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Human malignant pleural mesothelioma (MPM) is a dreadful disease and there is still no
standard therapy available for a consistent therapeutic approach. This research is aimed
at the evaluation of the potential therapeutic effect of a specific nicotinic receptor (nAChR)
antagonist, namely a-Cobratoxin (a-CbT). Its effectiveness was tested in mesothelioma cell
lines and in primary mesothelioma cells in vitro, as well as in vivo, in orthotopically xeno-
transplanted NOD/SCID mice. Cells showed «7-nAChR expression and their growth was sig-
nificantly inhibited by a-CbT. Severe induction of apoptosis was observed after exposure to
a-CbT [ICgo.90]. Apoptosis was characterised by: change in mitochondrial potential, cas-
pase-3 cleavage, down-regulation of mRNA and protein for survivin, XIAP, IAP1, IAP2 and
Bcl-XL, inhibition by caspase-3 inhibitor. In vivo, the a-CbT acute LDso was 0.15 mg/kg.
The LDj00 [0.24 mg/kg] induced fatal respiratory failure and massive kidney necrosis. Phase
II experiments with 0.12 ng/kg a-CbT (1/1000 of LD;o) were done in 53 xenotransplanted
mice, inhibiting tumour development as confirmed by chest X-ray examinations, autopsy
and microscopical findings. The growth of human proliferating T lymphocytes and of mes-
othelial cells in primary culture was not affected by o-CbT. Non-immunogenic derivatives
of the o-CbT molecule need to be developed for possible human use.
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1. Introduction

The respiratory epithelium in lung tissue expresses choliner-
gic enzymes regulating the levels of free acetylcholine (ACh),
the vesicular ACh transporter, the choline high-affinity trans-
porter, and shows functional cholinergic receptors (AChR).*"
The finding that nAChR are functionally present in human
lung airway epithelial cells.*® was followed by the observa-
tion of their expression in lung carcinoma (SCLC and NSCLC)
or mesothelioma. In these cells, the cholinergic system forms
part of an autocrine-proliferative network that facilitates cell
growth.®>™*? Recently, it was shown that between NSCLC from
smokers and nonsmokers, different nAChR subunit gene
expression patterns are expressed, and a 65-gene expression
signature was associated with non-smoking «77-nAChR
expression.’® Most recently, we have unambiguously demon-
strated the presence of specific a7-nAChR, at the mRNA and
protein levels, in human mesothelioma as well as in unaf-
fected mesothelial cells.'? In mesothelioma cells, in the pres-
ence of 30 mM KCl, nicotine binds to «7-nAChR and triggers
an initial cytosolic influx of sodium that creates membrane
depolarisation via entry of Ca®* into the cytosol through the
voltage-gated calcium channels. Almost immediately, as the
level of MEKK-1 increases, MAPK are activated together with
an increment of the level of phosphorylated p90RSK. More-
over, as a consequence of MEKK-1 increase, NF-kB complexes
are activated, and cells enter the S phase of the cell cycle,
increasing the rate of DNA synthesis followed by prolifera-
tion. In this process, p53 is not affected. As reported with
A549 lung adenocarcinoma and MSTO-211H mesothelioma
cell lines, nicotine strongly promotes phosphorylation of
Bad Serine*? and induces cell survival and proliferation.™*?
On the contrary, D-tubocurarine (nAChR antagonist) inhibits
mesothelioma cell growth.12 Thus, D-tubocurarine leads
MSTO-211H cells to accumulate in the Go-G; and sub-Gy-G;
fraction inducing p21¥3f! p53-independently. D-tubocurarine
reduces the levels of phospho-ERK, does not affect the
expression of phosphorylated p90RSK and NFkB activity
and, more importantly, does not activate phosphorylation of
Bad Serine'?. Consequently, the level of total Bad Serine in-
creases and the process of apoptosis is triggered. These exper-
iments imply that nAChR antagonists might interfere with
the survival pathway mediated by a7-nAChR.

Various animal venom toxin antagonists of AChR [such as
a-bungarotoxin (BGT) from the Bungarus multicinctus snake
and conotoxins, purified from the venom of Conus marine
snails] have previously been used as molecular tools for the
characterisation of neuronal and non-neuronal nAChR in
lung cancer and mesothelioma.'? However, to our best knowl-
edge, a direct cytotoxic effect of venom components against
cancer cells has never been investigated and demonstrated.
Several previous reports, not including any mechanistic as-
pects,'**> described some anticancer activity associated with
snake venom.

We recently reported,’®'” some data obtained in NSCLC
regarding cell growth inhibition both in vitro and in a nude
mice model (intraperitoneal or orthotopically transplanted)
using one of the most powerful antagonists of the a7-nAChR,
namely o-CbT. o-CbT is a member of the long a-neurotoxins

(o-NTs) family obtained from the venom of Naja kaouthia.
Herein, we address and report the causal relationships be-
tween o7-nAChR inhibition by o-CbT and cancer cell growth
inhibition, both in mesothelioma cell culture and in orthotop-
ically transplanted mice.

2. Materials and methods

2.1. Cell cultures and drugs

IST-MES2 and MPP89 cell lines, obtained by our Institutional
Cell Repository (Genoa, Italy) and characterised by Orengo
et al.’® were grown in RPMI 1640 with 20% FBS (Gibco BRL,
Grand Island, NY).

Primary mesothelioma cells were obtained by enzymatic
digestion of fresh human surgical biopsies, as previously de-
scribed.’® Cryopreserved unaffected mesothelial cells (Mes1
and Mes2), obtained from two patients who underwent thora-
cotomy for non neoplastic diseases and previously character-
ised," were cultured. Mesothelial cells were grown as primary
cultures on fibronectin-coated culture flasks in RPMI 1640
supplemented with 20% heat-inactivated FBS (Life Technolo-
gies, Inc., Gaithersburg, Germany), epidermal growth factor
(20 ng/ml), hydrocortisone (1 pM), insulin (10 pg/ml), transfer-
rin (5 pg/ml), and (50 pg/ml) gentamicin (Life Technologies,
Inc.) at 37 °C in a humidified 5% CO, atmosphere. Fresh com-
plete medium was replaced every 2-3 days until cells were
confluent. Upon confluence the cells were lifted by 1x tryp-
sin-EDTA (Life Technologies, Inc.) and subcultured at a 1:2
dilution. The cells were identified as mesothelial cells by
immunocytochemical staining with antikeratin antibodies
(Dako, Glostrup, Denmark). The third and the fourth passage
confluent cultures were used for cell growth.

a-Cobratoxin was purified from the Naja kaouthia venom
as previously described.’® The lyophilised powder was resus-
pended in PBS buffer + 0.1% BSA in order to reach the appro-
priate concentrations. The powder is stable for several
months when stored at -20 °C and the dilution solutions for
several weeks when stored at 4 °C. We used, in all experi-
ments, natural o-CbT purified at 97% by HPLC.

2.2.  Transfection of human MPP89 cells and evaluation of
cytotoxicity

siRNA-7 was designed and custom synthesised by OriGene
Technologies (Rockville, MD, USA). The target sequences for
the human o7-nAChR mRNA (NM_000746) gene was 5'-
GGACAGAUCACUAUUUACA-3'. For transfection with siRNA,
we followed the standard protocol described in detail else-
where by Arredondo et al.® Briefly, MPP89 cells were seeded
at a density of 5 x 10* cells per well of a 24-well plate and incu-
bated for 16-24 h to achieve 70% confluence. To each well,
increasing concentrations of siRNA duplex in the transfection
solution with the TransIT-TKO transfection reagent (Mirus,
Madison, WI, USA) were added, and the transfection was con-
tinued for 16 h at 37 °C in a humid, 5% CO, incubator. On the
next day, the transfection medium was replaced by RPMI
1640 and the cells were incubated for 72 h to achieve
maximum inhibition of the receptor protein expression, as
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experimentally determined by Western blot at different time
points after transfection. The clone that did not express a7-
nAChR protein was used in MTS experiments (cytotoxicity).
The MTS assay was performed as previously described.?
Cells were exposed to different concentrations of «-CbT for
72 h (continuous treatment).

2.3.  Clonogenic assay in semisolid medium and apoptosis
detection

Clonogenic assay in semisolid medium and apoptosis detec-
tion (Annexin V-PI staining, Internucleosomal DNA Fragmen-
tation, DAPI staining) were performed as described
previously.’? For the Annexin V-PI assay, cells were treated
for 30 h at 1.0 uM. Cells were washed in phosphate-buffered
saline (PBS) and resuspended in 100 pL binding buffer con-
taining Annexin V (Roche Diagnostic, Indianapolis, IN). Cells
were analysed by flow cytometry after the addition of propidi-
um iodide (PI). For inter-nucleosomal DNA fragmentation,
adherent and detached cells were harvested, washed and
lysed with 50 mM/L Tris, pH 7.5, 10 mM/L EDTA, 0.5% Triton-
X-100, and 0.5 mg/mL proteinase K for 2 h at 50 °C. Samples
were then extracted twice with phenol/chloroform/isoamyl
alcohol and precipitated with ethanol. The pellet was resus-
pended in Tris-EDTA and 10-pg/mL ribonuclease A and the
DNA was separated on a 2% agarose gel. Cells were treated
with a-CbT for different time intervals. To detect the role of
caspase-3, the caspase-3 inhibitor (zDEVD) at 20 uM was incu-
bated for 30 min prior to cell treatment with «-CbT 1.0 pM for
30 h. For the DAPI assay, cells were washed twice in a cham-
ber slide system (Nalge Nunc International, Naperville, IL)
with PBS to remove non-adherent cells and were fixed with
4% formaldehyde in PBS for 30 min at room temperature.
After washing with PBS twice, the cells were stained with
DAPI (Sigma-Aldrich (working dilution, 1/1000) at 37 °C for
30 min and were observed by fluorescence microscopy.

2.4.  Western Blot Analysis and RT-PCR

Western blot analysis and RT-PCR was evaluated as described
previously.” Survivin was obtained from Novus Biologicals
(Littleton, UK), caspase-3, XIAP, IAP1, IAP2 and BCL-XL from
Abcam Ltd. (Cambridge, UK). The RT-PCR kit was obtained
from Qiagen (Milan, Italy). After reverse transcription, the
c¢DNA product was amplified by PCR with Taq DNA polymerase
using standard protocols. The amplified products (10 pl) were
separated on 2% agarose gels, stained with ethidium bromide
and photographed using ultraviolet illumination. The 5’ for-
ward and 3’ reverse complement PCR primers for amplifica-
tion of survivin were CTGATTTGGCCCAGTGTTTT and
TCATCTGACGTCCAGTTTCG, respectively. For cIAP2, PCR
primers were ACATTTCCCCAGCTGCCCATTC and CTCCT-
GCTCCGTCTGCTCCTCT. For cIAP1, PCR primers were
CCAGCCTGCCCTCAAACCCTCT and GGGTCATCTCCGGGTT-
CCCAAC. For XIAP, PCR primers were CGCGAGCGGGGTTTCT-
CTACAC and ACCAGGCACGGTCACAGGGTTC. For BCL-XL,
PCR primers were AGAGAACAGGACTGAGGCCC and TC-
AAAGCTCTGATATGCTGTCCC. For glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), PCR primers were
CCATCACCATCTTCCAGGAG and CCTGCTCACCACCTTCTTG.

For Bp-actin, PCR primers were GTGGGGCGCCCCAGGCACCA
and ~-CTCCTTAAGTCACGCACGATTTC.

For protein analysis, total cellular lysates were separated
on a 12% (w/v) SDS-polyacrylamide gel and transferred to
nitrocellulose using standard protocols. The filters were
blocked in PBS with 5% skimmed milk and incubated over-
night with primary specific antibodies. The filters were then
incubated with the secondary peroxidase-linked whole anti-
bodies (Amersham Biosciences Europe GmbH, Freiburg, Ger-
many). Bound antibodies were detected using the enhanced
chemiluminescence Western blotting detection system
(Amersham Biosciences Europe).

2.5.  Mitochondrial membrane potential assay

Mitochondrial membrane potential assay was measured with
JC-1 (5, 5, 6, 6'-tetrachloro-1, 1/, 3, 3’ tetraethylbenzimidazol-
ylcarbocyanine iodide/chloride) detection kit (Stratagene La
Jolla, CA) according to the manufacturer’s instructions. JC-1
is able to enter mitochondria selectively, which appears green
at low concentrations or at low membrane potential as a
monomer. However, at high concentrations, mitochondria
show as red fluorescent aggregates. JC-1 is sensitive to mito-
chondrial membrane potential and the changes in the ratio
between green and red fluorescence can provide information
of the mitochondrial membrane potential. After the treated
cells were loaded with JC-1 1.0 uM/L for 10 min at 37 °C, the
fluorescent dye was excited at 490 nm, and the fluorescence
intensities of both monomer and aggregated molecules were
recorded at 590 nm under a confocal scanning laser micros-
copy. For fluorescence ratio detection, 100 pl of the IST-MES2
stained cell suspension were transferred into each of three
wells of a black 96-well plate. Red (585/590 nm) and green
(510/527 nm) fluorescence were measured using a fluores-
cence plate reader. The ratio of red-to-green fluorescence is
decreased in dead cells and cells undergoing apoptosis, com-
pared to healthy non-apoptotic cells.

2.6. Animals and animal care

NOD/SCID mice (NOD.CB17-PrkdcN°P’S¢D/)) were born and
housed in specific filter-capped cages, were kept in patho-
gen-free conditions and maintained in the facilities within
the animal resources centre at the National Cancer Institute
of Genoa in accordance with the recommendations, regula-
tions and standards approved by the Federation of European
Laboratory Animal Science Association. The mice were used
in accordance with institutional guidelines when they were
8 weeks old and employed for both tumour maintenance
and chemotherapy testing.

All the procedures involving animal care and treatment
were conducted as stipulated in Italian National Guidelines
(D.L. No. 116 G.U., suppl. 40, 18.2.1992, circolare No. 8, G.U. lu-
glio 1994) and in the appropriate European Directives (EEC
Council Directive 86/609, 1.12.1987), adhering to the Guide
for the Care and Use of Laboratory Animals (United States Na-
tional Research Council, 1996) and according to an approved
protocol reviewed by the National Cancer’s Institutional Ani-
mal Care and Use Committee (Genoa, 15 November 2004, n.
of reference 149).
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2.7.  In vivo orthotopical grafting of human mesothelioma
cells

In vivo NOD/SCID mice xenografts were obtained by grafting
mesothelioma cells into the pleural space of 8-week-old fe-
male/male NOD/SCID mice. 100% reproducible tumour devel-
opments were obtained in each experiment. For ethical
reasons, each animal underwent euthanasia (in a CO, atmo-
sphere) after a 20% weight loss from the time of the tumour
graft. An orthotopical model for mesothelioma was estab-
lished by instilling IST-MES2, MPP89, MPP89-Luc, GMC1 or
RC1 cells into the right pleural space of NOD/SCID mice. Cells
were harvested for implantation at 70-80% confluence using 1
mM EDTA (Boehringer Mannheim, Mannheim, Germany) in
PBS. The cells were washed in RPMI 1640 and resuspended
to a final concentration of 5.0 x 10° cells/ml in RPMI 1640 con-
taining 0.1% BSA (Boehringer Mannheim, Mannheim, Ger-
many). To perform intrapleural instillation, mice were
anaesthetised with an intraperitoneal injection of ketamin
(100 mg/kg) and xylazine (10 mg/kg). After making a 5- to
10-mm incision through the skin on the right chest, a right
anterolateral thoracotomy was performed in the fourth inter-
costal space, followed by instillation of 5 x 10° cells suspended
in 100 pl PBS. The thorax was then closed by one pericostal
suture and the skin reapproximated with an autoclip (MikRon
Precision, Inc, Gardena, CA). Treatment started after 48 h, in
order to allow recovery after surgery. Experiments were done
with different treatment protocols, as detailed below.

2.8. X-ray examination, necropsy, tissue preparation,
haematoxylin and eosin (H&E) staining and
immunohistochemistry

Two months after cancer cell grafting, the mice underwent
chest x-ray examination, under anaesthesia, using a Siemens
Mammomat 3000 Nova, Kv 25 max 6.3 Film Kodak Min-R, and
were then sacrificed with a lethal dose of sodium pentobarbi-
tal (100 mg/kg body weight). At autopsy, after thoraco-laparot-
omy, the thoracic cavity and the peritoneum were inspected
for evidence of tumours. Visible tumour deposits were col-
lected and the thoracic organs were then removed ‘en bloc’,
including all the lymph nodes and tumours. After dissection
and removal, the organs and the tumour masses were washed
in cold PBS and weighed. For H&E staining procedures, one
part of the tumour was fixed in formalin and embedded in
paraffin, and another part was embedded in OCT compound
(Miles, Inc., Elkhart, IN), rapidly frozen in liquid nitrogen,
and stored at -80 °C. IHC determination of Calretinin was per-
formed as described previously.?

2.9.  Evaluation of «-CbT toxicity

The acute (5 days) i.v. LD4o, LDsp and LDgg of a-CbT were calcu-
lated treating 50 NOD/SCID mice of both sexes (20 females
and 30 males) with different concentrations of «-CbT (from
0.004 to 0.20 mg/kg). LD40, LDsp and LDgo Were calculated using
a log probit scale. Autopsy was performed in all animals. The
liver, kidney, lung, brain, spleen and heart were removed and
weighed. Tissues for microscopic examination were fixed and
preserved in 10% neutral-buffered formalin, processed,

embedded in paraffin, sectioned to a thickness of 4 to 6 um,
and stained with H&E. A complete histopathologic examina-
tion was performed. Blood samples were collected from the
heart for haematology [in micro-collection tubes containing
potassium EDTA (Sarstedt, Inc., Niimbrecht, Germany)] and
clinical chemistry analyses (in tubes devoid of anticoagulant,
allowed to clot at room temperature for serum separation).
Erythrocyte, platelet, PMN and haemoglobin concentrations
were determined using a Serono-Baker System 9000® haema-
tology analyser (Serono-Baker Diagnostics, Allentown, PA).
Clinical chemistry variables were measured using a Hitachi
704 chemistry analyser (Boehringer Mannheim, Indianapolis,
IN) and commercially available reagents. To investigate the o-
CbT effectiveness in the progressive tumour phase, mice
xenografts obtained by grafting MPP89-Luc cells into the pleu-
ral space of 8-week-old female/male NOD/SCID mice (10 per
group, the experiment was repeated twice) were treated at
14 days.

2.10. Liver enzymes

Serum levels of aspartate aminotransferase (AST), alkaline
phosphatase (ALP), glutamic pyruvic transaminase (GPT)
and yyglutamyltranspeptidase (yy-GTP) were measured in
blood samples by using an autoanalyser (Antech Diagnostics,
Los Angeles), as described previously.*!

2.11. Renal function

Blood urea nitrogen (BUN) and serum creatinine were mea-
sured in serum obtained at the time of animal sacrifice, by
the Alfa Wasserman Vet-ACE autoanalyser (Alfa Wasserman
Diagnostics, West Caldwell, NJ).

2.12. Statistical analysis
Statistical evaluation of data was done with two-tailed Stu-

dent’s t test. p values > 0.05 were considered not statistically
significant.

3. Results and discussion

Different research groups, including ourselves, have demon-
strated that unaffected lung and pleural mesothelial cells,
as well as cancer cells, express nAChR.>™* In such experi-
ments, a-BGT was used extensively for nAChR detection.'?
In the present series of experiments, we started assessing
the number of o-BGT binding sites in IST-MES2 and MPP89
cells, determining saturation binding [Schatchard analysis
(Fig. 1A panel A)]. IST-MES2 cells, as well as MPP89 cells,'? ex-
pressed the o7-nAChR subunit (mRNAs and proteins), as ob-
served by Western-blotting and RT-PCR experiments (Fig. 1A
panels B and C). Since we already demonstrated that D-tubo-
curarine influences mesothelioma cell proliferation,’* we
looked at the effect of a-CbT on IST-MES2 and MPP8&9 cell pro-
liferation using the colony formation assay. We first per-
formed tests to determine binding of o-CbT to cellular
nAChR. Staining for the o-CbT-FITC resulted in an important
signal in the FACS analysis on the mesothelioma IST-MES2
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A431 (positive control) 84,300.00+48.0 2 in triplicate \
A549 (positive control) 17,288.6+945.8 2 in triplicate \
IST-MES2 14,322.6+845.6 3 in triplicate
MPP89 17,879.13496.47 3 in triplicate
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Fig. 1 - (A) Evaluation of sensitivity to «-CbT in mesothelioma cell lines IST-MES2 and MPP89. Panel A: ¢-BGT binding on
nAChR in IST-MES2 and MPP89 cells. Mesothelioma cells were subjected to saturation binding experiments with variable
amounts of ['*°I]- «-BGT in the absence or presence of a 1000-fold excess of unlabelled o-BGT. A431 (epidermoid carcinoma)
and A549 (NSCLC) cells represent positive control.’” (B)Schatchard analysis of these binding experiments allows calculation
of the number of toxin binding sites in each cell line. The figure is representative of a single experiment, which was repeated
at least twice. Panel B: Western blotting and Panel C: RT-PCR for «7-nAChR carried out in IST-MES2cells. A549 (NSCLC) cells
represent positive control. The figure is representative of a single experiment, which was repeated at least three times. Panel
D: Clonogenic assay. IST-MES2 or MPP89 cells were plated in semisolid agar (lower 3% and upper 0.3%) and exposed to
different concentrations of the drug over 18 days. 10.0 M of medium containing «-CbT was added every 2 days. Each value
[median + SE] is representative of a single experiment, which was repeated at least three times. (B) Binding experiments with
a-CbT-FITC conjugated. Experiments were performed as described previously.(C) DAPI/«-CbT-FITC double staining on MPP89
and MPP89-si-RNA-(27-nAChR) and% survival fraction evaluation after o-CbT treatment at different concentrations."’

cell line (Fig. 1B). The signal significantly decreased in the
presence of antibodies against a7-nAChR (epitope mapping
at C-terminus). Binding was lower for human normal prolifer-
ating T lymphocytes (Fig. 1B) and super-imposable to control
in resting T lymphocytes. Data in Fig. 1A, panel D, show that
a-CbT (0.01-10 pM) over 18 days had some effect on cell viabil-
ity. o-CbT significantly lowered the viability of IST-MES2 and
MPP89 cells in a dose-dependent manner with ICs, values of
0.048+0.003 and 0.052+0.011 uM, respectively. Moreover, to
verify the o-CbT specificity towards o7-nAChR, MPP89 cells
were silenced for the receptor. Their treatment with the toxin
showed a high% of survival with respect to the wild type
MPP89 cells and in a DAPI/a-CbT-FITC double staining they
showed a loss with a green signal specific for the o7 binding
(Fig. 1C). In four different human malignant epithelioid mes-
otheliomas from fresh biopsy specimens (Calretinin/WT1 po-
sitive), the presence of a7-nAChR protein and mRNA were
detected (Fig. 2A, B). When primary cells (RC1, RC2, GMCI,
GMC2), obtained by enzymatic digestion of human mesothe-
lioma samples, were grown in the presence of «-CbT, a
marked cell-growth inhibition at the concentration of 3.0
nM was observed (Fig. 2C, D). To analyse the selectivity of a-

CbT-mediated inhibition, we evaluated its effects in unaf-
fected mesothelial cells (Mes1, Mes2) expressing o7-nAChR
(Fig. 3 panels A, B). For this purpose, human normal prolifer-
ating T lymphocytes (Lym1, Lym2, Lym3), obtained from three
healthy different subjects and presenting a7-nAChR, were
also tested (Fig. 3 panels A and B). The results showed that
treatment with «-CbT, at 0.1-10 pM for 18 days, failed to affect
cell proliferation (Fig. 3 panel C). Accordingly, when human
normal proliferating T lymphocytes and unaffected mesothe-
lial cells were incubated with o-CbT at 10.0 uM for 30 h, no
induction of DNA fragmentation in gel ladder experiments
was observed (Fig. 3 panels D and E). Previous experiments,
assessing the number of 4-BGT binding sites,’? showed that
in these unaffected mesothelial cells (Mes1, Mes2), the num-
ber of a-BGT-receptors/cell was around 5000 whereas for IST-
MES2 and MPP89 it was around 16,000, suggesting that cancer
cells should be able to bind more molecules of a-CbT. In
agreement with this observation a reduced binding of
a-CbT-FITC was found in human normal proliferating T lym-
phocytes than in mesothelioma cells (Fig. 1B). As a conse-
quence, the cytotoxic effects were also poorer or absent, at
the same pmolar concentrations, in normal cells than in
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Fig. 1B.

mesothelioma cells. A previous study reported a significant
relationship between higher levels of expression of the o7-
nAChR, measured by [*?’I] o-BGT binding, and increased re-
sponse to ‘stimuli’. In particular, while at low levels of [*%°I]
a-BGT binding, no response was observed, while intermediate
levels of [**°I] «-BGT binding corresponded to intermediate
levels of receptor function.?? Furthermore, the study stated
that there is no similar relationship between levels of expres-
sion of other nAChR and neuronal function. Interestingly, it
was reported that with the condition of chronic hypoxia,®?
the cholinergic activity is largely increased. Indeed, the expo-
sure to methyllycaconitine (50 nM), which binds to the a77-
subunit of the nicotinic receptor,?* inhibits about 50% of the
hypoxia-evoked activity, and likely increases the o77-subunit
of the nicotinic receptor. It is well known that regions of se-
vere oxygen deprivation (hypoxia) arise in tumours due to ra-
pid cell division and aberrant blood vessel formation.?® As a
result it is possible that cancer cells, under hypoxic condition,
might express more cholinergic receptor than normal cells.
Looking at mesotheliomas, at least two recent works,?®%”
ported the presence of hypoxia-inducible factor lalpha (HIF-
lalpha).

These results demonstrate that a-CbT selectively inhibits
the growth of neoplastic mesothelial cells, sparing normal
mesothelial cells.

In order to check the specificity of this inhibition, we mea-
sured the effect on cell viability of (i) a mutated o-CbT (CbT-
R33E), that has been previously identified for its specific
inability to interact with o7-receptor as compared to wild-
type o-CbT,?® and (ii) an analogous short-chain toxin (Erabu-
toxin a) specific for the muscular nAChR subtype. Despite
overall structural homogeneity, curare-mimetic toxins can
be divided into at least two major subfamilies on the basis
of their amino acid sequences and functional properties.™*

re-
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Fig. 1C.

One subfamily involves the long chain o-NTs with 66-74 res-
idues and five disulfide bonds, such as «-CbT, which bind with
high affinities to both o7 muscular-type and o7 neuronal
nAChR. %°3° The other subfamily involves short chain toxins
with 60-62 residues and four disulfide bonds, which bind with
high affinity to muscular-type nAChR only. In both cases, un-
der the same experimental conditions employed in «-CbT clo-
nogenic assay experiments described in Fig 1A, panel D, drugs
did not affect cell growth (% survival fraction > 94-97%,
respectively), confirming the specificity of the o-CbT effect
on the a7-neuronal receptor.

This experiment suggests that the cytotoxic activity in
mesothelioma cells is correlated to the inhibition of neuro-
nal-type o7-nAChR rather than muscular-type nAChR.
Additionally, we recently reported that o-CbT did not affect
mongoose cell (AP cell) growth.”! As already reported,®' se-
quences of the a-subunits of the nAChR from mongoose con-
tain several differences in the region between amino acids
183 and 200, which confer resistance on this species to the
snake a-toxins. In binding experiments, neither binding of
a-CbT FITC-conjugated nor growth decrease were observed
after 72 h of continuous exposure.?* Finally, when experi-
ments were performed on the presence of a7-nAChR antibod-
ies, the survival fraction of CbT-treated cells was greater than
90%.

We then assessed whether the cell growth inhibitory effect
induced by o-CbT on mesothelioma cells was associated
with induction of apoptosis. Experiments were performed in
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Fig. 2 - Evaluation of sensitivity to «-CbT in human mesothelioma cells in primary culture (RC1, RG2, GMC1, and GMC2). Panel
A: Western blotting and Panel B: RT-PCR for «7-nAChR carried out in mesothelioma RC1, RC2, GMC1, GMC2 cells. The figure is
representative of a single experiment, which was repeated at least three times. Panel C: Photographs of colonies grown on
semisolid agar from o-CbT -treated or untreated cells. Cells were exposed to 3.0 nM «-CbT over 18 days. 10.0 pM of medium
containing «-CbT was added every 2 days. The figure is representative of a single experiment, which was repeated at least
three times. Panel D: n. of colonies (mean = SE of three independent experiments performed in triplicate) and% survival
fraction of mesothelioma cells in primary culture (RC1, RC2, GMC1, and GMC2) exposed to a-CbT.

IST-MES 2 cells. The loss of mitochondrial membrane poten-
tial (AAPY) is one hallmark of apoptosis. It is an early event
preceding phosphatidylserine externalisation and coinciding
with caspase activation. JC-1 dye is used to measure AAYY
in cells. In non-apoptotic cells, JC-1 accumulates as aggre-
gates in the mitochondria, resulting in red fluorescence. The
brightness of red fluorescence is proportional to AAYY¥ and
varies among different types. However, in apoptotic and ne-
crotic cells, JC-1 exists in monomeric form and stains cells
green. As shown in Fig. 4 panel A, o-CbT treatment resulted
in a dose- and time-dependent change of AAYY. The maxi-
mum effects were obtained with 1.0 pM «-CbT administered
for 30 h. This concentration induced cleavage of caspase-3,
measured both fluorometrically (Fig. 4 panel B) and by Wes-
tern blotting (Fig. 4 panel C). a-CbT-apoptosis-induction was
confirmed by microscopic observation of the cells labelled
with DAPI (Fig. 5 panel A). a-CbT treatment resulted in a
dose-dependent apoptosis in IST-MES2 cells, with an increas-
ing trend of apoptotic cells at 0.3 pM treatment (Fig. 5 panel
A). The induction of apoptosis was negligible at the lowest
a-CbT dose (0.1 pM), and impressive at the highest dose em-
ployed (10 uM). A similar trend was revealed when apoptosis
was measured by ladder formation on agarose gel electropho-
resis (Fig. 5 panel B); in the presence of caspase-3 inhibitor, no
effect was observed (far right lane in the gel of Fig 5 panel B).
We next quantified the extent of apoptosis by flow cytometric
analysis using Annexin V-PI. IST-MES2 cells, treated with a-
CbT 1.0 pM for 30 h, resulted in 28.4+4.2% necrotic or late

apoptotic; whereas 54.2+5.7% were early apoptotic as com-
pared to 8.2+1.4% and 2.9 +0.3% of untreated cells (Fig. 5 panel
C). Itis important to note that normal cells (human T lympho-
cytes and unaffected mesothelial cells) did not appear apop-
totic when treated with o-CbT 10.0 uM for 30 h (Fig. 3 panels
D and E) suggesting the susceptibility of mesothelioma cells
to undergo apoptosis in the presence of a-CbT.

The effect of the a-CbT on the levels of IAP (Inhibitors of
Apoptosis Protein) was estimated by RT-PCR and Western
blotting. Survivin, one IAP family gene member, is highly over
expressed in mesothelioma.? Survivin crosses multiple sig-
nalling networks implicated in inhibition of apoptosis princi-
pally by targeting the intrinsic (i.e. mitochondrial) pathway of
cell death interfering with caspase-9 processing, the up-
stream initiation of the intrinsic pathway.*® Recently, survivin
up-regulation was assumed to be an essential mediator of
nicotine-inhibition of apoptosis induced by chemotherapeu-
tic drugs in A549 cells.>* In the next series of experiments,
we analysed the effect of a-CbT on mRNA and protein expres-
sion of some IAP family gene members (survivin, XIAP, IAP2,
and IAP1). In a dose-dependent study, we found that treat-
ment of IST-MES2 cells with o-CbT resulted in a marked de-
crease of IAPs mRNA and protein expression (Fig. 6). The
dose-dependent effect of a-CbT on IST-MES2 cells showed a
significant decrease in IAPs mRNA (Fig. 6 panels A and B)
and protein expression (Fig. 6 panels C and D) at 1.0 uyM 30 h
post-treatment. Densitometric analysis of the data of Fig. 6,
panels C and D, revealed that the decrease was 75% for survi-
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Fig. 3 - Evaluation of sensitivity to «-CbT on unaffected human mesothelial cells obtained by two different subjects (Mes1,
Mes2) and on proliferating (PHA/IL2 stimulated) human T lymphocytes obtained from three healthy donors (Lym1, Lym2, and
Lym3). Panel A: RT-PCR and Panel B: Western blotting for «7-nAChR. The figure is representative of a single experiment, which
was repeated at least three times. Panel C: MTS assay on proliferating (PHA/IL2 stimulated) human T lymphocytes and human
mesothelial cells. The MTS assay was performed as described previously.>* Data are plotted as mean + SE of three independent
experiments performed in triplicate. Statistical evaluation of data was done with two-tailed Student’s t-test. Panel D:
Internucleosomal DNA fragmentation. (PHA/IL2 stimulated) Human T lymphocytes (Lym1, Lym2, and Lym3) were incubated
with o-CbT for 30 h. Panel E: Internucleosomal DNA fragmentation. Human mesothelial cells (Mes1, Mes2) were incubated
with o-CbT for 30 h. M: marker. The figures are representative of a single experiment, which was repeated at least three times.

vin, 90% for XIAP, 98% for IAP1 and IAP2 proteins. All
these observations support the hypothesis that IST-MES2
cell proliferation requires o7-nAChR function. However,
Dasgupta et al.** reported that o-BGT (a7 antagonist) was
unable to prevent nicotine-mediated inhibition of apoptosis
(in contrast to inhibitors of 33fp22 and 244Bf22 subunits)
suggesting that these last subunits are involved in the pro-
cess. This difference might be linked to the observations that
nicotine by itself did not change the regulation of survivin
and XIAP3*

We also examined the effect of a-CbT on BCL-XL expres-
sion. Different authors, including ourselves, reported that
BCL-XL is over expressed in mesothelioma.?**® The BCL-2
family proteins, controlling critical events at the beginning

of apoptosis, consist of three subfamilies: the proapoptotic
(Bax), the antiapoptotic (BCL-2) and the BH-3 subfamily. The
BCL-2 subfamily includes BCL-XL. The switching on and off
of apoptosis is determined by the ratio between proapoptotic
and antiapoptotic proteins.>* In the NCI-ACDS study,® a
strong negative correlation was reported between basal BCL-
XL protein and mRNA levels and drug sensitivity, suggesting
that BCL-XL may play a unique role in general resistance to
cytotoxic agents. In view of these data, it is not surprising that
mesothelioma is considered strongly resistant to drugs. a-CbT
caused a significant decrease of BCL-XL mRNA (Fig. 6 panel B)
and protein expression (Fig. 6 panel D) in IST-MES2 cells as re-
vealed by densitometric analysis, since 1.0 uM o-CbT for 30 h
decreased proteins by ~85%.
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Fig. 4 - Apoptosis induction and regulation in IST-MES2 cells. Panel A: Mitochondrial membrane potential was measured

using the JC-1 kit according to the manufacturer’s instructions.

Statistical evaluation of data was done with two-tailed

Student’s t-test. The figure is representative of a single experiment, which was repeated at least three times. Panel B: Cells
were treated with 1.0 pM of o-CbT for 24 or 30 h for caspase-3 activation. Enzymatic activity of caspase-3-like proteases was
determined by incubation of 10 pg of total protein with its specific fluorogenic substrate (Ac-DEVD-MCA), for 2 h at 37 °C; cells
were then analysed by flow cytometry (FACSCalibur), and the increase of caspase activity was determined after proper gating
in comparison with untreated cells.*' The figure is representative of a single experiment, which was repeated at least three
times. Panel C: Caspase-3 activation determined by Western blotting, as described previously(41) The figure is representative
of a single experiment, which was repeated at least three times.

To assess in vivo the antitumour effects of a-CbTIST-MES2
and MPP89 mesothelioma cell lines, and GMC1 and RC1 meso-
thelioma primary cells, were grown as xenografts in NOD/
SCID mice orthototopically xenotransplanted. All mice devel-
oped macroscopic tumours within 20-30 days.

The acute (5 days) i.v. LDsg of a-CbT was 0.15 mg/kg (LD =
0.12; LDgo = 0.20 mg/kg). These doses were selected following
treatment of 50 NOD/SCID mice with different concentrations
of a-CbT (from 0.004 to 0.24 mg/kg). 0.004 and 0.04 mg/kg were
the lowest experimental doses causing no lethality. Mice trea-
ted with 0.24 mg/kg (LD;o0) died from fatal respiratory failure
and massive kidney necrosis (Fig. 7 panel A). Indeed, adrenal
gland (Fig. 7 panel A, pictures a and b) showed necrosis and
haemorrhages involving both cortex and medulla with pres-
ence of some apoptotic cells. In the kidney (Fig. 7 panel A, pic-
tures c and d) tubular necrosis associated with haemorrhage
was the main histomorphological finding. Liver (Fig. 7 panel
A, picture e) showed only diffuse dilatation of the central
veins, whilst lung (Fig. 7 panel A, picture f) had focal alveolar
haemorrhage and perivascular and interstitial transudate,
with oedematous widening of alveolar septa. The LDsq that
we found in NOD/SCID mice (0.15 mg/kg) is in the range of
values described in the literature for o-CbT (0.1-0.3 mg/kg)
and is close to that reported by Pergolizzi et al.* It has to be

noted that in Pergolizzi’s experiments, 2.0 pg i.v. induces
80% lethality in BalB-C mice (20 g). It is important to known
that inbred mouse strains differ in their levels of brain a-
BGT binding sites and these differences correlate with differ-
ent animal sensitivity to nicotine.*® Restriction fragment
length polymorphisms at the a7 locus and strain-specific
polymorphisms were identified, suggesting that o7 genotype
is an important determinant of o-BGT receptor levels.*

To assess long term toxicity, 12 non-grafted NOD/SCID
mice (four animals for each experiment) were treated three
times a week with «-CbT 0.12 ng/kg (1/1000 of LD;) adminis-
tered i.v. for 2 months. In treated mice we did not observe any
lethality or toxicity such as: histological alterations (Fig. 7 pa-
nel B), body and organ weight loss (Fig. 7 panel C), serum
chemistry alterations (Fig. 8 panel A), haematological altera-
tions (Fig. 8 panel B), serum kidney (Fig. 8 panel B) and liver
enzymes (Fig. 8 panel C). Fig. 7 panel B shows histological nor-
mal tissue of liver (a), pancreas (b), lung (c), kidney (d) and
CNS (e and f) after long term treatment. Moreover, mice were
examined for neurological effects assessing autonomic, con-
vulsive, excitability, neuromuscular, sensory-motor and gen-
eral motor activity domains. Treatment-related effects were
not observed in these domains for any of the treated groups
of mice compared to the controls.
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Fig. 5 - Apoptosis evaluation in IST-MES2 cells. Cells were treated with different concentrations of «-CbT for 30 h. Panel A:
Apoptotic cells were evaluated by DAPI staining. Data are plotted as mean + SE of three independent experiments
performed in triplicate. Statistical evaluation of data was done with two-tailed Student’s t-test. The figure on top of the
graph is representative of a single experiment, which was repeated at three times. Panel B: Internucleosomal DNA
fragmentation. Cells loaded on the far right lane in the gel were pre-incubated with caspase-3 inhibitor. The figure is
representative of a single experiment, which was repeated at least three times. Panel C: Apoptosis was identified by
staining with Annexin V (x-axis) and PI (y-axis). Cells binding Annexin V and retaining PI were apoptotic (quadrant n.4);
double-positive cells underwent secondary necrosis (Qquadrant n. 2). Data are representative of three replicate experiments
yielding similar results.
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Fig. 7 - Evaluation of «-CbT toxicity in NOD/SCID mice. Panel A: Haematoxylin and eosin (H&E) of tissues from mice treated i.v.
with the LD4qo of a-CbT observed with an Olympus B40 microscope (magnification 100x). Adrenal gland (a and b), kidney (c
and d), liver (e) and lung (f). Panel B: H&E of tissues from mice treated with «-CbT 0.12 ng/ml (1/1000 of LD;c) observed with an
Olympus B40 microscope (magnification 100x). Liver (a), pancreas (b), lung (c), kidney (d), and central nervous system (e and f).
Panel C: Organ weights of mice treated as in panel B.
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Fig. 8 - Evaluation of o-CbT toxicity in NOD/SCID mice. Mice were treated as in Fig. 7, panel B. Panel A: Serum clinical
chemistry; Panel B: Erythrocyte and platelet counts,% PMN, haemoglobin, BUN and serum creatinine concentrations; Panel C:
Serum levels of aspartate aminotransferase (AST), alkaline phosphatase (ALP), glutamic pyruvic transaminase (GPT) and o-
glutamyltranspeptidase (2-GTP). Data are plotted as mean + SE. Statistical evaluation of data was done with two-tailed
Student’s t-test.

In a further experiment, nine out of 18 mice were grafted of 12 with GMC1 cells and five out of 11 with RC1 cells. Ani-
with IST-MES2 cells, six out of 12 with MPP89 cells, six out mals were treated three times a week, with o-CbT 0.12 ng/kg
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Fig. 9 - (A) In vivo antitumour activity of «-CbT in mesothelioma transplanted NOD/SCID mice. On the left: Planning of
experiments. Female NOD/SCID mice (NOD/SCID/NOD/SCID 8-week-old, born and maintained in our Animal Facility Center)
were grafted orthotopically with different mesothelioma cells (IST-MES2 or MPP89or GMC1lor and RC1). 48 h after grafting,
mice were randomised in two groups. The control group received vehicle alone and the treated group «-CbT 0.12 ng/ml [1/
1000 of LD4qo] three times a week i.v. for 2 months. After 2 months, anaesthetised mice were subjected to chest x-ray
examinations and autopsy. On the right: Mice transplanted with IST-MES2 cells (as an example). Chest x-rays show large
radiopaque left mediastinal mass and gross examinations of vehicle alone treated group show various nodules at different
locations on the parietal pleural (different pictures, with different magnifications). (B) Macroscopic and microscopic
examination. At histopathological examination, nodules showed typical histology of epithelioid mesothelioma (H&E and
Calretinin positive immunohistochemistry. (C) Number of «-CbT and vehicle alone treated mice developing tumours. (D, E)
Determination of mice body weights during the treatment period. Data are plotted as mean * SE. Statistical evaluation of data
was done with two-tailed Student’s t-test. (F) In vivo antitumour activity: «-CbT treatment of mesothelioma transplanted
NODY/SCID mice started in a late phase of tumour progression.
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(1/1000 of LD4p) administered i.v. for 2 months. Vehicle-trea-
ted animals served as controls in each group. Treatment
started 2 days after cell implantation (Fig. 9A, on the left).
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Mice chest X-rays, taken before autopsies, were blindly read
and described based on the extent of the observed abnormal-
ities (mediastinum widening, loss of cardiac silhouette with
subcardiac clear space filling and mass deformity of the dia-
phragm area). After 2 months, macroscopic, microscopic
and chest x-ray features of massive tumour volumes were ob-
served in all control mice (Fig. 9A, on the right) whereas no
abnormalities were observed in o-CbT treated mice (Fig. 9A,
on the right). At autopsy, all control mice (vehicle-treated)
exhibited massive tumours predominantly invading the
mediastinum and pericardium and involving the diaphragm
(Fig. 9B, on the right). An extension to the lungs was occasion-
ally found. Tumour metastases were not found in the visceral
organs. Fig. 9C shows that o-CbT had inhibited the develop-
ment and the growth of tumours in all treated mice (no pres-
ence of tumours evaluated after gross examinations and H&E
analyses of pleural, lung mediastinum, pericardium and dia-
phragm). H&E analyses did not reveal scattered areas of
mesothelioma formation (Fig. 9B). Moreover, control mice
developed tumour cachexia, as documented by progressive
body weight loss, while treated mice grew regularly
(Fig. 9D, E).

Furthermore, 20 mice (five per group/two experiments)
were transplanted with MPP89-Luc cells in order to mimic,
at best, the real clinical setting of malignant pleural mesothe-
lioma that is mostly diagnosed in its progressive stage. The
animals’ drug treatment was initiated when the tumours
were well established at day 14 and the final end-point had
been set to be the survival of each of the mesothelioma-bear-
ing NOD/SCID mice instead of the reduction of tumour
masses as previously evaluated (Fig. 9F). The a-CbT treatment
enhanced the animal survival rate by almost four times (120
days versus 32 days).
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Based on the results reported above we can conclude that
a-CbT, a high affinity antagonist of «7-nAChR, induces a sig-
nificant inhibitory effect on the growth of mesothelioma.
Additional studies are needed to further understand the com-
plex a7-nAChR-antagonist system in cancer cells and to eval-
uate o7-nAChR as a potential target in cancer therapy. In our
in vivo tumour model, a-CbT treatment began 48 h after graft-
ing mesothelioma cells, in the absence of vasculature support
and when the cells were loosely implanted or possibly not im-
planted at all. The possibility exists that resistant cells might
be selected after implantation; therefore, further experiments
need to be warranted to evaluate the antitumour effects of a-
CbT in an in vivo model of mesothelioma whose pleural
implantation is firmly established.

The idea to use venom peptides as therapeutical agents in
the treatment of human diseases is not new; snake venom
derived compounds (peptides-proteins) have been used as
lead molecules to develop novel strategies in antithrombotics,
antihaemorrhagic, antihypertensive or defibrinogenating
therapy.>*! To the best of our knowledge these compounds
have not been fully investigated for possible anticancer ther-
apy in animal models, nor has their mechanism of action, as
antitumour drugs, been elucidated. Our results suggest the
exploitation of the «-CbT molecule as a leading compound
for the development of possible antitumour agents for meso-
thelioma. Non-immunogenic derivatives of the a-CbT mole-
cule need to be developed in order to optimise a possible
drug design.
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