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This study was conducted in order to evaluate the ability of carbon ions to induce DNA dou-
ble-strand breaks and apoptosis in the radio-resistant human HTB140 melanoma cells. The
cells were irradiated with 12C ions having the linear energy transfer of 258 keV/pm. Irradia-
tions were performed in the dose range from 2 to 16 Gy. Induction of DNA double-strand
breaks was evaluated 2 hour after irradiation through expression of yH2AX protein. In-
creased level of YH2AX detected in irradiated samples was especially high after irradiation
with 12 and 16 Gy. Dose dependent increase of apoptosis was detected 48 hour after irradia-
tion by flow-cytometry, with the maximum value of 20.4% after irradiation with 16 Gy, and
the apoptotic index of 9.3. Pro-apoptotic effects of carbon ion beams were confirmed by
changes of key molecules of the mitochondrial apoptotic pathway, p53 protein expression,

Bax/Bcl-2 ratio and caspase-3 activation.
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INTRODUCTION

Human melanoma represents one of the major
health problems. Approximately 11 million people
worldwide are diagnosed with cancer, while each year
almost 7 million die of the disease [1]. Although mela-
noma is known to be radio-resistant with powerful
metastatic potential and dissimilar response to con-
ventional radiation [2], about 40% of cured patients
were exposed to different radiotherapeutic protocols.
The aim of contemporary radiotherapy is to deliver the
highest radiation dose to the tumour volume while
sparing the surrounding healthy tissues as much as
possible [3].

With respect to conventional radiotherapy,
heavy ion beams have unique advantage due to their
physical properties. Accelerated high-energy charged
particles loose their energy trough interactions with at-
oms in irradiated tissue, releasing large amount of en-
ergy at the end of range. The energy loss per unit of
length along the particle track, which is the linear en-
ergy transfer or LET, is at the origin of induced biolog-
ical effects. The value of LET depends on the particle
species and their energy. It was shown that for carbon
ions the LET values of ~200 keV/um produce the larg-
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est biological effectiveness. Even with this intermedi-
ate LET values, carbon ions compared to y-rays or pro-
tons are able to better eliminate radio-resistant tumour
cells [4, 5].

Ionizing radiation initiates diverse biochemical
processes that determine cellular response. DNA is the
most important target for ionizing radiation. Thus, ex-
posure to radiation results directly in DNA injuries or
indirectly in generation of chemically active free radi-
cals that can, in turn, damage the molecular structure,
resulting in cellular dysfunctions or mutations [6]. The
principal lesions induced by ionizing radiation are DNA
double-strand breaks (DSB). An early event after in-
duction of DSB is phosphorylation of histone H2AX at
serine 139 and formation of yH2AX. The level of
yH2AX is closely correlated with the level of DSB and
the cell death. If DSB were left unrepaired, they would
trigger cell cycle arrest and/or apoptosis [7].

Apoptosis is one of the mechanisms of cancer cell
death in response to chemotherapy and radiotherapy. A
huge number of proteins are involved in the regulation
of apoptosis. Interactions among pro-apoptotic mem-
bers of the Bcl-2 family and death-promoting members
like Bax and p53 have been suggested as the most im-
portant process in apoptosis [8]. The tumour suppressor
protein p53 is the key regulator of apoptosis and
carcinogenesis. It has a low expression level in normal
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cells and plays a protective role of genome in response
to the variety of stresses with potential cancer risk. It
can prevent cancer by provoking either cell cycle arrest
or apoptotic cell death [9]. Mutations in the p53 are
found to be present in most tumor types. Once the tumor
suppressor becomes inactive, uncontrolled prolifera-
tion and abnormal increase in cell number can lead to
cancer [10]. In the presence of death signal the p53 di-
rectly or indirectly activates the Bax protein which can
promote changes in the permeability of the mitochon-
drial membrane [8, 11]. This event results in the release
of cytochrome ¢ and other pro-apoptotic factors from
mitochondria [12]. It has been shown that after an
apoptotic stimulus, proapoptotic members of Bcl-2
family are subjected to conformational changes and
oligomerization and they cause mitochondrial outer
membrane permeabilization [13]. The result of this
permeabilization is the release of cytochrome c into the
cytoplasm, which induces the formation of the
Apafl-containing macromolecular complex called the
apoptosome. This complex, in turn, binds and activates
procaspase-9. Mature caspase-9 remains bound to the
apoptosome, recruiting and activating executioner
caspase-3 and/or caspase-7. Caspase-3 is an effector
caspase, which activity leads to the proteolytic degrada-
tion of substrates, resulting in the apoptotic morphol-
ogy [14].

Unlike other human malignancies mutations in
p53 gene are very rare in melanoma, [15]. Despite
fully functional p53 melanoma cells can avoid
apoptosis by inactivating downstream component of
apoptotic pathway [16, 17]. Moreover, some mole-
cules involved in the regulation of p53, such as nitric
oxide (NO), are deregulated in melanoma. Human
melanoma cells are known to constitutively express
the enzyme, inducible nitric oxide synthase (iNOS),
which is responsible for cytokine induced production
of NO [18]. Furthermore, other signaling pathways are
involved in regulation of melanoma cell death and sur-
vival, such as NF-kB signaling. Namely, melanoma
cells have elevated basal level of NF-«B transcription
factor that is involved in cell proliferation [19].

Efficiency of high LET ionizing radiation was
already analyzed on a variety of human radio-sensitive
cell lines, such as CAL4 melanoma, SCC25 oral
squamous cell carcinoma, HepG2 hepatocellular car-
cinoma cells, efc. [20-22]. Same analysis was also
done on some radio-resistant Bcl-2 over-expressing
tumour cells [23]. The aim of this study was to investi-
gate the behaviour of the human HTB140 melanoma
cells that represent the limit case of cellular radio-re-
sistance [24, 25]. Analysis of the effects of carbon ions
were performed as they are considered to be effective
even on radio-resistant cells [26]. Efficiency of carbon
ions was estimated by their ability to induce DSB and
apoptosis. Since the resistance of melanoma cells is
mostly caused by the defect of apoptotic pathways, al-
though they are usually p53+, the level of regulatory

and effector molecules involved in this process was
also investigated.

MATERIALS AND METHODS
Cell culture

The human melanoma HTB140 cells were cul-
tured in the RPMI1640 medium supplemented with
10% foetal bovine serum and penicillin/streptomycin
(all from Sigma-Aldrich Chemie GmbH, Steinheim,
Germany). Cells were grown under standard condi-
tions in a 5% CO, humidified incubator at 37 °C
(Heraeus, Hanau, Germany).

Irradiation conditions

Analyses of the human HTB140 melanoma
cells were performed within the Bragg curve of the
62 MeV/u '2C ion beam produced by the supercon-
ducting cyclotron at the Istituto Nazionale di Fisica
Nucleare, Laboratori Nazionali del Sud, Catania, It-
aly. The doses ranged from 2 to 16 Gy with the aver-
age dose rate of 12 Gy/min. Irradiation position, as
shown in fig. 1, was obtained by interposing 7.9 mm
thickness Perspex plate (Polymethyl methacrylate —
PMMA) in front of the cell monolayer. The corre-
sponding relative dose was 73.4%, with the LET
value of ~258 keV/um. Reference dosimetry was
performed using plane-parallel PTW 34045 Markus
ionization chamber calibrated according to the
international atomic energy agency (IAEA) code of
practice [27, 28]. Since the range of the 62 MeV/u
carbon ions is short, with a very narrow Bragg peak,
the precision of positioning of cells was checked by
placing GafChromic HS films (ISP Technologies,
Wayne, N. J., USA) before each irradiation of the
samples. Cell monolayer was fixed vertically in a
special device, facing the horizontal beam. Gamma
rays from a ®°Co source at the Vin¢a Institute of Nu-
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Figure 1. Depth dose distribution in Perspex of the

62 MeV/u "2C ion beam produced at INFN-LNS. Arrow
indicates irradiation position corresponding to LET
value of 258 keV/um
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clear Sciences in Belgrade were used as a reference
radiation. All irradiations were carried out in air at
room temperature.

Flow cytometric analyses

The flow cytometric analyses with Annexin
V/propidium iodide (PI) double staining or only with
PI were used for the evaluation of apoptosis of the
HTB140 cells.

For quantification of apoptosis with Annexin
V-FLUOS Staining kit (Roche Diagnostics GmbH,
Mannheim, Germany) cells were trypsinized, washed
in ice-cold phosphate-buffered saline (PBS) and re-
suspended in 100 pl Annexin V FLUOS labeling solu-
tion (containing Annexin V — Fluos labeling reagent
and PI). After incubation for 30 min in the dark, 500 ul
of incubation buffer was added per sample. Samples
were analyzed on a FACSCalibur (Becton Dickenson,
Heidelberg, Germany). For each sample, 10000 cells
were analyzed. The number of apoptotic cells was cal-
culated using ModFit software (Verity Software,
Becton Dickenson).

For flow cytometric analysis with PI, the cells
were collected by trypsinization and centrifuged for
10 min at 420 g. Then, they were washed with phos-
phate-buffered saline (PBS), fixed with cold 70% eth-
anol overnight, and resuspended in staining solution
containing 50 pg/ml PI (Sigma-Aldrich Chemie
GmbH) and 50 pg/ml Ribonuclease A (Promega Lim-
ited, Southampton, UK) in PBS buffer. After incuba-
tion at the room temperature for 30 min, 10000 cells
per sample were analyzed by the flow cytometry
(FACSCalibur). Percentage of apoptotic cells in
sub-G1 phase of the cell cycle was calculated accord-
ing to the ModFit software.

Western blot analysis

Total proteins for the Western blot analysis were ex-
tracted from the non-irradiated and irradiated HTB140
cells. Confluent cells were collected, washed with PBS
and homogenized with buffer containing 150 mM NaCl,
50 mM Tris-HCI (pH 8.0), 1% Nonidet P-40 (NP-40),
0.1% sodium dodecyl sulfate (SDS), 0.5% so-
dium-deoxycholate, 1 mM ethylenediaminetetraacetic
acid (EDTA), 1 mM ethylene glycol tetraacetic acid
(EGTA), 1 mM dithiothreitol (DTT), 1 mM Na;VO,,
5 pg/mL aprotinin, 5 pg/mL antipain, 5 pg/mL leupeptin,
0.5 mM phenylmethanesulphonylfluoride (PMSF). For
the analysis of YH2AX lysis buffer additionally contained
NaF,B-diglicophosphate and sodium-pirophosphate. The
homogenate was centrifuged at 12900 g for 20 min at 4
°C. In the supernatant containing the whole-cell lysate the
amount of proteins was quantified spectrophotometrically

using the Lowry method [29]. The samples were mixed
with denaturizing buffer according to Laemmli [30] and
boiled for 5 min. For the analysis of p53, Bax, and Bcl-2,
20 gof proteins were loaded onto a 10% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) and elec-
tro-transferred to a polyvinylidene fluoride (PVDF) mem-
brane (Immobilon-P membrane, Millipore, Bedford,
Mass., USA) using a blot system (Transblot, BioRad, Her-
cules, Cal., USA). For the analysis of yH2AX, 60 pg of
proteins were loaded onto a 12% SDS-PAGE. Mem-
branes were blocked with PBS/milk (5% non-fat dry milk
in PBS) for 1 hour at room temperature and then incubated
at 4 °C overnight with 1:1000 dilution of the primary
anti-p53, anti-Bax, anti-Bcl-2 antibodies (Cell Signaling,
Danvers, Mass., USA) and anti-yH2AX (BioLegend, San
Diego, Cal., USA). For normalization purposes,
immunoblots were incubated overnight at 4 °C with rabbit
polyclonal anti-3-actin antibody (Sigma-Aldrich Chemie
GmbH) diluted 1:1000 in PBS Tween 20 (PBST)/milk.
After three washings in PBST, lasting for 10 min each, the
membranes were incubated with  horseradish
peroxidase-conjugated anti-rabbit antibody (HRP, Cell
Signaling) diluted 1:3000 in PBST/milk. After three
washings with PBST, the proteins were visualized with an
enhanced chemiluminescence (Sigma-Aldrich Chemie
GmbH) and exposed to X-ray film. Protein molecular
mass standards (PageRuler Plus Prestained Protein Lad-
der, Fermentas, Vilnius, Lithuania) were used for calibra-
tion. Densitometry of protein bands on X-ray film was
performed using Image J Analysis PC software.

Caspase-3 activity assay

Caspase-3 activity was assessed using the
Caspase-3 Colorimetric Assay Kit (Sigma Aldrich
Chemie GmbH), following the manufacturer's instruc-
tions. This assay is based on the detection of the
amount of Ac-DEVD-p-NA substrate cleaved by cell
lysates to release the colored p-NA molecule. The as-
say was performed in 96-well plates.

Forty eight hours after irradiation ~107 cells
were centrifuged at 660 g, cell pellets were washed in
PBS and resuspended in lysis buffer (50 mM HEPES
pH 7.4,5 mM CHAPS, 5 mM DTT). Lysed cells were
centrifuged at 15300 g and supernatants were used for
further analysis. Equal amounts of proteins from each
sample were added to wells containing the assay
buffer (20 mM HEPES pH 7.4, 0.1% CHAPS, 5 mM
DTT, 2 mM EDTA), followed by 10 ul of
Ac-DEVD-p-NA (20 mM)), bringing the total volume
ofeach well to 100 pl. Caspase-3 activity was assessed
by measuring optical density at 405 nm using the en-
zyme-linked immunosorbent assay (ELISA) reader
(Wallac, Victor2 1420 Multilabel counter, Turku, Fin-
land).
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Statistical analysis

Data are presented as the Mean = SEM (standard
error of the mean). Duplicate measurements were
made during each experiment and all experiments
were repeated at least three times. The significance of
differences between the experimental groups was as-
sessed by the independent Student's #-test. The level of
significance was set at p < 0.05.

RESULTS

Ability of carbon ions to induce DSB was evalu-
ated by the detection of yH2AX using Western blot
analysis. As shown in fig. 2 significant level of expres-
sion of yH2AX was demonstrated in irradiated sam-
ples, both after y-rays or 1>C ions. The effect was more
pronounced after exposure of cells to carbon ions.
Level of phosphorylated H2AX in control sample was
minor. Especially high intensity of YH2AX bands was
detected in samples irradiated with higher doses of
carbon ions (8, 12, and 16 Gy).
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Figure 2. Western blot analysis of yH2AX protein ex-
pression 2 h after exposure of HTB140 cells to y-rays (a)
and "2C ions (b). Irradiation doses were 2-16 Gy

The percentage of apoptotic cells was evaluated
by flow-cytometry, 48 hour after irradiation with
y-rays or '2C ions. Gamma rays produced negligible
quantity of apoptotic cells. The obtained dose depend-
ent apoptosis in the HTB140 cells irradiated with car-
bon ions ranged from 5.3 to 20.4% and are presented
in fig. 3.

The corresponding apoptotic indexes were cal-
culated and are given in tab. 1. The maximum
apoptotic index measured by PI staining was 7.7,
while 9.3 when quantified by double Annexin V/PI
staining, and were obtained after irradiation of cells
with 16 Gy carbon ions. The acquired results clearly
indicate the ability of '2C ions to provoke the apoptotic
cell death of the resistant HTB140 cells in the whole
range of the doses applied.

To examine the molecular level of apoptosis, key
regulatory molecules of the mitochondrial apoptotic
pathway were followed under the described experi-
mental conditions. The level of the p53 protein expres-
sion was assessed and is presented in fig. 4(a). The
dose dependent increase in the expression of p53 pro-
tein ranged from 238 to 554% and confirmed the in-
duction of apoptosis fig. 4(a). Major boost was
achieved with 12 and 16 Gy (p <0.001, ***),
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Figure 3. The dose dependent a{)optosis in the HTB140
cells 48 h after irradiation with '>C ions (a). Irradiation
doses were 2-16 Gy. Number of apoptotic cells was
determined by flow cytometric analyses using PI stain-
ing or double Annexin V-FLUOS/PI staining

Table 1. Apoptotic indexes of the HTB140 cells 48 h after
irradiation with '2C ions

Dose [Gy] 0| 2 4 8 | 12 | 16

Apoptotic index
(AT) (PI staining) 1 | 245|407 | 637 | 592 | 7.71

Apoptotic index
(AI) (Annexin 1 | 235|455 ]870 | 6.78 | 9.31
V/PI staining)

The expression of the Bax and Bcl-2 regulatory
proteins, presented as the ratio of Bax and Bcl-2 is
givenin fig. 4(b). With the rise of the radiation dose the
level of Bax increased while, the level of Bel-2 protein
decreased. The dose dependent increase of Bax/Bcl-2
ratio from 1.04 to 3.08 was estimated with a statistical
significance for 8 Gy (p <0.05, *), 12 and 16 Gy (p <
0.01, **).

In order to acquire more details about the mecha-
nism of apoptosis, the caspase-3 activity, as one of key
effector apoptotic molecules, was followed as well
and is given in fig. 5. The level of caspase-3 activity of
untreated HTB140 cells was set at anominal value of 1
and was compared with the values of caspase-3 activ-
ity in HTB140 cells that were exposed to 'C ions. Irra-
diation led to the significant increase of the caspase-3
activity for 53-88% (p <0.001, ***), with the best ef-
fect achieved after irradiation with 16 Gy.

DISCUSSION

Human melanoma is one of the most aggressive
forms of cancer with rapidly growing incidence. Now-
adays, great efforts are made to overcome this disease.
Contemporary treatments to sterilize melanoma are
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Figure 4. Western blot analysis of pS3 protein expression (a) and Bax/Bcl-2 ratio (b) 48 h after irradiation of HTB140 cells
with '>C ions. Irradiation doses were 2-16 Gy, * — 0.01 < p < 0.05, ** — 0.001 < p < 0.01, and *** — p < 0.001
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Figure 5. Caspase-3 activity detected by colorimetric
assay 48 h after irradiation of HTB140 cells 2C ions. The
level of caspase-3 activity of control cells was set at a
nominal value of 1 and the values of caspase-3 activity in
irradiated samples were compared to this value. Irradia-
tion doses were 2-16 Gy, *** — p < 0.001

surgery, radio- and chemotherapy [31]. Efficiency of
therapy depends on the sensitivity of melanoma cells.
In our previous studies radio-sensitivity of two mela-
noma cell lines, HTB140 and HTB63, was assessed.
The obtained results indicated that these two cell lines
represent the opposite end-points on the scale of cellu-
lar radio-sensitivity. The HTB140 cells are among the
most radio-resistant with the value of the surviving
fraction at 2 Gy (SF2) of 0.961 for y-rays, while the
HTBG63 cells have the SF2 value of 0.061 and are very
radio-sensitive [24]. Considering that for the HTB63
cells SF2 value as well D, (the dose that reduces sur-
vival from 1 to 0.1) of 1.7 Gy are already low [24], it
was meaningless to use this cell line for the analysis of
the effects of highly efficient radiation like carbon
ions.

It is known that anticancer agents mostly act as
inducers of apoptotic cell death [32, 33]. In the past in-
duction of apoptosis after exposure to high ionizing ra-
diation was analyzed on different radio-sensitive and
radio-resistant cell lines [22, 23, 34].

The aim of this study was to investigate the in-
duction of DSB and the level of apoptosis in the highly
radio-resistant human HTB140 cell line after irradia-
tions with carbon ions. Gamma rays were used as the
reference radiation. Literature data suggested that op-
timal time for the detection of DSB is up to a few hours
after irradiation [34, 35]. Therefore the analysis of
yH2AX was performed 2 hour after irradiation.
Pro-apoptotic ability was analyzed 48 hour after irra-
diation. This time point was chosen because in the ma-
jority of cells, apoptosis does not occur within the first
24 hour after irradiation but arises after one or more
cell divisions. The maximal number of apoptotic cells
in in vitro conditions can be found 48 hour after irradi-
ation, especially for radio-resistant cells [36]. Also, in
our previous kinetic studies the inhibition of the
HTB140 cell growth was extensively investigated af-
ter different treatments with proton radiation or
alkylating agents (fotemustine, FM and dacarbazine,
DTIC), as well as after their combined application. Ir-
radiations with protons were performed at the full en-
ergy Bragg peak maximum and along the therapeutic
proton spread out Bragg peak (SOBP) [24, 25]. Pro-
tons provoked dose dependent elimination of the
HTB140 cells 6, 24, 48 hours, and 7 days post-irradia-
tion. Also, a wide range of FM and DTIC concentra-
tions has been analyzed. The effects of FM and DTIC
(0.05-2 mM) on cell viability and proliferation were
investigated in a time dependent manner, i. e., after 6,
24,48, 72, 96 hours, and 7 days. The best elimination
ofthe HTB 140 cells was achieved 48 hours after treat-
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ment with FM and DTIC [37]. In addition, apoptotic
cell death was evaluated 6, 12, 24 or 48 hours after
treatments with dexamethasone used as a positive con-
trol, as well as with FM, DTIC, p-rays and protons.
The best induction of apoptosis in the HTB140 cells
was achieved 48 hours after treatment with drugs
and/or protons [38, 39].

Effects of carbon ions on HTB 140 cells were ana-
lyzed for a broad spectrum of LET values, from
~82-742 keV/um. The best induction of apoptosis was
obtained after irradiation with 258 keV/um [40, 41].
Since this LET value is close to those reported by other
authors for the analysis of the effects of carbon ions on
malignant cells in vitro [33], we have chosen it for the
further analysis of pro-apoptotic ability of carbon ions.

Considering that DSB are critical lesions in-
duced by radiation, efficiency of carbon ions vs. con-
ventional y-rays was estimated by the level of
phosphorylation of H2AX, as the consequence of
DSB. Obtained results indicated that carbon ions in-
duced DSB to a greater extent than y-rays. This sug-
gests better antitumour efficiency of the high LET ra-
diation. Especially strong signal of yH2AX was
detected after irradiation with higher doses. The level
of yH2AX in control samples and samples exposed to
2 Gy irradiation was very low and impossible to detect
by Western blot. Literature data suggested that
immunofluorescent microscopy would be a more ap-
propriate method for the analysis of lower doses [42].
However, since we analyzed a wide range of doses,
Western blot was selected as a suitable method. It is
known that yH2AX is essential for concentrating re-
pair proteins and maintaining the integrity of the DNA
[43]. If the DNA DSB are not repaired, injured cells
will go to apoptosis [44]. Since obtained results indi-
cate that y-rays induced lower level of YH2AX, as well
as apoptosis [24], it could be assumed that DSB in-
duced by low LET radiation are more repairable than
those induced by high LET radiation. Based on these
data, analysis of apoptotic pathways in HTB140 cells
was performed only after irradiation with carbon ions.

Carbon ions induced the dose dependent in-
crease of apoptotic nuclei 48 hours after irradiation of
the HTB140 cells. Similar level of apoptosis was al-
ready reported for the same cell line exposed to pro-
tons [24], while on the contrary y-rays induced a very
small number of apoptosis [45]. All these results are in
agreement with very high level of radio-resistance of
the HTB140 cells [24, 25]. Moreover, this level of
apoptosis was in the range that has already been re-
ported for other resistant cell lines, such as FRTL-5, in
which apoptosis was induced by different radiation
sources [46]. The dose dependent increase of
apoptotic cells could be attributed to the severe dam-
age induced by high LET of carbon ions, leading to the
induction of late apoptosis or necrosis.

In order to corroborate the induction of
apoptosis, the analysis of the regulatory proteins in-

volved in this process was performed. The obtained re-
sults imply that the apoptosis induced with carbon ions
are correlated with the increased p53 expression.
Moreover, the Bax/Bcl-2 ratio was shifted in favor of
apoptosis. The inactivation of the p53 tumor suppres-
sor was detected in over half of human tumors [47]. In
the response to cellular stress, such as DNA damage
induced by drugs or radiation, the p5S3 tumor suppres-
sor protein is able to mediate cell cycle arrest as well as
apoptosis [48, 49]. Low levels of DNA damages acti-
vate ATM (ataxia telangiectasia mutated) protein,
which in turn triggers phosphorylation of p53. Upon
phosphorylation, p53 becomes stabilized and blocks
proliferation by upregulation of p21, which triggers
G1/S arrest. With high levels of DNA damages, how-
ever, p53 can activate pro-apoptotic Bel-2 family
members, such as Bax and, thereby, causes the release
of cytochrome ¢ from mitochondria. The mechanism
by which p53 protein might trigger apoptotic machin-
ery involves transcriptional activation of the
pro-apoptotic members of the Bcl-2 family and repres-
sion of the anti-apoptotic regulators [10]. The Bcl-2 is
a large family of proteins that includes pro-apoptotic
members such as Bax and Bad, as well as the
anti-apoptotic proteins Bcl-2, Bel-XL and Bel-w. Ac-
tivated pro-apoptotic members of the Bcl-2 family
neutralize the anti-apoptotic members of the same
family [50]. Without this inactivation, anti-apoptotic
proteins would inhibit cell death [51]. Therefore, the
balance between the levels of Bax and Bcl-2 proteins
is very important for the determination of the apoptotic
response. On the other hand, some authors pointed out
other signaling pathways involved in the regulation of
melanoma development, such as RAS-RAF-MEK-
-ERK and pl16INK4A-cyclinD-CDK4/6-RB. Simul-
taneous inhibition of MEK and CDK4 signaling mole-
cules could induce apoptosis in melanoma cells [52].
Also, it has been shown that heavy ions could induce
apoptosis independently of p53 status [53].

The obtained caspase-3 results confirm the
above assertion. Caspase-3 is an effector caspase that
leads to the proteolytic degradation of substrates, re-
sulting in the apoptotic morphology [54]. The irradia-
tion with carbon ions obviously up-regulated the
caspase-3 activity, that is in agreement with the results
of other authors [55].

CONCLUSION

Taking into account the obtained results it is clear
that carbon ions induce DSB as well as apoptosis in the
HTB140 melanoma cells. However, for such radio-re-
sistant cells, it will be necessary to further improve ther-
apeutic outcomes. The future aspect in overcoming the
high radio-resistance of melanoma might be the appli-
cation of combined treatments using radiation and
chemical agents that are capable to selectively decrease
the level of the anti-apoptotic molecules in cells [56].
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Jena KOPURAHALL Jenena 2KAKYJIA, Ornmuja KETA, I[Iagno hMPOHE,
Hakomo KYTOHE, Anekcanapa PUCTUh-®UPA, Usan IETPOBU'H

JOHM YI'BbEHUKA MHAYKYJY NBOJAHYAHE INPEKUJIE THK U
AIIONTO3Y Y HTB140 HhEIUJAMA XYMAHOI' MEJAHOMA

Oga cryjuja cipoBefieHa je Ha pafuo-pe3ncteHTHUM henmjama HTB140 xymaHor Mmenanoma y iusby
UCIIUTHBaKa CIIOCOOHOCTH jOHA YIJbeHMKA J1a MHAYKY]Y ABOJaHYaHe npekuie Ha Mosekyny [IHK u anonrosy.
"henuje cy o3paueHe joHUMa yIIbeHUKA KOjU IMajy IuHeapHH TpaHcdep enepruje of 258 ke V/um. [Tpumemene
o3¢ 3pauewa bune cy y oncery of 2 o 16 Gy. Mupykunja aonanuanux npekuaa JHK je npahena 2 cata HakoH
o3paunBama, ofipebuBamem HuBoa YH2AX npotenna. [Tosehamwe HuBoa yH2AX nporenHa AeTEKTOBAHO Y
03paveHnM y30prumMa oceOHO je m3paskeHO HAaKOH n3Jarama o3ama off 12 u 16 Gy. [lo3Ho 3aBucHO moBehame
Opoja anmonTOTCKUX HYKJIEyca je IETEKTOBAHO METOJIOM POTOYHE LUTOMETpHje 48 caTu Mociie 03pauynBamba
henuja. Makcumanna BpemgHocT off 20,4% amonTose u anonTOTCKU MHAEKC of 9,3 IeTeKTOBaHM Cy HaKOH
npumere 1o3e off 16 Gy. ITpo-anontoTcku epekar joHa yribeHUKa je IOTBpheH u npahemheM IpoMeHa KIbyYHUX
MOJIEKYJIa MUTOXOHAPHUjAJIHOT allONTOTCKOT IyTa, Kao IITO ¢y eKcrnpecuja pS3 mpoteuHa, ogHoc Bax/Bcl-2
NpOTEerHA Kao 1 akTUBalja Kacrnase 3.

Kwyune peuu: meaanom, jon yZmwenuka, aioiitiosa, p53, oonoc Bax/Bcl2, kaciiaza-3




