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ABSTRACT

First line treatment of metastatic melanoma includes the methylating agent dacarbazine or
its analogue temozolomide (TMZ) with improved pharmacokinetics and tolerability. How-
ever, the prognosis of the metastatic disease is poor and several trials are evaluating
TMZ in polychemotherapy protocols. The novel glutathione transferase P1-1 (GSTP1-1)
inhibitor 6-(7-nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol (NBDHEX) has recently shown
activity against melanoma through c-Jun N-terminal kinase activation. In this study we
have investigated the in vitro and in vivo efficacy of NBDHEX and TMZ combination against
melanoma. The results indicated that NBDHEX and TMZ exerted in vitro synergistic anti-
proliferative effects in murine B16 and human A375 melanoma cells. In B16 cells TMZ as
single agent caused cell accumulation at the G,/M phase of cell cycle, whereas NBDHEX
induced mainly apoptotic effects. NBDHEX provoked a higher level of p53 phosphorylation
with respect to TMZ and the drug combination caused a more than additive increase of p53
activation.

The in vivo efficacy of NBDHEX and TMZ has been investigated in an orthotopic B16
model. Treatment with NBDHEX provoked a reduction of tumour growth comparable to
that obtained with TMZ, whereas the drug combination significantly increased tumour
growth inhibition with respect to the single agents, without worsening TMZ myelotoxicity.
Immunohistochemical analysis of tumour grafts revealed a profound reduction of Cyclin
D1 and CD31 in all treatment groups; VEGF expression was, instead, markedly decreased
only in NBDHEX or NBDHEX and TMZ treated samples. These findings indicate that NBD-
HEX represents a good candidate for combination therapies including TMZ, offering new
perspectives for the treatment of melanoma.
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1. Introduction

The incidence of malignant melanoma is increasing and,
unfortunately, the survival of patients affected by metastatic
melanoma with standard treatment has not changed in the
last 30 years. In fact, the 1-year survival of patients with unre-
sectable melanoma, treated with a variety of chemotherapeu-
tic protocols is about 25%, as indicated by the meta-analysis
of a large number of phase II trials." The first-generation
methylating agent dacarbazine is still the current reference
drug; this agent requires enzymatic conversion to the active
cytotoxic metabolite 5-(3-methyltriazen-1-yl)imidazole-4-car-
boxamide (MTIC) in the liver and is characterized by a
remarkable systemic toxicity. Temozolomide (TMZ) is, in-
stead, a second-generation alkylating agent that spontane-
ously generates MTIC and has recently shown some efficacy
in stage IV melanoma. In a phase III trial comparing intrave-
nous dacarbazine versus oral TMZ for metastatic melanoma,
TMZ was as effective as dacarbazine but with an improved
quality of life.>® Unlike dacarbazine, TMZ has an excellent
oral bioavailability, possesses the ability to cross the blood-
brain barrier and limited myelotoxicity. TMZ is presently li-
censed for the treatment of newly diagnosed glioblastoma
multiforme concurrently with radiation followed by a mainte-
nance treatment and for refractory anaplastic astrocytoma
and is approved in several countries for the treatment of met-
astatic melanoma.* Due to its limited efficacy in monotherapy
against melanoma, the drug is under evaluation in phase II
trials in combination with classical chemotherapeutic agents
(e.g. cisplatin), immunomodulating agents (e.g. thalidomide
or lenalidomide, interleukin-2, interferon) or with targeted
therapies (monoclonal antibodies or tyrosine kinase inhibi-
tors) (www.clinicaltrials.gov).>® However, the results of some
completed phase II studies indicated that the overall survival
is often not altered and that haematological toxicity is fre-
quently higher with the combined treatment.>®

The mechanism of action of TMZ involves DNA methyla-
tion with the generation of methyl adducts mainly repre-
sented by N7-methylguanine (70%) and, to a lesser extent,
by N3-methyladenine (9%) or O°-methylguanine (5%).'° De-
spite the wide spectrum of methyl adducts, the antitumour
activity of TMZ has been mainly attributed to O°-methylgua-
nine, since an inverse correlation exists between sensitivity
to TMZ and the expression levels of the DNA repair protein
0%-methylguanine methyltransferase (MGMT), that transfers
the alkyl adduct from the O° position of guanine to an inter-
nal cysteine. The toxicity induced by unrepaired O°-methyl-
guanine derives from the erroneous pairing of the
methylated base with cytosine or with thymine during DNA
synthesis. In fact, the resultant mismatches are recognised
by the mismatch repair (MMR), which excises the mispaired
base to reinsert cytosine or thymine again opposite to O°-
methylguanine. The reiterated futile cycles of MMR interven-
tion eventually cause DNA strand breaks, growth arrest or
apoptosis.'? Thus, tumour sensitivity to TMZ requires both
low MGMT levels and a functional MMR. In MGMT deficient
and MMR proficient melanoma cells TMZ mainly causes
growth arrest in G,/M rather than apoptosis.*?

Currently, the National Comprehensive Cancer Network
recommends enrolment in a clinical trial, over other existing

treatments, as either first line therapy or second-line therapy
for patients with unresectable stage IV metastatic malignant
melanoma. Due to the lack of standard therapy for patients
with metastatic melanoma whose disease failed to respond
to first-line systemic treatment, new therapies for recurrent
or metastatic melanoma are urgently required.

Recently, it has been shown that the glutathione transfer-
ase P1-1 (GSTP1-1) inhibitor 6-(7-nitro-2,1,3-benzoxadiazol-4-
ylthio)hexanol (NBDHEX) possesses a significant growth
inhibitory effect against malignant melanoma and other tu-
mour types including leukaemia, small cell lung cancer and
osteosarcoma.”®?” This compound disrupts the complex be-
tween GSTP1-1 and c-Jun N-terminal Kinase (JNK) inducing
JNK activation, cell cycle arrest and cell death.™ Since NBD-
HEX is capable of triggering apoptosis in melanoma cells
and possesses a different mechanism of action with respect
to TMZ, we investigated the in vitro and in vivo efficacy and
toxicity of the combination of both drugs against malignant
melanoma. The results indicated that NBDHEX and TMZ com-
bination significantly reduced in vivo tumour growth with re-
spect to each drug used individually without worsening the
myelotoxicity of the methylating agent.

2. Materials and methods

2.1. Cell lines

The murine melanoma cell line B16 of C57BL/6 (H-2°/H-2°) ori-
gin and the human melanoma cell line A375 (ATCC, Manas-
sas, VA, USA) were cultured in RPMI-1640 containing 10%
foetal calf serum (Sigma-Aldrich, Milan, Italy), 2 mM L-gluta-
mine, 100 U/ml penicillin and 100 pg/ml streptomycin (Sig-
ma-Aldrich), at 37°C in a 5% CO, humidified atmosphere.
PARP-1 silenced B16 melanoma cell line was obtained as pre-
viously described.®

2.2 Drugs

TMZ (Sigma-Aldrich) (100 mM) and NBDHEX (50 mM) stock
solutions were prepared by dissolving the drugs in dimethyl
sulfoxide. NBDHEX was synthesized as previously reported.™

2.3.  Cell growth assays

The short term effects of drug treatment on cell growth were
evaluated by the sulphorhodamine B (SRB, Sigma-Aldrich) as-
say. Briefly, cells (2 x 10* cells/well) were seeded in sextupli-
cate in 96-well plates, exposed to graded concentrations of
the drugs and allowed to incubate for 48 h. After cell-fixation,
proteins were stained with SRB and plates were read at
540 nm with a Millipore Cytofluor 2350-microplate reader
(Millipore, Milan, Italy). The long term effects on cell prolifer-
ation were evaluated by colony formation assay (CFA). Cells
were seeded in triplicate into 6-well plates (2 x 10%well) and,
after overnight incubation, treated with TMZ or NBDHEX.
After 10d colonies were fixed, stained with 2% methylene
blue in 95% ethanol and counted. Only colonies comprising
>50 cells were scored as survival colonies.

Chemosensitivity was measured in terms of ICs, i.e., the
concentration of the drug capable of inhibiting cell growth
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by 50%. To study whether the combination NBDHEX and TMZ
was synergic against melanoma lines, cells were exposed to
NBDHEX or TMZ alone or in combination at fixed equipotent
ratios (corresponding to 1, 0.5, 0.2, 0.1 times the ICs for each
drug). The dose-effect curves were analysed by the median-
effect method of Chou and Talalay using the Calcusyn Soft-
ware (Biosoft, Cambridge, UK). The combination index (CI)
indicates a quantitative measure of the degree of drug inter-
action in terms of synergistic (CI<1), additive (CI=1) or
antagonistic effect (CI> 1).

2.4.  Flow cytometry analysis

Apoptosis or cell cycle perturbations were evaluated by flow-
cytometry analysis of the DNA content. Untreated or drug
treated cells (1x10°) were washed with PBS and fixed in
70% ethanol at —20 °C for at least 18 h. Cells were then centri-
fuged, suspended in 1 ml of a solution containing 0.1% (w/v)
sodium citrate, 0.1% Triton-X (v/v), 50 pg/ml propidium iodide
(PI), 10 ng/ml RNase, and incubated in the dark at 37 °C for

Short term assay (SRB)

15 min. The PI fluorescence was measured on a linear scale
using a FACScan flow cytometer and the CellQuest software.
Data collection was gated using forward light scatter and side
scatter to exclude cell debris and aggregates. Apoptotic cells
were represented by a broad hypodiploid peak easily distin-
guishable from the diploid DNA content in the red fluores-
cence channel. For cell cycle analysis, the Mod-Fit software
version 3.0 was used (Becton and Dickinson, San Jose, CA,
USA).

2.5.  Western blot analysis

For Western blot analysis the following primary antibodies
were used: monoclonal anti-phospho-activated JNK isoform
(Thr183, Tyr185) (Cell Signaling Technology, Milan, Italy;
1:1000), polyclonal anti-p53 and anti-phospho-p53 (Serl5)
(Cell Signaling Technology; 1:1000 dilution), polyclonal
anti-GSTP1-1 (MBL, Naka-ku, Japan; 1:1000), anti-p-tubulin
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; 1:400)
and anti-actin (Sigma-Aldrich; 1:5000). Anti-rabbit and

Long term assay (CFA)
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Fig. 1 - In vitro synergistic effect of NBDHEX and TMZ combination in B16 melanoma cells. Chemosensitivity of B16 cells was
assessed by SRB assay and colony-formation assay (CFA) 2 d or 10 d after treatment, respectively. Cells were treated with
NBDHEX or TMZ as single agents to determine the ICs, for each drug or with NBDHEX and TMZ combination using fixed molar
ratios (1, 0.5, 0.2, 0.1 times the ICs, for each drug). Combination index-fraction affected plots of the interactions between
NBDHEX and TMZ were generated by computer analysis using CalcuSyn software Version 2.0. The CI indicates a synergistic
effect when CI < 1. The results are representative of one out of three experiments with comparable results.
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Fig. 2 - JNK activation in B16 melanoma cells induced by NBDHEX. B16 cells were treated with NBDHEX (4 pM) for 30 min, 6 or
12 h. Cell lysates (50 pg) were then electrophoresed and analysed for the expression of phosphorylated and total JNK or
GSTP1-1. The optical densities (OD) values were normalised according to the values of actin. Histograms represent the ratio
between normalised OD values of NBDHEX treated samples and untreated control. The results are representative of one out of
two experiments with comparable results.
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anti-mouse secondary antibodies (Sigma-Aldrich) were used
at the appropriate dilutions. Signals were quantified using a
Kodak densitometer (Rochester, NY, USA).

2.6. In vivo studies

The intra-muscular (i.m.) transplantation procedure was per-
formed as previously described.?° Briefly, B16 melanoma cells
(2.5% 10° in 0.5 ml of PBS) were inoculated i.m. in the hind leg
muscle of histocompatible male B6D2/F1 mice (Charles River,
Calco, Milan, Italy).

Treatment started when tumour nodules were palpable.
TMZ and NBDHEX were dissolved in 10% (v/v) and 20% (v/v) di-
methyl sulfoxide, respectively and diluted in saline. TMZ was
administered intraperitoneally (i.p.) at the dose of 100 mg/kg/d
for 5 d, whereas NBDHEX was given per os at the dose of 8 mg/

kg/d for 10d. Control mice were always injected with drug
vehicle. Drug toxicity was evaluated by treating tumour bear-
ing mice (5/group) with the compounds under study, used as
single agents or in combination. Body weight was measured
three times weekly and survivals were recorded for 3 weeks
after the last treatment. Toxicity was assessed on the basis
of apparent drug-related deaths and net body weight loss
{i.e.,, [(initial weight —lowest weight)/initial weight] x 100%)}.
Death was considered drug-related when it occurred within
7 d after the last treatment. Whole blood was collected from
the retro-orbital sinus (5 mice/group) on day 7 during drug
treatment or on day 13 (i.e., 3 d after NBDHEX discontinuation)
and processed for complete blood count and routine haemato-
chemistry. Animals were anesthetized with 2,2,2-tribromoeth-
anol (0.25 mg/g of body weight, Sigma-Aldrich) administered
i.p. before the blood drawing procedures.
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Fig. 3 - Cell cycle and apoptosis analysis of cells treated with NBDHEX and TMZ. B16 cells were treated with TMZ (350 or
700 nM) and NBDHEX (4 pM) as single agents or in combination and analysed by flow cytometry after 48 h. Upper panel:
Profiles were obtained using the CellQuest software (Becton and Dickinson). The percentages of apoptotic cells and of cells in
the different phases of cell cycle are indicated. The data are representative of one out of three experiments with similar
results. Lower panel: Histograms represent the mean percentage values (-standard deviation, SD) of apoptotic cells from three

different experiments.
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Bone marrow specimens were obtained at autopsy
through bone marrow sampling from the femurs of mice
and used for cytological analysis. All aspirate smears were
prepared according to standard procedures and routinely
stained by May-Grunwald/Giemsa technique.

For the analysis of drug efficacy, tumours were measured
with calliper and volumes calculated according to the for-
mula: [(width)? x length]/2. Melanoma growth was monitored
by measuring the volume of tumour nodules every 3d for
3 weeks. The animals were euthanised when their tumours
reached a volume of ~4000 mm?. The results of in vivo studies
were analysed by one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni test for multiple comparisons. The re-
sults were considered to be statistically significant at
P <0.05 (two-sided).

All procedures, involving mice and care of laboratory ani-
mals, were performed in compliance with our institution
guidelines and with national (D.L. No. 116, 251 G.U., Suppl.
40, 18th February 1992 and G.U. 163, July 1994) or international
laws (EEC Council Directive 86/609, OJ L 358. 1, 12th December
1987; Guide for the Care and Use of Laboratory Animals,
United States National Research Council, 1996).

2.7.  Histological and immunohistochemical analyses

Histological examination of the tumour nodules was per-
formed using additional animals that were not considered
for the monitoring of tumour growth. Tissues were fixed in
10% (w/v) phosphate-buffered formaldehyde and, after fixa-
tion for one week at room temperature, samples were dehy-
drated in graded ethanol and embedded in Paraplast
(Sherwood Medical, Mahwah, NJ, USA). Thereafter, 7-um sec-
tions were deparaffinized with xylene, rehydrated, stained
with haematoxylin-eosin and observed with light microscopy

(Axostar Plus equipped with AxioCam MRc, Zeiss, Milan,
Italy). Detection of VEGF, CD31 and Cyclin D1 was carried
out after section deparaffinisation and boiling in 0.01 M cit-
rate buffer for 4 min. Endogenous peroxidase was quenched
with 0.3% (v/v) hydrogen peroxide in 60% (v/v) methanol for
30 min. Nonspecific adsorption was minimised by incubating
the sections in 2% (v/v) normal goat serum in PBS for 20 min.
Endogenous biotin or avidin binding sites were blocked by
sequential incubation for 15min with biotin and avidin
(DBA, Milan, Italy), respectively. Sections were incubated over-
night with mouse monoclonal anti-VEGF antibody (Santa
Cruz Biotechnology; 1:100 in PBS), goat polyclonal anti-CD31
(Santa Cruz Biotechnology; 1:100 in PBS) and rabbit polyclonal
anti Cyclin D1 (Abcam, Cambridge, UK; 1:100 in PBS). Sections
were washed with PBS and incubated with the secondary
antibody. Specific labelling was detected with a biotin-conju-
gated goat anti-rabbit IgG and avidin-biotin peroxidase com-
plex (DBA). The counterstain was carried out with nuclear
fast red (red background) (Sigma-Aldrich). All sections were
analysed by light microscopy (see above). Immunocytochem-
istry photographs (n = 5) were analysed by densitometry using
Imaging Densitometer (AxioVision, Zeiss) and a computer
program.

3. Results

3.1. NBDHEX increases the in vitro anti-proliferative effect
of TMZ against melanoma

To assess the role of GSTP1-1 inhibition mediated by NBDHEX
in TMZ antitumour activity against B16 melanoma we per-
formed SRB assay and CFA for the analysis of short and long
term effects on cell proliferation, respectively. B16 cells were
initially exposed to graded concentrations of NBDHEX and
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Fig. 4 — Analysis of total and phosphorylated p53 expression in B16 cells treated with NBDHEX and TMZ. B16 cells were
treated with TMZ (350 or 700 pM), NBDHEX (4 u1M) as single agents or in combination for 3 h; cell lysates (50 pg) were then
electrophoresed and analysed for the expression of total and phosphorylated p53 (P-p535¢™®). Histograms represent the
ratios between the optical densities (OD) of total or phosphorylated p53 protein and tubulin. The results are representative of

one out of two experiments with comparable results.
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Fig. 5 - NBDHEX does not exacerbate myelotoxicity induced
by TMZ. Tumour bearing mice were treated with drug
vehicles, NBDHEX (8 mg/kg/d for 10 d), TMZ (100 mg/kg/d for
5 d) or with the drug combination. Whole blood was
collected from the retro-orbital sinus (5 mice/group) of
tumour bearing mice on day 7 during drug treatment (dark
column) or on day 13 (i.e., 3 d after NBDHEX discontinuation)
(light column) and processed for complete blood counts.
Values are expressed as the mean + SD. Statistical analysis
was performed by one-way analysis of variance (ANOVA)
followed by Bonferroni test for multiple comparisons. Dif-
ferences in haemoglobin (Hb) levels between groups were
not statistically significant (NS). During the first week,
differences in the number of total white blood cells (WBC)
were as follows: treated groups versus vehicle treated
controls (CTR) were always statistically significant

(', P < 0.05); TMZ versus TMZ + NBDHEX, NS; NBDHEX versus
TMZ or TMZ + NBDHEX, P < 0.05 (§). During the second week
differences in the number of total WBC were as follows: CTR
or NBDHEX versus TMZ or TMZ + NBDHEX, P < 0.05 (*); TMZ
versus TMZ + NBDHEX or CTR versus NBDHEX, NS. During
the first week, differences in the number of platelets were as
follows: CTR or NBDHEX versus TMZ or TMZ + NBDHEX,

P <0.05 (*); TMZ versus TMZ + NBDHEX or CTR versus
NBDHEX, NS. During the second week differences in the
number of platelets between all groups were NS.

the results indicated that the drug induced a dose-dependent
reduction of cell growth with ICsps of 2.3+0.6uM and
8+ 1.7nM by SRB assay (2d after treatment) and CFA (10d
after treatment), respectively. TMZ ICsos were 702 + 5.6 pM
and 115+ 12 uM by SRB assay and CFA, respectively. Then,
cells were treated with NBDHEX and TMZ in combination, at
fixed equipotent ratios selected on the basis of the ICsq values

of each cell line, as described in Section 2. Fig. 1 shows the re-
sults of the median effect analysis using Calcusyn Software.
The CI values indicate that the combination NBDHEX and
TMZ was synergistic using both assays (CI<0.9 and <0.7 at
all fraction affected values in SRB and CFA, respectively;
n = 3). Consistently with the results obtained with the murine
melanoma, synergistic anti-proliferative effects of NBDHEX
(ICsp 6.9+0.3nM) and TMZ (ICso 110 + 10 uM) combination
were observed also in the A375 human melanoma cell line
(CI'<0.8 at all fraction affected values in CFA; n=2).

Interestingly, the anti-proliferative effect of TMZ in B16
cells was dramatically enhanced by silencing of poly(ADP-ri-
bose) polymerase-1 (PARP-1),’®?! which coordinates the repair
of the N-methylpurines mediated by the base excision repair
(TMZ ICsp in PARP-1 silenced B16 cells: 70 + 5 uM by CFA; n = 3).
On the other hand, abrogation of PARP-1 expression did not
substantially affect sensitivity of B16 cells to NBDHEX (NBD-
HEX ICso in PARP-1 silenced B16 cells: 8.9+2nM by CFA;
n=3). These data indicate that NBDHEX does not directly
act on DNA, which is, instead, the main target of the methy-
lating agent TMZ.

3.2.  Apoptosis and p53 induction in B16 melanoma cells
treated with NBDHEX and TMZ

We initially tested the ability of this compound to cause apopto-
sis in B16 melanoma cells. To this end cells were exposed to
graded concentrations of NBDHEX as a single agent and the re-
sults indicated that this agent was endowed with apoptotic ef-
fects also in B16 cells and that 10 uM concentration induced
apoptosis in almost 100% of cells at 48 h (data not shown). Thus,
for in vitro studies on the combined effects of NBDHEX and TMZ,
a concentration of NBDHEX capable of inducing a moderate level
of apoptosis was chosen (i.e., 4 uM). Since JNK plays an important
role in apoptosis and NBDHEX is able to trigger JNK activation by
phosphorylation in a variety of tumour types including mela-
noma,****?? we performed a time course analysis of JNK phos-
phorylation in B16 cells treated with 4 uM NBDHEX. The results
presented in Fig. 2 show that NBDHEX induced JNK activation
by phosphorylation as early as 30 min after treatment, which in-
creased at later time-points (6 and 24 h). A phosphorylated form
of JNK was detected also in untreated cells in accordance with
previous data showing constitutive activation of this kinase in
melanoma.**?* Conversely, the expression of total JNK did not
substantially change at all time-points (Fig. 2). Moreover, the lev-
els of GSTP1-1 protein were not modulated by NBDHEX treat-
ment (Fig. 2). These results are consistent with the ability of
NBDHEX to trigger the release of GSTP1-1 from the complex
leading to JNK activation without any relevant change in
GSTP1-1 expression.

Treatment of B16 cells with 350 uM or 700 uM TMZ did not
or only slightly affected the percentage of apoptotic cells,
while the methylating agent mostly accumulated cells at
the G2/M phase of cell cycle 48 h after treatment (Fig. 3), in
accordance with previous studies.’?' On the other hand,
4 uM NBDHEX induced mainly apoptotic effects and when
this compound was associated with TMZ apoptosis prevailed
over the G2/M accumulation induced by TMZ (Fig. 3).

Western blot analysis of total and phosphorylated p53°¢™>
showed that NBDHEX (4 pM) provoked a higher level of p53
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phosphorylation and stabilization with respect to TMZ treat-
ment. Addition of NBDHEX to the methylating agent caused a
more than additive increase of p53 activation (Fig. 4). The ra-
tio of phospho-p535¢™ to total p53 protein was 0.10 with
NBDHEX and 0.005-0.09 with 350 and 700 pM TMZ, respec-
tively; these ratios increased to 0.19 after addition of NBDHEX
to the methylating agent.

3.3.  Systemic administration of NBDHEX does not
increase TMZ systemic toxicity

The toxicity of TMZ or NBDHEX as single agents or in combi-
nation (TMZ 100 mg/kg/d/i.p. for 5 d and NBDHEX 8 mg/kg/d/
per os for 10 d), was tested in B16 melanoma growing i.m. in
B6D2/F1 mice. Animal body weight was not significantly
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Fig. 6 - NBDHEX increases the antitumour activity of TMZ against B16 melanoma in vivo. Treatment (TMZ 100 mg/kg/d/i.p. for
5 d or NBDHEX 8 mg/kg/d/per os for 10 d) started on day 7, when tumour nodules were palpable. Panel A. Symbols represent
the means of tumour nodule volumes determined in eight animals for each group every 2-3 d. Bars: +SD. Statistical analysis
of tumour volume was performed by one-way analysis of variance (ANOVA) followed by Bonferroni test for multiple
comparisons. Differences between TMZ + NBDHEX and TMZ or NBDHEX were statistically significant starting from day 20
onward (P < 0.05); differences between TMZ or NBDHEX and drug vehicle (control mice) were statistically significant starting
from day 11 onward (P < 0.05); differences between TMZ and NBDHEX groups were NS at all time-points. Panel B. Histological
analysis of the muscle hind-limb obtained from mice (3 mice/group) bearing B16 melanoma and treated with drug vehicle
(control mice) or with the indicated antitumour agents was performed by H&E staining of samples collected on day 15.
Representative histological sections of melanoma growing in the hind limb muscles are presented. Microscopic examination
of the muscle showed a massive tumour infiltration of the tissue in the sections from control animals. Conversely, analysis of
the muscle tissues collected from mice treated with TMZ or NBDHEX showed a reduction of tumour mass with no infiltration
of the muscle in the perilesional area; in the drug combination necrotic regions (framed area) within the tumour were
observed. Similar results were obtained in other two samples per group. Histological data were quantified and the values
were categorised into 3 scores as follows: 0, absence of tumour cells; 1% to 10% of tumour cells; 2, from 11-50% of tumour
cells; and 3, above 50% of tumour cells: CTR, 2.7 + 0.1; NBDHEX, 1.2 + 0.1; TMZ, 1.1 + 0.2; TMZ and NBDHEX 1.5 + 0.2.
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affected by drug treatment until day 5. At day 6, treatment
with TMZ as a single agent or in combination with NBDHEX
induced a weight loss of 6% and 9%, respectively, whereas
NBDHEX as a single agent did not significantly reduce body
weight. Afterwards all mice recovered the initial weight. To
evaluate whether NBDHEX might exacerbate TMZ-induced
myelosuppression, or might negatively affect kidney or liver
functions, blood samples were processed for routine haema-
tochemistry and complete blood count. The results indicated
that TMZ treatment caused 80% and 62% decline of WBC on
days 7 and 13, respectively (Fig. 5). NBDHEX provoked a 64%
reduction of WBC only on day 7 with a prompt and complete
recovery. Co-administration of NBDHEX and TMZ did not en-
hance the myelosuppressive effects of TMZ. The methylating
agent induced a significant decrease (30%) in platelet count
during the first week, while NBDHEX did not affect platelet
counts and did not further enhance the effect of TMZ. No
changes in haemoglobin levels were observed with both drugs
(Fig. 5). The cytological analysis of bone marrow smears
showed a higher percentage of myeloblasts and promyelo-
cytes in the samples obtained from mice treated with NBD-
HEX as compared to mice treated with TMZ (myeloblasts
and promyelocytes percentages: NBDHEX, 32% versus TMZ
17%). This finding might account for the prompt recovery of
normal white blood cell counts observed in the NBDHEX
group (Fig. 5).

The results of routine haematochemistry, that included
glycaemia, azotaemia, creatinine, cholesterol, transaminase,

TMZ+NBDHEX

alkaline phosphatase, amylase, bilirubin, plasma proteins,
did not show significant differences between vehicle and drug
treated groups (data not shown).

3.4.  In vivo treatment of melanoma with TMZ and
NBDHEX is accompanied by a reduction of cell proliferation
and tumour-associated vascularisation

The efficacy of TMZ and NBDHEX combination was investi-
gated in an orthotopic melanoma model. Treatment with
NBDHEX as monotherapy induced a reduction of tumour
growth comparable to that obtained with TMZ (Fig. 6A). Note-
worthy, NBDHEX and TMZ combination significantly in-
creased tumour growth inhibition with respect to treatment
with the single agents (P < 0.05).

Histological examination of melanoma nodules performed
15 d after the beginning of treatment revealed a massive tu-
mour infiltration of muscle tissue in H&E sections from ani-
mals treated with drug vehicles. Treatment of melanoma
with NBDHEX or with TMZ as single agents induced a reduc-
tion of tumour mass with no infiltration of the muscle in the
perilesional area; necrotic areas within the tumour were ob-
served only in the group treated with the drug combination
(TMZ and NBDHEX) (Fig. 6B). Staining of the tumour sections
with the anti-Cyclin D1 antibody from control mice revealed
an intense and diffuse positivity in the malignant cells and
in muscle fibres of the perilesional area, whereas a marked
decrease of Cyclin D1 staining was detected in tumour

Fig. 7 - Immunohistochemical of Cyclin D1 expression in B16 grafts from controls and from mice treated with TMZ and
NBDHEX as single agents or in combination. Expression of Cyclin D1 was analysed by immunohistochemical staining
performed in tumour samples, collected on day 15 (3 mice/group). Representative histological sections of melanoma growing
in the muscle hind-limb are presented. Positive Cyclin D1 staining, an index of cell proliferation, was found only in the
cytoplasm and nuclei of tumour sections from control mice. Similar immunohistochemical profiles were seen in other two
samples per group. The results of densitometric analysis expressed as percentage of tissue area that stained positively for
Cyclin D1 were as follows: CTR, 6.7 + 0.2; NBDHEX, 1.4 + 0.2; TMZ, 1.4 + 0.1; TMZ and NBDHEX; 2.0 + 0.3.
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Control
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NBDHX

TMZ+NBDHEX

cD31 VEGF

Fig. 8 - Immunohistochemical of PECAM-1/CD-31 and VEGF expression in B16 grafts from controls and from mice treated with
TMZ and NBDHEX as single agents or in combination. PECAM-1/CD31 (left panels) and VEGF (right panels) expression were
analysed by immunohistochemical staining performed in tumour samples, collected on day 15 (3 mice/group). Represen-
tative histological sections of melanoma growing in the muscle hind-limb are presented. Positive PECAM-1/CD31 staining
(6.1% + 0.2), an index of highly vascularised tumour, was found in the tissues derived from control mice. On the contrary,
melanoma samples from drug-treated mice presented barely detectable positive staining of vessels (NBDHEX, 1.3% =+ 0.1,
TMZ, 1% + 0.1; TMZ + NBDHEX 1.2% * 0.4). A positive VEGF staining in melanoma cells was observed (2.8% + 0.4). On the
contrary, no such positive staining for VEGF was detectable in tumour tissues from mice treated with NBDHEX or

NBDHEX + TMZ. In the group treated with TMZ, positive VEGF staining was found only in tumour cells (1.1% + 0.2). Similar
immunohistochemical profiles were seen in other 2 samples per group.

sections derived from drug treated mice (Fig. 7). The micro- adhesion molecule-1 (PECAM-1/CD31), an indicator of tu-
vessel neo-formation within the tumour was analysed by mour-associated angiogenesis. Melanoma samples from con-
immunohistochemical staining for platelet/endothelial cell trol mice were highly vascularised, since a positive staining
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for CD31 was observed around the vessels (Fig. 8). On the
other hand, sections from mice treated with NBDHEX or
TMZ as single agents or in combination presented a barely
detectable staining of vessels. Intense staining for VEGF was
detected in the control tumour, and only in tumour cells de-
rived from TMZ treated animals. In contrast, treatment with
NBDHEX or with TMZ and NBDHEX completely inhibited the
expression of VEGF in tumour mass (Fig. 8).

4, Discussion

The GSTP1-1 inhibitor NBDHEX is a novel antitumour agent
with anti-proliferative and apoptotic effects in leukaemia
and a variety of solid tumours including melanoma.®**’ In
this study we demonstrated, for the first time, that NBDHEX
is capable of enhancing the in vitro and in vivo antitumour
activity of TMZ, a methylating agent used for the treatment
of metastatic melanoma.

NBDHEX is a novel inhibitor of the cytosolic GSTP1-1 with
the interesting property of being a hydrophobic agent that
easily penetrates through the cell membrane and is not a sub-
strate of efflux transporter proteins, which represent a fre-
quent mechanism of tumour resistance to a variety of
anticancer drugs. Indeed, NBDHEX has been shown to over-
come resistance due to over-expression of export pumps
(i.e., p-glycoprotein and multidrug resistance protein 1) or to
high levels of glutathione related detoxification sys-
tems.”>* In the present study, we show that abrogation
of PARP-1 expression does not affect sensitivity of B16 cells
to NBDHEX indicating that this compound does not directly
act on DNA. In fact, this drug targets the active site of
GSTP1-1 in complex with JNK leading to the activation of
the JNK/c-Jun pathway.?* This compound in combination
with TMZ provoked synergistic anti-proliferative effects
against melanoma cells, as indicated by the CI values evalu-
ated in both murine (B16) and human (A375) melanoma cell
lines. In B16 melanoma cells, NBDHEX caused marked apop-
totic effects at micromolar concentrations capable of induc-
ing apoptosis also in melanoma cell lines of human origin.**
On the other hand, concentrations of TMZ (i.e., 700 uM) about
10-fold higher than that corresponding to plasma peak con-
centration in patients did not induce apoptosis in this tumour
type, mainly causing growth arrest at the G2/M phase of the
cell cycle, in accordance with previous studies.'®??> When
a NBDHEX concentration, which provoked a prolonged JNK
activation and a moderate level of apoptosis, was combined
with the methylating agent, marked apoptotic effects were
observed. The role of JNK activation in increasing melanoma
sensitivity to TMZ has been described also in combination
studies with a natural product.’® Conversely, in glioma cells
JNK activation was suggested to play a cytoprotective role in
response to TMZ since JNK inhibitors enhanced cytotoxicity
of the methylating agent.?” Indeed, JNK has been shown to ex-
ert opposite effects depending on cell type, anticancer drug or
kinetics and stability of J]NK phosphorylation.?” In this regard
it should be noted that while transient JNK phosphorylation
has been associated with increased cell survival in response
to anticancer drugs, a sustained JNK activation instead con-
tributed to apoptosis signalling.’’ Moreover, treatment of

B16 melanoma cells with NBDHEX was accompanied by
induction of p53 phosphorylation on Ser-15 to a higher extent
than that observed with TMZ as a single agent. Combined
treatment with NBDHEX and TMZ caused more pronounced
p53 stabilization with respect to NBDHEX or TMZ used as sin-
gle agents. P53 is necessary for TMZ mediated cell growth ar-
rest and Ser-15 is regarded as one of the principal sites on p53
that is phosphorylated by JNK in response to cellular
stress.”®?° The prolonged activation of JNK triggered by NBD-
HEX may justify the increase of p53 stability. Therefore, the
increase of anti-tumour activity derived by the combination
of NBDHEX and TMZ might be attributed to the independent
mechanism of action of the two drugs that converge on the
JNK/p53 axis accelerating apoptotic cell death. In addition,
we cannot rule out the possibility that the inhibition of the
GSTP1-1 catalytic activity by NBDHEX may contribute to the
reported synergistic anti-proliferative effect. However, there
are no experimental evidences that the methyldiazonium
ion (the methylating species generated by TMZ decomposi-
tion) is conjugated to GSH by GSTP1-1 or effluxed out of can-
cer cells. Moreover, no correlation has been reported so far
between the GST activity and sensitivity to TMZ in melanoma
tumours.*°

The results of the in vivo experiments indicated that NBD-
HEX at a dose of 8 mg/kg for 10 d showed an efficacy similar to
that of the standard dosing of TMZ (100 mg/kg for 5 d) used in
preclinical studies.’>'®2! Interestingly, the drug combination
significantly inhibited tumour growth with respect to the sin-
gle agents, delaying the resuming of tumour growth. This ef-
fect was accompanied by the appearance of necrotic areas
within the tumour which were not detected in treatments
with the single agents. Immunohistochemical staining of
the tumour sections for Cyclin D1, an indicator of tumour cell
proliferation, and of PECAM/CD31, a marker of microvessel
neo-formation within the tumour mass, resulted to be nega-
tive both in the single and combined treatments. Moreover,
no expression of VEGF was detected in the sections of tumour
grafts derived from mice treated with NBDHEX as a single
agent or administered together with TMZ. This observation
is of particular interest; in fact melanoma cells are a source
of several angiogenic factors, including the members of the
VEGF family of growth factors that are involved in autocrine
and paracrine regulation of melanoma progression promoting
not only neo-angiogenesis but also directly activating tumour
growth. In fact, melanoma cells express VEGF receptors that,
upon interaction with their ligands, can modulate the prolif-
erative potential, apoptosis and invasiveness of melanoma
cells.?! Therefore, the down-modulation of VEGF expression
detected in melanoma grafts exposed to the GSTP1-1 inhibitor
might contribute to the in vivo antitumour effect and to its
capability of enhancing TMZ efficacy.

The most common side effect of TMZ is myelotoxicity, pri-
marily neutropenia and thrombocytopenia that may increase
in combination therapies with inhibitors of MGMT mediated
repair or anticancer agents with overlapping toxicities.?*33
An interesting aspect of the methylating agent and GSTP1-1
inhibitor combination is that the addition of NBDHEX did
not exacerbate TMZ myelotoxicity nor delayed recovery of
bone marrow function. Actually, analysis of bone marrow
smears showed a higher percentage of myeloblasts and
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promyelocytes in the samples derived from mice treated with
NBDHEX as a single agent, suggesting that this effect might
account for the prompt recovery of normal white blood cell
counts observed in the NBDHEX group and for the lack of
exacerbation of TMZ neutropenia. This finding can be ex-
plained with the role of GSTP1-1 as a negative modulator of
the maturation and growth of haematopoietic progenitors
due to inhibition of JNK that in turn activates c-Jun, a key reg-
ulator of cellular proliferation, differentiation, and apoptosis.
In fact, an increase of bone marrow progenitor proliferation
has been detected in GSTP1-1 knock-out mice or in mice trea-
ted with the peptidomimetic GSTP1-1 inhibitor TLK199, which
is currently in clinical trials for myelodysplastic syn-
dromes.**?> In addition, neither TMZ nor NBDHEY, as single
agents or in combination, significantly affected liver and kid-
ney functions.

In conclusion, these findings indicate that NBDHEX might
represent a good candidate for combination therapies includ-
ing TMZ for the treatment of malignant melanoma, due to
their different mechanisms of action and non-overlapping
systemic toxicities.

Conflict of interest statement

None declared.

Acknowledgements

This work was supported by grants from the Italian Ministry
of Education and Research, ‘Programmi di Ricerca scientifica
di rilevante Interesse Nazionale’ (PRIN) projects to GG, and
to LT.

REFERENCES

1. Korn EL, Liu PY, Lee SJ, et al. Meta-analysis of phase II
cooperative group trials in metastatic stage IV melanoma to
determine progression-free and overall survival benchmarks
for future phase II trials. J Clin Oncol 2008;26:527-34.

2. Middleton MR, Grob JJ, Aaronson N, et al. Randomized phase
III study of temozolomide versus dacarbazine in the
treatment of patients with advanced metastatic malignant
melanoma. J Clin Oncol 2000;18:158-66.

3. Kiebert GM, Jonas DL, Middleton MR. Health-related quality of
life in patients with advanced metastatic melanoma: results
of a randomized phase III study comparing temozolomide
with dacarbazine. Cancer Invest 2003;21:821-9.

4. Trinh VA, Patel SP, Hwu WJ. The safety of temozolomide
in the treatment of malignancies. Expert Opin Drug Saf
2009;8:493-9.

5. Wierzbicka-Hainaut E, Sassolas B, Mourey L, et al.
Temozolomide and cisplatin combination in naive patients
with metastatic cutaneous melanoma: results of a phase II
multicenter trial. Melanoma Res 2010;20:141-6.

6. Atkins MB, Sosman JA, Agarwala S, et al. Temozolomide,
thalidomide, and whole brain radiation therapy for
patients with brain metastasis from metastatic melanoma: a
phase II cytokine working group study. Cancer
2008;113:2139-45.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Glaspy J, Atkins MB, Richards JM, et al. Results of a

multicenter, randomized, double-blind, dose-evaluating
phase 2/3 study of lenalidomide in the treatment of
metastatic malignant melanoma. Cancer 2009;115:5228-36.

. Guillot B, Khamari A, Cupissol D, et al. Temozolomide

associated with PEG-interferon in patients with metastatic
melanoma: a multicenter prospective phase I/II study.
Melanoma Res 2008;18:141-6.

. Amaravadi RK, Schuchter LM, McDermott DF, et al. Phase II

Trial of temozolomide and sorafenib in advanced melanoma
patients with or without brain metastases. Clin Cancer Res
2009;15:7711-8.

Newlands ES, Stevens MF, Wedge SR, Wheelhouse RT, Brock C.
Temozolomide: a review of its discovery, chemical properties,
pre-clinical development and clinical trials. Cancer Treat Rev
1997;23:35-61.

Tentori L, Graziani G. Recent approaches to improve the
antitumour efficacy of temozolomide. Curr Med Chem
2009;16:245-57.

Tentori L, Leonetti C, Scarsella M, et al. Brain distribution and
efficacy as chemosensitizer of an oral formulation of PARP-1
inhibitor GPI 15427 in experimental models of CNS tumours.
Int J Oncol 2005;26:415-22.

Turella P, Filomeni G, Dupuis ML, et al. A strong glutathione
S-transferase inhibitor overcomes the p-glycoprotein-
mediated resistance in tumour cells. 6-(7-nitro-2,1,3-
benzoxadiazol-4-ylthio)hexanol (NBDHEX) triggers a caspase-
dependent apoptosis in MDR1-expressing leukemia cells. J
Biol Chem 2006;281:23725-32.

Pellizzari Tregno F, Sau A, Pezzola S, et al. In vitro and

in vivo efficacy of 6-(7-nitro-2, 1, 3-benzoxadiazol-4-
ylthio)hexanol (NBDHEX) on human melanoma. Eur ] Cancer
2009;45:2606-17.

Filomeni G, Turella P, Dupuis ML, et al. 6-(7-nitro-2, 1, 3-
benzoxadiazol-4-ylthio)hexanol, a specific glutathione S-
transferase inhibitor, overcomes the multidrug resistance
(MDR)-associated protein 1-mediated MDR in small cell lung
cancer. Mol Cancer Ther 2008;7:371-9.

Pasello M, Michelacci F, Scionti I, et al. Overcoming
glutathione S-transferase P1-related cisplatin resistance in
osteosarcoma. Cancer Res 2008;68:6661-8.

Ascione A, Cianfriglia M, Dupuis ML, et al. The glutathione S-
transferase inhibitor 6-(7-nitro-2,1,3-benzoxadiazol-4-
ylthio)hexanol overcomes the MDR1-P-glycoprotein and
MRP1-mediated multidrug resistance in acute myeloid
leukemia cells. Cancer Chemother Pharmacol 2009;64:419-24.
Tentori L, Muzi A, Dorio AS, et al. Stable depletion of poly
(ADP-ribose) polymerase-1 reduces in vivo melanoma
growth and increases chemosensitivity. Eur ] Cancer
2008;44:1302-14.

Ricci G, De Maria F, Antonini G, et al. 7-Nitro-2,1,3-
benzoxadiazole derivatives, a new class of suicide

inhibitors for glutathione S-transferases. Mechanism of
action of potential anticancer drugs. J Biol Chem
2005;280:26397-405.

Tentori L, Leonetti C, Scarsella M, et al. Systemic
administration of GPI 15427, a novel poly(ADP-ribose)
polymerase-1 inhibitor, increases the antitumour activity of
temozolomide against intracranial melanoma, glioma,
lymphoma. Clin Cancer Res 2003;9:5370-9.

Tentori L, Muzi A, Dorio AS, et al. Pharmacological inhibition
of poly(ADP-ribose) polymerase (PARP) activity in PARP-1
silenced tumour cells increases chemosensitivity to
temozolomide and to a N3-adenine selective methylating
agent. Curr Cancer Drug Targets 2010;10:368-83.

Turella P, Cerella C, Filomeni G, et al. Proapoptotic activity of
new glutathione S-transferase inhibitors. Cancer Res
2005;65:3751-61.



1230

EUROPEAN JOURNAL OF CANCER 47 (20I1) 1219-1230

23.

24.

25.

26.

27.

28.

29.

30.

Lopez-Bergami P, Huang C, Goydos JS, et al. Rewired
ERK-JNK signaling pathways in melanoma. Cancer Cell
2007;11:447-60.

Sau A, Tregno FP, Valentino F, Federici G, Caccuri AM.
Glutathione transferases and development of new principles
to overcome drug resistance. Arch Biochem Biophys
2010;500:116-22.

Mhaidat NM, Zhang XD, Allen J, et al. Temozolomide induces
senescence but not apoptosis in human melanoma cells. Br ]
Cancer 2007;97:1225-33.

Chen M, Rose AE, Doudican N, Osman I, Orlow SJ. Celastrol
synergistically enhances temozolomide cytotoxicity in
melanoma cells. Mol Cancer Res 2009;7:1946-53.

Ohba S, Hirose Y, Kawase T, Sano H. Inhibition of c-Jun N-
terminal kinase enhances temozolomide-induced
cytotoxicity in human glioma cells. ] Neurooncol
2009;95:307-16.

Fuchs SY, Adler V, Pincus MR, Ronai Z. MEKK1/JNK signaling
stabilizes and activates p53. Proc Natl Acad Sci USA
1998;95:10541-6.

Li S, Jiang T, Li G, Wang Z. Impact of p53 status to response of
temozolomide in low MGMT expression glioblastomas:
preliminary results. Neurol Res 2008;30:567-70.

Yoshimoto Y, Augustine CK, Yoo JS, et al. Defining regional
infusion treatment strategies for extremity melanoma:

31.

32.

33.

34.

comparative analysis of melphalan and temozolomide as
regional chemotherapeutic agents. Mol Cancer Ther
2007,;6:1492-500.

Lacal PM, Ruffini F, Pagani E, D’Atri S. An autocrine loop
directed by the vascular endothelial growth factor promotes
invasiveness of human melanoma cells. Int ] Oncol
2005;27:1625-32.

Ranson M, Hersey P, Thompson D, et al. Randomized trial of
the combination of lomeguatrib and temozolomide compared
with temozolomide alone in chemotherapy naive patients
with metastatic cutaneous melanoma. J Clin Oncol
2007;25:2540-5.

Tarhini AA, Kirkwood JM, Gooding WE, Moschos S, Agarwala
SS. A phase 2 trial of sequential temozolomide chemotherapy
followed by high-dose interleukin 2 immunotherapy for
metastatic melanoma. Cancer 2008;113:1632-40.

Ruscoe JE, Rosario LA, Wang T, et al. Pharmacologic or genetic
manipulation of glutathione S-transferase P1-1 (GSTpi)
influences cell proliferation pathways. ] Pharmacol Exp Ther
2001;298:339-45.

. Raza A, Galili N, Callander N, et al. Phase 1-2a multicenter

dose-escalation study of ezatiostat hydrochloride liposomes
for injection (Telintra, TLK199), a novel glutathione analog
prodrug in patients with myelodysplastic syndrome. ] Hematol
Oncol 2009;2:20.



	The glutathione transferase inhibitor 6-(7-nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol (NBDHEX) increases temozolomide efficacy against malignant melanoma
	Introduction
	Materials and methods
	Cell lines
	Drugs
	Cell growth assays
	Flow cytometry analysis
	Western blot analysis
	In vivo studies
	Histological and immunohistochemical analyses

	Results
	NBDHEX increases the in vitro anti-proliferative effect of TMZ against melanoma
	Apoptosis and p53 induction in B16 melanoma cells treated with NBDHEX and TMZ
	Systemic administration of NBDHEX does not increase TMZ systemic toxicity
	In vivo treatment of melanoma with TMZ and NBDHEX is accompanied by a reduction of cell proliferation and tumour-associated vascularisation

	Discussion
	Conflict of interest statement
	Acknowledgements
	References


