ECL; Amersham, Uppsala, Sweden). The films
were exposed for 30-60 s, developed, and then quantified
using the ImageQuant software (Molecular Dynamics &
Inc., Sunny Vale, California, USA).

In-vitro cytotoxicity

The effectiveness of DHMEQ on each cell line was
assessed at 24, 48, and 72h. The chemosensitivity to
CDDP, DX, and MTX was determined at 24 h. Cells were
seeded onto 96-well plates (3 x 10%/well). After 24 h, the
medium was replaced with fresh media containing 0—
20 pg/ml of DHMEQ, 0-100 pmol/l CDDP, 0-100 pmol/l
DX, or 0-100 pmol/l MTX. Proliferation inhibition was
then measured by Giemsa staining of attached cells [39],
with some modifications. Briefly, the culture medium
was removed and the cells were washed with PBS, fixed
with absolute methanol, and stained with 1% Giemsa
stain. The stained cells were washed several times with
tap water and the dye was dissolved with absolute
methanol. The absorbance value of each well was
determined at 655 nm using an iMark microplate reader
(Bio-Rad, Hercules, California, USA). Each experiment
was carried out using three replicates for each drug
concentration and independently repeated three times.
The ICsq value was defined as the concentration needed
for a 50% reduction in the absorbance and calculated
using the Calcusyn software (Biosoft, Ferguson, Missouri,
USA).

Drug combination analysis

Cell lines were treated by both simultaneous and
sequential drug exposure. Subconfluent cells were
exposed to 5 and 10 umol/l CDDP, 5 and 10 umol/l DX,
and 1 umol/l and 100 pmol/l MTX for 24 h plus 10 pg/ml
DHMEQ. The simultaneous treatment regimen involved
the concomitant treatment of cells with DHMEQ and
either CDDP, DX, or MTX for 24 h. For sequential drug
exposure, DHMEQ was added 12 h after plating and left
for 12 h. The medium was aspirated, replaced with a fresh
medium containing the second drug, and incubated for a
further 24 h. Drug interactions were analyzed using the
Calcusyn software package (BioSoft), which is based on
the median effect model of Chou and Talalay [40]. A
combination index (CI) score of 1 indicated an additive drug
interaction, whereas a CI score more than 1 was antag-
onistic, and a score less than 1 was synergistic. Calcusyn
software (BioSoft) was also used to calculate the dose
reduction index (DRI) of drug combinations. The DRI
estimates the extent to which the dose of one or more
agents in the combination can be reduced to achieve
effect levels that are comparable with those achieved
with single agents. Drug combinations that act synergis-
tically can be identified as those exhibiting significant
dose reduction values [i.e. a given measured effect will be
observed at dose(s) significantly lower than expected on
the basis of single-agent activities].
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Mitotic index determination

Exponentially growing cultures were treated with differ-
ent concentrations of DHMEQ for 48h at 37°C. Cells
were then removed with 0.05% trypsin and complete
medium was added before centrifugation at 1000 rpm for
Smin. The culture medium was discarded and the
harvested cells were treated with a hypotonic potassium
chloride solution (0.075mol/l), fixed, washed in cold
methanol-acetic acid, spread on glass slides, and stained
with a 1% Giemsa solution. The mitotic index was
determined as the percentage of mitotic cells over a total
population of 1000 randomly analyzed cells. Three
independent experiments were performed for each cell
line.

Apoptosis assessment by annexin V/propidium iodide
staining

Apoptotic cell death was determined by labeling with
annexin V fluorescein isothiocyanate (BD Biosciences
Pharmigen, San Jose, California, USA). Briefly, after drug
treatment, 150 000 cells were trypsinized and centrifuged
at 1000 rpm for 5 min at 4°C, washed with ice-cold PBS,
and then resuspended in 300 pl of 1 X annexin V binding
buffer (BD Biosciences Pharmigen). Cells were stained
with 5 pl annexin V fluorescein isothiocyanate and 50 pl of
a solution of 50 pmol/l propidium iodide, and incubated at
room temperature in the dark. The samples were
analyzed using a BD FACSCalibur flow cytometer (BD
Biosciences Pharmigen).

Clonogenic assay

The effects of DHMEQ on clonogenic capacity were
evaluated according to Franken’s protocol [41]. After
trypsinization, single HOS cell suspensions of 300 cells/
well were seeded in six-well plates and treated with
DHMEQ at concentrations of 2.5, 5, 10, and 20 pg/ml for
24 and 48h. After treatment, the culture medium was
removed and replaced with a drug-free medium. The cell
cultures were incubated for 10-15 days and the colonies
were then rinsed with PBS, fixed with methanol, and
stained with Giemsa stain. The colonies with more than
50 cells were counted. Assays were performed in
triplicate.

Wound-healing assay for cell migration

To measure to effects of DHMEQ on cell migration, we
used the Liang protocol [42], with some modifications.
Briefly, 2.5x 10° HOS cells/well were plated onto a
24-well plate in 0.1% serum medium overnight. Mono-
layer wounds were produced using a pipette tip scratched
through the center of the well. The width of the wound
was determined at time 0 (7;). Photomicrographs of the
initial wound were taken for comparison. Cells were then
treated with either DMSO alone as a vehicle control,
complete medium alone, 2.5, or 5 pg/ml of DHMEQ and
allowed to migrate into the denuded areas for 24h.
Following incubation, cells were briefly stained with
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Giemsa stain. Cell migration was visualized at x 100
magnification by light microscopy and photographed
using a coupled Moticam 1000 digital camera (Motic
Instruments Inc., Richmond, British Columbia, Canada).
The distance of migration was measured as micrometers
by software Motic Images Plus 2.0 (Motic Instruments
Inc.) and then compared with 7. At least 100 different
measurements per treatment were performed to obtain
an average measurement. Data are the averages of
triplicate determinations.

Cell invasion assay

Cell invasion was measured by the Matrigel assay using
the method of Cortez er a/. [43]. Briefly, both cell lines
were treated with DHMEQ in a dose-dependent manner
for 48 h in a 75 cm? flask. Matrigel was added to the upper
surface of the transwell membrane (insert chamber) and
allowed to dry in a sterile environment. After pretreat-
ment with DHMEQ, cells were trypsinized and washed
once with 1 x PBS and twice using a serum-free medium.
Cell suspensions were prepared at 5 x 10°cells/ml in
0.5ml of serum-free medium and were plated onto the
upper surface of the transwell membrane. The cell-
containing chamber was immersed in a lower chamber
containing medium supplemented with 10% FBS. Cham-
bers were incubated for 22h at 37°C and 5% CO,.
Following incubation, noninvading cells were removed
using a cotton-tipped swab. The cells that invaded the
lower surface of the membrane were fixed in methanol
and stained with Giemsa stain, digitally photographed,
and counted. Each experiment was carried out in
triplicate.

Statistical analysis

Statistical analysis was performed using one-way or
two-way analysis of variance (ANOVA), followed by non-
parametric Bonferroni’s Multiple Comparison test, as
appropriate. All tests included comparisons with un-
treated samples or as indicated in the text. Statistical
significance is indicated by *P <0.05, **P <0.01,
*¥*#%P < 0.001. Data analysis was carried out using the
SPSS17.0 statistical software package (SPSS, Chicago,
Illinois, USA). Results are reported as means + SDs. The
percentages of cell proliferation, apoptosis, survival
fraction, migration, and invasion were presented graphi-
cally in the form of histograms using Microsoft Excel
software (Microsoft, Redmond, Washington, USA).

Results

Dehydroxymethylepoxyquinomicin inhibits nuclear
translocation of nuclear factor-kB in osteosarcoma

cell lines

It has been reported that DHMEQ suppresses NF-kB
activity by blocking nuclear translocation of the activated
NF-kB complex into the cell nucleus [28]. We observed
that in a nonstimulate state (i.e. without DHMEQ or
TNFa), considerable amounts of the p65 NF-xB subunit
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(P <0.05) inhibition was already detected after 24h of
treatment at a dose of 20 pg/ml for both cell lines. This
effect became maximal after 72h, when proliferation
was reduced by more than 54 and 49% in the HOS and
MG-63 cell lines, respectively.

The determination of DHMEQ-ICs, values revealed a
remarkable sensitivity of both cell lines to DHMEQ
(Table 1). For both cell lines, a significant difference was
detected between the 24-h ICs, values (47.6 and
40.43 pg/ml, for HOS and MG-63, respectively) and 48-h

2.5 5.0 10.0
DHMEQ (ug/ml)

Dehydroxymethylepoxyquinomicin (DHMEQ) inhibits cell
proliferation and the mitotic index (MI) in osteosarcoma (OS) cells.
Cell proliferation in (a) HOS and (b) MG-63 following

incubation with serial doses of DHMEQ for 24, 48, and 72 h.

After treatments, the inhibition of cell proliferation was determined
using a Giemsa-staining assay. (c) Ml in OS cells treated with serial
doses of DHMEQ. A total of 1000 cells were scored in each
experiment. Data represent mean £ SD of three independent
experiments. *P<0.05.
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ICsq values (18.45 and 19.86 pg/ml for HOS and MG-63;
P < 0.05). The same difference was observed between the
24- and 72-h 1Cs( values (12.9 and 19.1 pg/ml, for HOS and
MG-63, respectively; P < 0.05). No significant difference
was found between the 48- and 72-h ICs, values (Table 1).

As shown in Fig. 1c, DHMEQ also caused a significant
decrease in the mitotic index starting at the 10 pg/ml
DHMEQ treatment in both cell lines. The most signi-
ficant reduction was achieved with 20 pg/ml DHMEQ,
when only 8.7 and 3.2% mitotic cells were counted in the
HOS and MG-63 lines, respectively.

Our results demonstrated that DHMEQ produced
efficient growth inhibition and a marked decrease in
mitotic activity in OS cells.

Osteosarcoma cells lines were sensitive to cisplatin and
doxorubicin, but not to methotrexate

In chemosensitivity studies, dose-response curves and
ICsq values were calculated for CDDP, DX, and MTX
at 24 h. The comparison between CDDP, DX, and MTX
ICsq values confirmed that both cell lines were sensitive
to CDDP and DX, but not to MTX. As shown in Table 1,
HOS cells (ICsy = 44.26 umol/l) proved to be more sen-
sitive to CDDP than MG-63 cells (ICsy = 80.28 pmol/I).
The same was observed for DX, whose 1Csq values were
78.89 pmol/l versus 280.89 umol/l (HOS vs. MG-63). In
MTX analysis, no 1Cso values were detected for either
cell line at concentrations up to 100 umol/l. Thus, we
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considered these cells to be resistant to MTX. Our

results confirm that both cell lines were sensitive to
CDDP and DX, but not for M'TX.

Dehydroxymethylepoxyquinomicin acts synergistically
with chemotherapeutic drugs

To determine whether DHMEQ sensitizes OS cell lines
to conventional chemotherapy drugs, we measured the
effects of combined treatments and determined the best
treatment schedule with either simultaneous or sequen-
tial drug exposure. As the cell lines were sensitive to
CDDP and DX, but not MTX, and considering that low
concentrations of chemotherapy are most practical for
clinical use, we aimed to use the lowest possible dose in
these experiments. In this context, cells were exposed to
10 pg/ml DHMEQ and to low concentrations (5 and
10 umol/l) of either CDDP or DX; and for the MTX
combinations, a low dose and a high dose (1 and
100 umol/l) were used in the experiments.

As shown in Table 2, DHMEQ acted synergistically
(CI'<1) with each conventional drug in both cell lines
in a treatment schedule-independent manner. Determina-
tion of the best administration schedule revealed different
drug-dependent behaviors (responses). For CDDP combi-
nations, we found that simultaneous exposure to DHMEQ
and CDDP (DHMEQ + CDDP) had a greater inhibitory
effect than sequential exposure in both cell lines. The
synergistic effect of simultanecous drug exposure was

Table 1 Doses required to induce 50% inhibition of cell growth (ICs,) in osteosarcoma cell lines

Cell line DHMEQ 24h (ug/ml) DHMEQ 48h (ug/ml) DHMEQ 72 h (ug/ml) CDDP 24h (umol/l) DX 24 h (umol/l) MTX 24 h (umol/l)
HOS 476+9.23 18.45+4.14 129+1.14 4426+5.23 78.891+4.38 >100
MG-63 40.43+5.25 19.86+1.27 19.10+56.51 80.28+6.74 280.89+11.6 >100
Data represent mean £ SD of three independent experiments.

CDDP, cisplatin; DHMEQ, dehydroxymethylepoxyquinomicin; DX, doxorubicin; MTX, methotrexate.

Table 2 Fa, Cl, and DRI values for DHMEQ combinations with CDDP, DX, and MTX

Cell line HOS MG-63

Combined effects of DHMEQ with: Fa Cl DRI to chemotherapy drug Fa Cl DRI to chemotherapy drug
+5 umol/l CDDP 0.5797 0.177 43.8 0.304322 0.653 7.743

+ 10 pmol/l CDDP 0.6644 0.126 138.160 0.437626 0.461 6.435

/5 pmol/l CDDP 0.5448 0.217 21.637 0.275123 0.745 6.831

/10 umol/I CDDP 0.322279 9.440 0.110 0.162679 1.647 1.892

+ 5 umol/l DX 0.641956 0.156 34.822 0.331917 0.513 20.786

+ 10 umol/l DX 0.67112 0.164 20.750 0.462174 0.323 22.645

/5 umol/l DX 0.7571 0.098 73.725 0.43392 0.336 38.499
/10 umol/I DX 0.6714 0.164 20.790 0.393949 0.428 15.228

+ 1 umol/l MTX 0.3157 0.346 5.28 x 10° 0.285054 0.571 5.33 x 10°
+ 100 pmol/l MTX 0.394523 0.268 711 x10'® 0.330138 0.469 2.1 x10*
/1 pmol/l MTX 0.4929 0.200 2.78 x 10%° 0.395053 0.361 1.3x 107
/100 pmol/l MTX 0.5565 0.165 1.57 x 1034 0.452061 0.290 5.92 x 10°

Cells were treated with 10 umol/l DHMEQ and either simultaneously (+) or sequentially (/) drug chemotherapeutic treatment. Dose reduction index (DRI) reflects the fold
reduction in the required concentration of tested agents when used in combination to achieve the fraction affected (Fa). The combination index (Cl) correlates the
cytotoxicity of drug combinations to the single-agent activities. Interpretation of Cl values: less than 0.1=very strong synergism, 0.1-0.3=strong synergism,
0.3-0.7 =synergism, 0.7 to 0.9 =slight synergism, 0.9-1.1 =additive effect, and more than 1.1 =antagonism.

CDDRP, cisplatin; DHMEQ, dehydroxymethylepoxyquinomicin; DX, doxorubicin; MTX, methotrexate.
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higher in the HOS than in the MG-63 cell line. In HOS
cells, both simultaneous combined CDDP doses (5 and
10 umol/l CDDP) resulted in strong synergism (Cls =
0.177 and 0.126, respectively) and produced a very high
DRI (43.8 and 138.16, respectively) when compared with
the MG-63 cell line (Table 2). Similarly, sequential
DHMEQ/CDDP administration produced a synergistic
effect at 5pmol/l CDDP. However, when the dose of
CDDP was increased to 10 umol/l CDDP, an antagonistic
effect was observed in both cell lines and was more intense
in HOS cells (CI =9.44) than in MG-63 cells (1.647).
ANOVA revealed a significant difference between CDDP
alone (5pmol/l), DHMEQ alone (10pg/ml), and the
respective combined treatments (Fig. 3a).

In the case of DX, all the combinations performed
showed synergism. For both cell lines, the highest
synergistic effect was achieved with sequential combina-
tions (DHMEQ/DX) using 5 pmol/l concentrations, and
the CI values obtained with this combination were 0.098
and 0.336, for HOS and MG-63, respectively. Conse-
quently, the DRI values obtained with this drug
combination were the highest for this drug, 73.7 and
38.5 for HOS and MG-63 cells, respectively. In both cell
lines, the difference in growth inhibition between
DHMEQ alone (10pg/ml), DX alone (5pmol/l), and
the DHMEQ/DX exposure was found to be statistically
significant (P < 0.05) (Fig. 3b).

A synergistic effect was also found in all combinations of
DHMEQ and MTX in OS cells. The most synergistic
combination was obtained by sequential administration,
and the lowest CIs were 0.165 and 0.290 for HOS and
MG-63 cells, respectively. These CI were obtained with
sequential DHMEQ/MTX treatment (10 pg/ml DHMEQ
followed by 100 pmol/l M'TX), causing a strong synergism
in both cell lines (Table 2). As shown in Fig. 3c, we
confirmed by ANOVA the differences in growth inhibi-
tion between M'TX alone, DHMEQ alone, and DHMEQ/
MTX treatments in OS cells (P < 0.05).

Independent of the drug administration schedule, our
results showed that DHMEQ (10 pg/ml) acted synergis-
tically with CDDP (5 pmol/l), DX (5 or 10 pmol/l), and
MTX (1 or 100 pumol/l), drugs commonly used in OS

treatment.

Dehydroxymethylepoxyquinomicin causes and
enhances apoptotic cell death in osteosarcoma cells
To determine whether DHMEQ induced apoptosis in OS
cells, we used the annexin V/propidium iodide assay. As
indicated in Fig. 4a, the control cells, as expected, were
viable, whereas the number of apoptotic cells increased in
treated cells (annexin-V-positive cells). Statistical analysis
showed a significant difference starting at 10 and 20 pg/ml
for HOS and MG-63, respectively (Fig. 4a). These results
suggest that DHMEQ induces apoptosis in HOS and
MG-63 cells.

Fig. 3
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Dehydroxymethylepoxyquinomicin (DHMEQ) acts synergistically with
chemotherapeutic drugs. Proliferation assays were performed using
both osteosarcoma cell lines, incubated with 10 ng/ml DHMEQ;

(a) 5 umol/l cisplatin (CDDP); (b) 5 pmol/l doxorubicin (DX); (c) 1 or
100 umol/l methotrexate (MTX1 or MTX100, respectively), and either
simultaneously (+) or sequentially (/) drug combination treatment for a
total time exposure of 24 h. After treatments, the inhibition of
proliferation was determined using a Giemsa-staining assay. The values
were plotted as a percentage of control cells treated with vehicle alone.
Data represent mean+ SD of three independent experiments.
*P<0.05.

Given the significant synergistic effect found between
DHMEQ and chemotherapeutic drugs (CDDP, DX, and
MTX) in proliferation assays, and the better drug
administration schedule found for HOS and MG-63 cells,
we evaluated apoptosis under the same treatment
conditions for both cell lines.

As shown in Fig. 4b-g, combined treatments with
DHMEQ and each chemotherapeutic drug significantly
increased the percentage of apoptotic cells when
compared with each drug alone in both cell lines. In all
cases, the highest enhancement of apoptosis was
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Dehydroxymethylepoxyquinomicin (DHMEQ) causes apoptosis and enhances chemoinduced apoptosis in osteosarcoma cells. (a) DHMEQ-treated
OS cells for 48 h. The percentage of annexin-V-positive cells of a cell count of 10 000 events was obtained. Data represent mean=+ SD of three
independent experiments. *P<0.05, **P<0.01 compared with vehicle-alone treatment. (b—g) DHMEQ enhanced chemoinduced apoptosis on OS
cells. HOS and MG-63 cells were treated with 10 ug/ml DHMEQ, (b—c) 5 umol/l cisplatin (CDDP); (d—e) 5 umol/I doxorubicin (DX); (f-g) 10 or
100 umol/l methotrexate (MTX10 or MTX100, respectively), and either simultaneously (+) or sequentially (/) drug combination treatment for a total
time exposure of 24 h. In all cases, viable control cell (control) and vehicle alone treatment [dimethylsulfoxide (DMSO)] were used. Analysis was
performed by flow cytometry. Percentage of annexin-V-positive cells is showed. Data represent mean =+ SD of three independent experiments.
*P<0.05; **P<0.01 compared with DHMEQ, CDDP, DX, MTX10, or MTX100 alone treatment.
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Table 3 Effect of dehydroxymethylepoxyquinomicin in
chemoinduced apoptosis

Enhancement apoptosis by drug treatment

Cell line 5umol/l CDDP ~ 5pumol/l DX 10 umol/l MTX 100 umol/l MTX

Sequential administration effect/chemotherapy drug alone effect
HOS 1.52 times 3.87 times 5.89 times 8.03 times
MG-63 7.82 times 6.45 times 6.35 times 8.09 times
Simultaneous administration effect/chemotherapy drug alone effect
HOS 1.35 times 2.96 times 4.25 times 5.48 times
MG-63 7.867 times 5.46 times 4.59 times 4.05 times

Values represent the ratio of the number of apoptotic cells (annexin-V-positive
cells) by sequential or simultaneous treatment versus the number of apoptotic cell
by chemotherapeutic drug alone treatment in each cell line.

CDDRP, cisplatin; DX, doxorubicin; MTX, methotrexate.

achieved with the sequential administration of DHMEQ
and after CDDP (Fig. 4b—c), DX (Fig. 4d—e), or MTX
(Fig. 4f—g). To quantify the enhancement of apoptosis
caused by DHMEQ, we calculated the ratio of the
number of apoptotic cells obtained by sequential or
simultaneous treatment versus the number of apoptotic
cell obtained by treatment with each chemotherapeutic
drug alone in each cell line (Table 3). The most intense
effect was observed in the MG-63 cell line after
sequential treatment with 5pmol/l CDDP, 5 umol/l DX,
10 umol/l MTX, or 100umol/l, when apoptosis was
enhanced 7.82, 6.45, 6.35, and 8.09 times compared with
the effect of each drug alone, respectively.

Dehydroxymethylepoxyquinomicin inhibited colony
formation in HOS cells

After the treatments and following incubation, colonies
with a minimum of 50 cells were counted and the
surviving fraction was determined. The efficiency of
plating was 33.48 + 3.7% for 24h and 41.74 = 6.7% for
48 h. DHMEQ inhibited the colony formation of HOS
cells, reaching a significant difference starting at 10 pg/ml
(P <0.05) (Fig. 5). At 20 pg/ml, no colonies were formed.

Dehydroxymethylepoxyquinomicin impaired the
migration and invasion of HOS cells

HOS cells were plated in 0.1% serum medium overnight
before inducing the wound to ensure that migration rather
than cell growth was measured. As DHMEQ concentra-
tions higher than 5pg/ml caused cell detachment, we
treated the cells with 2.5 or 5pg/ml DHMEQ, DMSO
alone, or only 0.1% serum medium for 24 h. Representative
results are shown for HOS cells, which were digitally
photographed, and the width of the denuded area in the
wound was measured in micrometers (Fig. 6a). Wound
healing was significantly inhibited by DHMEQ at 5 pg/ml
(P <0.05) (Fig. 6b). To evaluate the effect of DHMEQ on
cell invasion, we performed the Matrigel assay. HOS and
MG-63 cells were treated with DHMEQ in a dose-
dependent manner for 48h. Cells were then added to
Matrigel invasion chambers and incubated for 22h.
Following incubation, cells that invaded the lower surface

Fig. 5
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Dehydroxymethylepoxyquinomicin (DHMEQ) decreases the clonogenic
survival of osteosarcoma cells. (a) HOS cells were treated for 24 and
48 h. Untreated cells and cells treated with vehicle alone
(dimethylsulfoxide, DMSO) served as controls. The colonies formed
were normalized to the plating efficiency and compared with DMSO
treatment. DHMEQ inhibited significantly clonogenic capacity at

10 pumol/l, and no colony was formed at 20 umol/l. Data represent
mean + SD of three independent experiments. ***P<0.001.

(b) Representative photography of DHMEQ's effect on HOS
clonogenic survival is shown.

of the membrane were fixed, stained, photographed, and
counted. Each experiment was carried out in triplicate.
We found significant 36 and 24% reductions in invasion
compared with the control when using 10 pg/ml DHMEQ,
in HOS and MG-63 cells, respectively (Fig. 7). Although a
greater inhibition of invasion was observed in HOS cells, a
significant reduction was observed in the MG-63 cell line
(P < 0.05) with the use of a lower dose (5 pg/ml) (Fig. 7b).

Discussion and conclusion

Although the 5-year survival rate of metastatic OS
patients has remained at 20% for the last 15 years, the
same chemotherapeutic regimen continues to be used.
Metastasis is considered to be the most important clinical
variable when assigning risk to OS patients and repre-
sents the major cause of death in OS. However, the
success of new antiprogression and antimetastatic behav-
ior strategies remains unsatisfactory. Here, we report for
the first time an investigation of NF-xB inhibition by
DHMEQ in OS cells. We found that DHMEQ inhibited
cell proliferation and chemosensitized OS cells to con-
ventional drugs. Moreover, our study also suggests an
efficient schedule of drug administration. We further
demonstrated that DHMEQ alone triggered apoptosis in
a dose-dependent manner and enhanced apoptosis when
combined with chemotherapeutic drugs. DHMEQ also
showed important antiprogression effects such as inhibi-
tion of migration and invasion in these cells.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Inhibition of NF-kB by DHMEQ. Castro-Gamero et al. 647

Fig. 6

@ To Control
- TR T 0.06 -

0.083 - *

Migration (um)

0.02

0.01 A

Control 0 2.5 5
DHMEQ (ug/ml)
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(a) Cell monolayers starved overnight (0.1% FBS) were used to perform wounds before the DHMEQ treatment (2.5 or 5 pg/ml) for 24 h. The dose
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Dehydroxymethylepoxyquinomicin (DHMEQ) inhibits the invasion of osteosarcoma cells. An invasion assay using transwell chambers coated

with Matrigel was performed in HOS and MG-63 cells, 48 h after DHMEQ treatment. (b) The mean values of invasive cells were graphed versus
DHMEQ concentration. Both cell lines presented a significant decrease in the invasion rate after DHMEQ treatment, compared with the control.
The decrease in the invasion rate was observed since 5 umol/l for MG-63 cells and 10 pmol/l for HOS cells. Data represent mean £ SD of

three independent experiments. *P<0.05.
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DHMEQ exhibits antitumor activity by blocking the
translocation of NF-kB p65 into the nucleus, a unique
mechanism of action when compared with other NF-xB
inhibitors. In our study, western blotting assays showed
that DHMEQ effectively inhibits both constitutive and
TNFao-mediated nuclear translocation of NF-kxB-contain-
ing p65 in OS cells.

When the antiproliferative activity was assessed,
DHMEQ treatment caused a significant inhibition in
proliferation, showing that activation of NF-xB plays
an important role in the growth of these cells. This
hypothesis has been supported by investigations includ-
ing various tumor models such as synovial sarcoma [44],
cancer of the bladder [45] and of the thyroid [31], mu-
ltiple myeloma [32], breast cancer [33], T-cell leukemia
[35], prostate cancer [30], and head and neck cancer [34],
in which similar concentrations of DHMEQ were used
and equivalent effects were obtained. Thus, we may
assume that the growth of OS cells is largely dependent
on a marked activity of NF-kB signaling.

Furthermore, studies have demonstrated that NF-xB
blockade causes apoptosis induction and cell cycle arrest
in OS cells [15,46,47]. In our study, DHMEQ triggered
apoptosis in both OS cell lines, mainly in HOS cells,
efficiently reduced mitotic activity, and markedly af-
fected the colony-forming capacity. These results de-
monstrate the efficient anticancer activity of DHMEQ in
OS cells and suggest that the effects of DHMEQ may
depend on the downregulation of NF-xB target genes
involved in growth, and control apoptosis, cell cycle, and
OS progression, as also proposed in other studies [29].

The prosurvival activity of NF-kB induced by traditional
chemotherapeutic drugs is crucial for chemoresistance in
cancer [44,48,49]. As chemoresistance is the most impor-
tant barrier for successful OS treatment, we hypothesized
that NF-kB inhibition by DHMEQ could chemo-sensi-
tize and circumvent the mechanism of tumor resistance

in OS.

Our study confirmed this hypothesis because DHMEQ
acted synergistically with all the most important drugs
currently used in OS chemotherapy (CDDP, DX, and
MTX). Of particular interest was also the evidence that
all the synergistic effects found in our study were
obtained from drug combinations using suboptimal
chemotherapy concentrations. These data suggest that
DHMEQ, when used for OS treatment, would not only
improve the clinical outcome but also induce minimal or
no adverse side effects.

All combinations of DHMEQ with chemotherapeutic
drugs were more synergistic in HOS than in MG-63 cells.
We speculate that the greater sensitivity of HOS cells to
drugs occurs because these cells have a high proliferation
rate compared with MG-63 cells, as demonstrated by

comparison of doubling times values between the two cell
lines [50].

To find the most efficient schedule of drug administra-
tion, we assessed the interactions obtained between
DHMEQ and conventional drugs in OS cell lines. Sim-
ultaneous exposure to DHMEQ and CDDP (DHMEQ +
CDDP) was more efficient (lower CI) than sequential
exposure (DHMEQ/CDDP) for both cell lines. We hypo-
thesized that sequential exposure (DHMEQ/CDDP)
would cause many molecular modifications in the OS
cell. Initiallyy, DHMEQ exposure causes antiproliferation
effects that are suppressed after DHMEQ privation.
After CDDP addition, new prosurvival molecular events
emerge, as demonstrated by Poma ¢z /. [51]. In this case,
initial treatment with CDDP alone upregulated inter-
leukin 6 (IL-6). This upregulation was decreased by
treatment with CDDP plus DHMEQ. IL-6 is an im-
portant inflammatory cytokine involved in cancer pro-
liferation owing to its ability to activate NF-xB [52]. We
think that in simultaneous treatment (DHMEQ +
CDDP), the continuous activity of DHMEQ would be
able to maintain inhibition of any possibility of CDDP-
mediated resistance. Studies to determine the involve-
ment of I1.-6 and/or other factors in OS chemoresistance
would be enlightening.

For DX and MTX, we obtained synergy with both drug
administration schedules (sequential and simultaneous
exposure) in both cell lines. Although various studies
have shown a synergistic effect between DHMEQ and
various chemotherapeutic agents, including DX [44,53-55],
no studies have evaluated the effects of combined
DHMEQ and MTX. Our study is the first report
demonstrating that DHMEQ acts synergistically with
MTX. Although both cell lines were resistant to MTX
treatment alone, combinations of DHMEQ and MTX
resulted in the lowest Cls values. Regarding the more
efficient administration schedule, we found that sequen-
tial exposure (DHMEQ/DX or DHMEQ/MTX) exerted a
more synergistic effect than simultaneous exposure in
both cell lines.

The mechanisms of action of these agents through
different growth-signaling pathways suggest the potential
for the clinical use of subtherapeutic doses of CDDP, DX,
and mainly MTX in combination with DHMEQ, which
will allow effective suppression of tumor growth while
minimizing the toxic side effects of these drugs, and over-
come the barrier of chemoresistance. Besides, according
to our results, we suggest that the most efficient drug
administration schedule for OS treatment is simultaneous
exposure to DHMEQ and CDDP, and sequential
exposure to DHMEQ and DX or to DHMEQ and MTX.

Sequential administration (DHMEQ/chemotherapeutic
drug) sensitized cells to CDDP-induced, DX-induced,
and MTX-induced apoptosis. This result confirms the
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potential of DHMEQ to enhance apoptosis and/or to
reverse apoptosis resistance in OS cells, corroborating the
‘two signal model’ hypothesis [56]. Thus, DHMEQ
disarms the antiapoptotic machinery governed by the
NF-kB pathway and, in a second stage, permits CDDP,
DX, or MTX to carry out both their cytotoxic and
apoptotic functions.

OS is highly metastatic and invasive and the patients with
metastases at diagnosis rarely achieve a good survival rate.
In our study, DHMEQ was able to significantly decrease
cell migration and invasion, two necessary steps for
metastasis development. Few studies have explored the
antiinvasion and antimigration capacity of DHMEQ
[29,57]. On the basis of our results, we believe that
DHMEQ may be a promising agent against the high
metastatic behavior of OS.

Finally, we consider our in-vitro model to be sufficiently
useful to obtain crucial evidence about the anticancer
properties of DHMEQ. In addition, it was possible to
propose a suitable schedule for drug administration using
suboptimal doses of each chemotherapeutic agent. Our
study also showed that DHMEQ is able to trigger
apoptosis, enhance chemoinduced apoptosis, and inhibit
cell migration and invasion in both OS cell lines.
Additional in-vivo evaluation, as well as investigation of
the molecular consequences after drug administration
would be enlightening. The present study indicates the
potential usefulness of DHMEQ in novel treatment
strategies for human OS, mainly focusing on chemoresis-
tant cases and metastatic disease.
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